














The Handbook of Pediatric Transfusion Medicine is
designed as a companion textbook to the Handbook of
Transfusion Medicine, published in 2001. Both of these
handbooks are intended to be eminently readable as a
quick reference, with concise paragraphs and multiple
headings, as well as comprehensive texts covering blood
banking and transfusion medicine in both adults and
children. Pediatric transfusion medicine represents a
true subspecialty in the field of transfusion medicine,
often practiced by “super-subspecialized” pediatric
hematologists or adult transfusion medicine experts.
Because many of the issues that are central to the trans-
fusion care of adults are not always central to the care
of neonates, infants, toddlers, and young adults and as
textbooks covering this area are few, the Handbook of
Pediatric Transfusion Medicine became a necessity in
the arsenal of references for transfusion therapists in
care of children. Thus, as the title states, this text is
focused on pediatric transfusion medicine; this means
that all chapters, even if similarly titled to those found
in adult transfusion medicine texts (e.g. Component
Preparation and Storage) are focused toward the
special issues of pediatric transfusion patients.

The reader will find that a number of specialized
pediatric transfusion situations are the focus of individ-
ual chapters in this book, including the technical con-
siderations and mechanical devices required for the
transfusion care of the pediatric patient; red blood cell

transfusion in the neonate, infant, and child; transfusion
in pediatric surgery, trauma, and the intensive care unit
(ICU); exchange transfusion in the infant and child;
and granulocyte and platelet transfusions—again, all
focused on children and the special issues they raise.
Extracorporeal membrane oxygenation and cardiac
bypass surgery, hemolytic disease in the newborn, treat-
ment of individuals with hemoglobinopathies, and the
diagnosis and treatment of patients with autoimmune
hemolysis are also given separate attention. A unique
chapter addressing transfusion in developing countries
is included, since more than three-quarters of individu-
als transfused in those countries are young children.
Finally, full sections of the book are dedicated to
hematopoietic stem cells and related cellular products,
complications of transfusion, and pediatric therapeutic
apheresis.

It is the editors’ hope that this book will be valuable
to pediatricians, many pediatric subspecialty practition-
ers, and certainly to the pediatric transfusion medicine
specialist. I am privileged to have Drs. Strauss and
Luban, internationally recognized experts in the field 
of pediatric transfusion medicine, as co-editors, superb
colleagues, and rare friends. I hope you find this book
to be helpful and enjoyable and look forward to any
comments you might have.

C.D.H 
Atlanta, GA
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OVERVIEW

During a typical year, about 14 million units of whole
blood are collected in the United States. Most of these
come from volunteer donors who give an average 1.6
units per year. The remainder of the collected units
comes from donors designating their units for them-
selves (autologous donors, 4% of the total) or for
another specific recipient (directed donors, less than 2%
of the total) (Sullivan 2003). Perhaps 60% of the popu-
lation is eligible to donate blood. Therefore, about 5%
of eligible volunteer donors give annually. This amount
of blood is usually sufficient to meet the needs of the
recipient population, since, with the use of measures
such as postponement of elective surgery, significant
shortages have been found only in some parts of the
country at specific times of the year (for instance, late
summer and during and after the winter holiday
season). However, the margin between units collected
and units transfused has become substantially smaller
over the last few years, causing concern about the elas-
ticity of the blood supply (Simon 2003).

In addition to these units of whole blood, cytaphe-
resis collections provide an increasing number of 
red blood cell collections (perhaps now an additional
300,000 units). Also, a significant majority of platelet
doses transfused are platelets collected by apheresis.

The whole blood collected is usually separated into
red cells and plasma for transfusion, or red cells,
platelets, and “recovered” plasma (used for fractiona-
tion into plasma derivatives), at a rate of more than 2
components per unit collected. Of the more than 14
million units of collected units of red cells, about 13.5
million are transfused. Approximately 1.7% is dis-

carded as a result of abnormal screening tests, and the
remainder of the blood losses (as much as 50% of autol-
ogous units) occurs as a result of outdating.

Between 15% to 25% of the 8 million donors in the
donor pool are lost annually and must be replaced with
first-time donors (or the remaining donors must donate
more frequently) to keep the number of donations con-
stant. Further, the number of potential first-time donors
must be greater than the number of units actually col-
lected and tested, since first-time donors are approxi-
mately twice as likely to have disqualifying medical
conditions or screening tests as repeat donors. Increas-
ing concerns about the losses of potential donors from
addition of new tests or new health history require-
ments (for example, travel-related deferrals for variant
Creutzfeld Jacob Disease [vCJD]) make improvements
in donor recruitment or donor retention increasingly
important.

DONOR RECRUITMENT

Many studies have focused upon donor motivation in
order to improve donor recruitment (Gillespie and
Hillyer 2002). It has been shown, however, that most
individuals who are able to donate conveniently and
who are asked directly to do so, will give blood (Drake,
Finkelstein, and Sapolsky 1982). The challenges are to
find a way to ask directly and make it convenient to
donate.

The classical successful blood drive, designed to
address these concerns, is organized and held at a busi-
ness or industry. The chief executive is asked to offer
support in the provision of a top management leader,
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who develops a committee of employees (typically one
committee member for each of 10 employees). These
committee members ask their co-workers directly to
donate at an upcoming blood drive, provide a specific
appointment time, and remind them of their pledge on
the day before or the day of the drive. The physical col-
lection venue is located at the business, in the lunch-
room, conference room, or other convenient on-site
location. Such classical blood drives are usually 
successful.

Another approach is telephone recruitment by blood
center employees to a conveniently located collection
facility. The added costs of recruitment and the perma-
nent facility are offset by the more efficient use of col-
lection staff, who do not need to travel to and set up at
a distant site. A small number of collections come from
self-contained bloodmobiles (typically of four- to six-
bed capacity), but this approach is generally ineffective
unless supported by a strong telerecruitment effort.

Telephone recruitment is also an important tool for
recruitment of those donors needed in greater frequency
than found in the general population. Group O donors
generally, and O Rh negative specifically, are always in
short supply. For this reason, those using red cell cyta-
pheresis techniques will preferentially recruit Group O
donors for this procedure. Similarly, Group AB plasma is
generally in short supply, and facilities obtaining plasma
for transfusion consider telerecruitment of Group AB
donors for plasmapheresis. Blood from donors known to
be cytomegalovirus (CMV) seronegative may be needed
for transfusion to specific recipients, such as transplant
recipients or neonates. Telerecruitment is useful here
also; for the latter group, the donor blood may be placed
in a bag containing an anticoagulant-preservative solu-
tion suitable for neonatal recipients.

Some regions of the country have supported these
approaches with an additional incentive: a blood “insur-
ance” plan whereby annual donations from a certain
percentage of a given group ensures that all the
members of the group (and their families) are
“covered.” Many centers use the provision of a personal
health test, nonrelated to blood donation, such as cho-
lesterol, prostate-specific antigen, blood sugar, or a test
for hemochromatosis, as an incentive.

From time to time in the past, blood centers have
used direct financial incentives or material incentives
that have financial equivalents (event tickets, raffles).
The increasing awareness that financial incentives are
associated with a higher frequency of transfusion-
transmitted disease (Eastlund 1998), along with current
labeling requirements of the Food and Drug Adminis-
tration (FDA) that such units be labeled as from a “paid
donor” (but “Benefits, such as time off from work, mem-
bership in blood assurance programs, and cancellation

of nonreplacement fees that are not readily convertible
to cash, do not constitute payment within the meaning
of this paragraph”) (21 CFR 606.121 (c)(5)), have gen-
erally eliminated such usage. Two exceptions exist.
Some smaller centers that have demonstrated that their
infectious disease marker frequency is less than that of
volunteer donors, or some facilities that focus on more
difficult-to-recruit plateletapheresis donors may still use
financial motivation. In addition, the “source plasma”
industry, whose plasma products are collected by
plasmapheresis and are subsequently pooled and sub-
jected to viral inactivation steps during the fractionation
manufacturing process (and therefore carry a greatly
reduced risk of transfusion-transmitted diseases), has
traditionally used financial incentives.

AUTOLOGOUS DONATION

Patients may give blood for themselves before elec-
tive surgery (preoperative) or have their blood returned
during the operative procedure (intraoperative). Pre-
operative autologous donation requires a donor who is
healthy enough to give blood, but who is undergoing an
operative procedure in the next 6 weeks that usually
requires blood. Autologous donors can be drawn with
lower hemoglobin standards (≥11 g/dL) and drawn
weekly, but blood should not be drawn for a few days
immediately before surgery to allow blood volume to
be restored. Intraoperative salvage may be useful for
procedures with large anticipated blood losses retriev-
able from a body cavity, such as for cardiovascular
surgery.

The percentage of units of autologous blood col-
lected preoperatively reached as high as 10% in some
areas during the 1980s as a result of a general fear of
transfusion-transmitted disease, but with the develop-
ment of good testing for these diseases this percentage
has subsequently fallen to about 4% of the total col-
lected. While it is possible to collect, freeze, and store
red blood cell units for up to 10 years, the cost and time
required to prepare these units for transfusion make
this practice impractical except in rare circumstances.
These include patients whose red-cell antibodies make
finding compatible allogeneic blood difficult, or for
patients with several units of autologous blood already
available but whose surgeries have been postponed.

Autologous donation for the pediatric population
represents more of a challenge. To begin with, informed
consent (or “assent”) is difficult, since the concern is
usually not of the patient but of the parents. Because 
of the child’s size, collection of half units from older
(larger) children may be all that is possible. Neverthe-
less, autologous blood may be used in the pediatric pop-

2 Alfred J. Grindon

Ch01.qxd  12/19/05  4:10 PM  Page 2



ulation for surgery where blood is usually required, such
as for orthopedic spinal surgery.

DIRECTED DONATION

Directed donation is the donation of blood that is
then specified for the use of a particular patient. Cur-
rently, directed donation represents only about 2% of
the total blood collected. The collection of this blood
represents a logistical challenge, since the blood must
be handled separately and at the hospital, kept for as
long a time as the patient might reasonably need it.
Since donors of such blood must meet the same require-
ments as regular donors, directed donations are used 
for other patients when the need for transfusion of the
intended recipient has passed. In a pediatric setting,
directed donation is done at the desire of the parents
and often with the intent of using parents as donors.
One must be certain, however, that harm is not done.
Maternal blood used for neonates may contain antibody
to red cells, white cells, or platelets, and such antibody
may not be detectable by regular antibody screening.
Paternal blood may contain antigens to which the child
has passive immunity, or may lead to transfusion-
transmitted graft versus host disease. It is probably best
not to use parental blood in the neonatal period, or if
maternal cells are needed, to wash them before trans-
fusion (Strauss, et al 1990). All blood from blood rela-
tives must be irradiated to prevent graft versus host
disease.

LIMITED DONOR EXPOSURE

It is at least theoretically desirable to limit the
number of donor exposures to a given recipient. This
can be accomplished for small children by using multi-
ple aliquots from the same unit of blood. It is possible
to provide repeated small transfusions from one donor
(often the father) for transfusion of small children, by
allowing an exception to the 8-week donor deferral
period, and collecting smaller amounts of blood at
shorter intervals. However, such exceptions may require
examination of the donor by a physician before each
donation.

BLOOD COLLECTION

Regulation

The collection of blood is regulated by the FDA and
considered to be a manufacturing process. The govern-

ing regulations are found in several volumes of the
Code of Federal Regulations (CFR), but primarily 
in sections describing the blood “current Good 
Manufacturing Practices” (21 CFR, sections 211 and
606). All facilities collecting blood (or “manufacturing”
blood components) must register with the FDA, and
those shipping blood in interstate commerce must 
be licensed by this agency. In either case, the process
must meet the requirements of the CFR, as well as of
guidelines published from time to time by the FDA
(www.fda.gov/cber). In addition to these requirements,
the American Association of Blood Banks (AABB),
while a voluntary association, regularly publishes Stan-
dards for Blood Banks and Transfusion Services (Stan-
dards) (Friday 2003), which set a standard of practice
and which are used by accrediting agencies.

Collection Site

Because all stages of the manufacturing process
(donor selection, collection, testing, component prepa-
ration, storage, and distribution) are so highly regulated,
it has become increasingly difficult for the average hos-
pital to maintain a blood donation operation. For this
reason most blood is collected by blood centers, rather
than hospitals. Blood centers collect both at permanent
locations (“fixed sites”) and mobile units, both those set
up for one or several days in businesses or schools and
the smaller “self-contained” bloodmobiles. In all cases,
the site must meet the CFR requirements for cleanli-
ness and space (for instance, adequate to ensure donor
privacy during the screening interview).

Donor Screening

Those potential donors who present at a site to give
blood are screened by comparison to a registry of pre-
viously deferred donors, a focused health history, and a
limited physical examination, on the day of donation.
This process is designed to ensure, to the extent pos-
sible, that the donor is healthy enough to donate, and
that the resulting blood will be as safe and effective for
transfusion as possible. The historical and physical re-
quirements change regularly (almost always becoming
more restrictive). Within the past few years, require-
ments and guidelines have been added, for instance, to
exclude donors with European (and particularly United
Kingdom) residence because of fear of transfusion-
transmitted vCJD, to address concerns regarding the
transmission of West Nile virus disease, and to deal with
potential donors who have been vaccinated recently for
smallpox.

The most current directives from the FDA can be
found at their Web site (www.fda.gov/cber). The 
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Standards is published every two years and also is sup-
plemented by widely promulgated changes between
editions. AABB donor screening criteria, current at the
time of publication of this book, are given in Table 1.1.
But one must always be certain that the latest edition
of the Standards and the most recent directives of the
FDA are those used.

Donor Registration

Potential donors need to provide some form of
authentic identification, ideally photographic, along
with numerical identifiers such as date of birth and
social security number. This information is used to
compare the potential donor to a registry of deferred
donors, to ensure that the donor is eligible to donate on
the day of presentation, has not donated within the last
8 weeks, and has not had a positive test result for a
marker of transfusion-transmitted disease.

In some facilities, this comparison is done electroni-
cally, with hand-held computers. In others, the checking
is done after collection at a central location. There is no
national donor deferral registry, but the larger collec-
tion organizations (such as the American Red Cross)
have a registry that includes donors from all their loca-
tions. As a part of the registration process, donors are
given written information that explains the donation
process, complications of donation, signs and symptoms
of human immunodeficiency virus (HIV) infection,
what constitutes high-risk behavior, confidentiality, and
the fact that they will be notified of positive test results.
This material is provided as part of the informed
consent process.

Donor History

Donors are asked questions about their health to
ensure both the well-being of the donor and the safety of
the recipient. (See Table 1.1; reproduced with permission
from Friday 2003.) Some facilities use systems that allow
donors to answer the questions themselves, either manu-
ally or electronically. Those questions directed toward
determining the well-being of the donor are typically
open ended:“Are you feeling well and healthy today?”or
“Have you been under a doctor’s care?”

Those questions designed to protect the recipient 
can be quite specific: “In the past 12 months, have 
you had sex, even once, with anyone who has used 
a needle to take drugs not prescribed by a doctor?”
Questions directed toward recipient safety are designed
to detect current acute infection, infection with chronic
blood-borne agents (or a history of a positive test
marker for such an agent), or specific blood-borne 
diseases for which no test is currently available

(babesiosis, Chagas’ disease, malaria). Additional ques-
tions are asked about behaviors that place a donor at
greater risk for HIV or hepatitis, such as intravenous
drug abuse or exposure to prostitutes or parenteral
blood (in order to detect those few donors who might
be in the window between infectivity and the presence
of detectable test marker).

Donors are asked to provide a medication history
both to protect their health and that of the recipient.
From a donor health perspective, medication provides
an indication of a potentially serious underlying medical
condition in the donor, such as antianginal medication
suggesting significant heart disease. From the perspec-
tive of the recipient, antibiotics may indicate a greater
risk of bacterial sepsis, and some drugs may be terato-
genic or mutagenic in very small amounts. Finally, there
are questions that are directed toward component effi-
cacy: the presence of a clotting disorder or the use of
aspirin-like drugs that might adversely affect platelet
function.

Donor history requirements change regularly; recent
additions (mentioned previously) include addressing
concerns about transfusion transmission of vCJD,
West Nile virus, and smallpox from recent vaccination.
A set of questions that has been designed by members
of the blood banking community and approved by the
FDA, known as the Uniform Donor History Questions,
may be found in the Technical Manual of the AABB
(Brecher 2002). These questions are not the only way of
meeting donor history requirements of the FDA and
Standards, but they are at least one acceptable way.

Donor Physical Examination

Potential donors are screened with a limited physical
examination consisting of temperature, blood pressure,
pulse, and arm examination (the latter for evidence of
intravenous drug abuse [IVDA] or dermatologic
disease in the antecubital fossa limiting adequate
cleansing). In general, these values must be within
normal limits for the general population. While weight
is recorded, the value is usually obtained historically,
rather than with use of a scale.

Hemoglobin Determination

As part of the examination,a sample of blood (usually
from a fingerstick) is tested for hemoglobin content.
Here, an arbitrary standard of 12.5 g/dL (or a hematocrit
of 38%) is used, even though the normal values for
women are somewhat lower than those for men. A
common system used is a determination of the ability of
a drop of blood to sink in CuSO4 of a specific gravity 
of 1.053, which generally indicates a hemoglobin level of

4 Alfred J. Grindon
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1. Blood Donation 5

TABLE 1.1 Requirements for Allogeneic Donor Qualification

Category Criteria

1 Age ≥17 years or applicable state law
2 Whole blood volume Maximum of 10.5 mL per kilogram of donor weight, including samples, and blood collection 

collected container shall be cleared for volume collected
3 Donation interval 8 weeks after whole blood donation (Standard 5.6.7.1 applies)

16 weeks after two-unit red cell collection
4 weeks after infrequent apheresis
£2 days after plasma-, platelet-, or leukapheresis
(See exceptions in Standard 5.5)

4 Blood pressure £180 mm Hg systolic
£100 mm Hg diastolic

5 Pulse 50–100 beats per minute, without pathologic irregularities
<50 acceptable if an otherwise healthy athlete

6 Temperature £37.5°C (99.5°F) if measured orally, or equivalent if measured by another method
7 Hemoglobin/hematocrit ≥12.5 g/dL/≥38%; blood obtained by earlobe puncture shall not be used for this determination
8 Drug therapy Medication evaluation:

— Finasteride (Proscar, Propecia), isotretinoin (Accutane)—Defer 1 month after last dose
— Dutasteride (Avodart)—Defer 6 months after last dose
— Acitretin (Soriatane)—Defer 3 years after last dose
— Etretinate (Tegison)—Defer indefinitely
— Ingestion of medications that irreversibly inhibit plated function (e.g., aspirin) within
36 hours of donation precludes use of donor as sole source of platelets

9a Medical history The donor shall be free of major organ disease (e.g., heart, liver, lungs), cancer, or abnormal bleeding 
General health tendency, unless determined suitable by blood bank medical director

9b Pregnancy Defer if routine donation
9c Receipt of blood, component, — Family history of CJD1 or receipt of dura mater or pituitary growth hormone of human origin—

or other human tissue Defer indefinitely
— Receipt of blood, components, human tissue, or clotting factor concentrates—Defer for 12 months

9d Immunizations and — Receipt of toxoids, or synthetic or killed viral, bacterial, or rickettsial vaccines if donor is 
vaccinations symptom-free and afebrile—No deferral

[Anthrax, Cholera, Diptheria, Hepatitis A, Hepatitis B, Influenza, Lyme disease, Paratyphoid,
Pertussis, Plague, Pneumococcal polysaccharide, Polio (injection), Rabies, Rocky Mountain 
spotted fever, Tetanus, Typhoid (by injection)]

— Receipt of liver attenuated viral and bacterial vaccines—2-week deferral
[Measles (rubeola), Mumps, Polio (oral), Typhoid (oral), Yellow fever]

— Receipt of live attenuated viral and bacterial vaccines—4-week deferral
[German measles (rubella), Chicken pox (varicella zoster)]

— Small pox (refer to FDA Guidance)
— Receipt of other vaccines—12-month deferral

[Hepatitis B Immune Globulin (HBIG), unlicensed vaccines]
9e Infectious diseases Defer indefinitely:

— History of viral hepatitis after eleventh birthday
— Confirmed positive test for HBsAg
— Repeatedly reactive test for anti-HBc on more than one occasion
— Present or past clinical or laboratory evidence of infection with HCV, HTLV, or HIV or

as excluded by current FDA regulations and recommendations for the prevention of HIV
transmission by blood and components

— Donated the only unit of blood or component that resulted in the apparent transmission of 
hepatitis, HIV, or HTLV

— A history of babesiosis or Chagas’ disease
— Evidence or obvious stigmata of parenteral drug use
— Use of a needle to administer nonprescription drugs
— Donors recommended for indefinite deferral for risk of vCJD, as defined in most recent
FDA guidance
12-month deferral from the time of:
— Mucous membrane exposure to blood
— Nonsterile skin penetration with instruments or equipment contaminated with blood or body 

fluids other than the donor’s own. Includes tattoos or permanent make-up unless applied by a 
state regulated entity with sterile needles and non re-used ink.

— Sexual contact with an individual with a confirmed positive test for HBsAg
— Sexual contact with an individual who is symptomatic (clinical evidence or diagnosis) for any 

viral hepatitis
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greater than or equal to 12.5 g/dL. Often, those potential
donors whose blood fails this test have a microhemat-
ocrit determination; perhaps 50% of those initially
deferred pass this second test and are accepted as donors.
These systems are used because they are relatively inex-
pensive and portable, yet have accuracy sufficient to
protect the donor (Cable 1995). These systems do not
protect against development of low levels of stored iron;
however, iron deficiency that has not progressed to
anemia has little clinical significance of itself and is gen-
erally not felt to be of major concern. In addition, hemo-
globin levels are returned to normal in 3 to 4 weeks in
donors with adequate iron stores. Eight weeks are
required between donations as a safety measure, to allow
additional dietary iron absorption for those with subnor-
mal iron stores. Some centers have provided temporary
iron supplementation for menstruating women.

Confidential Exclusion/Call Back

At the conclusion of the screening process, the donor
is often given the opportunity to self-exclude, by placing

a “use” or “do not use” bar-coded sticker on the donor
information card. The donor completes this process out
of sight of the collection staff, who cannot determine
from the sticker the decision made by the donor. While
initially helpful to exclude donors with a higher fre-
quency of positive tests for transfusion-transmitted
disease (who were perhaps under peer pressure to
donate), donors who self-exclude have only a minimal
impact on transfusion safety (Peterson et al. 1994). Nev-
ertheless, it is still often used as an additional safeguard.

Whether confidential exclusion is used or not, facili-
ties provide a telephone number with a copy of the
donor’s blood unit number, so that a donor who
becomes ill with an infectious disease in the next day or
two (or develops hepatitis or HIV infection in the next
12 months) can call the facility and provide the infor-
mation keyed to the unit number.

Phlebotomy

Following the registration, health history, physical
examination, and hemoglobin determination, the donor

6 Alfred J. Grindon

TABLE 1.1—cont’d

Category Criteria

— Sexual contact with an HCV positive individual who has had clinically apparent hepatitis within 
the past 12 months

— Sexual contact with an individual with HIV infection or at high risk of HIV infection2,3

— Incarceration in a correctional institution (including jails and prisons) for more than 72 
consecutive hours

— Completion of therapy for treatment of syphilis or gonorrhea or a reactive screening test for 
syphilis in the absence of a negative confirmatory test

— History of syphilis or gonorrhea
Other
West Nile virus—defer in accordance with FDA Guidance

9f Malaria — Prospective donors who have had a diagnosis of malaria shall be deferred for 3 years after 
becoming asymptomatic

— Individuals who have lived in areas in which malaria is considered endemic by the Malarial 
Branch, Centers for Disease Control and Prevention, and U.S. Department of Health and Human 
Services may be accepted 3 years after departure from any malaria-endemic area if they
have been free from unexplained symptoms suggestive of malaria during that length of time.

— Residents of areas in which malaria is not endemic but who have traveled to an area in which 
malaria is considered to be endemic may be accepted 12 months after departing that area.
However, they shall have been free of unexplained symptoms suggestive of malaria during 
the time period, irrespective of the receipt of antimalarial prophylaxis.

10 At risk — Evaluation: Lesions on the skin at the venipuncture site

1 FDA Guidance for Industry dated January 9, 2002 “Revised Preventive Measures to Reduce the Possible Risk of Transmission of Creutzfeldt-
Jakob Disease (CJD) and Variant Creutzfeldt-Jakob Disease (vCJD) by Blood and Blood Products.”

2 FDA Memorandum dated April 23, 1992 “Revised Recommendation for the Prevention of Human Immunodeficiency Virus (HIV) Trans-
mission by Blood and Blood Products.”

3 FDA Memorandum dated December 11, 1996 “Interim Recommendations for Deferral of Donors at Increased Risk for HIV-1 Group O
Infection.”

4 The Department of Defense has recommended a 24-month deferral. Department of Defense Memorandum dated October 14, 1999 “Defer-
ral of Service Members Stationed in Possible Malaria Areas in the Republic of Korea,” and February 28, 2001, update.

5 www.cdc.gov/travel.
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is typically given a collection set for his or her use,
appropriate for his or her blood group and the center’s
daily needs. With collection set and donor registration
card, he or she is directed to the blood drawing area.
Phlebotomy is performed in a supine or semisitting
position. One of the most important steps in the collec-
tion process is the verbal re-identification of the donor
and the validation of that identification with the infor-
mation on the collection set, donor card, and pilot tubes
before phlebotomy in order to prevent mislabeling of
the unit of blood. The next step is the cleansing of the
antecubital area of the arm, usually with soap followed
by an iodine-containing solution to obtain as aseptic a
surface as possible, followed by the phlebotomy itself.
Newer collection sets have a diversion system so that
the pilot tubes for testing are filled first, before the filling
of the primary collection bag begins, in order to reduce
the possibility of bacterial contamination of the unit
from a skin contaminant or in the skin plug, more likely
to be found in the first few milliliters of blood. During
the collection, it is important to mix the blood with the
anticoagulant-preservative solution, in order to prevent
activation of coagulation factors and platelet aggrega-
tion. This mixing can be performed either manually,
several times during the collection, or using a mechan-
ical agitation device.

The collection typically takes 6 to 10 minutes; if the
collection occurs much more rapidly, the phlebotomist
must suspect an arterial puncture and use special post-
phlebotomy arm care. If the phlebotomy takes signifi-
cantly longer, the potential for initiation of coagulation
exists, and the blood is less desirable for preparation of
components containing coagulation factor-rich plasma
or platelets.

Following phlebotomy, mild pressure followed by a
simple dressing is applied to the wound, and the donor
is carefully conducted to an area where liquid refresh-
ments are offered under observation. Donors are
encouraged to drink liquids to replace missing blood
volume (substantially repleted in the first 4 to 12 hours
after phlebotomy) and to wait under observation for 
at least 10 minutes. These are measures taken to
prevent/recognize donor reactions, most likely to occur
immediately following phlebotomy.

Amount of Blood Withdrawn

Standards allows blood to be withdrawn to a
maximum of 10.5 mL/kg (including pilot tubes), with the
recognition that too large a reduction of donor blood
volume may cause severe reactions, and that blood
volume is proportional to weight. This means that a 
50 kg (110 lb) donor can have a maximum of 525 mL
removed. Since samples needed for testing may exceed

25 to 30 mL, care must be taken for donors of lower
weight using 500 mL collection sets. Alternatively, sets
designed for 450 mL can be used for lower weight
donors. The 10.5 mL/kg standard is useful also for cal-
culating the amount of blood that can be drawn from a
larger child.

Donor Reactions

The most common untoward donation event is the
subsequent development of a bruise or hematoma at the
venipuncture site. The most common relatively serious
event is the vasovagal reaction, seen in 2% to 3% of
donors (Newman 1997). These reactions occur during 
or after blood donation. They begin as a simple faint,
with lightheadedness, weakness, pallor, nausea,
diaphoresis, and hypotension. About 5% of these reac-
tions become more severe, with loss of consciousness,
associated with a significant drop in systolic blood pres-
sure (sometimes as low as 50 mm/Hg) and a pulse rate
ranging from 40 to 60 beats per minute. Severe reactions
may include convulsive movements, vomiting, and
(rarely) fecal or urinary incontinence. These reactions
are frightening but inconsequential in otherwise healthy
donors.

While the primary cause of this vagal stimulation is
felt to be psychological, it is associated with the volume
of blood removed, the age and donation experience of
the donor, and the ambience of the collection facility.
Prevention includes ensuring that lower weight donors
are not overbled and that additional attention is paid to
young and first-time donors or donors otherwise appre-
hensive, because early reactions often can be reversed.
It is important to ensure that donors are under obser-
vation in the immediate postdonation period so that
signs and symptoms are noted before fainting and sub-
sequent injury occur.

Treatment involves keeping the donor supine, with
legs elevated, to enhance blood flow to the head. Recov-
ery usually takes 5 to 15 minutes. While some facilities
are prepared to provide intravenous fluids, oxygen, or
vagal-blocking medications, these interventions are
almost never necessary. The donor who has had such a
reaction should be advised that these reactions may
recur within the next several hours, and extra caution
should be used in driving or operating heavy machin-
ery. Donors with severe reactions should be discouraged
from attempting to give blood again in the near future.
Another occasionally seen reaction is hyperventilation-
induced hypocapnea with consequent respiratory alka-
losis and symptoms of hypocalcemia. With early
recognition this reaction is readily reversed by rebreath-
ing expired air.

1. Blood Donation 7
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APHERESIS

Apheresis Platelets

Apheresis techniques allow collection of a specific
desired component in large amounts with the return to
the donor of the remainder of the blood. These proce-
dures use continuous flow (or less commonly, intermit-
tent flow) techniques, with one or two venipunctures.
Generally, such a collection takes place over 1 to 2
hours, and may provide one or more adult doses. For
platelets, the collection process allows simultaneous
leukoreduction, so that postcollection filtration is
unnecessary. Since recipient exposure of a dose of such
platelets is to only one adult, there is less risk of bacte-
rial sepsis, less exposure to transfusion-transmitted
viruses, and less HLA sensitization than with pooled
whole blood derived platelets. The process also allows
for the availability of a panel of HLA-typed individuals
to provide a specific product for an alloimmunized
refractory recipient. These advantages have led to pro-
vision by apheresis of most doses of platelets given
today.

Apheresis platelet donors are telerecruited and must
meet all requirements of whole blood donors. Since the
end component is the only platelet product given to 
the recipient as one dose, the donor must not have 
taken aspirin-containing compounds for 36 hours
before donation. In addition, there are frequency limits:
platelets cannot be collected more than 24 times a year,
or more frequently than twice weekly. If the collection
interval is less than one month, the donor platelet count
must be shown to be greater than 150,000/mL. Red cell
and plasma losses must also be monitored and kept
within specific limits.

The adverse effects of apheresis donation are similar
to whole blood donation; however, vasovagal reactions
are less frequent (since those giving are usually older
and repeat donors), and symptoms of hypocalcemia are
more frequent (McLeod et al. 1998), in large part
because of the infusion of citrate during the procedure.
These symptoms are relieved by the ingestion of 
oral calcium-containing tablets or by slowing the 
reinfusion rate. A decrease in platelet count of
30,000–50,000/mL is regularly seen. Poor recovery to
normal levels may require a cessation of apheresis 
collections.

Apheresis Red Cells

Using apheresis techniques, it is possible to collect
two units of red blood cells from a donor at one sitting.
This facilitates recruitment of donors of blood groups
always in short supply, such as O negative, or donors

with rare phenotype (Shi and Ness 1999). Since two
units of red cells are removed at once, the donor crite-
ria are more stringent. There must be a 16-week inter-
val between donations, and the hemoglobin must be
13.3 g/dL (or hematocrit 40), with additional minimal
weight requirements.

Apheresis Granulocytes

The in vivo recovery of transfused granulocytes has
been shown to be dose related; to obtain the large doses
thought to be necessary for efficacy in adults, the donor
must be given corticosteroid and subcutaneous granu-
locyte colony stimulating factor (G-CSF), usually 12
hours before the collection, as well as a sedimenting
agent such as 6% hetastarch during the procedure. The
adverse effects are similar to those of plateletpheresis,
as well as those related to the administration of the nec-
essary drugs (for instance, those receiving repeated
doses of corticosteroid should be questioned about
peptic ulcer disease and diabetes). Reactions to these
drugs are regularly seen, but usually are of minimal
severity and consequence (Price et al. 2000), except
when given repeatedly over a short time, such as for
family members recruited to give granulocyte support
for a patient or for the procurement of stem cells for
transplantation, facilitated by 5 days of G-CSF.

PLASMAPHERESIS

Manufacturers of blood plasma derivatives have col-
lected plasma by apheresis for subsequent pooling and
fractionation (“source plasma”) for years, typically from
paid donors. Plasma of blood groups in short supply
(such as Group AB) can also be collected from volun-
teer donors by apheresis and used as a component for
transfusion. For the latter group of donors, if collected
at intervals of 4 weeks or greater, up to a total of 12 L
may be collected annually.
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INTRODUCTION

A transfusion service will usually provide a full spec-
trum of blood and blood products for inpatients, outpa-
tients, and emergency room patients. The components
supplied by the transfusion service are usually designed
to meet the specific requirements of the patient at that
time. Preparation of blood components for the pediatric
patient, although similar in some respects to that which
is provided for the adult oncology or surgical patient, is
more challenging in many respects. The differences go
well beyond the issue of modifying the adult dose to fit
the smaller pediatric patient.

Pediatric transfusion practice is usually divided into
two periods: (1) neonates from birth through 4 months
and (2) older infants (>4 months) and children. An
important aspect of pediatric transfusion practice is that
blood product volume requirements vary with the age
and size of the pediatric patient. An integral part of the
many tasks of the staff technologists in a transfusion
service is to select and prepare blood components in
volumes compatible with patient needs.

To this end, the goal of this chapter is to provide a
resource that will help ensure that children, large or
small, receive the safest, most effective transfusion
therapy.

UNIQUE TRANSFUSION NEEDS 
OF THE NEONATAL AND 

PEDIATRIC PATIENT

Just as the adult oncology and surgery patient have
both common and distinct blood component needs for

their transfusion support, so too, the pediatric patient is
a definable subgroup with unique transfusion needs
(Chambers and Issitt 1994; Rossi et al. 1995). Each of
the items discussed below has implications on the effi-
cacy of the various transfusion options for the neonatal
and older pediatric patient.

Blood components are usually requested and 
prepared based on the individual need of a patient.
Several “special” product requirements that may be
requested for the neonatal or older pediatric patient
include: (1) “fresh” red blood cells (RBCs) or whole
blood, (2) cytomegalovirus (CMV) “safe” components,
(3) leukocyte-reduced blood components, (4) irradiated
cellular components, (5) units that are negative for
hemoglobin S, (6) volume-reduced platelet products,
and (7) components that are packaged into small
volume containers.This chapter will briefly discuss these
options only because they may be essential to the prepa-
ration of each requested blood component. The ration-
ale for use and a more in-depth discussion of these
components is presented in other chapters of this 
book.

It is important to recognize that it may not always 
be possible to meet all of the needs of a patient as
requested by his or her physician. As the number of
“special” requirements for a component increases, so
does the likelihood that one or more of the require-
ments may result in a compromise to ensure timely pro-
vision of the component. Issues related to testing,
directed donation, and specialized needs all will impact
the timely availability of a blood product. When the
ideal component is not available, the methods used to
prepare the component and the properties of the result-
ant component must be assessed to determine the best
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alternatives. Each transfusion service is therefore obli-
gated to have a mechanism to ensure that the compo-
nents issued for the patient meet the specific request of
the ordering physician. One effective method to accom-
plish this objective is to communicate the special needs
request for a specific patient to a physician who is
trained and knowledgeable in transfusion medicine.
The patient’s transfusion needs may then be evaluated
with the patient’s physician.

Some institutions recognize that groups of patients
may have similar blood product needs and therefore
develop standard protocols for ensuring that these
needs are met (for example, extracorporeal membrane
oxygenation [ECMO] patients, organ transplant
patients, patients requiring exchange transfusion). Once
a patient is identified as a member of this specific pro-
tocol group, blood components meeting these “special”
requirements are provided routinely.

Fresh Blood

One of the more contentious issues in pediatric trans-
fusion medicine is the request by a physician for com-
ponents containing “fresh” RBCs. Special requests for
fresh whole blood or RBCs may be received for selected
patients such as the neonate or for the cardiovas-
cular surgery patient. Although justification for fresh
blood is often difficult, it may be ordered in a belief that
fresh blood provides the greatest oxygen-carrying
capacity because it has the maximum level of 2,3-
diphosphoglycerate (2,3-DPG) and minimal amounts of
metabolic waste products such as potassium when com-
pared to older blood. Many scientific studies have estab-
lished that levels of 2,3-DPG have been found to return
to normal within 12 to 24 hours after transfusion in most
recipients (Strauss 2000). This should not present a
problem for routine transfusions for most patients.
Concerns about 2,3-DPG and potassium levels may be
important in selected patient groups such as the pre-
mature neonate, neonatal or pediatric patients with
impaired cardiac function, or patients with severe
impaired pulmonary function such as a patient on
ECMO (Rudman 1995; Strauss 2000).

Newborns, especially the premature newborn, are
sometimes candidates for fresh blood because a
newborn may have a high percentage of fetal hemoglo-
bin, which does not release oxygen to the tissues as well
as adult hemoglobin A. Fresh blood less than 7 days old
with higher levels of 2,3-DPG could be of clinical sig-
nificance in the seriously ill premature infant, especially
the patient with clinical conditions such as respiratory
distress syndrome or pulmonary atresia. Neonates
requiring red cell exchange may likewise benefit from
blood less than 7 days old.

When it comes to the provision of specialized blood
components, a request for “fresh” blood will involve two
challenges: the first involves the definition of “fresh,”
and the second involves the process that begins with the
collection of the donor blood and ends with the distri-
bution of the requested product to the hospital transfu-
sion service. In our current environment of transfusion
recipient safety (with the emphasis on the testing used
to reduce transfusion-transmitted diseases), the chal-
lenge is to complete the required testing in a timely
manner. Blood that falls into the range of 3 to 7 days
after collection will likely be readily available and meet
the needs of the few special patients who require this
product.

In some situations, the time frame required to com-
plete the processing of a donated unit might in fact be
at odds with the physician concept of “fresh.” For
example, pediatric intensivists insist on utilizing “fresh”
RBCs for ECMO patients because of their concerns
about elevated potassium (K+) in the ECMO circuit.
Although relatively stable premature infants appear to
be at no substantial risk from transfusion of a small
volume of old, stored RBCs, rapid transfusion or trans-
fusion of relatively large volumes of RBCs can cause
severe problems in the recipient (Strauss 1990; Strauss
2000). Mortality and cardiac arrest related to the rapid
transfusion of older blood has been reported and may
be related to high plasma K+ levels. For those patients
who are infused via a catheter directly into the heart,
the importance of plasma K+ levels cannot be ignored.
Therefore it is recommended that fresh (3 to 5 days old)
blood be utilized in those patients who are most at risk
for potentially elevated K+ levels in blood products
(Hall et al. 1993).

Cytomegalovirus Safe Components

Donor collection centers and hospital transfusion
services are sometimes faced with requests for CMV-
reduced-risk blood products. Some donor centers offer
RBCs and platelet products that are leukocyte-reduced
as a “CMV-reduced-risk” alternative. Leukocyte reduc-
tion with high-efficiency filters may help to reduce post-
transfusion CMV in high-risk neonates and transplant
recipients. It is estimated that less than 2% of healthy
donors are able to transmit CMV infection. However,
the passive acquisition of CMV antibody from plasma
units, which is estimated to occur in 40% to 70% of
donors, can make it falsely appear that a patient 
has been infected. Posttransfusion CMV infection is
generally of no clinical consequence in immunocompe-
tent recipients, and intentional selection of CMV-
reduced-risk blood is not warranted for all patients.
Some transfusion medicine experts consider effectively
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leukocyte-reduced cellular components as equivalent to
serologically screened components, although this is a
controversial issue (Hillyer et al. 1994; Smith and Shoos-
Lipton 1997; Preiksaitis 2000). But for the high-risk
immunocompromised organ transplant recipient who is
CMV–negative or the low birth weight infant, there is a
high morbidity and mortality rate associated with CMV
infection (Blajchman et al. 2001).

In infants, CMV infection may be acquired in utero,
during the birth process, during breast-feeding or by
close contact with mothers or nursery personnel. CMV
can also be transmitted by transfusion, although it is
estimated that the risk from the current blood supply is
small. Infections in newborns are extremely variable 
in their manifestations, ranging from asymptomatic
seroconversion to death. Studies of CMV infection in
neonatal transfusion recipients (Strauss 1990; Strauss
1993; Brecher 2002) reveal the following observations:

1. The overall risk of symptomatic posttransfusion
CMV infection seems to be inversely related to the
seropositivity rate in the community. Where many
adults are positive for CMV antibodies, the rate of
symptomatic CMV infection in newborns is low.

2. Symptomatic CMV infection during the neonatal
period is uncommon in children born to seroposi-
tive mothers.

3. The risk of symptomatic posttransfusion infection is
high in multitransfused premature infants weighing
less than 1200 g who are born to seronegative
mothers.

4. The risk of acquiring CMV infection is directly 
proportional to the cumulative number of donor
exposures incurred during transfusion.

5. CMV in blood is associated with leukocytes. The
risk of virus transmission can be reduced by trans-
fusing CMV-reduced-risk blood from seronegative
donors or by using leukocyte-reduced components.
Although deglycerolized and washed red cells 
also have a reduced risk of CMV infection, leuko-
cyte reduction by filtration is the technique of
choice.

CMV infection, which is a serious and often fatal
complication in previously CMV seronegative organ
transplant recipients, is related to the presence of CMV
in the organ donor and recipient and the degree to
which the recipient is immunosuppressed. It is impor-
tant to ascertain the CMV status of the organ donor and
the recipient. A recipient may develop primary CMV
infection if he or she is CMV negative and receives a
CMV-positive organ. Additionally, recipients who are
CMV positive may experience reinfection or reactiva-
tion during the myeloablative regimen (Blajchman et al.
2001).

Leukocyte-Reduced Blood Components

Leukocyte reduction of RBC and platelet products
has been used for many years in selected groups of
patients. It is important to recognize that leukocytes in
blood products can induce adverse effects in the recip-
ient. Published data (TRAP 1997; Vamvakas et al. 1999;
Hillyer et al. 2001; Ratko et al. 2001; Brecher 2002)
suggest that leukocyte reduction of red cells and platelet
products may reduce the risk of:

1. Febrile nonhemolytic transfusion reactions
2. Human leukocyte antigen (HLA) alloimmunization

that may lead to patients becoming refractory to
platelet transfusions or graft rejections

3. CMV transmission, Epstein-Barr virus (EBV), and
human T-cell lymphotrophic virus type I (HTLV-I),
which are transmitted by the cellular components
of the blood (primarily the leukocytes)

4. Transfusion related immunomodulation (TRIM)

There are several methods for preparation of leuko-
cyte-reduced products: (1) centrifugation, (2) saline
washing, (3) freezing and deglycerolizing, (4) spin-cool
filtration, (5) bedside filtration, and (6) prestorage fil-
tration. Many of these methods will not always produce
a final product that will meet the requirements for effec-
tive removal of leukocytes. Leukocyte-reduction by
prestorage filtration is the method of choice for con-
sistent quality of the final product (Food and Drug
Administration 2001).

The benefit of leukocyte reduction of components
transfused to infants and children remains controversial
among experts in transfusion medicine. Neonates are
rarely alloimmunized because of the immaturity of their
immune system. It is difficult to identify transfusion
reactions in neonates. Some studies have shown that the
neonate who requires frequent transfusion support of
red cell and platelet products may derive greater benefit
from receiving leukocyte-reduced components. The
studies showed that the risk of transfusion-transmitted
CMV can be substantially reduced through CMV-safe
blood products. However, the conclusion that leuko-
cyte-filtered blood components are as effective as CMV
seronegative blood components remains controversial
(Hillyer et al. 1994; Bowden et al. 1993; Smith 1997).
Leukocyte-reduced blood components may be of par-
ticular benefit for those older pediatric patients who
require chronic transfusion. One recognized benefit
would be to diminish the development of alloimmu-
nization to HLA antigens in those pediatric patients
who are likely to become candidates for marrow trans-
plantation. Clinical studies suggest that leukocyte-
reduced products may induce an immunosuppressive
effect in transplant patients.
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Irradiated Cellular Components

Transfusion-associated graft-versus-host disease
(TA-GVHD) is a usually fatal immunologic transfusion
complication that results when immunocompetent
viable lymphocytes in a donor’s blood product engraft
in the recipient host. The engrafted lymphocytes mount
an immunologic attack against recipient tissues, includ-
ing hematopoietic cells, leading to refractory pancy-
topenia with bleeding and infectious complications,
which can result in a 90% to 100% mortality rate.
Although TA-GVHD can occur with any product con-
taining lymphocytes, recipients at greatest risk are those
who are severely immunosuppressed or immunocom-
promised, such as bone marrow transplant patients, low
birth weight infants, infants who receive intrauterine
transfusions and exchange transfusions, patients who
are on ECMO, and patients who are recipients of des-
ignated donations from any blood relative (Petz et al.
1996; Kickler and Herman 1999; Strauss 2000; Hillyer 
et al. 2003).

Irradiation of cellular blood components is the only
acceptable method to prevent TA-GVHD. Leukocyte-
reduction of blood components by itself is not sufficient
to avoid TA-GVHD, which has been reported after
transfusion of leukocyte-reduced components. Irradia-
tion of all cellular products with a minimum of 25 Gy
(2500 cGy) inactivates the lymphocytes, leaving the
platelets, red cells, and granulocytes undamaged (Food
and Drug Administration 2000; Brecher 2002). Irradia-
tion should never be performed on bone marrow or
peripheral blood progenitor cells prior to their infusion.

There are currently no data to support a mandate for
universal irradiation of blood products transfused to
infants or children (Strauss 2000). Irradiated products
may be transfused to patients who are immunologically
normal with no adverse effects to the patient. Scientific
studies have documented that irradiation of RBCs will
produce some damage to the red cells causing them to
leak intracellular fluids, especially potassium, and
reduce their overall viability (24-hour-recovery). As a
result, red cell components that have been irradiated
require shortened expiration dating. Irradiated red cell
products must be labeled to expire on their originally
assigned expiration outdate or 28 days from the date of
irradiation, whichever is shorter (Moroff and Luban
1997; Gorlin 2002). The use of older irradiated red cells
is contraindicated in those patients who are most at risk
for potentially elevated K+ levels in blood products
(Hall et al. 1993). Platelets sustain minimal damage
from irradiation, so their expiration date does not
change. Granulocytes contain large numbers of lym-
phocytes and therefore should be irradiated to prevent
TA-GVHD.

Hemoglobin S-Negative Red Cell Products

There are specific childhood conditions characterized
by deficient or abnormal hemoglobin structures and
anemia (for example, sickle cell disease, thalassemia) for
which chronic red cell transfusions are used to treat
tissue hypoxia and also to suppress erythropoiesis. The
goal of transfusion in patients with sickle cell disease is
to reduce the risk of stroke by decreasing the percent-
age of circulating red cells capable of sickling, while
simultaneously avoiding an increase in blood viscosity.
Maintaining a hemoglobin level of 8 to 9 g/dL with a
hemoglobin S level less than 30% appears to be of
benefit to children with sickle cell disease. Therapy may
include routine transfusion every 3 to 4 weeks to main-
tain these levels or erythrocytopheresis to treat acute
complications such as splenic sequestration, aplastic
crisis acute chest syndrome, and priapism. Donor blood
for transfusion to a patient with sickle cell disease
should be screened for hemoglobin S (Capon and
Chambers 1996; Rosse et al. 1998; Simon et al. 1998).

The goal of transfusion in children with thalassemia
and severe anemia is to ameliorate the complications
associated with the disease (Simon et al. 1998). Hyper-
transfusion, in which the hemoglobin is kept between 8
and 9 g/dL, allows for normal growth and development
and normal levels of activity for these patients. Screen-
ing of donor blood for hemoglobin S offers no benefit
for this group of patients.

Volume-Reduced Platelet Products

Routine centrifugation of platelets to reduce the
volume of transfusion is not necessary. Patients who
require fluid restriction, such as a low birth weight
infant, may benefit from volume-reduced platelet prod-
ucts. It is important to recognize that if platelets have
been volume-reduced and also placed in a syringe, the
pH will decline rapidly. This is a potential problem for
an already ill, acidotic patient.There is also an increased
risk of bacterial contamination when volume-reducing
a platelet product (Kickler and Herman 1999).

Centrifugation of a platelet product and subsequent
removal of most of the plasma can be used to prepare
a volume-reduced platelet component. However, cen-
trifugation of the platelet product will result in
unwanted clumping of the platelets, inadvertent platelet
loss, and possible damage to the platelets. The quality
and efficacy of the final product is questionable.

The product can be centrifuged for 10 minutes at
2000 ¥ g at 20° to 24°C followed by removal of all but
15 to 20 mL of the platelet-reduced plasma. The
platelets should be allowed to “rest” undisturbed for 15
to 60 minutes followed by gentle manual kneading and
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mechanical rotation for 15 to 30 minutes. If leukocyte
reduction and volume reduction are both required, the
component should be leukocyte-reduced before cen-
trifugation to prevent loss of platelets.

Components That Are Packaged into Small
Volume Containers

The goal of transfusion therapy is to provide the most
appropriate product for the patient. When components
are prepared based on the individual needs of the
patient, this greatly improves treatment outcomes while
maximizing donor resources (Simon et al. 1998). The
ability to provide transfusion products “packaged” for
each patient’s specific needs is an essential part of com-
ponent therapy in the pediatric setting. In this setting, it
is sometimes desirable to make components or smaller
aliquots of a primary donor product (Hume and Bard
1995; Strauss 2000). For example, a request may be
made to provide a 35-mL aliquot of red cells for trans-
fusion to a neonatal patient. The product may be pre-
pared utilizing one of a variety of methods without
wasting the remaining original red cells. Effective com-
ponent preparation results in better management of the
donor product.

Component preparation must incorporate the prin-
ciples of aseptic techniques using sterile, pyrogen-free
equipment and solutions (Gorlin 2002). Most donor 
collection centers are equipped to provide transfusion
services with red cells that have attached satellite bags
that can be used to split off smaller volumes of red cells.
The blood bags used for phlebotomy are designed to
have integral, sterile bags known as “satellite bags”
attached to the main collection bag.After collection and
processing the donor whole blood product into red cells,
the remaining attached satellite bags can be used to
transfer smaller volumes of red cells through the closed
system of tubing. The desired volume of red cells may
be transferred into one of the satellite bags and then the
tubing may be heat-sealed and separated from the
primary bag. Preparing the product in this type of a
closed system maintains sterility and allows the primary
and separated products to keep the original unit
outdate. Therefore, the primary bag may be split into
many doses over time without shortening the outdate of
the original product. Additionally, the chances of acci-
dental contamination of the product are minimized.

When preparing smaller volume aliquots from the
primary donor red cell component, each subsequent
aliquot of the product must be labeled to mirror the
original bag label and each piece must have a unique
donor identification number. The usual practice is to
label the product with the same original donor number
followed by a predetermined nomenclature of succes-

sive alpha or numeric characters. For example, if the
original unique donor identification number was
12LW12345, the first split product could be labeled as
12LW12345/1 or 12LW12345A; the second split could be
labeled as 12LW12345/2 or 12LW12345B, and so on for
each subsequent split piece.

If no satellite bags are attached to the primary red
cell unit, it is possible to connect additional satellite 
bags using one of two methods, one of which opens the
system and the other method which maintains the
closed sterility of the system. The first method involves
using one of the portals on the top of the primary bag
as the point at which an extra satellite bag is attached.
Because this method involves potential contamination
of the original product as well as the separated piece,
these products must be labeled with a significantly
shortened expiration dating. During preparation of
components, if the method of preparation compromises
the sterility of the system or if there is a concern that it
may have, the outdate of the products involved must be
changed to a shorter date/time. In general, if a compo-
nent is stored at 1° to 6°C, the outdate of the product is
24 hours from preparation. If the product is stored at
20° to 24°C, the product must be used within 4 hours of
the preparation.

The second separation method allows for the attach-
ment of a syringe or transfer bag(s) to the original
product bag by means of a device known as a sterile
connection device (sterile docking device). This device
(Terumo Medical Corporation; Somerset, NJ) provides
a method of joining two separate tubings together in a
sterile manner so that neither item is “opened” to the
air. The device welds two pieces of the same size blood
tubing by melting the plastic tubing with a superheated
metal wafer, moving the two ends to be joined together,
removing the wafer, and allowing the two hot ends of
the tubing to fuse, creating a sterile attachment of items.
Tubing may be welded together from transfer bags,
special syringe sets, needles, filters, and collection or
apheresis sets as long as the diameter and materials of
the tubing to be connected are similar. Because each
part that is connected/welded together maintains its
internal sterility during the process, the original outdat-
ing of each product or bag is maintained. When using
the sterile connection device, each weld must be care-
fully inspected for completeness, integrity, leakage, and
air bubbles. If the weld quality is in doubt or unsatis-
factory, the outdating of the product should change as
indicated in the previous paragraph (Rudmann 1995).

A variety of alternatives exists for selection of the
bag or syringe use for packaging the separated blood
component. Table 2.1 summarizes a variety of commer-
cially available transfer bags that are approved for the
separation of components. Table 2.2 summarizes a
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variety of commercially available syringe devices that
are approved for the separation of components. The
transfer bags or syringes are designed to be attached by
either method of attachment described above. The deci-
sion to use a transfer bag or syringe will depend on the
method of separation, the number of connections/sepa-
rations that is anticipated for the splitting of the
product, and the cost of the materials for each option.

In the pediatric setting, because of the availability of
syringe infusion pumps and the need to monitor fluids
infused into neonates or smaller pediatric patients,
patient care personnel may request that blood com-
ponents be issued in syringes when appropriate 

(Chambers 1995; Hume and Bard 1995). Each compo-
nent, whether packaged in a blood bag or syringe, must
be labeled. It is recommended that the FDA uniform
blood labeling guidelines be followed. When the units
are subdivided, a standard labeling convention should
be used to uniquely identify each successive component
prepared from the original product (see previous dis-
cussion). In all cases, the donor identification must be
traceable. Additionally, records must be kept of any
modifications made to a product. The record must
include the date, time, component used, component
made, expiration date of the newly created product,
identification of the person performing the modifica-
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TABLE 2.1 Blood Transfer Bags

Transfer Bag Baxter Terumo Charter Medical NHS

75 mL Pedi-Pak Quad with filter 402–04F
75 mL Pedi-Pak Quad without filter 402–04
75 mL Pedi-Pak Quad needleless Y site 402–01
75 mL Pedi-Pak Single 402–024
100 mL triple bag aliquot system with piercing pin T2182
100 mL triple bag aliquot system with piercing pin & injection site T2183
100 mL quadruple bag aliquot system with piercing pin T3007
100 mL sextuplet bag aliquot system with piercing pin & injection site T2186
100 mL eight bag aliquot system with piercing pin & injection site T2188
150 mL single with piercing pin T3101
150 mL single 4R2001 4BT015CB70
150 mL double bag aliquot system with piercing pin T3002
150 mL quadruple 4R2004
150 mL quadruple bag aliquot system with piercing pin & injection site T3000
150 mL quadruple bag aliquot system with 150 micron filter, piercing pin T3001

& injection site
150 quadruple bag aliquot system with attached 600 mL transfer bag T3605
150 mL sextuplet bag aliquot system with attached 600 mL transfer bag T3607
150 mL sextuplet bag aliquot system with piercing pin & needleless T2286

syringe adaptor
150 mL eight bag aliquot system with piercing pin & needleless syringe T2288

adaptor
150 mL eight bag aliquot system with piercing pin & inject site T2008
300 mL single with coupler 4R2014 4BT030CB71
400 mL single with piercing pin T3104
600 mL single with piercing pin T3106
600 mL single with coupler 4R2023 4BT060CB71
600 mL single with needle adapter 4R2024
600 mL single with slip lock adapter T3135
800 mL single with 2 couplers without outlet ports 4R2054
800 mL single with 2 couplers & outlet ports 4R2055 4BT080BB71
1000 mL single with piercing pin T3107
1000 mL single with coupler 4R2032 4BT100BB71
1000 mL single with slip lock adapter T3137
2000 mL single with coupler 4R2041 4BT200BB71
2000 mL single with piercing pin T3108
Platelet pooling unit 600 mL/8 couplers 4R2027
400 mL bag with attached four-lead harness T4004
400 mL bag with attached six-lead harness T4006
600 mL bag with attached ten-lead harness T6010

NOTE: This is not a complete list of all products available. Please consult manufacturer for additional products.
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tion, and the lot numbers of the materials used to
prepare the components. The purpose of this record
keeping is to assist in identifying and resolving compo-
nent quality and production problems.

BLOOD DONATION ISSUES

Although the intent of this chapter is to primarily
discuss component preparation and storage, part of the
decision related to the selection of blood products for
the neonatal and older pediatric patient may ultimately
involve consideration of donor exposure. Many parents
of the neonatal or older pediatric patient will arrive at
the decision to seek alternatives for the use of allo-
geneic donor blood products. For most parents, this
decision results from a protective desire to provide the
“safest” blood products possible for their child. This
decision is sufficiently important that they will, given
enough time, educate themselves about the alternatives
to or substitutions for allogeneic blood. Pediatric health
care providers are in a unique position to be supportive
of the alternative sources for provision of blood 
components.

Autologous Donation

Pediatric autologous donation is most successful
when the likelihood of transfusion is high. For the ado-
lescent and preteen patient, preoperative donation of
autologous red cells and frozen plasma components
may offer the best choice in many situations. Autolo-
gous donation is a recognized alternative in planned
orthopedic procedures. One or more donations of whole
blood may be adequate to provide the anticipated prod-

ucts for surgical procedures.Younger children, however,
are usually not suitable candidates for autologous dona-
tion because of their small blood volumes, limited or dif-
ficult venous access, and concerns regarding their
cooperation during collection. Greater success will be
achieved when careful evaluation of the pediatric
patient occurs prior to autologous donation. Intraoper-
ative salvage and isovolemic hemodilution in the ado-
lescent and preteen may also represent an alternative
source for autologous blood.

Directed Donation

A directed donation is one in which a person
“directs” his or her donated blood to be used by a given
patient. For pediatric patients, the parents or legal
guardian will designate donors on behalf of the child.
Directed donor blood is suitable for use in planned sur-
gical procedures and routine transfusions. Concern
about the overall safety of blood products has gener-
ated expectations by parents that they will be best
suited to select suitable donors to supply the blood com-
ponents that their child may need. Because of logistic
and philosophical problems associated with these
directed donations and scientific evidence that suggests
that directed donor blood may not be as safe as allo-
geneic donor blood, most blood centers and hospitals
will provide this service only upon request.

Biological parents often want to be the directed
donor for their child or infant. As with all transfusions
from biological relatives, certain risks are associated
with transfusion of blood components donated by bio-
logical parents.TA-GVHD is a potential risk.Therefore,
irradiation of all blood components that may contain
viable lymphocytes is mandatory. Additionally, there
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TABLE 2.2 Pediatric Syringe Sets

Pediatric Syringe Sets Charter Medical

Blood administration set with 30 cc BD syringe and attached 100 mL bag with 150 micron filter 03-BDP-30
Blood administration set with 60 cc BD syringe and attached 100 mL bag with 150 micron filter 03-BDP-60
Blood administration set with 60 cc Monoject syringe and attached 100 mL bag with 150 micron filter 03-MJP-60
Blood administration set with 150 micron filter and 30 cc BD syringe 03-960-00
Blood administration set with 150 micron filter and 60 cc BD syringe 03-960-10
Blood administration set with 150 micron filter and 30 cc Monoject syringe 03-960-35
Blood administration set with 150 micron filter and 60 cc Monoject syringe 03-960-37
TRUFLOW NEO-40 Blood administration set with 40 micron filter and 30 cc BD syringe N40-960-00
TRUFLOW NEO-40 Blood administration set with 40 micron filter and 60 cc BD syringe N40-960-10
TRUFLOW NEO-40 Blood administration set with 40 micron filter and 35 cc Monoject syringe N40-960-35
TRUFLOW NEO-40 Blood administration set with 40 micron filter and 60 cc Monoject syringe N40-960-37
TRUFLOW NEO-40 Blood administration set with 30 cc BD syringe and attached 150 mL bag with 40 micron filter N40-BDP-30
TRUFLOW NEO-40 Blood administration set with 60 cc BD syringe and attached 150 mL bag with 40 micron filter N40-BDP-60
TRUFLOW NEO-40 Blood administration set with 60 cc Monoject syringe and attached 150 mL bag with 40 micron filter N40-MJP-60

NOTE: This is not a complete list of all products available. Please consult manufacturer for additional products.

Ch02.qxd  12/19/05  4:11 PM  Page 17



may be other circumstances in which there is inherent
risk. In cases of suspected or serologically confirmed
neonatal alloimmune thrombocytopenia (NAIT), the
mother may be the best candidate to donate platelet
products (Petz et al. 1996; Kickler and Herman 1999).
At the time of suspicion or diagnosis of NAIT, which
usually occurs in the first few days of the infant’s life,
the mother may have a low-grade infection or anemia.
This may compromise her ability to be a “good” donor.
Maternal plasma alloantibodies to either white cell or
platelet antigens are frequently present but remain
undetected because routine pretransfusion compatibil-
ity testing does not screen for these antibodies. If the
decision is made to use the mother as the platelet or
RBC component donor, consideration must be given to
the removal of maternal plasma antibodies that have
the potential to cause hemolysis or immune cytopenia
in the infant (Kickler and Herman 1999; Brecher 2002).
Additionally, the mother may also be used as a donor if
she possessed an antibody to a high incidence red cell
antigen that the infant may have genetically inherited
from the father. Likewise, cellular blood components
(red cells, white cells, or platelets) from the father may
contain the same antigen as the infant’s red cells. These
components may be susceptible to any maternally
derived alloantibodies. Because of these and other con-
cerns, it is recommended by transfusion medicine spe-
cialists that biological parents not be donors of blood
for their infant during the first few weeks of life.

Limited Exposure Donor or 
“Dedicated” Donors

Given the relatively long life expectancy of the pedi-
atric patient, serious consideration to reducing the risk
of transfusion-associated infection as well as allogeneic
antigen exposure may be appropriate for those pedi-
atric patients who will require long-term transfusion
support. One such consideration is in limiting the
number of allogeneic donor exposures. A limited expo-
sure blood donor program is an alternative form of allo-
geneic directed donation in which a single dedicated
donor or a small number of dedicated donors provide
all of the blood components necessary for a given
patient’s transfusion needs (Hare et al. 1994). In theory,
fewer donor exposures results in both reduced risk of
transfusion-associated disease transmission as well as
decreased alloantibody production. Limited donor pro-
grams for the donation of red cells, platelets, or plasma
products may be especially suited to meet the ongoing
blood product needs of the pediatric patient. The
number of donors needed is largely dependent on
patient size and ongoing need for specific blood prod-
ucts. The logistics of having the appropriate blood 

component available can be complicated. Coordination
of the donation process with the blood center and the
hospital may require dedicated time and resources on
the part of a representative of the patient. The goal 
of a well-coordinated limited donor program is to 
efficiently utilize available donated blood components
and limit wastage. Effective use of the limited donor
resources may result in the provision of quality blood
components at reasonable cost and bring about im-
proved patient care.

ANTICOAGULANT-PRESERVATIVE
SOLUTIONS

Anticoagulant-preservative solutions are used in
blood collection/storage to: (1) maintain blood products
in an anticoagulated state, (2) support the metabolic
activity of red cells and maintain function of cellular
constituents while in storage, and (3) minimize the
effects of cellular degradation during storage. There are
several anticoagulant preservative solutions, including
CPDA-1, CPD, and ACD-A, that are approved by the
FDA for storage of blood and blood components (Code
of Federal Regulations 2001). Most anticoagulant-
preservative solutions contain citrate, which maintains
the anticoagulated state through chelation of calcium;
dextrose and/or adenine, which support ATP synthesis
in the stored cells; and sodium phosphate which pro-
vides phosphate for ATP synthesis and serves as a
buffer to minimize the effects of decreasing pH in the
stored products.

Additive systems, such as AS-1, AS-3, and AS-5,
extend the shelf life of red cell products via an adenine
additive solution. The additive solution must be added
to the anticoagulated red cells according to the manu-
facturer requirements, which is usually within 72 hours
of collection.The volume of additive solution is 100 mL,
which increases the total volume of the red cell compo-
nent and also decreases the hematocrit of the red cell
component.

The selection of anticoagulant-preservative solution
for red cells for pediatric transfusion is largely depend-
ent on the size of the patient and to a lesser degree the
clinical condition of the patient. In general, RBCs stored
in CPDA-1 are the preferred product used for pediatric
transfusion. The rationale for this selection is in the
delivery of a higher percentage of red cells to total
volume of product infused. The decision to use CPDA-
1 versus additive solutions (AS) may also be dependent
on availability of the product from the blood center. It
would not be surprising to point out that blood centers
have a different perspective on the distribution of blood
components and their potential use by all of their 
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customers. Transfusion services that treat neonatal and
older pediatric patients must make the blood center
aware of the unique needs of their patients.

There is some concern regarding potential side
effects of the adenine, dextrose, and mannitol in AS
solutions. Large amounts of adenine and mannitol have
been reported to be associated with renal toxicity.
Mannitol is also a potent diuretic and due to its effect
on fluid dynamics of premature infants, may cause unac-
ceptable fluctuations in cerebral blood flow. Published
studies demonstrate that red cells preserved in
extended storage media present no substantive risks
when used for small volume transfusions in neonates
(Luban et al. 1991; Hall et al. 1993; Strauss 2000). For
premature infants with severe hepatic or renal insuffi-
ciency, however, use of red cells stored in CPDA-1 may
be the preferred product (Luban et al. 1991). If RBCs
stored in additive solutions must be used, removal of the
preservative by washing or centrifugation and resus-
pending the RBCs in another appropriate fluid is rec-
ommended. The safety of red cells stored in all additive
solutions and used in cardiathoracic surgery and
massive transfusions has not been confirmed (Brecher
2000).

INDIVIDUAL COMPONENTS FOR
TRANSFUSION

Whole Blood

Whole blood contains 450 to 550 mL +/-10% of
donor blood plus the anticoagulant.Whole blood is rou-
tinely collected into collection bags with transfer bags
attached for component preparation. Separation of
whole blood into specific components allows selective
transfusion therapy based on specific patient need and
also maximizes the number of recipients who may
benefit from any single donation. The most commonly
used configuration is intended for the production of
RBCs, fresh frozen plasma (FFP), and platelets 
(Circular of Information 2002; Triulzi 2002).

Whole blood is not routinely available for allogeneic
transfusion. This is because whole blood is routinely 
collected and processed into RBCs, plasma, and other
components by the blood center. The routine prepara-
tion of these components is necessary to meet the needs
of most patients as well as manage the overall cost of
the blood collection/testing/component preparation
process. Whole blood may be useful for patients with
concomitant RBC and volume deficits, such as actively
bleeding patients. It will provide oxygen-carrying capac-
ity, blood volume expansion, and stable coagulation
factors. The standard of care in most hospitals for cases

of active bleeding in trauma and surgery patients is to
provide RBCs, plasma, and cryoprecipitate or platelets
for the specific coagulation products needed. In these
situations, transfusing individual components rather
than whole blood better serves the patient’s specific
needs. One minor advantage of using whole blood is
that there will be less donor exposures for the com-
parative volume of RBCs and plasma transfused. One
downside of using whole blood is that the amount of
RBCs delivered per milliliter of transfused blood
product is significantly less than that attributed to use
of red blood cell components.

Reconstituted whole blood may be prepared by com-
bining FFP with RBCs in the hospital blood bank. 5%
albumin or saline may also be substituted for FFP. This
product is frequently used for exchange transfusions.

Red Blood Cells

RBCs (packed RBCs) are prepared by removing
most of the plasma from a unit of centrifuged or sedi-
mented whole blood. During initial component prepa-
ration, the plasma portion can be removed and then
may be used for further component separation (Circu-
lar of Information 2002; Triulzi 2002).

RBCs have the same red cell volume and therefore
the same oxygen-carrying capacity as whole blood in a
significantly reduced volume. Red cells are the pre-
ferred product for patients with symptomatic anemia.
Patients with deficient or abnormal hemoglobin struc-
tures may require chronic transfusion with red cells to
ameliorate the complications associated with the
disease. Red cells may also be used for exchange trans-
fusion in newborns or patients with sickle cell disease in
crisis (Simon et al. 1998).

A variety of modifications can be used when RBCs
are provided for transfusion. They include leukocyte-
reduced red cells, washed red cells, and frozen/deglyc-
erolized red cells. There are a number of factors, such as
cost, time requirements, need for special equipment, and
ease of manipulation, to consider when making the deci-
sion to provide any of these RBC modifications. RBCs
may also require irradiation in addition to the above
modifications.

Leukocyte-reduced RBCs are generally the product
of choice for transfusion to pediatric patients. Prestor-
age leukocyte-reduction of RBCs has now made it pos-
sible to provide this product with consistent quality and
with little manipulation, though the expense is slightly
increased. The advantages and disadvantages of routine
use of leukocyte-reduced RBCs were previously dis-
cussed in this chapter.

Washed RBCs are preferable to use in the following
situations: (1) to remove metabolic components such 
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as potassium or plasma hemoglobin, (2) to remove 
additive solutions, (3) to remove plasma proteins and
microaggregates that can cause febrile and urticarial
reactions in some patients, and (4) for those patients
who have developed antibodies to plasma proteins (for
example, the IgA-deficient patient who may experience
severe and even fatal anaphylaxis when receiving prod-
ucts carrying IgA). Use of leukocyte-reduction filters
will provide a much better leukocyte-reduced product
than washing of RBCs (Hillyer et al. 2001).

Frozen/deglycerolized RBCs are prepared for a
variety of reasons, which may include the storage of
blood from a rare donor, autologous units stored for a
future scheduled surgery, or a means to conserve or
stockpile inventory that may be needed at a future date.
The deglycerolization process used for frozen RBCs will
provide the same advantages as washed RBCs, but at an
increased cost.

Undoubtedly, the easiest method of providing a RBC
component for transfusion to pediatric patients is the
use of unmodified RBCs. There are advantages and dis-
advantages that must be taken into consideration when
making the decision of which of these types of RBC
preparations will meet the needs of your patients.

Platelets

Platelets play a significant role in hemostasis by
repairing breaks in small blood vessel walls and releas-
ing phospholipids and other products that are required
for in vivo hemostasis. Platelets are essential to the for-
mation of the primary hemostatic plug and provide the
hemostatic surface upon which fibrin formation occurs.
Deficiencies in platelet number and/or function can
have unpredictable effects that range from clinically
insignificant prolongation of the patient’s bleeding 
time to major life-threatening hemorrhage. Decreased
platelet numbers result from many conditions that
decrease platelet production, increase destruction, or
occur due to dilutional thrombocytopenia during
massive transfusion. Platelet function may be adversely
affected by such factors as drugs, sepsis, liver or kidney
disease, increased fibrin degradation products, car-
diopulmonary bypass, and primary marrow disorders
(Blanchette et al. 1995; Kickler and Herman 1999).

Before platelet therapy is initiated, it is important 
to determine if platelets are necessary to prevent or
correct the bleeding episode. Many factors, such as the
number and functional ability of the patient’s own
platelets and the cause of the thrombocytopenia, must
be evaluated.

Platelets used for transfusion may come from two
different sources: (1) those prepared by separating
platelet rich plasma from routine whole blood donation

(“platelet concentrates” or whole blood derived
platelets), or (2) those collected from a single donor
using the cytapheresis process (“single donor platelets”
or apheresis derived platelets).

Platelet concentrates, which are the platelets that are
prepared from a single unit of whole blood, are pre-
pared by a two-step process. The first step uses low-
speed centrifugation to separate the red cells from the
plasma. The resultant plasma product is termed platelet-
rich plasma. Then the platelet-rich plasma is subjected
to high-speed centrifugation. The platelet-poor plasma
on the top is expressed into another bag, and the resid-
ual platelet pellet is resuspended in a small volume of
plasma. The resultant platelet bag must then be allowed
to rest undisturbed at room temperature before resus-
pending the platelets, which undergo aggregation
during the centrifugation process.

Platelet Concentrates

Platelet concentrates usually contain a minimum of
5.5 ¥ 1010 platelets (Circular of Information 2002; Triulzi
2002). A single unit of platelet concentrate may be ade-
quate for transfusion to a neonate or infant. The infu-
sion of 10 mL/kg of platelet concentrate should be able
to raise the blood platelet count to >100 ¥ 109/L in an
infant and 1 U/10 kg for children and smaller adults
(Kickler and Herman 1999). Individual platelet concen-
trates may be issued in the original container or trans-
ferred to a syringe. All platelets issued in a syringe must
be transfused within 4 hours of preparation. Platelet
concentrates may also be pooled together in a single bag
to meet the transfusion dose required. If pooling of indi-
vidual platelet concentrates is performed, all of the units
in the pool should be the same ABO group. There are
a number of different methods for pooling platelet 
concentrates, but all involve either the use of an open
system or a closed system by use of the sterile connect-
ing device. A platelet pooling set with a bag and eight
couplers is available (Baxter Healthcare Corporation;
Deerfield, IL). Alternately, a plasma transfer set of a 
size adequate to meet the final volume of the com-
bined product and multiple couplers may be used. The
drawback of either preparation process is the potential
for contamination of the product in the bag. Pooled
platelets in an open system outdate 4 hours after
pooling. The final container should be labeled accord-
ing to the FDA uniform blood labeling guidelines, must
be labeled as “Platelets Pooled,” must be assigned a
single unique identification number, and this identifica-
tion number must reflect all platelet concentrates
included in the pool. A record must be kept of pooling.
The record must include the date, time, component
used, component made, expiration date of the newly
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created product, identification of the person performing
the modification, and the lot numbers of the materials
used to prepare the components. The purpose of this
record keeping is to assist in identifying and resolving
component quality and production problems.

Single Donor Platelets

Platelets collected by apheresis contain a minimum
of 3 ¥ 1011 platelets, which is the equivalent of five to
eight random donor platelet concentrates (Circular of
Information 2002; Triulzi 2002). The benefit of single-
donor platelets in the multiply transfused recipient is
the decrease in donor exposures. Apheresis platelets
may be separated into smaller aliquots for transfusion
to the same patient over the 5-day dating period.
Although the separation process may be performed
using an open system with a plasma transfer bag, which
will then have an expiration of 4 hours from prepara-
tion of both pieces of the split product, the preferred
method of separation is to utilize the sterile connecting
device. A plasma transfer bag or syringe may be
attached to the original apheresis bag using the sterile
connecting device. The desired volume of product can
then be transferred using a closed tubing system. Using
this process will not change the original expiration date
of the final products. As a cautionary note, unless the
transfer bag is made of plastic suitable for platelet
storage (bags made of PL-732 plastic are suitable), the
aliquot should be used as soon as possible. Additionally,
there is no method to accurately split the total number
of platelets in the apheresis product when transferring
the bag into smaller aliquots.Although adequate mixing
of the primary apheresis bag is essential before sepa-
rating the product, the accuracy of the final transferred
product will be in volume only.A platelet count and cal-
culation on the transferred product may be necessary to
assess the total number of platelets in the final product.

Published clinical studies have indicated that a 
single donor plateletpheresis is no more effective than
the equivalent number of random donor platelet con-
centrates in raising the platelet count in patients 
who have yet become alloimmunized (TRAP 1997;
Kickler and Herman 1999). Although apheresis
platelets or random donor platelet concentrates may be
used interchangeably, the drawback of using multiple
random donor platelet concentrates is the risk of
increased donor exposure from the perspective of the
potential for alloimmunization as well as infectious
disease transmission.

Platelet components may require further modifica-
tion to meet special patient needs. They can be irradi-
ated, leukocyte-reduced, volume-reduced, washed, and
split into smaller aliquots.

Fresh Frozen Plasma

FFP is prepared by removing plasma from a unit of
donated whole blood and placing it at -18°C or lower
within 8 hours of collection (Circular of Information
2002; Triulzi 2002). FFP contains plasma proteins plus
all coagulation factors. The component is usually pack-
aged in a volume of 200 to 250 mL, but some blood
centers will split a unit of FFP into multiple pieces of
approximate volume of 50 to 60 mL. This split product
is called “pedi-FFP” and is suitable for transfusion for
patients who require smaller volumes of FFP. Blood
centers may preferably collect “pedi-FFP” from 
group AB donors so that the product will be ABO-
compatible with all recipients. “Pedi-FFP” may also be
prepared by splitting plasma collected by apheresis
donor procedure.

Clinical need for FFP in infants and children is rela-
tively limited but similar to the indications for adults.
Transfusion of FFP is appropriate for: (1) replacement
of specific coagulation factors not available in concen-
trate form, (2) management of multiple factor defi-
ciency, which is usually a result of liver disease, and (3)
treatment of antithrombin III (ATIII) deficiency. FFP
should not be used as a general volume expander
because it carries the risk of disease transmission and
safer, less expensive products are readily available. Nor
should it be used when a more appropriate and specific
therapy is available. For example, using FFP to replace
factor VIII in a factor VIII deficient hemophiliac is inap-
propriate. Not only will more volume be infused than is
necessary, but specific factor VIII concentrates, such as
recombinant factor VIII, are readily available and are
much safer from the perspective of disease transmission
(Development Task Force of the College of American
Pathologists 1994; Petz et al. 1996).

FFP may be issued in syringes.The syringed FFP out-
dates in 24 hours if prepared in a closed system; other-
wise, the FFP outdates in 4 hours.

Cryoprecipitate-Poor Plasma

Cryoprecipitate-poor plasma is a by-product of cry-
oprecipitate preparation (Circular of Information 2002;
Triulzi 2002). The product lacks labile clotting factors V
and VIII, but contains adequate levels of the clotting
factors II, VII, IX, and X. Cryoprecipitate-poor plasma
lacks fibrinogen because it was concentrated in the 
cryoprecipitate during preparation. It also lacks von
Willebrand’s factor (vWF) and its multimers. Thus,
cryoprecipitate-poor plasma may be suitable for trans-
fusion into some patients with deficiencies of the stable
clotting factors and is used in the treatment of throm-
botic thrombocytopenic purpura (TTP).

2. Component Preparation and Storage 21

Ch02.qxd  12/19/05  4:11 PM  Page 21



Cryoprecipitated Antihemophiliac Factor

Cryoprecipitate is the cold-insoluble portion of
plasma that remains after FFP has been allowed to thaw
at 1° to 6°C (Circular of Information 2002;Triulzi 2002).
The product is separated from the thawed plasma and
refrozen as cryoprecipitate. The remaining plasma can
be labeled as cryoprecipitate-poor plasma (as above) or
processed into single donor plasma. Cryoprecipitiate 
is rich in coagulation factor VIII (both factor VIII-C 
and factor VIII-vWF), factor XIII and fibrinogen. On
average, one unit of cryoprecipitate contains approxi-
mately 250 mg of fibrinogen. The product also contains
variable amounts of fibronectin, a protein that partici-
pates in phagocytosis.

The primary clinical use of cryoprecipitate is for
intravenous supplementation of fibrinogen, particularly
in disseminated intravascular coagulation (DIC) or in
hypofibrinogenemia, which is a rare congenital defi-
ciency of fibrinogen. Secondarily, cryoprecipitate can be
used in factor XIII deficiency, although a more suitable
factor concentrate is currently available. It is also used
in conjunction with thrombin as a topical agent to stop
bleeding when applied directly as fibrin glue. Cryo-
precipitate may also be useful in dysfibrinogenemias
that are congenital or acquired. Patients with severe
liver disease frequently exhibit a dysfribrinogenemia.
Although cryoprecipitate had previously been used for
patients with factor VIII-deficient hemophilia, it is not
currently recommended for use because safer factor
VIII products are available.

Granulocytes

Granulocytes are prepared upon request by cyta-
pheresis and contain greater than 1.0 ¥ 1010 granulocytes
suspended in 200 to 300 mL of plasma (Circular of
Information 2002; Triulzi 2002). This product also con-
tains large numbers of red cells, platelets, and other
leukocytes. In special circumstances, a granulocyte con-
centrate can be prepared from the buffy coat of a fresh
unit of single donor whole blood. This is primarily used
for neonates who may require only small volumes of
granulocytes. Granulocytes prepared by cytapheresis
are preferred over buffy coat preparation. In either case
they should be transfused as quickly as possible follow-
ing collection (£24 hours).

Granulocytes are used as supportive therapy for
patients with severe neutropenia and documented
sepsis unresponsive to antibiotic therapy (Hillyer et al.
2003). Because granulocytes are only a temporary form
of therapy, the patient should be evaluated to ensure
that there is a reasonable chance for recovery of
marrow function. Granulocytes have also been used in

patients with chronic granulomatous disease that may
have normal numbers of granulocytes, but the white
cells are dysfunctional.

Neonates are more susceptible than older children 
to severe bacterial infections. Controversy surrounds
several issues in granulocyte transfusion for neonates,
including dose, neutrophil level at which to transfuse,
type of component to use, and efficacy as compared to
other forms of therapy.

Based on the fact that granulocyte concentrates
contain large numbers of lymphocytes, there is con-
sensus that all granulocyte transfusions should be 
irradiated to prevent TA-GVHD.Additionally, for gran-
ulocyte transfusions to neonates, donors are usually
selected to be CMV seronegative and must be ABO-
group compatible with the infant. Additional manipula-
tion of granulocytes, such as splitting the product, may
in fact be detrimental to the constituents of the product.

RECORD KEEPING FOR COMPONENT
PREPARATION

Current good manufacturing practice (cGMP) regu-
lations require that records be maintained for all aspects
of component preparation (Brecher 2002; Gorlin 2002).
Documentation is required to ensure that all blood and
blood components were processed and/or modified
under controlled conditions of temperature and other
requirements of each component. It must be possible to
trace, from its source to its final disposition, any unit of
blood and every component prepared from each unit.
The purpose of this record keeping is to assist in iden-
tifying and resolving component quality and production
problems.

Records of any modifications performed to any
blood component must include the date, time, compo-
nent used, component made, expiration date of the
newly created product, identification of the person 
performing each significant step of the process, and the
records must document the lot numbers of the materi-
als used to prepare the components. Records of 
temperature storage and product inspection must be
kept indefinitely. Records of personnel involved in 
component preparation must document training and
competency evaluation.Their inclusive dates of employ-
ment must also be kept.

Procedure manuals should include accurate proce-
dures on how to prepare each component. These
manuals must also include any form(s) used to docu-
ment information related to component preparation.
Each procedure must have annual review and there 
also must be documentation that personnel regularly
reviewed each procedure. Superceded procedures must
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be saved, along with documentation of when and why
the procedure was replaced.

If the transfusion service uses a computer system to
facilitate record keeping, documentation of program
development, installation, validation, modification, and
integrity of data must be performed. An alternative or
back-up system must be available at all times in case the
computer is unavailable for any reason. Personnel must
be familiar with both the uses of the computer system
as well as the back-up system. Procedures must exist for
the use of the system.

The purpose of record keeping in the component
preparation process is to ensure that the highest quality
products are prepared and manufactured in the safest
and most effective manner. Components prepared in
this manner provide to the final user, the patient, the
most beneficial treatment available.

STORAGE OF BLOOD AND BLOOD
PRODUCTS

Storage of blood and blood products should be
designed to maintain maximum viability of each com-
ponent in a strictly controlled and secure environment.
Physical storage conditions best suited for maximum
product survival are as important as the anticoagu-
lant/preservative solution used. Storage conditions of
blood and blood components are regulated by the FDA
in the Code of Federal Regulations. The American
Association of Blood Banks (AABB), the College of
American Pathologists (CAP), and the Joint Commis-
sion on Accreditation of Healthcare Organizations
(JCAHO) all provide voluntary and required standards
of practice (Brecher 2002; Gorlin 2002).

Each blood product has a designated storage area
(refrigerators, freezers, platelet environmental cham-
bers, rotators), which may contain blood, blood compo-
nents, derivatives, donor or patient samples, tissues for
transplantation, and reagents, or laboratory supplies.
The areas for all products should be clearly and dis-
tinctly labeled. Each storage device should have a 
separate area for untested, tested, and quarantined
products. No food should be stored in these refrigera-
tors, freezers, or environmental chambers. Each piece of
storage equipment must have adequate capacity and air
circulation to ensure optimal storage conditions for the
particular blood products.

All storage equipment, whether a refrigerator, a
freezer, or a platelet environmental chamber, must have
a system for continuous internal temperature monitor-
ing and for recording of temperature at least every 4
hours. If components are stored at room temperature,
outside of a controlled storage device, the ambient room

temperature should be recorded every 4 hours. Any
deviations from the expected temperatures should be
documented, corrected, and reported. Temperature
recording charts should be changed regularly. Policies
and procedures must be in place for each of these
devices, which should minimally outline the storage
requirements, permissible temperatures, and include
instructions to be followed and corrective action to be
taken in the event of failure of the storage device or
failure of power to the storage device. The goal of 
temperature monitoring is to ensure controlled tem-
peratures in all compartments in which blood and com-
ponents are stored.

All storage devices should have an audible alarm
system, which is set to activate at a temperature that will
allow removal of the blood products before they reach
unacceptable temperatures. The audible alarm must be
able to be heard in a staffed area that will ensure an
immediate response by personnel 24 hours a day. Each
storage device must have a backup power source.

Blood may be stored outside of the transfusion
service in a remote area of the hospital (for example,
operating room, nursery, acute patient care area, or
trauma center). Blood stored in these areas is subject to
the same storage requirements as blood stored in the
transfusion service or blood center. These refrigerators
should be monitored with recording thermometers and
audible alarms. It is often most efficient if the monitor-
ing of these refrigerators is the responsibility of the
blood bank or transfusion service.

Appropriate Storage Temperatures

Appropriate storage temperatures for product via-
bility from the AABB Standards (Gorlin 2002), include
the following:

1. Whole blood and liquid RBCs, 1° to 6°C
2. FFP and cryoprecipitate, £-18°C
3. Platelets, 20° to 24°C
4. Granulocytes, 20° to 24°C
5. RBCs frozen in 40% glycerol, £-65°C
6. RBCs frozen in 20% glycerol, £-120°C

Inspecting Blood Components Before Issuing

All blood and blood products should be inspected
before issuing for patient use or shipping to another
facility (Brecher 2002; Gorlin 2002). This inspection
should take place immediately before the product is
shipped or released to the patient care area. Inspection
of the blood component should ensure the following:
(1) that the container is intact, (2) that the product 
is normal in appearance, (3) that it is labeled 
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appropriately, and (4) that the correct product is issued
for the identified patient. If a product fails to meet any
of these criteria, it should be quarantined in a segre-
gated storage area and the nonconformity should be
investigated and documented.

SUMMARY

A challenge to blood providers is created when
neonates or older pediatric patients require transfusion.
The preparation of blood components for the pediatric
population should be based on the individual needs of
the patient. Advances in the treatment of pediatric
patients require a periodic review of transfusion prac-
tice. Members of the patient care team and transfusion
service will need to work collaboratively so that they
will successfully identify ongoing transfusions needs,
solve problems, and modify policies and procedures.
Effective preparation of each blood component is
essential to the provision of quality blood components
that will ensure that children, large or small, receive 
the safest, most effective transfusion therapy we can
provide.
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INTRODUCTION

Transfusion of blood components is an integral part
of treating various pediatric disorders. As such, a spe-
cific knowledge of the components is critical to provid-
ing excellent patient care. This chapter predominantly
addresses the composition, volume, ordering, and
dosing for neonates, children, and adolescents, as well as
some unique aspects of whole blood (WB), packed red
blood cells (PRBCs), platelets, plasma products, cryo-
precipitate, granulocytes, coagulation factor prepara-
tions, albumin, and gamma globulins.

WHOLE BLOOD AND PACKED RED
BLOOD CELLS

Description

The point of origin for the manufacture of most 
of the components used in transfusion is WB. WB 
contains RBCs, plasma, clotting factors, platelets, and
approximately 109 white blood cell (WBCs). However,
the most commonly transfused blood component is
PRBCs. PRBCs are produced from WB collections 
by either centrifugation or less frequently directly 
from the donor, by apheresis techniques. In the United
States over 12 million units of PRBCs are transfused
each year. Table 3.1 provides important information 
on WB and PRBC products including approximate
volumes, composition, dosing, and storage periods.

Indications

In general,WB and PRBCs are transfused to increase
the oxygen carrying capacity of the patient’s blood to
maintain adequate tissue oxygenation by replenishing
blood volume and red cell mass. WB availability is
dependent upon each institution and blood center. WB
use is discouraged in most situations, as the use of spe-
cific blood components is more appropriately tailored
to the unique needs of each patient. Once WB has been
stored for 24 hours at 4°C, platelet function is lost.
Furthermore, by day 21 of storage, factors V and VIII
lose 5% to 30% of their activity. Autologous donation,
however, is one situation where WB is commonly used.

It is important to note that normal hemoglobin levels
in children are lower than in adults, and that most chil-
dren do not have underlying cardiopulmonary or vas-
cular pathology. Thus, a more restrictive criterion for
transfusion may be applied in many cases. Guidelines
on specific indications for WB and PRBCs are given in
Section IV, Chapters 12, 13, 15, 17, 18, 19, and 21.

Ordering

Informed consent is a vital part of the transfusion
process. It is required for all blood product transfusions
except during an emergency.The physician must explain
to the patient and his or her parents the treatment plan,
risks, benefits, and alternative approach to treatment. A
witness, along with a parent and/or guardian of the
patient, must sign a standardized transfusion consent
form along side of the physician acknowledging consent
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TABLE 3.1 Whole Blood and Packed Red Blood Cell Products

Approximate Neonatal/Pediatric
Component Volume (mL) Composition Dosage Hematocrit Comments

Whole blood 500 250 mL red cells 10 mL/kg body <35%–40% • Storage 4°C
(WB) 250 mL plasma weight transfused • Platelets, granulocytes,

63 mL anticoagulant over 2–4 hours labile factors V and VIII are
not reliable

Packed red 250 CPD or CPDA* • 21–35-day storage period
blood cells 200 mL red cells 10 mL/kg body <50%–80% • Made from WB
(PRBCs) 50 mL plasma weight transfused • Storage 4°C

over 2–4 hours • Contains 108 WBCs
CPD or CPDA* • Cannot be infused as rapidly

as WB due to increased
viscosity

• 35-day storage period
PRBCs 350 200 mL red cells 10 mL/kg body 50%–60% • Made from WB

(additive 50 mL plasma weight transfused • Storage 4°C
solution) 100 mL adenine over 2–4 hours • Contains 108 WBCs

AS-1 saline solution† • Red cell product most
AS-3 commonly available
AS-5 • 42-day storage period
Prestorage 250–350 Depends on additive 10 mL/kg body 50%–80% • Made from WB

Leukoreduced solution and weight transfused • <5 ¥ 106 WBCs
(LR-PRBCs) anticoagulant over 2–4 hours • ≥85% of original red

cell mass
• Does not prevent transfusion-

associated graft-versus-host
disease (TA-GVHD)

• 21–42-day storage period
Washed PRBCs 200 180 mL red cells 10 mL/kg body • Washing removes most of

20 mL isotonic weight transfused plasma and approxiamtely 
saline (0.9%) over 2–4 hours 80% of leukocytes

• 24-hour storage period after
washing

Irradiated 250–350 Depends on additive 10 mL/kg body • Reduces storage time due to
PRBCs solution and weight transfused potassium leak after irradiation

anticoagulant over 2–4 hours
• Prevents TA-GVHD
• Storage 28 days after

irradiation, or by original
expiration date, whichever
comes first

Frozen 200 180 mL red cells 10 mL/kg body • Usually reserved for rare
deglycerolized 20 mL isotonic weight transfused blood phenotypes
PRBCs saline/dextrose over 2–4 hours • May be stored frozen for 10

solution years
• Plasma reduced
• Approximately 90%

leukocyte reduced after
deglycerolization and
washing

• 24-hour storage period after
deglycerization

*Citrate, phosphate buffer, dextrose, adenine.
† Adenine, dextrose, saline, mannitol (most plasma removed and replaced with additive solution).
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to the transfusion. If the child is old enough to under-
stand what a transfusion is and he or she can sign his or
her name, the child should sign an “assent” form. Fur-
thermore, prior to a red cell transfusion, ABO and Rh
compatibility testing should be performed and compat-
ible blood administered. A type and screen order should
be placed when a nonurgent transfusion is anticipated.
At that time the patient’s ABO and Rh antigen types
are determined, and an indirect antiglobulin test (IAT)
or “screen” is performed on the patient’s serum to
detect unexpected alloantibodies to RBCs. Alloanti-
body formation typically occurs subsequent to foreign
RBC exposure. Type and screen testing takes approxi-
mately 30 to 45 minutes. If the screen is negative and no
unexpected antibodies are discovered, it should take 15
to 30 minutes to provide crossmatched PRBC units
after an order is submitted (see below). However, if the
antibody screen is positive and alloantibodies have been
detected, further investigation must be done to deter-
mine if the antibody detected is clinically significant.
Once specificity is determined, antigen-negative PRBCs
can be provided by the blood bank, though this can sig-
nificantly delay a transfusion.

A type and crossmatch order should be submitted if
blood transfusion is required within the subsequent 12
hours. Patients are typed for ABO and Rh antigens, and
an antibody screen is performed. However, with this
order, unlike the type and screen, the appropriate blood
product is crossmatched with the patient’s serum prior to
being issued (Brecher 2002). All blood banks perform a
crossmatch procedure before issuing any WB or PRBC
component, except in an emergency. All of these issues
are discussed in greater detail in Section II,Chapters 4–6.

Emergency Transfusions or 
Emergency Release

When immediate transfusion of PRBCs is required
there is often not enough time for ABO or Rh typing of
the recipient. In that situation Group O, Rh negative,
uncrossmatched PRBCs may be administered to all
recipients.An emergency order for such units requires a
signature from a physician to ensure that it is clear the
units are not crossmatched. As Group O, Rh negative
PRBCs are a scarce and valuable resource, the quantities
required may be unavailable. The next appropriate
choice is Group O, Rh positive PRBC. Pediatric transfu-
sion medicine services try to limit this substitution only
to males in order to avoid the risk of immunizing Rh neg-
ative females who may later become pregnant with an
Rh positive fetus, predisposing to hemolytic disease of
the newborn. In semi-emergent situations, where there is
a limited amount of time available before transfusion,
the blood bank can only provide type-specific blood (A

to A, B to B). In this case, screening and crossmatching
are not performed before the PRBCs leave the blood
bank. Ideally, if a patient’s sample can be obtained
quickly and delivered immediately to the blood bank, or
if a current, prior sample is available, an emergency
crossmatch can be performed within 15 to 20 minutes.

Expected Response

A patient who has received approximately 10 mL/kg
of PRBCs or WB and is not actively bleeding, should
experience a rise in hemoglobin by 1 to 2 g/dL or in
hematocrit by 3% to 6%. If this does not occur, suspi-
cion should be aroused regarding peripheral destruction
or loss of blood as a cause for the unexpectedly low
outcome.

Component and Recipient Identification

Labeling of samples is critical in the blood bank. The
recipient’s name and hospital identification number
must be on the sample tube, which in turn must exactly
match the information on the recipient’s hospital iden-
tification band. A technologist within the blood bank
then labels the donor PRBC units and matches them
with the recipient’s identification number before the
units are issued. Before transfusion, the healthcare
provider administering the blood product must check
the identity of the recipient and match it with the PRBC
unit before transfusing the patient. Every one of these
steps is crucial, since clerical errors remain the leading
cause of fatal hemolytic transfusion reactions (Myhre
and McRher 2000).

Dosing

For infants younger than 4 months of age, PRBCs
preserved in extended storage solutions such as AS-1,
AS-3, and AS-5 transfused in small volumes (approxi-
mately 10 mL/kg) over 2 to 4 hours should not present
a risk when transfused. This may be done safely without
further processing, such as washing or resuspension in
other solutions. However, for those premature infants
with severe hepatic or renal compromise, removal of the
extended storage solution is recommended and resus-
pension with saline or albumin should be performed
prior to transfusion. For large volume transfusions such
as exchange transfusions, cardiac surgery, extracorpo-
real membrane oxygenation (ECMO), and massive
transfusion extended storage media is not recom-
mended (Luban et al. 1991).

For those children older than 4 months of age who
have good cardiac and vascular function, but require 
red cell transfusion, dosing can range between 10 to 
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20 mL/kg with a maximum of approximately 2 units to
be infused over 2 to 4 hours depending on the patient’s
disease process and healthcare constraints. The choice
of PRBCs (preservative solution) for these ages is much
less critical due to the child’s increased blood and
plasma volume.

Adverse Reactions

RBC transfusion can elicit transfusion reactions 
of many types. These reactions include transfusion-
transmitted diseases, which are extensively covered in
Section IV, Chapters 26–28. However, toxicities from
additives that extend PRBC storage is a specialized
potential complication applicable mostly to infants
younger than 4 months of age. As was discussed in the
previous chapter, anticoagulant preservative solution
formulations have different compositions of NaCl, dex-
trose, adenine, mannitol, trisodium citrate, citric acid,
and sodium phosphate. Regardless of the preservative
solution used, the volume of additive solution itself is
small, especially in the setting of infants who are admin-
istered small-volume transfusions over a 2 to 4 hour
period. Table 12.3 in Chapter 12 (adapted from Luban
et al. 1991) can be used as a guide for clinicians involved
in transfusion of infants younger than 4 months of age.
It lists the theoretical toxicity calculations for the indi-
vidual components stored in CPDA, AS-1, and AS-3
storage solutions.

Special Processing to Prevent Complications

Leukoreduction, gamma-irradiation, and washing of
cellular products such as PRBCs are specialized
processes performed to prevent specific complications.
Leukoreduction removes most WBCs in PRBCs and
platelets. The process is accomplished most often with a
leukoreduction filter and is performed to prevent or
delay febrile nonhemolytic transfusion reactions
(FNHTR), human leukocyte antigen (HLA) alloim-
munization, transfusion-transmitted cytomegalovirus
(CMV) infection, and transfusion-related immunomod-
ulation (TRIM). However, leukoreduction does not
abrogate transfusion-associated graft-versus-host
disease (TA-GVHD), which has a 90% mortality rate.

For immunocompromised patients at risk for TA-
GVHD gamma-irradiation, another specialized proce-
dure, is indicated. Irradiation stops donor T-cell
replication and engraftment in the host preventing 
TA-GVHD.

Finally, washing of cellular products is done to reduce
the recurrence of severe allergic or anaphylactic trans-
fusion reactions. Washed PRBCs are not adequately
leukoreduced to prevent WBC-associated complica-

tions, nor do they protect against the development of
TA-GVHD (Hume and Preiksaitis 1999). All three of
these special processes are discussed in greater detail in
Section III, Chapters 7, 9, and 10.

Alternatives to Allogeneic PRBC Transfusion

Autologous Donation

Stable patients undergoing elective surgical proce-
dures potentially requiring blood transfusion, such as
orthopedics, are candidates for preoperative WB col-
lection. Autologous donation can significantly reduce
patient exposure to allogeneic red cell antigens and also
infectious elements (Henry 2002). To safely donate
autologous blood, a patient’s hemoglobin should be at
least 11 g/dL. Blood donation ≥4 weeks before the sur-
gical procedure is recommended to allow time for 
adequate compensatory erythropoiesis. This time lag
reduces the risk of anemia at the time of surgery by
allowing the patient to produce adequate volume recov-
ery. Weekly collection is most common and dietary 
supplementation with iron is recommended before ini-
tiation of autologous blood collections.The WB product
is stored at 4°C for up to 35 days, after which it must be
frozen or discarded. If the product is not used, it cannot
be crossed over for allogeneic use, because autologous
donors do not meet the strict criteria required of the
general blood donor population. Absolute contraindi-
cations to autologous donation are as follows: infection
or risk of bacteremia, aortic stenosis, unstable angina,
active seizure disorder, myocardial infarction or cere-
brovascular accident during previous 6 months, high-
grade left main coronary artery disease, cyanotic heart
disease, uncontrolled hypertension, and significant pul-
monary or cardiac disease.

Intraoperative Blood Collection (“Cell Saver”)

“Cell savers” are instruments that collect blood lost
during surgery. The RBCs are washed with normal
saline and concentrated to make an approximate 
225 mL unit with a hematocrit of ~55%. RBC units can
be either directly transfused into the patient or washed
again and stored (Goodnough et al. 1996). If the unit is
stored, it must be properly labeled and can only be
stored for 6 hours at room temperature, or for 24 hours
at 1° to 6°C, if it is chilled within 6 hours of beginning
the collection. Patients are excluded from this proce-
dure if they have malignant neoplasms, infections, or
otherwise contaminated operative fields. The disadvan-
tage of this procedure is that a lower percentage of
RBCs are recovered than in preoperative autologous
donation.
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Acute Normovolemic Hemodilution (ANH)

This technique involves WB collection from patients
immediately prior to a procedure in which blood loss is
anticipated. Rapid replacement of the removed blood
volume with crystalloid or colloid solution is done prior
to surgery. Re-infusion of the collected blood typically
occurs toward the end of the procedure, or as soon as
major bleeding has stopped (Goodnough et al. 1992).
The reduction of RBC loss during surgery is the purpose
of this technique and is sometimes preferred to the cell
saver WB collection, which ends up with lower hemat-
ocrits than ANH blood products.

Postoperative Blood Collection

This procedure involves recovery of blood from sur-
gical drains and is usually filtered but not always 
washed before reinfusion. The salvaged product may be
hemolyzed and dilute. The product must be transfused
within 6 hours or it must be discarded.The primary indi-
cations for postoperative blood collection are cardiac
and orthopedic surgery cases.

PLATELETS

Description

Two types of platelet components are available to
most hospitals in the United States: pooled platelet 

concentrates (also called “random donor platelets”) 
and apheresis platelets (also called “single-donor
platelets”). Platelet concentrates are derived from WB
donations from a single donor. Apheresis platelets are
collected via an apheresis device, returning the other
WB components to the patient. In addition to the 
difference in product production, the amount of
platelets/unit is also quite distinct. It takes 5 to 8 pooled
platelet concentrates (~7 ¥ 1010 platelets/concentrate) to
achieve the same dose of platelets as a single apheresis
platelet unit (3 to 6 ¥ 1011 platelets). As a result, the
recipient of pooled platelet concentrates is exposed to
5 to 8 times more blood donors per transfusion than a
single apheresis platelet recipient. Additionally, a
platelet concentrate unit must undergo leukofiltration
to be rendered leukoreduced (WBC <5 ¥ 106) while an
apheresis platelet unit is already “process” leukore-
duced (WBC <104 to 106). Finally, RBC contamination
is often less in the apheresis product than in WB-
derived platelet concentrates; therefore, apheresis
platelets may elicit less Rh sensitization. Table 3.2 lists
the types of platelet products, with their approximate
volumes, compositions, dosing, and storage periods.

Indications

The normal peripheral blood platelet count is
150,000 to 450,000/mL in premature infants, neonates,
children, adolescents, and adults. In premature
neonates, the threshold to transfuse is higher than in

3. Blood Components 31

TABLE 3.2 Platelet Products

Approximate Neonatal/Pediatric
Component Volume (mL) Composition Dosage Storage Period Comments

Platelet, apheresis 300 ≥3 ¥ 1011 Can be dosed at 4 hours if system • Storage 22°–26°C (room
(Single donor) platelets; 10 mL/kg body weight, opened (i.e., temp) with constant

<104–106 but most times is volume reduction horizontal agitation
WBCs dosed by 1/4, 1/2, and or washing) • Equivalent to 5–8 units of
and plasma whole pheresis units. 5 days (closed platelet concentrates

Dose extrapolated back system) • Decreased number donor
from adult dose of 1 exposures to patient
pheresis for adult BSA • Fewer lymphocytes than
1.7 m2–70 kg adult. equivalent dose of platelet

concentrates
Platelet 50 ≥5.5 ¥ 1010 Transfused by 4 hours if system • HLA-matched products may

concentrate platelets; gravity, pump, or IV opened (i.e., be provided
(Random donor) variable push. volume reduction • Cost equivalent to 6–8 units

numbers 10 mL/kg body weight or washing) of concentrate
RBC, WBCs, transfused by gravity, 5 days (closed • Storage 22°–26°C (room
and plasma pump, or IV push. system) temp) with constant

horizontal agitation
• Average adult dose is 5–8

units, which are pooled for
infusion
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other age groups. When the platelet count drops below
10,000/mL there is a clinically significant risk of 
intracranial hemorrhage, especially in those <1.5 kgs at
birth (Andrew et al. 1987). In contrast, most clinically
stable, nonbleeding neonates, children, and adolescent
patients tolerate platelet counts as low as 5 to 10,000/mL
without experiencing major bleeding. Prophylactic
transfusions for the prevention of future bleeding
remain the most common reason for platelet transfu-
sions (Pisciotto et al. 1995). Hanson and Slichter showed
that approximately 7000 platelets/mL/day are required
to maintain endothelial integrity in normal individuals
(Hanson and Slichter 1985).

Two recent prospective clinical trials in adults
support that the platelet transfusion trigger should be
10,000/mL instead of 20,000/mL in stable patients receiv-
ing prophylactic transfusions without coexisting condi-
tions (Rebulla et al. 1997; Wandt et al. 1998). However,
for patients with fever, active bleeding, or coexisting
coagulation defects, a level of 20,000/mL is commonly
selected. More detailed indications for platelet transfu-
sions, specifically in children, will be covered in Section
IV, Chapters 12, 17, 20, and 22.

Ordering

Informed consent must be obtained before transfu-
sion. See the ordering PRBC section on p. 27 for more
details. Platelets should be ABO and Rh matched, when
possible, in order to attain the best response from the
platelet transfusion and decrease the potential for RBC
hemolysis. Therefore, the blood bank requires an order
to ABO and Rh type the patient before transfusion.This
has usually been performed with the type and
screen/crossmatch order since PRBCs are often given
before, or around the same time as, platelets are admin-
istered. However, ABO and Rh matching are not
absolutely necessary, and platelet transfusion should not
be denied if type-specific platelets are not available.The
outcome from giving ABO/Rh incompatible platelets
does not have as great a potential to yield a fatal
outcome as does ABO/Rh mismatched red cells. Rh
immunoglobulin should be administered (estimate
1 mL of PRBC transfused, per platelet concentrate) if
the platelet Rh type is mismatched. When ABO-
mismatched platelet transfusions occur, they may con-
tribute to an eventual platelet refractory state (Carr et
al. 1990). Thus, in an attempt to prevent platelet and
HLA-alloimmunization, leukoreduced, ABO matched
units are recommended. Additionally, hemolysis of
RBCs has been reported when patients have received
either large volumes of ABO-incompatible plasma or
plasma with high-titer isohemagglutinins both of which
are more likely to occur with an apheresis platelet

product rather than with pooled platelet concentrates
(Pierce et al. 1985). Therefore, it is generally recom-
mended in the neonate and small child that the platelet
products, regardless of type (apheresis or platelet con-
centrate), be volume-reduced, to eliminate most of the
incompatible plasma, before transfusion. However,
since volume-reduction practices have been shown to
decrease the number and possibly the function of some
of the platelets (as well as reducing the storage time to
four hours), the procedure is not routinely recom-
mended for older children or adult patients receiving
ABO-mismatched platelet products. Further discussion
of volume-reduction of platelet products can be found
in Section IV, Chapter 22.

Dosing

Transfusion of 10 mL/kg of a platelet concentrate
should provide approximately 10 ¥ 109 platelets.
Platelets dosed from an apheresis unit at 10 mL/kg 
may yield a slightly lower dose if more plasma than
platelets are pulled into the syringe at the time of
making smaller components from the apheresis unit.
More often however, platelet apheresis products are
ordered as “quarters” or “halves.” Different institu-
tions have defined patient subgroups’ weights for the
different portions of apheresis platelets. Alternatively,
if one estimates that an adult has a body surface area 
of 1.7 m2 and is 70 kgs then one can extrapolate to a 
child and neonate’s body surface area and dose 
accordingly.

Expected Response

One way to assess the expected response is to calcu-
late the corrected count increment with a 15 minute to
1 hour post platelet count. The corrected count incre-
ment (CCI) formula can help the physician determine
if his or her patient is platelet refractory or is getting an
adequate rise in platelet count based on dose and body
surface area.

If it is less than 5000 to 7500/mL on 2 successive days,
the patient is considered to be refractory. When this sit-
uation arises, the blood bank should be notified so they
can help with the next steps in providing either cross-
matched platelets or HLA-matched platelets. Both spe-
cialized products may require hours to days for the
blood center to obtain and prepare. Platelet refractory

CCI
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Number of Platelets Transfused 10
=
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states are discussed in greater detail in Section IV,
Chapter 22.

Contraindications

Platelet transfusions have several caveats and/or con-
traindications. (1) Surgical or local measures should be
pursued first to achieve hemostasis when a single
anatomic site is thought responsible for the bleeding.
Platelet transfusions are indicated in this situation only
if the patient is thrombocytopenic. (2) Surgical inter-
vention rather than platelet transfusion is likely needed
if hemorrhage of >5 mL/kg/hour is occurring. (3) Throm-
botic thrombocytopenic purpura (TTP) and heparin
induced thrombocytopenia (HIT) patients should gen-
erally not be transfused with platelets, as the addition of
platelets may worsen the thrombotic complications. (4)
Although not absolutely contraindicated, ITP patients
are unlikely to benefit from platelet transfusion due to
rapid immune-mediated peripheral platelet destruction.
(5) Bleeding uremic patients are usually unresponsive to
platelet transfusions alone. However, if administered in
conjunction with DDAVP, PRBCs to keep hematocrit
>30 g/dL, and/or concurrent dialysis, bleeding uremic
patients may respond well to platelet transfusion.

Adverse Reactions

There are three main adverse reactions that are more
specific to platelet transfusion: (1) hypotension, (2)
human leukocyte antigen (HLA) and/or human platelet
antigen (HPA) alloimmunization, and (3) posttransfu-
sion purpura. These reactions will be further detailed in
Section VI, Chapters 26–28.

Special Processing

Leukoreduction, gamma-irradiation, washing, and
volume reduction are all special processes relevant to
platelets. The reader is referred to Section III, Chapters
7, 9, and 10, and Section IV, Chapter 22.

GRANULOCYTES

Description

Granulocyte collections are mainly performed via
automated leukapheresis. The final product is approxi-
mately 300 mL in volume and contains, in addition to
granulocytes, other elements such as RBCs (6 to 7 g/dL
of hemoglobin per granulocyte product), platelets, and
citrated plasma.The product is collected from volunteer
apheresis donors who receive either corticosteriods

(dexamethasone) and/or growth factors such as G-CSF.
Oral dexamethasone has been demonstrated to increase
baseline peripheral blood granulocytes two- to three-
fold (1.7 ¥ 109), whereas G-CSF stimulated donors have
been shown to have a seven- to tenfold increase from
baseline (4 to 5 ¥ 1010). The combination of dexam-
ethasone and G-CSF has been deemed superior with a
9 to 12 fold increase in circulating granulocytes from
baseline. Usually collections are daily for 4 to 5 days.
The final granulocyte yield per collection depends upon
the total volume of blood processed as well as the start-
ing peripheral blood neutrophil count of the donor.
Seven to 12 liters of blood are usually processed
through a continuous flow blood cell separator over 2
to 4 hours (Price 1995).

Indications

Clinical indications for granulocyte transfusions
include severe neutropenia (<0.5 ¥ 109 polymorphonu-
clear cells [PMNs]/mL), and the following: (1) progres-
sive, nonresponsive, documented bacterial, yeast, or
fungal infection nonresponsive to therapy after 48 hours
of antimicrobial treatment, (2) a protracted period of
neutropenia in stem cell transplant recipients, (3) con-
genital granulocyte dysfunction, and (4) bacterial infec-
tion in neonates (Klein et al. 1996). These indications
will be discussed in greater detail in Chapter 16. It is
important to note that the use of prophylactic granulo-
cyte transfusion is not recommended (Vamvakas and
Pineda 1997).

Ordering

Granulocytes constitute an unlicensed product and
therefore have no official FDA product specifications.
However, the American Association of Blood Banks
(AABB) standards require the leukapheresis product to
contain at least 1 ¥ 1010 granulocytes ≥75% of units tested
(AABB 2003). Ideally, the ordering physician should
notify the hospital blood bank who will in turn notify the
blood center that a granulocyte transfusion is necessary.
The blood center will call potential donors, usually on a
known registry, who have the same blood type as the
patient. ABO compatibility is required because the 
granulocyte product has a large volume of RBC con-
tamination. A crossmatch is also required prior to 
administration. Also, as granulocyte products contain a
significant number of T-lymphocytes capable of causing
TA-GVHD in these immunocompromised recipients,
irradiation of all granulocyte products are recom-
mended. While likely obvious, the product cannot be
leukocyte depleted and should not be infused through a
leukocyte reduction filter (Chanock and Gorlin 1996). It
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is not necessary to HLA match granulocytes, unless the
patient is known to be HLA-alloimmunized. Finally, in
most centers an emergency release needs to be signed by
the ordering physician as the product needs to be infused
soon after collection, a time when the blood supplier has
yet to perform all of the infectious disease testing.

Dosing

For children, the average granulocyte dosage is 1 ¥
109/kg/day. The neonatal dose average is 1 to 2 ¥ 109/kg
(Vamvakas and Pineda 1996). The product is recom-
mended to be given for a period of 4 to 7 days to
increase the granulocyte count to combat nonantibiotic
treatment-responsive infections in severely neutropenic
patients.

Expected Response

It is difficult to accurately predict the posttransfusion
increment of granulocytes. A measurement can be
made; however, the increment has not been shown to
correlate with granulocyte dose given, thus clinical sig-
nificance is difficult to assess. The goal is to achieve a
sustained granulocyte count above 500 PMN/mL (0.5 ¥
109/L) after transfusion. This is increasingly possible as
the ability to collect large numbers of granulocytes
improves.

Contraindications

Amphotericin B administration concurrent with
granulocyte transfusions has been reported to be asso-
ciated with pulmonary toxicity. Therefore, granulocyte
transfusion is recommended to be separated by at least
4 hours from amphotericin B infusion (Chanock and
Gorlin 1996).

Adverse Reactions

Transfusion reactions, such as fever, dyspnea, rigors,
and hypotension, may occur with granulocyte infusions.
Reduction of the infusion rate, antihistamines, cortico-
steriods, and meperidine may help control these symp-
toms (see Chapter 26).

PLASMA PRODUCTS

Description

Plasma, the aqueous, acellular portion of WB, con-
sists of proteins, colloids, nutrients, crystalloids, hor-

mones, and vitamins. Albumin, the most abundant of 
the plasma proteins, is discussed on p. 38. Other plasma
proteins include complement (C3 predominantly),
enzymes, transport molecules, immunoglobulins
(gamma-globulins), and coagulation factors. The latter
two are also discussed later in this chapter. Coagulation
factors in plasma include fibrinogen (2 to 3 mg/mL);
factor XIII (60 mg/mL); von Willebrand factor (5 to 
10 mg/mL); factor VIII, primarily bound to its carrier
protein vWF (approximately 100 ng/mL); and vitamin
K-dependent coagulation factors II, VII, IX, X (1 unit
of activity/mL for each factor).

WB or plasmapheresis collections give rise to several
types of plasma products. Single donor plasma or source
plasma is produced by plasmapheresis and is stored at
-20°C. All other plasma products are derived from WB,
and the “time after collection to time of freezing” deter-
mines its designation. FFP must be frozen within 6 to 8
hours of collection and stored at -18°C or colder
(Brecher 2002). F24 plasma must be frozen within 24
hours of collection and frozen at -18°C or colder. FFP
and F24 are considered as essentially equivalent prod-
ucts, though factor VIII levels are slightly lower in F24.
However, due to factor VIII’s acute phase reactant
property, its levels are quickly replenished in recipients
without hemophilia A. Furthermore, specific factor VIII
concentrates and recombinant factor VIII are available
for use in patients with congenital factor VIII deficiency.
Thus, FFP and F24 may be used interchangeably 
in patients without hemophilia A. Another FDA-
approved plasma product is cryoreduced plasma (CRP)
also, known as cryosupernatant.This product is depleted
of its cryoprecipitate fraction; the cryosupernatant is
then refrozen at the above temperature. Table 3.3 lists
the plasma-derived products, appropriate volumes,
composition, and storage periods.

Indications

The primary use of frozen plasma products (FFP and
F24) is for the treatment of coagulation factor deficien-
cies in which specific factor concentrates are not avail-
able or when immediate hemostasis is critical. Specific
indications include: bleeding diatheses associated with
acquired coagulation factor deficits, such as end stage
liver disease, massive transfusion (Crosson 1996), and
disseminated intravascular coagulation (DIC); the rapid
reversal of warfarin effect; plasma infusion or exchange
for TTP; congenital coagulation defects (except when
specific factor therapy is available); and C1-esterase
inhibitor deficiency. A more detailed discussion of the
indicated uses are addressed in Section IV, Chapters 13,
15, 18, and 20, and Section VII, Chapter 31.
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Ordering

No specific compatibility testing is performed prior
to infusion of plasma products. However, the blood
bank needs to have an order to ABO type the patient
because plasma products must be ABO compatible
despite the lack of formal compatibility testing. This
requirement exists because plasma contains isohemag-
glutinins, which must be compatible with the recipient’s
blood type, otherwise hemolysis will ensue. However, if
the recipient’s ABO type is unknown prior to plasma
infusion, AB plasma may be administered to all recipi-
ents, due to its lack of isohemagglutinins. Rh alloimmu-

nization rarely occurs due to Rh mismatch of plasma
products, as there are few RBCs in the plasma compo-
nent. Therefore, Rh compatibility is not as essential as
is ABO type when transfusing plasma.

Dosing

In children and adults, 10 to 20 mL/kg of plasma will
usually yield a coagulation factor concentration of
approximately 30% of normal. Multiple doses are
usually required to correct a clinically significant coag-
ulopathy. The infusion can be rapid, if the patient’s 
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TABLE 3.3 Plasma-Derived Products

Approximate Neonatal/Pediatric 
Component Volume (mL) Composition Dosage Storage Period Comments

Source plasma 180–300 • Plasma proteins 10–15 mL/kg • One year if • Obtained through
(Single donor plasma) • Immunoglobulins body weight frozen single donor

• Complement transfused over 1 • 24 hours if plasmapheresis
• Coagulation hour or IV push maintained at • Stored at -20°C

factors (II, VII, 1°–6°C after collection
IX, X, VIII, XIII, • Not for volume
vWF, fibrinogen) expansion or

• Albumin fibrinogen
replacement

Recovered plasma 180–300 Same as above 10–15 mL/kg • One year if • Plasma obtained
body weight frozen from WB of regular
transfused over 1 • 24 hours if donor
hour or IV push maintained at • Not for volume

1°–6°C expansion or
fibrinogen
replacement

Fresh frozen plasma 180–300 Same as above 10–15 mL/kg • One year if • Separated from WB
(FFP) body weight frozen within 6–8 hours of

transfused over 1 • 1–5 days collection
hour or IV push after thawing • Stored frozen at 

-18°C
• Not for volume

expansion or
fibrinogen
replacement

Plasma frozen within 180–300 Same as above 10–15 mL/kg • One year if • Separated from WB
24 hrs (F24) body weight frozen and frozen within 24

transfused over 1 • 1–5 days hours of collection
hour or IV push after thawing • Stored frozen at

-18°C
• Not for volume

expansion or
fibrinogen
replacement

Cryoreduced plasma 180–300 Same as above • 1 bag/10 kg • One year if • Depleted of its
(CRP) except depleted body weight frozen cryoprecipitate

levels of factors • Bags pooled in • 24 hours after fraction
VIII, XIII, blood bank thawing
fibrinogen, and before
vWF transfusion
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cardiovascular status is stable. Timing of repeat doses
depends upon the half-life of each factor deficiency
being addressed.

Contraindications

The use of FFP or F24 is not without risk to the reci-
pient and should not be used to expand plasma volume,
increase plasma albumin concentration, or bolster the
nutritional status of malnourished patients. Antithrom-
bin (ATIII) or Activated Protein C concentrates may
offer an advantage over FFP or F24 use when consid-
ering treatment of burns, meningococcal sepsis
(Churchwell et al. 1995), or acute renal failure.

Adverse Effects

Anaphylactic allergic reactions have been attributed
to antibodies in the donor’s plasma that react with the
recipient’s WBCs, although the reactions are uncom-
mon. Furthermore, isohemagglutinins may cause mild to
severe hemolytic reactions or result in a positive direct
antiglobulin test (Coombs’ test) if “out-of-group”
plasma is administered to the patient. Lastly, to avoid
life-threatening anaphylaxis, IgA-deficient patients who
have formed anti-IgA antibodies must receive IgA-
deficient plasma from a national rare donor registry.
However, the presence of absolute IgA deficiency with
anti-IgA antibodies is an extremely rare occurence and
should be confirmed by demonstration of 0% IgA 
levels using sensitive measures and presence of anti-IgA
antibodies before requesting these rare plasma 
components.

CRYOPRECIPITATE

Description

Cryoprecipitate contains the highest concentrations
of factor VIII (80 to 150 U/unit), vWF (100 to 
150 U/unit), fibrinogen (150 to 250 U/unit), factor XIII,
and fibronectin. Upon thawing FFP (1° and 6°C) an
insoluble precipitate is formed, isolated, and is refrozen
in 10 to 15 mL of plasma within 1 hour and is termed
cryoprecipitate. Storage (£-18°C) is up to 1 year.
Before the 1980s, cryoprecipitate was primarily used for
the treatment of von Willebrand’s disease and hemo-
philia A. However, with the development of recombi-
nant factor products and improved viral inactivation
procedures, cryoprecipitate’s therapeutic role in treat-
ing these diseases has diminished. Presently, fibrinogen
replacement is its primary use due to the high fibrino-
gen content.

Indications

Cryoprecipitate has a narrow range of indications,
due to the development of safer, more specific factor
concentrates. Congenital or acquired fibrinogen defi-
ciencies, factor XIII deficiency, DIC, orthotopic liver
transplantation, and poststreptokinase therapy (hyper-
fibrinogenolysis) are a few of its indicated uses. A more
detailed discussion of these uses can be found in Section
IV, Chapters 13, 17, and 20.

Ordering

Cryoprecipitate units have a small volume compared
with other plasma products, PRBCs, and apheresis
platelets. Thus, anti-A and anti-B isohemagglutinins are
present only in small quantities. While the AABB Stan-
dards recommend (AABB 2003) ABO compatibility 
for cryoprecipitate transfusions, especially in pediatric
patients, compatibility testing is not required. Further-
more, since cryoprecipitate does not contain red cells,
Rh matching is not necessary.

Dosing

Dosing of cryoprecipitate is dependent upon the clin-
ical condition being treated. For fibrinogen replace-
ment, the most common condition treated with this
product, 1 bag/10 kg will increase the fibrinogen level by
60 to 100 mg/dL. However, in a neonate 1 unit will
increase fibrinogen by >100 mg/dL. The dosing fre-
quency may vary from every 8 to 12 hours to days
depending on the cause of hypofibrinogenemia. In von
Willebrand’s disease, cryoprecipitate is a second line
therapy, and in children 1 unit/6 kg every 12 hours
should be administered. In hemophilia A, cryoprecipi-
tate is also a second line therapy. If an assumption is
made that 1 unit of cryoprecipitate has 100 U factor
VIII, then 1 unit/6 kgs will give an approximate factor
VIII level of 35% if the patient has <1% at initiation of
therapy. The interval for this dosing is discussed in
greater detail in Chapter 20. For factor XIII deficiency,
due to the low level necessary to achieve hemostasis
(2% to 3%), only 1 unit/10 kg every 7 to 14 days is 
necessary.

Contraindications

The availability of recombinant factor VIII products,
which go through viral inactivation steps unlike cryo-
precipitate, have made the use of this product in that
disease a relative contraindication. It should only be
given if recombinant products are unavailable.
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Adverse Reactions

Refer to FFP adverse reactions.

COAGULATION FACTORS

Description

Before the 1960s, plasma infusion was the only way
to treat bleeding disorders. As was described above,
plasma contains fibrinogen (I), factor XIII, von Wille-
brand factor (vWF), factor VIII, and all of the vitamin-
K dependent coagulation factors: II (prothrombin),VII,
IX, and X. However, Pool’s discovery in 1964 of high
concentrations of factor VIII in cryoprecipitate revolu-
tionized the treatment of hemophilia A and eventually
vWD (Pool et al. 1964). Subsequently, investigators, with
the use of chromatography and monoclonal antibody
immunoaffinity technology, were able to produce pro-
gressively more purified forms of factor VIII concen-
trates. However, the purification techniques did not
change the fact that the pooled plasma source could and
did transmit viral infection, such as HIV, hepatitis C,
hepatitis B, nonenveloped viruses, and other pathogens.
In order to create a product free of infectious disease
transmission, recombinant DNA technology allowed
the production of recombinant coagulation factor prod-
ucts via cloning of a desired factor gene and optimiza-
tion of an expression system.

There are many products used to treat various clot-
ting disorders (congenital and acquired) that are either
plasma derived or recombinantly produced. Tables 3.4
and 3.5 summariz these products, their manufacturers,
and unique characteristics.

Indications

Various indications for factor replacement exist for
each type of factor deficiency. The specifics of thera-
peutic indications for various congenital and acquired
disorders are addressed in Chapter 20.

Ordering

The specifics of ordering each product will not be
addressed here but can be found in Chapter 20. Gener-
ally, however, the ordering physician should be aware of
whether he or she desires a plasma-derived product or
a recombinantly-derived product.The units and interval
of dosing is critical for each factor deficiency because
the therapy is necessary to achieve hemostasis, and if
underdosed or overdosed the consequences could be
fatal. Furthermore, these products are expensive, so

more than others, and should not be administered
unless absolutely deemed necessary in consultation 
with either a hemophilia or transfusion medicine 
specialist.

Dosing

Dosing of any factor preparation is not only depend-
ent on the product being infused but the type of insult
being managed. When dosing factor VIII in general the
calculation should be based on body weight in kilo-
grams and desired factor VIII level to be achieved. This
level will vary according to prophylaxis or treatment
regimen being employed. Each FVIII unit per kilogram
of body weight will increase the plasma FVIII level by
approximately 2%. The half-life is 8 to 12 hours; there-
fore the interval of IV dosing can vary from 8 to 24
hours depending upon initial biodistribution and the
desired FVIII level to be maintained.

Bolus dose (U) = weight (kg)
¥ (% desired FVIII level) ¥ 0.5

Continuous infusion dose (U) = expected level 100% 
= 4 - 5 U/kg/hr

(individualize dose depending on postinfusion
FVIII level)

When dosing factor IX products for hemophilia B
disease, the ordering physician must know that Benefix,
the only recombinant product available, has a 28%
lower recovery in vivo than the more highly purified
plasma derived FIX products, Mononine and Alpha
Nine SD. There is no significant difference in half-life,
approximately 24 hours, between the two products.
Each FIX unit (plasma derived) per kilogram of body
weight will increase the plasma FIX level by approxi-
mately 1%. However, when dosing Benefix one should
use the following calculations:

(FIX units required) = body weight (kg)
¥ desired FIX increase (%)
¥ 1.2 U/kg (Abshire et al. 1998)

The dosing and specific uses of recombinant FVIIa,
Humate-P, and aPCCs will be specifically addressed in
Chapter 20.

Contraindications/Adverse Reactions

Generally, any allergic or anaphylactic type of 
reaction to infusion of any of these preparations would
make a second dose contraindicated. The specifics 
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surrounding each product will be addressed in Chapter
20.

Another problem is inhibitor formation with 
antibodies directed against an infused factor or 
protein contained in the preparation. Inhibitors render
the product ineffective, blocking the product’s ability 
to aid in hemostasis. This type of adverse reaction,
technically the most severe, would make the product 
in question contraindicated. Further discussion of
inhibitor formation and treatment can be found in
Chapter 20.

ALBUMIN

Description

Albumin is the most abundant of the plasma proteins
(3500 to 5000 mg/dL) and has multiple functions. Its
main purpose is to maintain plasma colloid oncotic
pressure. Synthesis of albumin occurs in the liver, and
there are small body stores, which undergo rapid catab-
olism. Each molecule remains intact for approximately
15 to 20 days. Albumin produced specifically for trans-
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TABLE 3.4 Plasma-Derived Factor Products

Factor Manufacturer Virus Inactivation Purification Purity Comments

Factor VIII
Cryoprecipitate AHF Blood Center None Low Only used for FVIII 

deficiency when 
other factors
unavailable

Factor VIII
Humate-P Aventis Behring Pasteurization Intermediate Licensed for vWD

treatment
Factor VIII
Alphanate Alpha Therapeutic Solvent detergent Gel High Contains vWF

(S/D), heat chromatography
treated, filtered

Factor VIII
Koate-DVI Baxter S/D, polysorb High Stabilized with

80, heat treated human albumin
Factor VIII
Hemofil M Baxter S/D Immunoaffinity Ultra-high Mouse protein, trace

chromatography
Factor VIII
Monoclate-P Aventis Behring Pasteurization Immunoaffinity Ultra-high Stabilized with

chromatography human albumin
Factor IX
Konyne 80 Bayer Heat treated Low PCC, high content of 

FII, VII, IX, X
Bebulin VH Immuno Heat treated Low
Factor IX
Proplex T Baxter Heat treated PCC, high content of 

FII, VII, IX, X
Factor IX
Alpha Nine Alpha Therapuetic S/D Immunoaffinity Contains factor IX only.
Mononine Aventis Behring Non-S/D Chromatography Recovery after infusion 

is normal compared 
to recombinant FIX
product (see text).

Factor IX
Autoplex-T Nabi Heat treated aPCC, high content 

FVIIa, IXa, Xa
Factor IX
FEIBA VH Bayer Heat treated aPCC, high content 

FVIIa, IXa, Xa
Factor XIII
Fibrogammin P Aventis Behring Pasteurization Administered every

4–6 weeks
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fusion purposes is separated from human plasma
through a cold ethanol fractionation procedure. Com-
mercially available human albumin preparations
include a 5% solution, a 25% solution, and a plasma
protein fraction 5% solution (PPF).All preparations are
from pooled plasma and have a balanced physiological
pH, contain 145 mEq of sodium, and contain less than
2 mEq of potassium per liter. The products contain no
preservatives or coagulation factors.

Indications

Albumin has a wide variety of uses (Table 3.6). It is
indicated after large-volume paracentesis, for nephrotic
syndrome resistant to diuretics, and for volume/fluid
replacement in plasmapheresis. Relative indications
include adult respiratory distress syndrome (ARDS);
cardiopulmonary bypass pump priming; fluid resuscita-
tion in shock, sepsis, and burns; neonatal kernicterus;
and enteral feeding intolerance. A further detailed dis-
cussion can be found in Section IV, Chapters 13 and 17,
as well as in Section VII.

Ordering

Albumin is an acellular product virtually devoid 
of blood group isohemagglutinins. Therefore, neither
serologic testing nor ABO or Rh compatibility is 
necessary prior to administration. It is important to
specify the percent solution preparation of albumin
when ordering because the volume infused will vary
accordingly.

Dosing

In children with hypoproteinemia 0.5 to 1 g/kg/dose
is recommended and may be repeated one to two times
in a 24-hour period. No more than 250 grams should be
administered within 48 hours and the infusion should
run over 2 to 4 hours.

Contraindications

Albumin use is contraindicated in the following situ-
ations: correction of nutritional hypoalbuminemia or
hypoproteinemia, nutritional deficiency requiring total
parenteral nutrition, preeclampsia, and wound healing.
Albumin should not be used for resuspending RBCs or
simple volume expansion (for example, in surgical or
burn patients). Furthermore, it should not be adminis-
tered to those patients with severe anemia or cardiac
failure or with a known hypersensitivity.

Adverse Reactions

These include hypertension due to fluid overload,
hypotension due to hypersensitivity reaction, as well as
fever, chills, nausea, vomiting, and rash.

GAMMA-GLOBULINS

Description

Immune Globulin Intravenous (Human) is the FDA-
approved name for IVIG. The product was first licensed

3. Blood Components 39

TABLE 3.5 Recombinant Factor Products

Products Factor/Generation Manufacturer Protein Additives Comments

Kogenate Factor VIII Bayer Human albumin • Half-life 8–12 hours
Bioclate First Aventis Behring Human albumin • Dosing varies from continuous 4–5 U/
Helixate Aventis Behring Human albumin kg/hour to every 24 hours depending 
Recombinate Baxter Human albumin upon hemostatic injury
Helixate FS Factor VIII Aventis Behring Human albumin • Kogenate and ReFacto formulated with
Kogenate FS Second Bayer None sucrose
ReFacto Genetics Institute/Wyeth None • ReFacto is B-domain deleted FVIII

• Half-life and dosing same as first 
generation products

Benefix Factor IX Genetics Institute/Wyeth None • 28% lower recovery rate then plasma-
First derived FIX products, thus must dose 

20% higher to achieve same level of 
hemostasis

NovoSeven Factor VIIa NovoNordisk None • Half-life 2 hours
First • Dosing for factor VIII and IX inhibitor

patients—only FDA-approved indication
90–300 mg/kg for first 48 hours of 
bleeding episode, then every 2–6 hours
based on clinical hemostasis assessment
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in the United States in 1981 and is currently the most
widely used plasma product in the world. IVIG is pre-
pared by fractionation of large pools of human plasma
and has a half-life between 21 to 25 days, similar to
native immunoglobulins. However, increased clearance
of immunoglobulins has been seen in states of increased
metabolism such as fever, infection, hyperthyroidism, or
burns. There are numerous preparations available, each
prepared in a slightly different manufacturing process.
There are theoretical disadvantages and advantages
linked to each licensed product. An ideally composed
product should contain each IgG subclass; retain Fc
receptor activity; have a physiologic half-life; demon-
strate virus neutralization, opsonization, and intra-
cellular killing; and possess antibacterial capsular
polysaccharide antibodies. In addition, the product
should be devoid of transmissible infectious agents 
and vasoactive substances. In reality, although each
company strives for this composition, certain brands
have better profiles than others regarding the treatment
of different disease states. For example, Polygam S/D
and Gammagard S/D, both produced by Baxter, have
<3.7 mg/mL IgA content and are therefore the most suit-
able IVIG product for IgA-deficient patients.

IVIG’s immunomodulatory effects are not well
understood. There are several postulated mechanisms
of action, such as autoantibodies inhibition, increased
IgG clearance, complement activation modulation,
macrophage-mediated phagocytosis inhibition, cytokine
suppression, superantigen neutralization, and B and T
cell function modulation. The wide range of potential
effects explains the vast array of on- and off-label IVIG
indications.

Indications

There are six FDA-approved uses for IVIG, four of
which are directly applicable to children (Table 3.7).The
efficacy of IVIG in the following four indications has
been well substantiated in controlled clinical trials
(Buckley et al. 1991; Anonymous 1999; Cines and
Blanchette 2002). The approved uses are idiopathic
thrombocytopenic purpura (ITP), congenital (that 
is, severe combined immunodeficiency syndrome
[SCIDS]) and acquired immunodeficiences (that is,
pediatric human immunodeficiency virus [HIV]), and
Kawasaki syndrome (mucocutaneous lymph node syn-
drome) (Burns et al. 1998). Interestingly, greater than
half of the IVIG produced yearly is used for off-label
indications Table 3.8 (Nydegger et al. 2000; Anonymous
1999). More in-depth discussion of the on- and off-label
uses of IVIG are covered in various chapters through-
out Section IV.

Ordering

When ordering an IVIG product it is good to know
that most hospitals will use whatever immunoglobulin
preparation they have available at the time unless the
physician specifies otherwise. In most situations that
substitution is appropriate. However, in certain disease
states such as renal insufficiency and IgA-deficiency, a
specific knowledge of the product is important. Table 
3.9 (modified from Knezevic-Maramica and Kruskall
2003) lists seven licensed products with some of their
specifications.

Dosing

The dose of IVIG used is dependent upon the disease
being treated—not the type of product being adminis-
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TABLE 3.6 Albumin

Indicated

Nephrotic syndrome resistant to potent diuretics
Volume/fluid replacement in plasmapheresis

Possibly Indicated

Adult respiratory distress syndrome
Cardiopulmonary bypass pump priming
Fluid resuscitation in shock/sepsis/burns
Neonatal kernicterus
To reduce enteral feeding intolerance

Not Indicated

Correction of measured hypoalbuminemia or hypoproteinemia
Nutritional deficiency, total parenteral nutrition
Red blood cell suspension
Simple volume expansion (surgery, burns)
Wound healing

Investigational

Cadaveric renal transplantation
Cerebral ischemia
Stroke

Common Usages

Serum albumin <20 g/dL
Nephrotic syndrome, proteinuria, and hypoalbuminemia
Labile pulmonary, cardiovascular status
Cardiopulmonary bypass pump priming
Extensive burns
Plasma exchange
Hypotension
Liver disease, hypoalbuminemia, diuresis
Protein-losing enteropathy, hypoalbuminemia
Resuscitation
Premature infant undergoing major surgery
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terd. Dosing can range from daily 400 mg/kg/day times
5 days to 1 g/kg/day times 1 to 2 days for ITP to 2 g/kg
times one dose for Kawasaki syndrome. Dosing for
pediatric HIV is 200 to 400 mg/kg every 2 to 4 weeks
and for congenital immunodeficiencies 300 to
400 mg/kg monthly, adjusting for trough IgG of 400 to
500 mg/dL. An extrapolation from the adult bone
marrow transplant experience would suggest 500 to
1000 mg/kg weekly to prevent GVHD and infection.

Contraindications

The disease process drives contraindications of these
products. If a patient has renal insufficiency, or IgA 
deficiency, then the type of product chosen should 
be monitored or the therapy should be changed. Fur-
thermore, if volume overload or pulmonary compro-
mise is a concern, IVIG treatment should be carefully
considered.

Adverse Reactions

Most of the adverse effects experienced by patients
are related to IgG aggregates and dimer formation in
combination with complement activation. The symp-
toms include headache, fever, flushing, and hypotension,
which are all usually mild and transient. Amelioration
of symptoms may be accomplished by slowing down the
IVIG infusion rate or changing brands of IVIG. Renal
failure, aseptic meningitis, and thromboembolic events
have also been described with IVIG infusion. Renal
failure has been directly correlated to sucrose load and

aseptic meningitis to dose and patient history of
migraines. Furthermore, in IgA-deficient recipients who
receive IgA-containing products, severe anaphylactic
reactions have been described. Other reactions include
pulmonary edema, fluid overload, eczema, arthritis, and
transfusion-related acute lung injury (TRALI).

Passive transfer of blood group antibodies such as
anti-A, anti-B (IgG class), in addition to non-ABO anti-
bodies such as anti-Kell, -C, and -Lewisb, can occur. This
transfer can result in positive antibody screens and pos-
itive direct antiglobulin tests in many instances. There-
fore, cautious interpretation of results postinfusion must
be performed. Furthermore, there have been rare
instances of hemolytic anemias secondary to anti-D or
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TABLE 3.7 FDA-Approved Pediatric Uses for Intravenous
Immunoglobulin

Primary Immunodeficiency Syndromes

Common variable immunodeficiency
X-linked agammaglobulinemia
Severe combined immunodeficiency
Ataxia-telangiectasia
Wiskott-Aldrich syndrome
IgG subclass deficiency

Acquired Immunodeficiency

HIV

Infectious Disorders

Mucocutaneous lymph node syndrome

Immune-Mediated Disorders

Idiopathic thrombocytopenic purpura

TABLE 3.8 Off-Label Uses of Intravenous Immunoglobulin

Neurologic Disorders

Chronic inflammatory demyelinating polyneuropathy (CIDP)
Guillian-Barre syndrome
Multifocal motor neuropathy

Inflammatory Disorders

Dermatomyositis, polymyositis refractory
Inflammatory bowel disease (Crohn’s disease; ulcerative colitis)

Infectious Disorders

Transplantation: CMV-negative recipients of CMV-positive organs
Infection prophylaxis in high-risk neonates
Parvovirus B19-associated anemia
Sepsis; toxic shock

Immune-mediated Disorders

Abortions, recurrent spontaneous
Diabetes mellitus
Hematologic coagulation disorders: acquired factor VIII inhibitors;

acquired von Willebrand’s disease
Hematologic immune-mediated cellular disorders: autoimmune

hemolytic anemia, autoimmune neutropenia, fetal-neonatal
alloimmune

Thrombocytopenia, HLA-alloimmune thrombocytopenia
Rheumatoid diseases
Myasthenia gravis
Multiple sclerosis
Posttransfusion purpura
Systemic lupus erythematosus
Toxic epidermal necrolysis (Lyell’s syndrome)
Transplantation: renal graft rejection
Transplantation: solid organ (alloimmunization and

hypogammaglobulinemia)

Miscellaneous

Asthma
Autism
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anti-A. Thus, close observation of the patient’s hemo-
globin after treatment is advised.

During the mid 1990s there were over 200 cases of
hepatitis C transmission related to IVIG. It was tem-
porarily removed from the market and since that time
all manufacturers of IVIG have had to put in additional
safeguarding steps for protection against hepatitis C
virus such as pasteurization or solvent/detergent treat-
ment. Donor screen has also intensified. Otherwise,
IVIG has always had a good safety record.
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INTRODUCTION

Since Landsteiner’s discovery of the ABO system in
1900, there has been tremendous growth in the under-
standing of human blood groups. More than 250 red
blood cell (RBC) antigens have been described and 
categorized by the Working Party of the International
Society of Blood Transfusion (ISBT) into 26 major
systems (Daniels et al. 1995, 1996, 1999). Those RBC
antigens not assigned to major systems have been
grouped into five collections, a series of low-prevalence
antigens and a series of high-prevalence antigens. This
chapter describes the RBC antigens that are most com-
monly encountered in the clinical practice of transfu-
sion medicine (Table 4.1). A detailed description of all
the known blood group systems can be found in the text
Applied Blood Group Serology (Issitt and Anstee 1998).

Blood group antigens are determined by either car-
bohydrate moieties linked to proteins or lipids, or by
amino acid (protein) sequences. Specificity of the 
carbohydrate-defined RBC antigens is determined by
terminal sugars; genes code for the production of
enzymes that transfer these sugar molecules onto a
protein or lipid. Specificity of the protein-defined RBC
antigens is determined by amino acid sequences that are
directly determined by genes. The proteins that carry
blood group antigens are inserted into the RBC mem-
brane in one of three ways: single-pass, multipass, or
linked to phosphatidylinositol.

Many factors influence the clinical significance of
alloantibodies formed against RBC antigens.The preva-
lence of different RBC antibodies depends on both 
the prevalence of the corresponding RBC antigen in the
population and the relative immunogenicity of the

antigen. The clinical importance of an RBC antibody
depends on both its prevalence in a population and
whether it is likely to cause RBC destruction (hemolytic
transfusion reactions) or hemolytic disease of the
newborn (HDN). The type and degree of transfusion
reactions and the degree of clinical HDN caused by
antibodies to each blood group antigen system will be
reviewed in this chapter.The overall clinical significance
of antibodies to each of the major blood group antigens
is summarized in Table 4.2.

ABO BLOOD GROUP SYSTEM

Antigens

Three genes control the expression of the ABO anti-
gens: ABO, Hh, and Se. The H gene codes for the pro-
duction of an enzyme transferase that attaches L-fucose
to the RBC membrane-anchored polypeptide or 
lipid chain. In the presence of the A gene-encoded
transferase, N-acetyl-galactosamine is attached, which
confers “A” specificity. In the presence of the B gene-
encoded transferase, galactose is added and confers “B”
specificity. If no A or B gene/enzyme is present, the H
specificity remains, and the individual is of group O. If
A and B genes/transferases are both present, “AB”
specificity is defined. If the H gene is absent, L-fucose is
not added to the precursor substance, and even if the A
and/or B genes and their respective enzymes are
present, the A and B antigens cannot be constructed.
The secretor gene (Se) controls the individual’s ability
to secrete soluble A, B, and H antigens into body fluids
and secretions. There are about 800,000 to 1,000,000
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TABLE 4.1 Antibody Prevalence in U.S. Population

Transfusion
Antigens Systems IgM IgG Reactions HDN* Caucasians African-Americans

A ABO X X Mild-severe None-moderate 40% 27%
B ABO X X Mild-severe None-moderate 11% 20%
D Rh X X Mild-severe Mild-severe 85% 92%
C Rh X Mild-severe Mild 68% 27%
E Rh X X Mild-moderate Mild 29% 22%
c Rh X Mild-severe Mild-severe 80% 96%
e Rh X Mild-moderate Rare 98% 98%
K Kell X X Mild-severe Mild-severe 9% 2%
k Kell X Mild-moderate Mild-severe 99.8% >99%
Kpa Kell X Mild-moderate Mild-moderate 2% <1%
Kpb Kell X None-moderate Mild-moderate >99% >99%
Jsa Kell X None-moderate Mild-moderate <1% 20%
Jsb Kell X Mild-moderate Mild-moderate >99% 99%
Fya Duffy X Mild-severe Mild-severe 66% 10%
Fyb Duffy X Mild-severe Mild 83% 23%
Jka Kidd X None-severe Mild-moderate 77% 92%
Jkb Kidd X None-severe None-mild 74% 49%
M MNS X X None None-mild 78% 74%
N MNS X None None 70% 75%
S MNS X None-moderate None-severe 52% 31%
s MNS X None-mild None-severe 89% 94%
U MNS X Mild-severe Mild-severe 100% >99%
Lea Lewis X Few None 22% 23%
Leb Lewis X None None 72% 55%
Lua Lutheran X X None None-mild 8% 5%
Lub Lutheran X X Mild-moderate Mild >99% >99%
Doa Dombrock X Rare +DAT/ 67% 55%

No
HDN

Dob Dombrock X Rare None 82% 89%
Coa Colton X None-moderate Mild-severe >99.9% >99.9%
Cob Colton X None-moderate Mild 10% 10%
P1 P X Rare None 79% 94%

*HDN = hemolytic disease of the newborn.

TABLE 4.2 Clinical Significance of Antibodies to the Major Blood Group Antigens

Clinically
Usually Clinically Sometimes Clinically Insignificant If Not Generally Clinically
Significant Significant Reactive at 37°C Insignificant

A and B Ata A1 Bg
Diego Colton H Chido/Rogers
Duffy Cromer Lea Cost
H in Oh Dombrock Lutheran JMH
Kell Gerbich M and N Knops
Kidd Indian P1 Leb

P, PP1Pk Jra Sda Xga

Rh Lan
S, s, and U LW
Vel Scianna

Yt
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copies of the A antigen per group A adult RBC; 600,000
to 800,000 copies of the B antigen per group B adult
RBC; and 800,000 copies of the AB antigen per group
AB adult RBC.The antigens of the ABO system are not
fully developed at birth. In newborns there are about
250,000 to 300,000 copies of the A antigen and 200,000
to 320,000 copies of the B antigen. At birth RBCs have
linear oligosaccaride structures, which can accom-
modate the addition of only single sugars. Complex
branching oligosaccarides, which permit the addition 
of multiple sugars, appear at about 2 to 4 years of age.

Phenotypes

The prevalence in the United States of the four phe-
notypes associated with the ABO blood group system
is listed in Table 4.3.

Antibodies

The antibodies of the ABO system are “naturally
occurring” in that they are formed as a result of expo-
sure to ABH-like substances from the gastrointestinal
tract, occurring in utero or immediately postpartum and
peaking about 5 to 10 years of age. Thus, there is devel-
opment of antibodies against whichever ABH antigens
are absent on the person’s own RBCs. ABO antibodies
are mostly IgM but some IgG is present, and they effi-
ciently fix complement. Antibodies present in cord
blood are almost entirely of maternal origin. IgM is not
transported across the placenta, but all four subclasses
of IgG are.

Clinical Significance

Clinically, ABO is the most important RBC antigen
system, as circulating A and B antibodies are comple-
ment-fixing and thus can cause intravascular hemolysis.
Transfusing a patient with the incorrect ABO group
blood may have fatal consequences. ABO incompatibil-
ity is the most common cause of HDN in the United
States; however, the clinical significance of HDN caused
by ABO incompatibility is typically none to moderate,

and only rarely severe, since placental transfer of ABO
antibodies is limited to the IgG fraction found in mater-
nal serum, and fetal ABO antigens are not fully devel-
oped. ABO-HDN is most often found in nongroup O
infants of group O mothers because anti-A and anti-B
from group O individuals often have a significant IgG
component.

Rh BLOOD GROUP SYSTEM

Antigens

The Rh system contains at least 45 antigens of which
the major antigens are D, C, E, c, and e. The Rh system
is a complex system, and controversy over its genetics
has resulted in the development over time of multiple
nomenclature systems. In 1943 Wiener proposed the
idea of a single Rh locus with multiple alleles. Fisher and
Race later inferred the existence of reciprocal alleles 
on three different but closely linked Rh loci (1946).
Later, Rosenfield proposed a numerical system for the
Rh blood group system based on serological data
(1962).

The isolation of the Rh antigen-containing compo-
nents of the RBC membrane led to the definitive iden-
tification of several nonglycosylated fatty acid acylated
Rh polypeptides. Genomic studies have identified two
distinct Rh genes, RHD and RHCE (Cherif-Zahar et al.
1991; Le Van et al. 1992). The presence of RHD deter-
mines Rh(D) antigen activity. Rh(D)-negative individ-
uals have no RHD gene, and thus have no Rh(D)
antigen. The RHCE gene codes for both Cc and Ee
polypeptides. There are four possible alleles: RHCE,
RHCe, RhcE, and Rhce.

With the exception of the A and B antigens, Rh(D)
is the most important RBC antigen in transfusion prac-
tice. The Rh(D) antigen has greater immunogenicity
than virtually all other RBC antigens. Expression of
Rh(D) antigen varies quantitatively and qualitatively
among individuals. Weakened D reactivity can be
caused by three different mechanisms: (1) If a C gene is
on the chromosome opposite the D gene (trans posi-
tion), the D antigen may be weakened. (2) There can be
a qualitative difference in the D antigen in which an
individual lacks a portion of the D antigen molecule
(and if exposed to the D antigen may produce an anti-
body to the portion that they lack). This condition is
called “partial D” and is defined in terms of the specific
D epitopes possessed (Lomas et al. 1993; Cartron 1994).
(3) The RHD gene in some individuals (primarily
African-Americans) codes for an Rh(D) antigen that
reacts more weakly.The Rh antigens are well developed
on the RBCs of newborns.
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TABLE 4.3 ABO Blood Group Phenotypes and Prevalence

Prevalence

Phenotypes Caucasians African-Americans

A 40% 27%
B 11% 20%
AB 4% 4%
O 45% 49%
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Phenotypes

The prevalence of the various phenotypes asso-
ciated with the Rh blood group system is listed in Table
4.4.

Antibodies

As was stated previously, the Rh(D) antigen has
greater immunogenicity than virtually any other RBC
antigen, followed by Rh(c) and Rh(E). Most Rh anti-
bodies result from exposure to human RBCs through
pregnancy or transfusion. Rh antibodies are almost
always IgG and do not bind complement; thus, they 
lead to extravascular rather than intravascular RBC
destruction.

Clinical Significance

The most common Rh antibody is anti-D; 15% of the
U.S. Caucasian population lacks the Rh(D) antigen.
Since it is a potent immunogen, the likelihood of an
Rh(D)-negative person becoming immunized to Rh(D)
following exposure to Rh(D)-positive RBCs is great. It
is standard practice to type all donors and recipients for
the Rh(D) antigen and to give Rh(D)-negative packed
RBCs (PRBCs) to Rh(D)-negative recipients. The use
of Rh(D)-positive blood for Rh(D)-negative recipients
should be restricted to acute emergencies when Rh(D)-
negative PRBCs are not available. Once formed, anti-D
can cause severe and even fatal HDN.Anti-D is capable
of causing mild to severe delayed transfusion reactions.
Antibodies to other Rh antigens have also been 
implicated in both hemolytic transfusion reactions and
HDN.

Percentage of Compatible Donors

The prevalence in the population of the antigen-
negative phenotype determines the ease of, or difficulty
in, providing compatible PRBCs for transfusion (Table
4.5).

KELL BLOOD GROUP SYSTEM

Antigens

The primary antigens of the Kell system are K and k.
Other antithetical antigens are Kpa/Kpb/Kpc, as well 
as Jsa/Jsb, K11/K17, and K14/K24. Three unpaired 
low-prevalence antigens and seven high-prevalence
antigens complete the system. The antigens are carried
on a single-pass membrane glycoprotein (type II).
Kell antigens are well developed on the red cells of 
newborns.

Phenotypes

The prevalence in the United States population of
the various phenotypes associated with the Kell blood
group system is listed in Table 4.6.
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TABLE 4.4 Rh Blood Group Phenotypes and Prevalence

Prevalence

African-
Antigens Phenotypes Caucasians Americans Asians

CcDe R1r 34.9% 21% 8.5%
CDe R1R1 18.5% 2% 51.8%
CcDEe R1R2 13.3% 4% 30%
cDe Ror 2.1% 45.8% 0.3%
cDEe R2r 11.8% 18.6% 2.5%
cDE R2R2 2.3% 0.2% 4.4%
CDEe R1Rz 0.2% Rare 1.4%
CcDe R2Rz 0.1% Rare 0.4%
CDE RzRz 0.01% Rare Rare
cde rr 15.1% 6.8% 0.1%
Cce r¢r 0.8% Rare 0.1%
cEe r≤r 0.9% Rare Rare
CcEe r¢r≤ 0.05% Rare Rare

TABLE 4.5 Prevalence of Rh Antigen-Negative Phenotypes

Prevalence

Phenotypes Caucasians African-Americans Asians

D-negative 15% 8% 1%
C-negative 32% 73% 7%
E-negative 71% 78% 61%
c-negative 20% 4% 53%
e-negative 2% 2% 4%

TABLE 4.6 Kell Blood Group Phenotypes and Prevalence

Prevalence

Phenotypes Caucasians African-Americans

K-k+ 91% 98%
K+k- 0.2% Rare
K+k+ 8.8% 2%
Kp(a+b-) Rare 0%
Kp(a-b+) 97.7% 100%
Kp(a+b+) 2.3% Rare
Js(a+b-) 0% 1%
Js(a-b+) 100% 80%
Js(a+b+) Rare 19%
Ko Exceedingly Rare
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Antibodies

Kell system antibodies are generally of the IgG type,
react best at body temperature, and rarely bind com-
plement. Anti-K is strongly immunogenic and is fre-
quently found in the serum of transfused K-negative
patients. Anti-k, -Kpa, -Kpb, -Jsa, and -Jsb are less com-
monly observed in the United States. Anti-Ku is some-
times seen in immunized K0 persons.

Clinical Significance

Anti-K may cause both severe HDN and immediate
and delayed hemolytic transfusion reactions. Anti-k,
-Kpa, -Kpb, -Jsa, and -Jsb occur less often than anti-K, but
when present may cause HDN and hemolytic transfu-
sion reactions. The other Kell system antibodies have
the potential to cause HDN and hemolytic transfusion
reactions, but due to their high (or low) frequencies,
these reactions seldom occur.

Percentage of Compatible Donors

The prevalence in the population of the antigen-
negative phenotype determines the ease of, or difficulty
in, providing compatible PRBCs for transfusion, as
shown in Table 4.7.

DUFFY BLOOD GROUP SYSTEM

Antigens

The Duffy system comprises five antigens (Fya, Fyb,
Fy3, Fy5, Fy6). The molecule containing the Duffy anti-
gens is a multipass membrane glycoprotein, and there
are approximately 13,000 Duffy antigen sites per RBC
in persons homozygous for Fya or Fyb. RBCs from 
heterozygotes have about 6000 antigen sites per RBC.
These heterozygous RBCs show weaker agglutination
than homozygous cells in serological tests, a phenome-

non called the “dosage” effect. The Duffy antigens are
well developed at birth, and frequency varies signifi-
cantly in different racial groups. Interestingly, the Fy3
glycoprotein is the receptor for the malarial parasites
Plasmodium vivax and P. knowlesi; thus, Fy(a-b-) RBCs
resist infection by certain malarial organisms.

Phenotypes

The U.S. prevalences of the four phenotypes associ-
ated with the Duffy blood group system are listed in
Table 4.8.

Antibodies

Duffy antibodies are almost always IgG, though
rarely IgM, and only rarely bind complement. In spite
of the high percentage of the Fy: -3 phenotype in
African-Americans, anti-Fy3 is rare.

Clinical Significance

Anti-Fya may cause mild to severe transfusion reac-
tions and HDN. Fyb is a poor immunogen, and anti-Fyb

antibodies are only infrequently implicated as the cause
of transfusion reaction and HDN.

Percentage of Compatible Donors

The prevalence of the antigen-negative phenotype
determines the ease of, or difficulty in, providing com-
patible PRBCs for transfusion, as listed in Table 4.9.

KIDD BLOOD GROUP SYSTEM

Antigens

Three antigens make up the Kidd system: Jka, Jkb,
and Jk3. The carrier molecule is a multipass membrane
protein, and there are 11,000 to 14,000 Kidd antigens
per RBC. Kidd antigens are well developed at birth.
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TABLE 4.7 Prevalence of Kell Antigen-Negative Phenotypes

Prevalence

Phenotypes Caucasians African-Americans

K-negative 91% 98%
k-negative 0.2% <1.0%
Kpa-negative 98% >99%
Kpb-negative <1.0% <1.0%
Jsa-negative >99% 80%
Jsb-negative <0.1% 1%

TABLE 4.8 Duffy Blood Group Phenotypes and Prevalence

Prevalence

African- Asian- Asian- Asian-
Phenotypes Caucasian American Chinese Japanese Thai

Fy(a+b-) 17% 9% 90.8% 81.5% 69%
Fy(a-b+) 34% 22% 0.3% 0.9% 3%
Fy(a+b+) 49% 1% 8.9% 17.6% 28%
Fy(a-b-) Very rare 68% 0% 0%
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Phenotypes

The prevalences in the United States of the four phe-
notypes associated with the Kidd blood group system
are listed in Table 4.10.

Antibodies

Kidd antibodies are usually IgG, but may be a
mixture of IgG and IgM. They often bind complement
and may cause intravascular hemolysis. It is not uncom-
mon for anti-Jka antibody titers to fall rapidly follow-
ing initial elevation and become undetectable in future
antibody screening procedures. If the patient is then
exposed to Jka antigen-positive PRBCs, a rapid rise in
anti-Jka titer (anamnestic or “rebound” phenomenon) is
often observed, leading to hemolysis.

Clinical Significance

Because Kidd antibodies often bind complement,
severe hemolytic transfusion reactions are possible.
However, only mild HDN is generally seen. Because 
of the above-described characteristic, rapid decline in
antibody levels, a delayed transfusion reaction, with
marked hemolysis of transfused PRBCs within a few
hours, can be seen in subsequent exposures to Jka-
positive PRBCs.

Percentage of Compatible Donors

The prevalence of the antigen-negative phenotype
determines the ease of, or difficulty in, providing com-
patible PRBCs for transfusion, as listed in Table 4.11.

MNS BLOOD GROUP SYSTEM

Antigens

Forty-three antigens make up the MNS system. The
major antigens are M, N, S, s, and U. MNS antigens are
carried on single-pass membrane sialoglycoproteins.
The M and N antigens are located on glycophorin A,
while S and s antigens are located on glycophorin B.
Also included are a number of low-prevalence antigens
whose reactivity is attributed to either one or more
amino acid substitutions, a variation in the extent or
type of glycoslyation, or the existence of a hybrid sialo-
glycoprotein. MNS antigens are expressed on the RBCs
of newborns.

Phenotypes

The prevalences of the numerous phenotypes associ-
ated with the MNS blood group system are listed in
Table 4.12.

Antibodies

Anti-M antibodies can be IgM or IgG (cold-
reactive). Rare examples are active at 37°C. Anti-N is
almost always IgM. Both may be present as seemingly
“naturally occurring” antibodies.Anti-S, anti-s, and anti-
U are usually IgG and occur following RBC stimula-
tion. Antibodies to M and N may frequently show
“dosage” effects, reacting more strongly with RBCs with
homozygous expression of these antigens. Anti-U is
rare, but should be considered when serum from a 
previously transfused or pregnant African-American
person contains antibody to an unidentified high-
prevalence antigen.
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TABLE 4.9 Prevalence of Duffy Antigen-Negative 
Phenotypes

Prevalence

Phenotypes Caucasians African-Americans

Fya-negative 34% 90%
Fyb-negative 17% 77%
Fy3-negative 0% 68%
Fy5-negative 0% 68%
Fy6-negative 0% 68%

TABLE 4.10 Kidd Blood Group Phenotypes and Prevalence

Prevalence

Phenotypes Caucasians African-Americans Asians

Jk(a+b-) 26.3% 51.1% 23.2%
Jk(a-b+) 23.4% 8.1% 26.8%
Jk(a+b+) 50.3% 40.8% 49.1%
Jk(a-b-) Rare Rare 0.9%

TABLE 4.11 Prevalence of Kidd Antigen-Negative 
Phenotypes

Prevalence

Phenotypes Caucasians African-Americans

Jka-negative 23% 8%
Jkb-negative 26% 51%
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Clinical Significance

Anti-M has been only implicated in transfusion reac-
tions or HDN in rare cases. Anti-N has no known clin-
ical significance. Antibodies to S and s are capable of
causing hemolytic transfusion reactions and HDN.Anti-
U has been implicated in mild to severe hemolytic reac-
tions and HDN.

Percentage of Compatible Donors

The prevalence of the antigen-negative phenotype
determines the ease of, or difficulty in, providing com-
patible PRBCs for transfusion, as listed in Table 4.13.

P BLOOD GROUP SYSTEM

Antigens

The sequential transcription of multiple genes is
required for the expression of the P1 antigen; this occurs

upon the addition of a galactosyl residue to paraglobo-
side. The P, Pk, and LKE antigens were previously
included in the P system, but because a different locus
and biochemical pathway has been found to be involved
in their production, they have been moved to the glob-
oside (glob) collection. The P1 antigen is more strongly
expressed on fetal cells than on neonatal cells, P1
expression weakening as the fetus ages. Adult levels are
not reached until 7 years of age.

Antibodies

Anti-P1 is IgM and is naturally occurring in many P1-
negative individuals. Complement binding by anti-P1 is
rare.

Clinical Significance

Antibodies to P1 rarely cause transfusion reactions
and have not been implicated in HDN.

Percentage of Compatible Donors

The prevalence of the antigen-negative phenotype
determines the ease of, or difficulty in, providing com-
patible PRBCs for transfusion, as listed in Table 4.14.

LUTHERAN BLOOD GROUP SYSTEM

Antigens

The Lutheran system comprises four antithetical
pairs, Lua and Lub, Lu6 and Lu9, Lu8 and Lu14, and Aua

and Aub, as well as 10 high-prevalence antigens. The
antigens are carried on a single-pass membrane glyco-
protein with 1500 to 4000 copies per RBC, depending
on zygosity. The Lutheran antigens are expressed
weakly on cord blood cells.

Phenotypes

The prevalences of the four phenotypes associated
with the Lutheran blood group system are listed in
Table 4.15.

4. Red Blood Cell Antigens and Human Blood Groups 51

TABLE 4.12 MNS Blood Group Phenotypes and 
Prevalence

Prevalence

Phenotypes Caucasians African-American

M+N-S+s- 6% 2%
M+N-S+s+ 14% 7%
M+N-S-s+ 10% 16%
M+N+S+s- 4% 2%
M+N+S+s+ 22% 13%
M+N+S-s+ 23% 33%
M-N+S+s- 1% 2%
M-N+S+s+ 6% 5%
M-N+S-s+ 15% 19%
M+N-S-s- 0% 0.4%
M+N+S-s- 0% 0.4%
M-N+S-s- 0% 0.7%

TABLE 4.13 Prevalence of MNS Antigen-Negative 
Phenotypes

Prevalence

Phenotypes Caucasians African-Americans

M-negative 22% 26%
N-negative 28% 25%
S-negative 48% 69%
s-negative 11% 6%
U-negative 0% <1%

TABLE 4.14 Prevalence of P1 Antigen-Negative Phenotypes

Prevalence

Phenotypes Caucasians African-Americans

P1-negative 21% 6%
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Antibodies

The most common Lutheran antibodies are anti-Lua

and Lub, but they are not often encountered. Lutheran
antibodies may be IgG or IgM, are generally not reac-
tive at body temperature, and rarely bind complement.

Clinical Significance

The Lutheran antigens are not well developed at
birth, and anti-Lua has not been reported as a cause of
HDN. Anti-Lua has not been associated with hemolytic
transfusion reactions. Anti-Lub may cause accelerated
destruction of transfused PRBCs, but only causes mild
(if at all) HDN.

Percentage of Compatible Donors

The prevalence of the antigen-negative pheno-
type determines the ease of, or difficulty in, providing
compatible PRBCs for transfusion, as listed in Table
4.16.

LEWIS BLOOD GROUP SYSTEM

Antigens

Lea , Leb, and Lex make up the antigens of the Lewis
system. The Lewis antigens are not intrinsic to RBCs,
but are located on type 1 glycosphingolipids that are
adsorbed onto the red cells from the plasma. The
biosynthesis of Lewis antigens results from the interac-

tion of two independent genetic loci, Le and Se. The
transferase that is the product of the Le gene attaches
fucose to the subterminal GlcNAc of type 1 oligosac-
charides. This confers Lea activity. The Se gene deter-
mines a transferase that attaches a fucose to the
terminal Gal, but only if the adjacent GlcNAc is already
fucosylated. This configuration has Leb activity. Leb is
adsorbed onto the RBC preferentially over Lea. Indi-
viduals possessing both Le and Se genes will have RBCs
that express Leb, but not Lea. RBCs from a person with
Le but not Se genes will express Lea.The Lewis antigens
are not expressed on cord cells.

Phenotypes

The prevalence of phenotypes associated with this
blood group system is listed in Table 4.17.

Antibodies

Anti-Lea and anti-Leb are frequently occurring 
antibodies made by Le(a-b-) individuals, usually in the
absence of a foreign RBC stimulus. Lewis antibodies are
predominantly IgM, and some bind complement.

Clinical Significance

Most Lewis antibodies react at colder temperatures
than body temperature and are not clinically significant.
Since Lewis antigens are poorly developed at birth, and
IgM antibodies cannot cross the placenta, Lewis anti-
bodies do not cause HDN. Anti-Lea that has activity at
37°C has caused hemolytic transfusion reactions on rare
occasions.

Percentage of Compatible Donors

The prevalence of the antigen-negative pheno-
type determines the ease of, or difficulty in, providing
compatible PRBCs for transfusion, as listed in Table
4.18.
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TABLE 4.15 Lutheran Blood Group Phenotypes and 
Prevalence

Phenotypes Prevalence in Most Populations

Lu(a+b-) 0.2%
Lu(a-b+) 92.4%
Lu(a+b+) 7.4%
Lu(a-b-) Rare

TABLE 4.16 Prevalence of Lutheran Antigen-Negative 
Phenotypes

Prevalence

Phenotypes Caucasians African-Americans

Lua-negative 92% 95%
Lub-negative <1% <1%

TABLE 4.17 Lewis Blood Group Phenotypes and 
Prevalence

Prevalence

Phenotypes Caucasians African-Americans

Le(a+b-) 22% 23%
Le(a-b+) 72% 55%
Le(a-b-) 6% 22%
Le(a+b+) Rare Rare
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DIEGO BLOOD GROUP SYSTEM

Antigens

The Diego system includes two pairs of antithe-
tical antigens, Dia/Dib and Wra/Wrb, and the low-
prevalence antigens, Wda, Rba, WARR, ELO, Wu, Bpa,
Moa, Hga,Vga, Swa, BOW, NFLD, Jna, KREP,Tra, Fra, and
SW1.The antigens are carried on a multipass membrane
protein, having 1,000,000 antigen copies per RBC.
Diego antigens are expressed on the RBCs from 
newborns.

Phenotypes

The prevalences of phenotypes associated with the
Diego blood group system are listed in Table 4.19.

Antibodies

Anti-Dia and anti-Dib are of the IgG class and do not
bind complement.Anti-Wra and Wrb may be IgM or IgG
and do not bind complement.

Clinical Significance

Anti-Dia is not common because of the low preva-
lence of the antigen in the United States, but anti-Dia

can cause RBC destruction and should be considered
clinically significant when present. Anti-Wra has been
implicated in mild to severe transfusion reactions and
in HDN.

CARTWRIGHT BLOOD GROUP
SYSTEM

Antigens

The high-prevalence antigen Yta and the low-
prevalence antigen Ytb make up the Cartwright system.
The antigens are carried on the PI-linked glycoprotein,
acetylcholinesterase. There are 10,000 antigen copies
per RBC. Cartwright antigens are expressed weakly on
the RBCs of newborns.

Antibodies

The Cartwright antibodies are IgG and do not bind
complement. Because of the high prevalence in the
United States of the Yta antigen, anti-Yta is not
common. Because Ytb is a poor immunogen, anti-Ytb is
also uncommon.

Clinical Significance

Many examples of anti-Yta have been shown to be
clinically benign in vivo, while other examples have
shown increased RBC destruction in in vivo survival
studies. Anti-Yta is not known to cause HDN. Anti-Ytb

has not been implicated in hemolytic transfusion reac-
tions or HDN.

Xg BLOOD GROUP SYSTEM

Antigens

Xg was the first blood group system to be assigned
to the X chromosome. Xga is located on a single-pass
glycoprotein (type 1). Xga is expressed weakly on cord
blood cells. CD99 has been assigned to the Xg system.
The expression of CD99 on RBCs is correlated with the
expression of Xga. All Xg(a+) individuals have high
RBC expression of CD99, all Xg(a-) females have low
RBC expression of CD99 and the RBCs of Xg(a-)
males may have either high or low expression of CD99.

Phenotypes

The prevalence of phenotypes associated with the Xg
blood group system is listed in Table 4.20.

Antibodies

Xga is a poor immunogen. IgG-type antibodies to Xga

are more common than IgM. Some examples of anti-Xga

are naturally occurring.
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TABLE 4.18 Prevalence of Lewis Antigen-Negative 
Phenotypes

Prevalence

Phenotypes Caucasians African-Americans

Lea-negative 78% 77%
Leb-negative 28% 45%

TABLE 4.19 Diego Blood Group Phenotypes and 
Prevalence

Prevalence

Phenotypes Caucasians African-Americans Asians

Di(a+b-) <0.01% <0.01% <0.01%
Di(a-b+) >99.9% >99.9% 90%
Di(a+b+) <0.1% <0.1% 10%
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Clinical Significance

Antibodies to Xga have not been shown to cause
transfusion reactions or HDN.

Percentage of Compatible Donors

The prevalence of the antigen-negative phenotype
determines the ease of, or difficulty in, providing com-
patible PRBCs for transfusion, as listed in Table 4.21.

SCIANNA BLOOD GROUP SYSTEM

Antigens

There are three antigens associated with the Scianna
system: the high-prevalence Sc:1, the low-prevalence
Sc:2, and Sc:3 (which is present if either Sc:1 or Sc:2 is
present).These antigens are carried on a membrane gly-
coprotein and are expressed on the RBCs of newborns.

Phenotypes

The prevalences of phenotypes associated with the
system are listed in Table 4.22.

Antibodies

Antibodies to Scianna RBC antigens are rare, but if
present, are generally of the IgG type.

Clinical Significance

Antibodies directed against Scianna antigens have
not been reported to cause transfusion reactions. Anti-
Sc1 may cause a positive direct antiglobulin test (DAT),
but it does not cause clinically significant HDN.

Percentage of Compatible Donors

The prevalence of the antigen-negative phenotype
determines the ease of, or difficulty in, providing com-
patible PRBCs for transfusion, as listed in Table 4.23.

DOMBROCK BLOOD GROUP
SYSTEM

Antigens

The five antigens that make up the Dombrock system
are Doa, Dob, and the high-prevalence antigens Hy, Gya,
and Joa. The antigens are carried on a GPI-linked gly-
coprotein and are expressed on the RBCs of newborns.

Phenotypes

The prevalences of phenotypes associated with the
Dombrock system are listed in Table 4.24.

Antibodies

Dombrock system antibodies are IgG and do not bind
complement. Doa and Dob are poor immunogens, and
thus, antibodies to Doa and Dob are not common. Gya is
highly immunogenic, but because of its high prevalence
in the United States, anti-Gya is rarely observed.

Clinical Significance

Anti-Doa may cause increased RBC destruction,
but anti-Dob is considered to be clinically insignificant.
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TABLE 4.20 Xg Blood Group Phenotypes and Prevalence

Prevalence

Phenotypes Females Males

Xg(a+) 88.7% 65.6%
Xg(a-) 11.3% 34.4%

TABLE 4.21 Prevalence of Xg Antigen-Negative 
Phenotypes

Phenotypes Prevalence

Xga-negative 11% (females)
Xga-negative 34% (males)

TABLE 4.22 Scianna Blood Group Phenotypes and 
Prevalence

Phenotypes Caucasians

Sc:1,-2 99.7%
Sc:1,2 0.3%
Sc:-1,2 Very rare
Sc:-1,-2 Very rare

TABLE 4.23 Prevalence of Scianna Antigen-Negative 
Phenotypes

Phenotypes Prevalence in Caucasians

Sc1-negative Very rare
Sc2-negative 99.7%
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Antibodies to Doa, Dob, Gya, Hy, and Joa have not been
observed to cause HDN.

Percentage of Compatible Donors

The prevalence of the antigen-negative pheno-
type determines the ease of, or difficulty in, providing
compatible PRBCs for transfusion, as listed in Table
4.25.

COLTON BLOOD GROUP

Antigens

Three antigens have been assigned to the Colton
system: Coa, Cob, and Co3. The antigens are carried on
a multipass membrane glycoprotein that is part of the
water transport protein CHIP-1. Colton antigens are
expressed on the RBCs of newborns.

Phenotypes

The prevalences of the four phenotypes associated
with the Colton blood group system are listed in Table
4.26.

Antibodies

Antibodies to Colton system antigens are IgG 
and rarely bind complement (with the exception of
Co3).

Clinical Significance

Colton antibodies are rare, but anti-Coa has been
implicated in both HDN and in vivo RBC destruction.
Mild HDN caused by Cob has been reported. Anti-Co3
has been known to cause severe HDN.

Percentage of Compatible Donors

The prevalence of the antigen-negative pheno-
type determines the ease of, or difficulty in, providing
compatible PRBC for transfusion, as listed in Table 
4.27.
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TABLE 4.24 Dombrock Blood Group Phenotypes and Prevalence

Prevalence

African-
Phenotypes Doa Dob Gya Hy Joa Caucasians Americans

Do(a+b-) + 0 + + + 18% 11%
Do(a+b+) + + + + + 49% 44%
Do(a-b+) 0 + + + + 33% 45%
Gy(a-) 0 0 0 0 0 Rare 0%
Hy- 0 Weak Weak 0 0 0% Rare
Jo(a-) Weak 0/Weak + Weak 0 0% Rare

TABLE 4.25 Prevalence of Dombrock Antigen-Negative
Phenotypes

Prevalence

Phenotypes Caucasians African-Americans

Doa-negative 33% 45%
Dob-negative 18% 11%
Hy-negative 0% Rare
Gya-negative Rare 0%
Joa-negative 0% Rare

TABLE 4.26 Colton Blood Group Phenotypes and 
Prevalence

Phenotypes Prevalence in Most Populations

Co(a+b-) 90%
Co(a-b+) 0.5%
Co(a+b+) 9.5%
Co(a-b-) <0.01%

TABLE 4.27 Prevalence of Colton Antigen-Negative 
Phenotypes

Phenotypes Prevalence in All Populations

Coa-negative 0.1%
Cob-negative 90%
Co3-negative <0.01%
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LW BLOOD GROUP SYSTEM

Antigens

The LW system is composed of the antigens LWa,
LWb, and LWab.The antigens are located on a single-pass
membrane glycoprotein (type 1). The original anti-Rh
described by Landsteiner and Weiner (1940) was in fact
directed against the LW antigen. There is a phenotypic
relationship between LW and the Rh(D) antigen. In
adults, Rh(D)-negative RBCs have less expression of
LW than do Rh(D)-positive RBCS. The expression of
LW antigens is stronger on cord cells than on the RBCs
from adults, and it is expressed in equal amounts regard-
less of the Rh(D) type.

Phenotypes

The prevalences of phenotypes associated with the
LW blood group system are listed in Table 4.28.

Antibodies

LW antibodies may be IgM or IgG and do not bind
complement. Autoanti-LW antibodies have been
reported upon immunosuppression of LW antigens,
observed primarily during pregnancy and in patients
with certain malignancies.

Clinical Significance

While Rh(D)-negative, LW+ PRBCs have success-
fully been transfused to persons with anti-LW in their
sera, LW antibodies may cause accelerated destruction
of LW+ RBCs. Significant HDN has not been reported.

CHIDO-ROGERS BLOOD GROUP
SYSTEM

Antigens

The Chido-Rogers (Ch/Rg) system is made up of
nine antigens (Ch1, Ch2, Ch3, Ch4, Ch5, Ch6, Rg1, Rg2,

and WH) that reside on the complement component C4.
Chido antigens are located in the C4d region of C4B.
Rogers antigens are located in the C4d region of C4A.
C4A and C4B are glycoproteins that are adsorbed onto
the RBC membrane from the serum.These antigens are
absent or weakly expressed on the RBC of newborns.

Antibodies

Ch/Rg antibodies are IgG, do not bind complement,
and may be neutralized (in serological tests) with serum
or plasma from Ch/Rg antigen-positive individuals.

Clinical Significance

Antibodies to Ch/Rg antigens are usually clinically
insignificant, but they may create difficulties in inter-
pretations of serological investigations. None have been
known to cause HDN or increased RBC destruction.

Percentage of Compatible Donors

The prevalence of the antigen-negative phenotype
determines the ease of, or difficulty in, providing com-
patible PRBCs for transfusion, as listed in Table 4.29.

Hh BLOOD GROUP SYSTEM

Antigens

The H antigen is the precursor molecule on which the
A and B antigens are built. On group O RBCs there are
no A or B antigens, and the RBC membrane expresses
abundant H antigen. The amount of H antigen present
on RBCs by blood group is, in order of diminishing
quantity, O > A2 > B > A2B > A1 > A1B. The red cells of
newborns have weak H antigen. In the absence of the
H gene, no L-fucose is added to the protein or lipid, and
thus no H antigen is expressed (the Bombay pheno-
type). In the Bombay phenotype, even in the presence
of functional A and B genes, no A or B antigen will be
formed; the RBCs will type as group O, and hence the
notation Oh.
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TABLE 4.28 LW Blood Group Phenotypes and Prevalence

Prevalence

Phenotypes Most Populations Finnish

LW(a+b-) 97% 93.9%
LW(a+b+) 3% 6%
LW(a-b+) Rare 0.1%
LW(a-b-) Rare

TABLE 4.29 Prevalence of Chido-Rogers Antigen-Negative
Phenotypes

Phenotypes Prevalence in All Populations

Ch-negative 4%
Rg-negative 2%
Wh-negative 85%
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Antibodies

A few group A1, A1B, and B individuals have so 
little unconverted H antigen that they produce an anti-
H that is a weak IgM antibody reactive at colder than
room temperatures. The anti-H formed by an Oh indi-
vidual is potent, reacts over a thermal range of 4° to
37°C, and rapidly destroys RBCs with A, B, and/or H
antigens.

Clinical Significance

The benign anti-H formed by group A1, A1B, and B
individuals is not considered clinically significant.
However, the anti-H formed by Oh individuals can cause
hemolysis in vivo and subsequent severe hemolytic trans-
fusion reactions. HDN may occur in Oh mothers.

Percentage of Compatible Donors

The only suitable PRBCs for transfusion to a
Bombay patient are those from another Bombay (Oh)
individual.

XK BLOOD GROUP SYSTEM

Antigens

Only one antigen is included in the XK system, Kx.
It is carried on a multipass membrane protein. The
antigen is present on virtually all RBCs, but its expres-
sion is weak on RBCs of common Kell phenotypes.
Elevated levels of Kx are found on the null (Ko) RBC.
Absence of the Kx protein is associated with McLeod
syndrome, a spectrum of abnormalities including weak-
ened Kell system antigens, bizarre RBC shapes, chronic
anemia, and abnormalities of the nervous system, of the
cardiac system, and of granulocytes. The McLeod phe-
notype has been identified in patients with chronic gran-
ulomatous disease (CGD) and appears to result from
deletion of a portion of the X chromosome that includes
the XK locus (as well as the X-CGD).

Antibodies

Anti-Kx is IgG and does not bind complement. Males
with both McLeod syndrome and CGD may be im-
munized by PRBC transfusion and produce anti-KL
(anti-Kx + anti-Km). Only Kx-negative PRBCs are
compatible. Non-CGD males may make anti-Km; both
Kx-negative and Ko PRBCs are compatible.

Clinical Significance

Mild delayed transfusion reactions have been
reported with anti-Kx. As the antibody is only made by
males, the possibility of HDN does not arise.

GERBICH BLOOD GROUP SYSTEM

Antigens

The Gerbich system contains seven antigens: Ge2,
Ge3, and Ge4 (all high prevalence), and Wb, Lsa, Ana

and Dha (all low prevalence). The antigens are carried
on single-pass membrane sialoglycoproteins (type 1).
Ge3 and Ge4 are located on glycophorin C (GPC),
while Ge2, Ge3, and Ana are located on glycophorin D
(GPD). Dha and Wb are located on altered forms of
GPC. Lsa is found on an altered form of GPC and GPD.
Rare phenotypes that lack one or more of the high-
prevalence antigens are Leach (Ge: -2, -3, -4), Gerbich
(Ge: -2, -3, 4), and Yus (Ge: -2, 3, 4). Gerbich antigens
are expressed on the RBCs of newborns.

Antibodies

Antibodies to Gerbich antigens are usually IgG, but
may also have an IgM component. Some examples of
anti-Ge2 and anti-Ge3 are hemolytic in vitro.

Clinical Significance

Gerbich system antibodies are of variable clinical sig-
nificance. Some have been known to cause mild HDN
and slightly accelerated RBC clearance.

CROMER BLOOD GROUP SYSTEM

Antigens

Ten antigens have been assigned to the Cromer
system: Cra, Tca, Dra, Esa, IFC, UMC, and Wesb (all high
prevalence), and Tcb, Tcc, and Wesa (all low prevalence).
These antigens are located on the complement regula-
tory protein, decay accelerating factor (DAF). These
antigens are expressed on the RBCs of newborns.

Antibodies

Antibodies to Cromer system antigens are extremely
rare. Most examples of anti-Cra, anti-Wesb, and anti-Tca

have been found in serum from African-American 
individuals.
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Clinical Significance

The clinical significance of Cromer antibodies is vari-
able. Some have reportedly caused decreased survival
of transfused PRBCs in vivo. Antibodies to Cromer
system antigens do not cause HDN. Cromer antigens
are present on trophoblasts of the placenta, which may
adsorb maternal antibody.

KNOPS BLOOD GROUP SYSTEM

Antigens

Kna, Knb, McCa, Sla, McCb, Yka, and Vil make up the
Knops system. These antigens are located on the single-
pass membrane glycoprotein (type 1) CR1, the primary
complement receptor on RBCs. Knops system antigens
are only weakly expressed on the RBCs of newborns.

Antibodies

The antibodies directed against Knops antigens are
IgG and do not bind complement.They were previously
grouped among the “high-titer, low-avidity (HTLA)
antibodies.” These antibodies commonly show weak,
variable reactivity in the antiglobulin phase of testing,
but may continue to react in vitro, even at high dilutions.
This variable reactivity has been shown to be a direct
reflection of the number of CR1 sites on RBCs.

Clinical Significance

The Knops-directed antibodies are of no known 
clinical significance, since they do not cause transfusion
reactions, increased RBC destruction, or HDN.

INDIAN BLOOD GROUP SYSTEM

Antigens

The Indian system is comprised of two antigens, the
low-prevalence Ina and the high-prevalence Inb. The
antigens are located on a single-pass membrane glyco-
protein (CD44). CD44 has wide tissue distribution and
is a cellular adhesion molecule involved in immune
stimulation and signaling between cells. These antigens
were discovered in persons from the Indian subconti-
nent (hence the name “Indian”). These antigens are
weakly expressed on cord cells.

Antibodies

Indian antibodies are of the IgG class and do not
bind complement.

Clinical Significance

Both anti-Ina and anti-Inb have been known to cause
transfusion reactions and decreased RBC survival in
vivo. Both antibodies may cause a positive DAT, but
neither has been known to cause HDN.

Percentage of Compatible Donors

The prevalence of the antigen-negative phenotype
determines the ease of, or difficulty in, providing com-
patible PRBCs for transfusion, as listed in Table 4.30.

Ok BLOOD GROUP SYSTEM

Antigens

The antigen of the Ok system, Oka, is also known by
several names (Basigin [BSG], EMMPRIN, and M6
leukocyte activation antigen). The high prevalence
antigen is carried on CD17, a single-pass (type 1) gly-
coprotein. The null phenotype (Oka-) has only been
described in the Japanese.The antigen is well developed
at birth.

Antibodies

The original anti-Oka is IgG and does not bind 
complement.

Clinical Significance

Anti-Oka has caused reduced RBC survival, but not
HDN.

RAPH BLOOD GROUP SYSTEM

Antigens

The RAPH system consists of only one antigen,
MER2 (Raph).The molecular basis of the antigen is not

58 Sheilagh Barclay

TABLE 4.30 Prevalence of Indian Antigen-Negative 
Phenotypes

Prevalence

African-
Americans 

Phenotypes Caucasians and Asians Indians Iranians

Ina-negative 99.9% 99.9% 96% 89.6%
Inb-negative 1% 4%
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known, but expression is variable. The antigen is
expressed on the RBCs of newborns.

Antibodies

Anti-Raph has, to date, only been identified in three
Jews of Indian origin.The antibodies have been IgG and
some have bound complement.

Clinical Significance

All antibody makers have been on renal dialysis
because of kidney disease. Transfusion reactions have
not been reported after Raph-positive transfusions. It is
not known whether the antibody is capable of causing
HDN.

JMH BLOOD GROUP SYSTEM

Antigens

The high prevalence JMH is carried on a GPI-linked
glycoprotein. The antigen is expressed on cord cells.

Antibodies

JMH antibodies are IgG and do not bind comple-
ment. Autoantibodies to the protein are relatively
common and are often associated with loss of JMH
expression by circulating RBCs.

Clinical Significance

Neither transfusion reactions nor HDN has been
reported.

COST BLOOD GROUP COLLECTION

Antigens

The antigens in this collection are Csa and Csb. They
demonstrate variable expression on RBCs.

Antibodies

Antibodies to Cost antigens are IgG and do not bind
complement. These antibodies were formerly grouped
with the HTLA antibodies.

Clinical Significance

The Cost antibodies are not considered clinically 
significant.

Er BLOOD GROUP COLLECTION

Antigens

The Er collection consists of the high-prevalence Era

and the low-prevalence Erb. The Er antigens are
expressed on the RBCs of newborns.

Antibodies

The Er antibodies are IgG and do not bind 
complement.

Clinical Significance

Anti-Era has not been implicated in transfusion reac-
tion, but has been reported to cause a positive DAT
without evidence of clinical HDN.

Ii BLOOD GROUP COLLECTION

Antigens

The antigens included in this collection, I and i, are
not the products of alleles, but instead arise from the
sequential actions of multiple glycosyltransferases. The
antigens are located on precursor A, B, and H active
oligosaccaride chains (I on branched type 2 chains 
and i on linear type 2 chains). Fetal RBCs carry few
branched oligosaccaride chains and therefore are rich in
i and poor in I. With age, the linear chains are modified
by the addition of branched structures. This branching
configuration confers I specificity. So-called compound
antigens have been described: IA, IB, IAB, IH, IP, ILebH,
iH, iP1, and iHLeb.

Phenotypes

The prevalences of phenotypes associated with the
blood group system are listed in Table 4.31.
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TABLE 4.31 Ii Blood Group Phenotypes and Prevalence

Prevalence

Phenotypes Adult Cord i adult

I Strong Weak Trace
i Weak Strong Strong

Ch04.qxd  12/19/05  4:40 PM  Page 59



Antibodies

Anti-I is an IgM antibody that reacts preferentially
at room temperature or colder and binds complement.
Only rare examples of I-negative adult RBCs exist; thus,
alloanti-I is rare. Since all RBCs have trace amounts of
I, anti-I is considered an autoantibody.

Clinical Significance

Anti-I is a low-titer, cold-reactive, common autoanti-
body that reacts within a narrow thermal range. Anti-I
assumes pathological significance in cold agglutinin
disease and mixed-type autoimmune hemolytic anemia,
in which it behaves as a complement-binding hemolytic
antibody with a high titer and wide thermal range.
Although rare, accelerated RBC destruction has been
observed in the adult I phenotype in the presence of
alloanti-I. HDN has not been associated with Ii 
antibodies.

GLOBOSIDE COLLECTION

Antigens

Three antigens are included in this collection: P, Pk,
and LKE. The sequential action of multiple gene prod-
ucts is required for expression of these antigens. Lacto-
syl ceramide is the precursor substance.

Phenotypes

The prevalences of phenotypes associated with the
collection are listed in Table 4.32.

Antibodies

The antibodies directed against globoside antigens
may be IgG or IgM. They may bind complement, and
some are hemolytic in vitro.

Clinical Significance

Anti-P has been implicated in rare cases of severe
transfusion reactions, but has been known to cause only
mild HDN. The biphasic autohemolysin in paroxysmal
cold hemoglobinuria (PCH) has anti-P specificity. Anti-
P, P1, Pk (formerly anti-Tja) is a potent IgM antibody
that has caused hemolytic transfusion reactions and
occasional cases of HDN.

LOW-PREVALENCE ANTIGENS

Antigens

Low-prevalence antigens occur in <1% of most pop-
ulations, have no known alleles, and cannot be placed in
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TABLE 4.32 Globoside Collection Phenotypes and 
Prevalence

Phenotypes Antigens Prevalence Antibodies

P1 P,P1,Pk 79% None
P2 P,Pk 21% Anti-P1
P1

k P1Pk Rare Anti-P
P2

k Pk Rare Anti-P
P None Rare Anti-P,P1,Pk

TABLE 4.33 High-Prevalence Antigens and Their Characteristics

Antibody

Complement—
Antigen IgM/IgG Binding HTR HDN

Vel IgM or IgG Yes None-severe +DAT, no HDN
Lan IgG Some None-severe None-mild
Ata IgG No None-moderate +DAT, no HDN
Jra IgG Some ØRBC survival +DAT, no HDN
EMM IgG Some Unknown Unknown
AnWj IgG Rare Severe-1 case None
Sda IgG No Rare None
Duclos IgG Unknown Unknown Unknown
PEL IgG Unknown ØRBC survival None
ABTI IgG
MAM IgG
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a particular blood group system or collection. They
include By, Bia, Bxa, Chra, HJK, HOFM, JFV, JONES,
Jea, Kg, Lia, LOCR, Milne, Ola, Pta, Rd, RASM, REIT,
Rea, SARA, and Toa.

Antibodies

These antibodies may be IgM or IgG. Antibodies to
low-prevalence antigens may cause HDN. The relative
prevalence of antigens and antibodies in the population
make incompatibilities rare.

HIGH-PREVALENCE ANTIGENS

Antigens

High-prevalence antigens occur in >90% of the 
U.S. population, but have no known alleles and 
cannot be placed in a specific blood group system or 
collection.

Antibodies

Since the individual who makes high-prevalence
antibody lacks the respective antigen, antibodies
directed against high-prevalence antigens are rarely
encountered.When these antibodies do occur, it may be
exceedingly difficult to find compatible blood for the
patient (as most of the population is positive for the
antigen; Table 4.33).
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INTRODUCTION

The goal of pretransfusion compatibility testing is to
provide an individual with blood that is ABO, Rh-
compatible and antigen-negative for any clinically sig-
nificant antibodies the recipient possesses to decrease
the possibility of a hemolytic transfusion reaction.

These results are first accomplished with proper
specimen collection. Positive identification of the
patient at the time of specimen collection and transfu-
sion is critical as most errors are caused by mislabeled
specimens or transfusion of the wrong unit of blood to
a patient—that is, clerical mistakes. According to the
American Association of Blood Banks (AABB) Stan-
dards for Blood Banks and Transfusion Services, patient
samples must be labeled with two unique identifiers, the
date and a way to identify the individual who drew the
sample before leaving the bedside. Many pediatric insti-
tutions also use a special blood bank number to aid in
correctly identifying the patient.

Once the sample is received in the transfusion service
a review of previous records is performed to check for
special requirements and past transfusion history. The
specimen is typed for ABO antigens and antibodies and
Rh(D) antigen, screened for unexpected antibodies, and 
and an identification of any alloantibodies detected.
Neonates also require a direct antiglobulin test (DAT)
to check for passive acquisition of IgG antibodies
(Figure 5.1).

ABO(H)

Antigens and Antibodies

ABO antigens are constructed of a series of carbo-
hydrates attached to glycoproteins or glycolipids. These
antigens are also in soluble forms in other body fluids,
such as saliva, plasma, and tears, and are expressed by
tissues. Glycosyltransferases attach sugars to the end of
these carbohydrate chains to determine the ABO type.
The H transferase attaches fucose (Fuc) to a terminal
galactose residue creating the H antigen, or the Group
O blood type. The A and B transferases then add N-
acetylgalactosamine (GalNAc) and D-galactosamine
(Gal) respectively to create A and B antigens. Group
AB individuals contain all glycosyltransferases. ABO
antigens are not fully developed in neonates (younger
than 4 months old) and may be suppressed in patients
who have hematopoietic disorders. Newborn infants
have decreased levels of a branching enzyme that allows
multiple copies of an antigen to be present on one chain.
This sometimes results in weaker reactions with anti-
sera, especially Group A.This decreased level of antigen
could result in mixed field agglutination (two cell pop-
ulations) being observed even though all of the red cells
are Group A.

A “naturally occurring” immune response is pro-
duced to the A and B antigens. Anti-A and anti-B are
stimulated not by transfusion of incompatible blood but
by exposure to environmental flora (“gut-associated”
bacteria, plants, and other exogenous material) and are
usually IgM, containing some IgG antibodies. The
exception to this is Group O anti-A,B, which is pre-
dominately IgG. IgG antibodies, unlike IgM types, are
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able to cross the placenta and cause hemolytic disease
of the newborn (HDN). In most cases, infants with
HDN due to ABO incompatibility have Group O
mothers. Newborn infants cannot produce IgG or IgM
antibodies efficiently until they are 3 to 6 months 
old because of their decreased immune system. Many
times it takes up to a year before ABO antibodies are
detected. Adult levels are produced between 2 to 4
years, and maximum levels found at ages 5 to 10.
Individuals do not make antibodies that react with the
ABO antigens that they possess (Table 5.1).

Transfusion of ABO incompatible red blood cells
(RBCs) or plasma leads to complement activation and
immediate intravascular hemolysis. Transfusing as little
as 1 to 20 mL of ABO-incompatible RBCs may produce

serious side effects. This hemolytic transfusion reaction
is swift and severe, producing hemoglobinuria and
hemoglobinemia and possibly resulting in renal failure,
disseminated intravascular coagulation (DIC), shock, or
death.

Transfusion

The selection of RBCs and plasma is based on the
ABO type of the recipient. Every effort should be made
to transfuse type-identical products. If this is not readily
feasible, type-compatible products may be used. For
example, Group A individuals should receive A RBCs
and plasma. If these products cannot be supplied, type-
compatible products can be safely transfused. For
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Patient Sample Received 
in Transfusion Service 

ABO/Rh 
(Forward & Reverse) a,d

Antibody Screen

DAT performed 

Negative

Select ABO/Rh
Compatible RBCs 

Perform Antibody
Identificationb 

Crossmatch
Donor RBCs with
Patient’s Serumc,d 

Select ABO/Rh, 
Antigen Negative
Compatible RBCs

Positive

Negative Positive

No Further 
Testing 

Eluate 
Performed 

Negative Positive

Release Blood for 
Transfusion 

Requires Further 
Testing 

c 

e 

FIGURE 5.1 Pretransfusion testing flowchart.
a Neonates do not require testing for anti-A or anti-B unless non-Group O blood is required.
b In neonates, the patient’s or maternal serum may be used to identify an antibody.
c In neonates, if the initial antibody screen is negative and the patient has not left the hospital, Group O packed red blood cells (PRBCs) are able

to be transfused without repeat testing of the antibody screen for the first 4 months.
d If a non-Group O neonate needs type-specific RBCs, a new sample must be drawn and the serum tested for passive anti-A or anti-B.
e DATs with anti-IgG are performed on neonates to detect RBC sensitization via placental transfer.
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example, a group A individual can be given RBCs that
are Group A or O. “Universal donor” Group O RBCs
and AB plasma are usually reserved for patients who
can only receive Group O red cells or AB plasma, who
are neonates, or individuals who need emergency
uncrossmatched products. Massive transfusion of type-
compatible red cells could cause mixed field results or
a complete exchange of the patient’s red cells, that is,
the individual who is really type A, typing as type O. If
this occurs, a patient’s ABO type cannot be determined
and Group O packed red cells should be transfused
until the patient’s type can be resulted. Passive transfer
of incompatible RBC antibodies also occurs in massive
transfusion, especially in neonates. This passive transfer
of anti-A or anti-B may make the patient incompatible
with type-identical blood. When type-identical blood is
incompatible, no whole blood may be safely transfused.
Only type-compatible RBCs may be transfused.

Platelets possess ABO antigens, and some studies
have shown that there may be decreased survival with
transfusions of platelets that are incompatible with the
recipient’s serum antibodies. This phenomenon is gen-
erally not considered clinically significant, especially 
in neonates who do not possess ABO antibodies. The
incompatible plasma component of platelets may react
with the recipient’s RBCs. If incompatible plasma is to
be transfused, the platelets may be volume reduced to
remove as much plasma as possible if multiple transfu-
sions are anticipated. If incompatible platelet transfu-
sions are transfused without volume reduction, a
positive DAT could result from anti-A or anti-B binding
to the recipient’s RBCs leading to hemolysis. In
neonates, this phenomenon could be similar to an ABO
HDN.

Testing

In determining a patient’s ABO type, two tests are
performed. One detects antigens on the red cell surface
(forward type) and the other screens for expected anti-
bodies in the serum (reverse type). The forward type is
performed by adding patient RBCs with anti-A and anti-
B and looking for agglutination.To confirm these results,
a reverse typing is performed.Patient serum is combined
with known A and B cells and inspected for agglutination
(see Table 5.1). If there is a discrepancy between the
forward and reverse typings, the patient’s ABO type
cannot accurately be determined and group O RBCs and
AB plasma must be given until the discrepancy is
resolved. Some individuals, such as patients receiving
chemotherapy, patients with hypogammoglobulemia
diseases, and prior bone marrow transplants may not
have the expected reverse typing because of a decrease
in their immune system or a change of blood type.
Neonates also have diminished antibody production and
do not produce serum antibodies, and for this reason, do
not have to be screened for IgM anti-A or anti-B, that is,
only a forward typing is performed. If, however, type-
specific, non-Group O blood needs to be transfused, the
neonate’s serum must be screened for the presence of
passively transferred anti-A or anti-B demonstrable with
an indirect antiglobulin test.

Rh(D)

Antigens and Antibodies

Of the over 600 red cell antigens besides ABO, the
only one for which typing is routinely performed is the
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TABLE 5.1 Forward and Reverse Typing for ABO and Blood Component 
Compatibility

Forward Type Reverse Typea

Patient RBCs Patient Serum Component Compatibility
+ +

ABO
(in order of priority)

Anti-A Anti-B Controlb A1 Cells B Cells Results RBCs FFP/PLTS

0 0 N/A + + O O O, A, B, AB
+ 0 N/A 0 + A A, O A, AB
0 + N/A + 0 B B, O B, AB
+ + 0 0 0 AB AB, A, B, O AB

N/A = Test not applicable.
0 = Negative (no agglutination).
+ = Positive (agglutination present).
a Reverse typing is not performed on infants <6 months. Antibody production may not be

detectable until after 1 year.
b An ABO control (saline or albumin) must be performed on Group AB individuals to detect

polyagglutination.
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Rh(D) antigen. The Rh system is the largest and most
complex blood group system comprising over 50 anti-
gens. For the purpose of this section, the term Rh will
refer only to the D antigen.It would be nearly impossible
and not cost efficient to type for every antigen and
provide completely phenotyped blood. Since most
people who are transfused do not make antibodies to
foreign RBC antigens this extensive matching is not
required. But, it can be expected that 80% of immuno-
competent Rh-negative individuals transfused with Rh-
positive blood will develop an anti-D that will remain for
the rest of the individual’s life. Since anti-D in an IgG
form is very efficient at crossing the placenta, causing
HDN in an Rh-positive fetus, every effort should be
made to reserve Rh-negative blood for Rh-negative
female children who may become pregnant in the future.

Transfusion

For transfusion purposes, an Rh-positive patient may
receive either Rh-positive or Rh-negative blood. Rh-
negative patients must receive only Rh-negative blood.
Since only 15% of the population is Rh-negative and
Group O Rh-negative individuals are “universal”
donors, every effort should be made to conserve Rh-
negative blood for only those Rh-negative patients who
require transfusions. In the case where there is transfu-
sion of Rh-positive red cells to an Rh-negative individ-
ual, a prophylactic Rh immunglobulin (RhIg) should 
be given to bind the Rh-positive red cells before the
immune system can mount an antibody response to the
foreign antigen.

Treatment with RhIg should be started within 72
hours after exposure. If the Rh-positive transfused cells
comprise �20% of the total blood volume of the patient,
an exchange transfusion with Rh-negative RBCs may
be performed. RhIg can either be transfused intravas-
cularly (IV) or intramuscularly (IM). If Rh-positive
whole blood was transfused, one recommended dose is
9 ug (45 IU)/mL blood (IV) and 12 ug (60 IU)/mL
blood (IM). Transfusion of Rh-positive RBCs requires
18 ug (90 IU)/mL blood (IV) and 24 ug (120 IU)/mL
blood (IM). Consult the manufacturer’s package insert
for correct dosing.

Platelets do not possess the D antigen, but are still
labeled as to the Rh status of the donor. Pooled, whole
blood-derived platelet units could contain up to 5 mL
of red cells, which could lead to immunization. One pos-
sible way to minimize exposure to the D antigen is to
transfuse apheresis products, which contain little or no
red cells. If Rh-positive platelets are transfused to an
Rh-negative recipient, RhIg should be administered to
avoid immunization. A 300 ug dose of RhIg will sup-
press about 17 mLs of RBCs.

Plasma does not contain intact red cells and therefore
the Rh factor is considered not to be of consequence.

Testing

D antisera come in a variety of types (IgM, IgG, mon-
oclonal, polyclonal, or blends of these) and it is the dis-
cretion of an institution as to which anti-D they use.The
principle of the test to detect the D antigen is the same
regardless of what antisera are used.

Patient’s red cells are mixed with anti-D and
observed for agglutination.This test may also be carried
through to an indirect antiglobulin phase to detect the
presence of a weak D antigen (the so-called Du test or
weak D test) (Table 5.2). If a patient types as weak D-
positive, he or she either has a decreased expression of
the D antigen or a partial D antigen. There is some con-
troversy over the transfusion of these patients since a
person who has a partial D antigen could make an 
antibody directed against that part of the D antigen they
are missing. The frequency of the weak D antigen is less
than 1% and so this test is not routinely performed on
recipients. If someone is mistyped as Rh-negative when
they are truly weak D-positive, it is of no consequence
since the transfusion of Rh-negative blood will not pre-
cipitate any problems. The weak D test is performed on
all Rh-negative donors to confirm the Rh status as neg-
ative and not weakly positive. This testing ensures that
a weak D-positive unit of blood is not mislabeled as Rh
negative. If weak D-positive RBCs are transfused to a
Rh-negative individual, anti-D could be made.

OTHER RED CELL ANTIGENS

As mentioned previously, red cell antigens other than
A, B, and Rh are not typed for on a routine basis.
However, if an antibody is encountered, there are two
reasons why antigen typing is performed. First, the
patient’s red cells are typed for the antigen correspon-
ding to the antibody he or she produced. This is used as
a “confirmatory” test because individuals generally do
not make antibodies to antigens that they possess,
unless it is an autoantibody. Secondly, donor RBCs are
typed because RBCs negative for the antigen to which
the clinically significant antibody (CSA) is directed
against need to be found and crossmatched through an
antiglobulin test.

In neonates, some red cell antigens are not fully
developed, for example, the Lewis system, I, P1, the
Lutheran system, and Xga. Typing for these antigens is
not beneficial until after the age of 1 year.

Some institutions provide partially phenotyped
blood for patients with sickle cell disease because of 
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the extensive transfusion requirements these patients
have and their increased antibody response to foreign
antigens. A complete phenotyping is performed and 
red cells matched to the individual’s Rh (D, C, c, E, e),
Kell (K), and possibly Duffy (Fya, Fyb) and/or Kidd 
(Jka, Jkb) antigens are transfused to deter antibody 
production.

DIRECT ANTIGLOBULIN TEST

Patients who possess antibodies, IgG, or complement
components (C3d, C3b,d), passive or immune stimu-
lated, to red cell antigens that they possess on their own
or transfused red cells can experience a positive DAT.
The antibody will bind to the red cell antigen and pos-
sibly cause intra- or extravascular red cell destruction in
vivo. In vitro, an eluate is prepared from DAT positive
samples and the causative antibody identified. Eluates
are prepared via various chemical or physical processes
to remove antibody from the RBC surface and to make
it available for testing and identification.

DATs are routinely performed on neonates using
anti-IgG only, since any antibody found in the neonate
is passively transferred from the mother. Passive trans-
fer of IgG antibodies that result in HDN may only have
a positive DAT, that is, the antibody is not strong enough
to be detected in the serum. Antigen-negative or
antiglobulin crossmatch-compatible blood must be
transfused if an antibody is eluted from the surface of
the red cell.

DATs performed using polyspecific AHG (IgG and
C3d) reagents are routinely used when investigating
autoimmune hemolytic anemia, cold hemagglutinin
disease (CHD), paroxsymal cold hemoglobinuria
(PCH), and drug-induced hemolytic anemia. Some anti-
bodies, especially those that are newly forming, “cold-
reacting antibodies,” which are mostly IgM, or
complement-dependent antibodies like some of those
to the Kidd blood group may only be detected via detec-
tion of complement components on the RBC surface.

Testing

In testing, polyspecific AHG is combined with
patient red cells and observed for agglutination imme-
diately to detect mostly IgG antibodies. The test is then
incubated at room temperature to allow for full com-
plement binding. If a positive result is detected, follow-
up testing requires differentiation between IgG and/or
complement components expressed on the RBC
surface. Patient red cells are combined individually with
anti-IgG, anti-C3d, and anti-C3b,d to detect which pro-
teins are bound to the red cell surface.

ANTIBODY DETECTION TEST
(SCREEN)

The “immune”-mediated alloantibodies are pro-
duced in response to foreign red cells via transfusion or
pregnancy, unlike the ABO system’s anti-A and anti-B,
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TABLE 5.2 Rh Typing of Patient’s Red Cells for the D Antigen and Compatibility

Indirect Antiglobulin 
Immediate Spin Test
Patient RBCs Patient RBCs

+ +

Anti-D Controla Anti-D Controla Rh Results Rh Compability

0 NA/0 NA NA Negativeb Rh-negative
+ NA/0 NA NA Positive Rh-positive,

Rh-negative
0/ +W 0 + 0 Positive Rh-positivec,

(Weak D positive) Rh-negative

N/A = Test not required.
0 = Negative (no agglutination).
+ = Positive (agglutination present).
+W = Positive (weak agglutination present).
a Controls for anti-D (patient RBCs mixed with albumin or saline) need only be performed 

if testing for the weak D antigen or if the antisera used contain a high concentration of protein
(20% to 24%).

b A weak D test does not have to be performed on Rh-negative recipients.
c If the weak D positive result is due to a partial D antigen, only Rh-negative blood may be

chosen to be transfused.
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which are “naturally” occurring. The antibody detection
test or screen is used to detect alloantibodies and help
identify a specificity. Once antibody specificity is known,
antigen-negative cells can be crossmatched using an
antiglobulin technique and transfused.

Neonates, even though they rarely produce RBC
antibodies, must be initially screened for the presence
of passively acquired alloantibodies. Maternal serum
may be used for the work up of a positive screening test
since any RBC antibody that the neonate possesses is
presumed to have come from the mother. Antigen
testing for any antibody found must be performed using
the neonate’s red cells to determine if a potential HDN
condition exists.

Patient and, in the case of neonates, maternal trans-
fusion history, including where and when last transfu-
sion occurred, maternal antibody production, or the
administration of RhIg, are all important information
that the transfusion service uses to determine the clini-
cal significance of an antibody detected.

CSAs are reactive at body temperature and have the
ability to cause hemolysis. These antibodies are usually
detected at 37°C incubation or the indirect antiglobulin
test (IAT). Antibodies that react only at room temper-
ature or are “prewarmable” are generally not clinically
significant. The “prewarm” test warms RBCs and serum
to 37°C before testing so cold-reacting IgM and subse-
quent complement components do not bind to the RBC
and carry over to the antigloblin phase of testing.

Once a CSA is detected, antigen-negative blood must
be transfused for the rest of the patient’s life even if the
screen becomes negative in the future. If antibody levels
fall below the level of detection and antigen-positive
blood is transfused, a delayed hemolytic transfusion
reaction may occur due to renewed production of the
antibody. This secondary response usually occurs within

48 hours and is primarily IgG. In emergency situations
the need for blood is weighed against the possibility of
a transfusion reaction. If a transfusion is needed to
sustain life, it must be given. The patient may suffer red
cell removal over a few days time, but this removal is
usually through the reticuloendothelial system and is
often extravascular. With time, compatible RBCs may
be located.

Testing

In the laboratory, patient’s serum is mixed separately
with at least two screening RBCs of known antigen
phenotypes. These cells are typed only for the more
common antigens as an antibody could be missed if it is
directed against an antigen of low frequency. The set of
screening RBCs used by an institution is up to the dis-
cretion of the institution, but all common antigens 
must be present in a single (heterozygous) or double
(homozygous) expression on at least one cell. Screening
cells should also exhibit a homozygous expression for
certain antigens that exhibit dosage. Antibodies that
exhibit dosage react only with or have stronger reac-
tions with RBCs that possess a double expression of
antigen. Ideally, but often not possible, screening RBCs
should have homozygous expression of C, c, E, e, Jka,
Jkb, Fya, and Fyb to ensure adequate binding of anti-
bodies to these red cells antigens (Table 5.3).

There are different test methods available, but the
one thing that they all have in common is an incubation
at 37°C, an indirect antiglobulin phase and Coomb’s
“check cells” (RBCs sensitized with anti-IgG), or
another appropriate control to detect false-negative
results. Each different technology has its pros and cons,
and no one test system will be able to identify every
CSA.
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TABLE 5.3 Red Cell Antigen Screening Cells Anagram

Screening Cell Phenotype Patient Results

D C c E e M N S s P1 Lea Leb Lua Lub K k Kpa Jsa Fya Fyb Jka Jkb I.S. 37°C IAT

SC I + + 0 0 + + + 0 + + 0 + 0 + + + 0 0 0 + + 0 0 0 +
SC II + 0 + + 0 + 0 + + + + 0 0 + 0 + 0 0 + 0 0 + 0 0 0

SC I = Screening cell 1 of 2.
SC II = Screening cell 2 of 2.
Screening Cell 0 = RBC is negative for the antigen.
Screening Cell + = RBC is positive for the antigen.
I.S. = Immediate spin results.
37°C = 30–60 min. incubation at 37°C results.
IAT = Indirect antiglobulin test results.
Patient Results 0 = Negative (no agglutination).
Patient Results + = Positive (agglutination present).
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Test Tubes

Antibody screening with test tubes can be performed
with enhancement media such as low ionic strength
saline (LISS) or polyethylene glycol (PeG), or without
(saline). There are three phases with tube testing:
immediate spin (IS), 37°C incubation, and the IAT.
The red cells are incubated at 37°C, washed to 
remove unbound antibody, and antihuman globulin
(AHG) is added and centrifuged. The tubes are then
observed for agglutination or hemolysis. Check cells 
are added to all antiglobulin-negative tests to ensure
that the AHG was functional. IS testing is sometimes
disregarded if no enhancements are used, since some
cold-reacting antibodies will be able to bind comple-
ment to the red cells when centrifuged at room tem-
perature and will carry over to the antiglobulin phase
of testing. These antibodies are generally not clinically
significant and usually have M, N, P1, I or Lewis antigen
specificity.

Column Affinity Technology/Gel

If column affinity testing or “gel” technology is used,
there is no IS test. The screening cells and patient
plasma are mixed and incubated at 37°C with anti-IgG.
If there is a clinically significant antibody present, it will
bind to the red cells and with anti-IgG to create agglu-
tinates. The RBCs are loaded onto the gel and cen-
trifuged so that the agglutinates that form in the test will
have to travel down the gel column. The size of the
agglutinates (strength of antibody) determines the posi-
tion of the red cells at the end of the centrifugation and
will determine a positive or negative reaction. A nega-
tive test results when all of the RBCs pass to the bottom
of the column with centrifugation. If the agglutinates 
get trapped within the gel column a positive result is
recorded.

Solid Phase Technology

Solid phase technology uses solid-phase red cell
adherence (SPRCA) in its test system. Microwells are
coated with red cells, and then patient serum and LISS
are added and incubated at 37°C. If an antibody is
present it will bind to the RBCs fixed over the surface
of the wells. Indicator cells (RBCs coated with AHG)
are added and centrifuged. A positive test will have a
uniform layer of red cells coating the entire bottom
surface of the well due to indicator cells binding to the
patient’s antibody attached to antigens expressed by the
fixed layer of red cells.A negative test results when anti-
body on the indicator cells does not adhere to the
antigen-antibody complex bound to the test well and,

consequently, is centrifuged to form a button at the
center of the well.

CROSSMATCH (XM)

A crossmatch is performed before a blood transfu-
sion to ensure compatibility, mainly ABO, with the
patient. As mentioned earlier, ABO antibodies cause
intravascular hemolysis and may be fatal. There are five
ways of crossmatching RBCs. The method chosen is
based on the need of a transfusion versus time, the age
of the patient, previous history, and the current antibody
screen.

Uncrossmatched

“Uncrossmatched” emergency units are the first
means of providing RBCs. Because these RBCs are
transfused usually without any pretransfusion testing,
they should be given only if time does not permit an
antibody screen to be performed. In pediatrics, because
most children are not multiply transfused and have not
been pregnant, their chances of making a clinically sig-
nificant antibody are small. Even so, the possibility
exists and the risk of a delayed hemolytic transfusion
reaction versus the need for red cells should always be
considered. Emergency units are usually O-negative
and should not cause an immediate transfusion reac-
tion. When a sample is eventually received by the trans-
fusion service, ABO/Rh typing and an antibody screen
will be performed, and any emergency units already
given will be crossmatched posttransfusion. If more
blood is required before compatibility testing is com-
pleted, type-identical crossmatch-incomplete (antiglob-
ulin phase of testing not resulted) red cells may be
given.

Immediate Spin/Abbreviated

The next crossmatch is the “immediate spin” or
“abbreviated” crossmatch. If a patient has a 
negative antibody screen and a negative history of
alloantibodies, the only requirement for transfusing
RBCs is to check for ABO compatibility. Patient 
serum is mixed with donor red cells at room tem-
perature, immediately centrifuged, and observed for
agglutination or hemolysis. If this reaction is positive,
further investigation must be performed to distinguish
between an ABO incompatibility or a cold-reacting
antibody. An antibody that reacts at the antiglobulin
phase to a low incidence antigen, not on the pheno-
typically known RBCs used to do the initial anti-
body screen, may be missed. If by chance, the patient is
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transfused with an antigen-positive unit, a transfusion
reaction may occur.

Complete/Antiglobulin

If a patient possesses, or has ever demonstrated a
clinically significant antibody, then a “complete” or
“antiglobulin” crossmatch must be performed. Red cells
negative for the antigen for which the antibody is
directed against is combined with the patient’s serum,
incubated at 37°C and an antiglobulin test is performed
to ensure no antigen-antibody reactivity occurs. If there
is no reactivity at 37°C or in the antiglobulin phase of
testing, the unit may be transfused. If the crossmatch is
positive at 37°C or IAT, it is not suitable for transfusion.
Further testing needs to be performed to identify the
reason for the incompatibility.

Not Required

The fourth crossmatch is the “not required” cross-
match and is used when transfusing neonates. Accord-
ing to the AABB Standards, infants less than 4 months
old do not have to be crossmatched for any current
admission as long as Group O red cells that are nega-
tive for antigens corresponding to any passive antibody
present in the infant’s serum are transfused. If a non-
Group O infant is to be given type-identical RBCs, a
blood sample must be tested to see if the neonate pos-
sesses passively acquired anti-A or anti-B. Patient
serum and A or B cells are tested through an antiglob-
ulin phase to ensure red cell survival. If anti-A or 
anti-B is detected, the neonate may only receive 
RBCs lacking that A or B antigen until the antibody 
test is negative. The neonate’s serum should also be
tested for passive anti-A or anti-B and/or an eluate pre-
pared from the RBCs if transfused with plasma-
incompatible platelets and there are signs or symptoms
of hemolysis.

Electronic

The last form of crossmatch is the “electronic”
crossmatch. If the transfusion service uses a validated
computer system, one could rely on it to select units
based only on ABO/Rh and crossmatch blood without
testing patient serum and donor cells. There are certain
criteria and systems that must be implemented before
this process may be utilized. These requirements
include: two patient ABO typings on file; the patient
must have pretransfusion testing performed; the donor
unit has on file ABO typing, unit number, and compo-
nent type; there is verification of data entry; and there
is a computer system that alerts the user to discrepan-

cies in ABO/Rh. For further details, see the AABB 
Standards.

TURNAROUND TIMES

Turnaround time is the time it takes to perform a
certain procedure. Each institution should do studies
and evaluations of its own turnaround time to let the
physicians know about how long a procedure takes. An
estimate of times is given below. If additional process-
ing needs to be performed, such as irradiation, washing
blood, aliquoting blood, or a positive antibody screen,
workup turnaround times may be extended (Table 5.4).

Type and Screen

A type and screen should be ordered if the likelihood
of a transfusion is unlikely. Units of blood may be added
on with this sample if there is a need to transfuse. An
ABO/Rh is performed along with an antibody screen.
An ABO/Rh requires 10 to 15 minutes. If the screen is
positive, any unexpected antibody will be identified. If
saline techniques are used the incubation time is 30 to
60 minutes. When enhancements are added in the test
system, the incubation time decreases to 10 to 30
minutes. Enhancement media allow the red cells to
come into closer contact with each other or increase
antibody uptake.A positive antibody screen will require
testing patient serum against a panel of red cells to iden-
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TABLE 5.4 Turnaround Timesa

Test Time (Minutes)

ABO/Rh 10–15

Antibody Screen
Negative 25–45 (with enhancementsb)

45–75 (without enhancements)
Positive 50–90 (with enhancements)

90–150 (without enhancements)

Crossmatch
Uncrossmatched 1–2
Not required 2–5
Electronic 2–5
Immediate spin 5–10
Complete 25–45 (with enhancements)

45–75 (without enhancements)

a Turnaround times are estimates of the time of receiving the
sample in the blood bank to notification of the nurse that blood is
available. Special circumstances such as the workup of a positive anti-
body screen, washing units, irradiating units, or aliquoting blood may
require more time.

b Enhancements are added to the test system to shorten the reac-
tion time via various methods.
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tify a specifity. An identification panel may take up to
45 minutes or longer if multiple antibodies or antibod-
ies to high frequency antigens are present. A negative
type and screen normally requires 45 to 75 minutes. If
antibody identification is required, the time may be up
to two hours or more.

Crossmatch

A crossmatch needs to be ordered when there is a
good probability the patient will need to be transfused.
If two units are to be transfused, two units should be
ordered. Extra units of blood can be crossmatched from
the sample if more is needed. Many hospitals also have
defined C/T (crossmatch/transfusion) ratios for surgical
orders. These can be used as a good guide to correctly
order units of blood to be available for a procedure. A
crossmatch consists of a type and screen with allocating
units of blood to a specific patient. A “not-required
crossmatch” does not involve testing of patient serum
and donor cells. This crossmatch takes 2 to 5 minutes
and only involves allocating the unit to the patient.

An IS crossmatch is performed if the antibody screen
is negative and there is no history of CSA. A check for
ABO compatibility is the only requirement. The IS
crossmatch takes 5 to 10 minutes. If there is a CSA, a
complete crossmatch must be performed with antigen-
negative blood. The first step is to antigen screen units
of blood, which can take up to 30 minutes. Once
antigen-negative blood is obtained, an antiglobulin
crossmatch needs to be performed. If enhancements are
used, the incubation time is 10 to 30 minutes; saline
requires a 30- to 60-minute incubation. Crossmatching
units with a negative antibody screen requires a total
time of 55 to 85 minutes. If the screen is positive, it 
may take up to four hours or longer before blood is
available.

Special Circumstances

Multiple antibodies or antibodies to high frequency
antigens may require testing with rare phenotyped cells
found in immunohematology reference laboratories.
Patient samples must be sent out of the hospital to spe-
cialized laboratories where identification of the anti-
body(ies) will occur. In this instance, depending on 
the feasibility of finding antigen-negative blood,
crossmatch-compatible blood may not be available for
two to three days. If a transfusion is required before
compatible blood is located, one might try to give the

least incompatible crossmatched blood, starting out
with 5 to 20 mL. If the patient can tolerate the transfu-
sion, more blood may be administered. The patient may
have a transfusion reaction, and in this case it must be
evaluated if more blood should be given, depending on
the prognosis of the patient.

Autoantibodies react with antigens that are common
to all red cells. All cells are positive at the antiglobulin
phase of testing. Underlying alloantibodies need to be
screened for, and this is achieved with adsorptions. A
series of adsorptions are routinely performed in refer-
ence laboratories to detect underlying alloantibodies
and crossmatch blood with serum that has had the
autoantibody reactivity removed.This process may take
up to 12 to 24 hours.The autoantibody is allowed to bind
to a series of RBCs of a known phenotype in order to
remove all of the autoantibody from the serum. Once
that procedure is performed, only alloantibodies should
be left in the serum. If there are no alloantibodies
present or the patient requires a transfusion before all
testing is completed, one could transfuse the least
incompatible crossmatched blood to the patient and
watch for in vivo signs of hemolysis or a transfusion
reaction if blood is needed, a “biological crossmatch.”
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INTRODUCTION

Investigation of unexpected antibody problems and
blood group incompatibilities occurs less frequently in
children than in adults. Infants less than 4 months of age
usually do not make antibodies, and if antibodies are
detected they are generally passively acquired from 
the mother. The incidence of alloimmunization in the
general pediatric population is 1.2% (Pugh et al. 2001) 
as compared to the adult population whose alloimmu-
nization rate is reported as 1.5% to 35% depending on
the patient population and number of transfusions (Issitt
and Anstee 1998). Sample size available for testing is
often limited, and the types of antibodies seen are more
often clinically insignificant. These differences provide
unique challenges when evaluating these patients.

COMMON ANTIBODY
IDENTIFICATION METHODS

Antibody Detection Test (Screen)

Several methods (Table 6.1) are utilized to detect
unexpected antibodies in patient’s serum/plasma. As
reviewed in the previous chapter, test tube methods
include most commonly low ionic strength solution
(LISS) and polyethylene glycol (PEG). These methods
require two drops or approximately 100 uL of serum/
plasma. Newer methods include gel testing or solid
phase, which utilize as little as 10 uL of sample. This is
advantageous in working with the pediatric population
given its smaller blood volume and difficulty in obtain-
ing samples.

Antibody Identification Panels/Selected 
Cell Panels and Evaluation

Several approaches may be taken in identification
once an antibody is detected. A variety of special tech-
niques may be performed to resolve serologic problems
(Box 6.1). To start, the best approach is to use the same
method that detected the antibody. If a positive reaction
was seen when using a gel test, the initial antibody iden-
tification panel should be run in gel.

Each laboratory determines how testing will be per-
formed and at what phase the patient serum will be
tested (for example, immediate spin [IS], after a 37°C
incubation, or in the indirect antiglobulin test [IAT]).
The phase of testing at which the antibody reacted
should also be evaluated to decide how to proceed. If
using a test tube method with LISS or PEG and 
positive reactions are detected at IS, a saline, no 
additive screen can be run to rule out the presence of
alloantibodies.

If the routine antibody detection method is gel or
solid phase, an antibody identification panel may be run
to determine if specificity can be determined. If not, an
alternative test tube method may be chosen. Both gel
and solid phase utilize LISS so a comparative tube
method could be LISS or commercial polyethylene
glycol that is normally prepared in a LISS diluent.

Regardless of the method used, patient serum/
plasma is tested against a panel of red cells of known
phenotype. Results of testing are evaluated by per-
forming a “cross-out” or “rule-out” technique. Negative
reactions are used to eliminate the presence of alloan-
tibodies. As shown in Table 6.2, the first negative reac-
tion is against panel cell 1. The following antibodies 
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can be ruled-out: -D, -C, -e, -s, -Lub, -Leb, -k, -Fyb, and 
-Jkb. If these antibodies were present, the serum would 
have been positive with the panel cell expressing 
these antigens. This process is repeated for all negative
cells on the panel. The rule-out results are than 
evaluated to determine if any specificity is clear-cut and
if all other significant alloantibodies are eliminated.
Dosage must be kept in mind when evaluating results.
Some antibodies will show stronger positive reactions
with red cells that have a double dose of the antigen
versus red cells that have a single dose. This means a
donor with a double dose has inherited two genes
coding for the antigen versus one gene. Ideally it is
preferable to rule-out the presence of an antibody 
that has a double dose of antigen ensuring that weak
antibodies are detected. Additional selected cells are
often required to complete this evaluation. In this
example, anti-K is identified and the presence of all
other alloantibodies is eliminated. Criteria for the
number of antigen-positive and antigen-negative cells

necessary to rule in and rule out antibodies vary among
institutions.

Red Blood Cell Phenotyping

Typing (phenotyping) a patient’s red cells with anti-
sera of known specificity to determine if the individual
possesses or lacks an antigen provides useful informa-
tion. If a patient’s red cells lack the antigen, they have
the ability to make an alloantibody to that antigen.
When a person’s red cells possess an antigen, they will
most likely not make an antibody to it. Unusual situa-
tions do occur, however, such as when an individual who
types antigen-positive makes the corresponding anti-
body; for example, Rh(D)-positive people with a
partial-D antigen can make anti-D.

Phenotyping is most often used to confirm antibody
specificity identified in a patient serum. A patient who
has made anti-K should be K-negative. It is also useful
when there are multiple antibodies present and/or a
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TABLE 6.2 Antibody Identification Panel

Rh MNS Lu P Lewis Kell Duffy Kidd

D C E c e f M N S s Lua Lub P1 Lea Leb K k Fya Fyb Jka Jkb IAT

1 + + 0 0 + 0 + + 0 + 0 + 0 + 0 0 + 0 + 0 + 0÷
2 0 0 0 + + + + 0 + + 0 + + 0 + + 0 + + + 0 3+
3 0 0 + + 0 0 0 + 0 + 0 + + 0 + + + + 0 0 + 3+
4 + + 0 0 + 0 + 0 + + 0 + 0 0 0 0 + + + + + 0÷
5 0 0 + + + + + + 0 + 0 + 0 0 + 0 + 0 + 0 + 0÷
6 0 + 0 0 + 0 + + 0 + 0 + + 0 + + + + + + + 3+
7 0 0 + + 0 0 0 + 0 + 0 + 0 0 0 0 + 0 + + 0 0÷
8 0 0 0 + + + + 0 + 0 + + + 0 + 0 + + 0 0 + 0÷
9 + + 0 + + + + + 0 + 0 + + + 0 0 + 0 + + 0 0÷

10 + 0 + + 0 0 0 + + + 0 + + + 0 0 + + 0 + 0 0÷
11 + 0 0 + + + 0 + 0 0 0 + + 0 + 0 + 0 0 + + 0÷
A 0÷

0 = Negative (no agglutination or clumping of RBCs), ÷ = IgG-sensitized Coombs’ control cells were positive, 3+ = Positive (several large agglu-
tinates or clumps of RBCs).

Box 6.1 Tests Performed for Antibody Identification

Antibody identification panels—Warm and cold
Selected cell panels
RBC phenotyping
Direct antiglobulin test
Elution
Neutralizations
Lectin typing
Prewarm indirect antiglobulin test
Thermal amplitude studies
Donath-Landsteiner test
Adsorptions—Autologous and allogeneic

TABLE 6.1 Methods for Detecting Antigen-Antibody 
Reactions

Test Tube Methods Micromethods

Saline—no additive Gel
LISS Solid phase
PEG
Albumin

LISS = Low ionic strength solution.
PEG = Polyethylene glycol additive solution.
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small amount of sample is available to help determine
what antibodies a patient could make. Caution must be
taken, however, when using phenotype to aid in identi-
fication. Sometimes it is easy to presume antibody speci-
ficity when the investigator knows the person lacks the
antigen. Just because an individual lacks an antigen does
not mean he or she has the antibody. Once antibody
specificity is given to a patient, it will remain in the
history forever, and antigen-negative red blood cells
(RBCs) will be required point forward. This makes it
more difficult to find compatible blood and may add
unnecessary expense.

Direct Antiglobulin Test

The direct antiglobulin test (DAT) detects IgG
and/or complement (C3) coating of the patient’s red
cells in vivo. The following are clinical situations in
which a positive DAT can occur:

• Hemolytic disease of the newborn (HDN)—Anti-
body from the mother, classically anti-D, crosses the
placenta and coats antigen-positive fetal RBCs in
utero. When born, the baby’s red cells will show a
positive DAT. The strength of DAT varies, usually
depending on the antibody specificity. Rh and other
IgG antibodies usually cause a strongly positive
DAT while ABO antibodies classically exhibit
weaker (1 to 2+) positive DATs.

• Hemolytic transfusion reaction—Antibody in the
transfusion recipient coats antigen-positive trans-
fused red cells. The DAT is generally weaker
because there are far fewer antigen-positive red
cells in the background of the patient’s own
antigen-negative red cells.

• Autoimmune hemolytic anemia (AIHA)—Autoanti-
body, either warm (IgG) or cold (IgM) reactive,
binds to an individual’s red cells and causes red cell
destruction. The DAT in most cases is strongly posi-
tive (2 to 4+).

• Drug-induced immune hemolytic anemia—There
are three proposed ways that drugs may induce a
positive DAT in a patient. (1) Penicillin, penicillin-
derivatives, or cephalosporins can bind covalently to
red cell membrane proteins and stimulate hapten-
dependent antibodies; (2) methyldopa or pro-
cainamide, through an unknown mechanism, can
induce autoantibodies specific for red cell mem-
brane components; and finally (3) quinine, quini-
dine, and some nonsteroidal antiinflammatory drugs
(NSAIDS) induce antibodies that bind to RBCs
only when the drug is present in a soluble form.

• Antibodies from passenger lymphocytes in trans-
planted organs—Lymphocytes from a transplanted

organ can produce antibody against foreign antigens
in the organ recipient. For example, a Group A
patient transplanted with a Group O marrow (minor
incompatibility) may have lymphocytes present that
recognize A antigen as foreign and begin to 
produce anti-A. This anti-A will coat the transplant
recipient’s A red cells causing a positive DAT.

• Major ABO incompatible bone marrow trans-
plant—Opposite of the example just described, if a
Group O recipient receives a Group A bone
marrow (major incompatibility), anti-A in the recip-
ient may attach to any Group A red cells made by
the new marrow.

• Passively acquired antibodies present in equine
antihuman lymphocyte globulin (ALG) or high
dose immune globulin (IVIG)—Antibodies with
blood group specificity may be present in ALG and
IVIG. Examples include anti-A, anti-B, anti-D, and
others. If a patient’s red cells are antigen-positive
corresponding to a passive antibody present, the
antibody will bind to the red cells causing the posi-
tive DAT.

Table 6.3 lists common serologic findings of immune
hemolytic anemia.

Patient history, presence of antibody in the patient’s
serum/plasma, along with the strength of a positive DAT
provide invaluable information in evaluating the cause
of a positive DAT.

Eluates

Elutions are performed to determine specificity of
antibody coating the patient’s red cells. There are two
common elution methods used. The one selected is
based on the type of suspected antibody coating the
patient’s red cells.

An eluate that is simple to perform and requires no
special reagents uses freezing, then thawing (historically
called the Lui Freeze-Thaw method). Patient RBCs are
washed free of unbound plasma antibody, diluted with
a few drops of saline or albumin and frozen. Once the
cells are completely frozen they are thawed under warm
water. The red cells lyse leaving a hemoglobin-stained
eluate. ABO antibodies are released from the red cell
membrane and are left in the eluate. The eluate is then
tested using a standard saline IAT. This method is ideal
for detecting ABO antibodies. Table 6.4 lists clinical sit-
uations in which to perform this eluate.

The second most common elution method is the
rapid acid method. Antibody will elute off the red cells
after adding a glycine acid (approximately pH 3) to the
coated red cells. The red cells are centrifuged, super-
natant with antibody is removed, and then buffered
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back to normal pH for testing. Rapid acid eluates very
efficiently remove IgG alloantibodies and autoantibod-
ies. It will remove ABO antibodies but at times is not 
as effective as the freeze-thaw method. Rapid acid
methods are ideal when working with small volumes.An
eluate can be prepared with as little as four to six drops
of red cells since equal volumes of eluting solution and
buffering solution are added to the number of drops of
red cells available. For example, if four drops of red cells
are used, four drops of acid solution are added and at
least four drops of buffering solution are added. The
resulting volume for testing is 12 drops, enough to select
cells and/or perform an antibody detection test.

Thinking about what cells to run against the eluate is
prudent, especially when the sample is limited. Review-
ing patient history and antibody identified in the serum
may help limit the number of selected cells that need to
be tested. If anti-Jka is identified in the serum there is a

good chance anti-Jka will be in the eluate. There is no
need to run an entire 11 cell panel with half the panels
cells being Jk(a+). Depending on the laboratory’s policy
for identifying an antibody, two to three Jk(a+)-selected
cells and enough Jk(a-) cells to rule out other antibod-
ies are required. As few as six selected red cells can be
run against 12 drops of eluate.

Neutralizations

Neutralizations can be useful in antibody investiga-
tions. They are used most often to confirm antibody
specificity. Anti-Sda is neutralized by urine and anti-Ch
and anti-Rg are neutralized by plasma. These antibod-
ies usually show variable, weak (weak to 2+) positive
reactions in an indirect antiglobulin test. Anti-Sda cause
characteristic tight, shiny agglutinates.Anti-Ch and anti-
Rg are not reactive when testing enzyme-treated red
cells. Mixing urine or plasma with patient serum and
incubating it will allow the substance in the urine (Sda)
or plasma (Ch/Rg) to bind with corresponding antibody,
neutralizing its activity.

Lectin Typing

Polyagglutinated red cells, particularly T activation
occurs most often in the pediatric population. Red cells
may become polyagglutinated after a bacterial or viral
infection. For example, in children this can occur in
necrotizing enterocolitis. Bacteria produce an enzyme
such as neuraminidase that works on red cells cleaving
N-acetyl-neuraminic acid residues exposing a “new”
antigen, T. Anti-T is a naturally occurring antibody in
the majority of people. If these red cells are tested
against serum from any normal individual they will
agglutinate, thus the term polyagglutination. There are
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TABLE 6.3 Serologic Findings in Immune Hemolytic Anemias

WAIHA CAS PCH DIHA HTR

Direct Antiglobulin Test 3-4+ 2-4+ W-2+ W-4+ w-2+
Anti-IgG 3-4+ 0 0-W W-4+ w-2+
Anti-C3 0-3+ 2-4+ W-2+ W-4+ 0-2+

Eluate Positive w/all RBCs Not indicated Not indicated Negative Antibody
Antibody Detection Test 0-4+ W-4+ W-2+ O-3+ 0-4+

Reactivity IAT Immediate spin, Immediate spin, room IAT IS, 37C, IAT
room temperature temperature Variable,
(Reactive at 37°C &/or 30°C) biphasic hemolysin depending on

drug and course
of therapy

Antibody Specificity Broad -I, -i -P Any
Rh

Modified from Johnson ST. 2002. Immune hemolytic anemias. In Clinical laboratory medicine. 2nd ed. Edited by McClatchey KD. Philadel-
phia, PA: Lippincott Williams and Wilkins. With permission.

TABLE 6.4 Type of Elution Method for Clinical Situation

Lui Freeze-Thaw Rapid Acid

ABO hemolytic disease of Passively acquired ABO and IgG
the newborn (HDN) antibodies

Passively acquired ABO ABO and other antibodies from 
antibodies passenger lymphocytes in bone 

marrow and solid organ transplants
ABO antibodies from Hemolytic transfusion reaction

passenger lymphocytes 
in transplanted organs

Incompatible (major) bone Autoimmune hemolytic anemia
marrow transplant

Drug-induced immune hemolytic 
anemia

HDN other than ABO
ABO HDN when sample is limited
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several forms of polyagglutination that can be charac-
terized by lectin typing (Table 6.5).

Routine screening for polyagglutination in newborns
is generally not performed. Red cells from normal,
healthy infants can show T activation and even infants
with necrotizing entercolitis can have T-activated red
cells and show no signs of hemolysis. Most experts
believe that testing for polyagglutination in neonates
should be selectively performed when the neonate has
received RBCs or plasma products and has demon-
strated evidence of hemolysis or an unexplained lack of
rise in posttransfusion hemoglobin.

If it is determined that a neonate has, for example,
clinically significant T-activated red cells and requires
transfusion, all RBCs should be washed. Platelets may
also be washed. Plasma-containing products from low-
titer anti-T donors may also be advisable. These prod-
ucts are generally not available from the local blood
supplier but can be determined rather quickly in the
transfusion service. A minor crossmatch using plasma
from the product to be transfused is mixed with
patient’s T-activated red cells. If anti-T present in the
donor is low in titer, the crossmatch will be negative or
weak and the product may be transfused.

PROCESS FOR EVALUATION OF
POSITIVE ANTIBODY DETECTION

TESTS

Before beginning any serologic testing it is important
to review patient history and initial reactivity found in
the antibody detection test (Box 6.2).

Preliminary Considerations

Patient History

Patient history will provide information useful to 
the evaluation. If this is the first time a child is in the
hospital, it is very unlikely he or she has had previ-
ous transfusions or pregnancy. Previous transfusion 
and pregnancy history will indicate if the patient has
been exposed to foreign red cells. Passive anti-A and 
anti-B can be detected in a patient after transfusion 

with ABO types different than the patient’s and even 
cryoprecipitate.

Diagnosis is important in the investigation. A patient
with sickle cell disease will likely be multiply transfused.
A diagnosis of anemia may indicate autoimmune
hemolytic anemia.

Patient age will also provide valuable information. If
the patient is younger than 4 months old, antibody
detected in his or her serum is likely passively acquired
from the mother. A 3-year-old child is more likely 
to possess a naturally occurring cold-reactive anti-
body such as anti-M or anti-P1 than a 37°C, immune-
stimulated antibody like anti-Jka.

Medication history is also important. A patient with
idiopathic thrombocytopenia purpura (ITP) may be
receiving Rh immune globulin as treatment. Any anti-
body screens performed posttreatment will possess anti-
D. Some drugs induce drug-dependent antibodies and
subsequent hemolysis. The presence of drug-dependent
antibody is rare in adults and even rarer in children but
should be considered.

Knowing which antibodies occur most frequently can
give the investigator clues as to identification. Table 6.6
lists the frequency of common antibody specificities.

Factors Specific to Children

Age of Patient

Patient age should always be evaluated when a pos-
itive antibody detection test is found. If the patient is
younger than 4 to 6 months of age, any antibody
detected is most likely passively acquired from the
mother. A check of the mother’s history may quickly
determine antibody specificity. Further testing will
confirm that specificity.

A child older than 1-year is unlikely to have pro-
duced clinically significant alloantibodies if not trans-
fused or minimally transfused.A patient transfused with
several units of blood is more likely to have made 
antibody.

Antibody Frequency

Knowing which antibody specificity occurs most fre-
quently in a given patient population can shorten an
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TABLE 6.5 Lectin Reactivity with Polyagglutinable Red Cells

Lectin T Th Tk Tn

Arachis hypogaea + + + -
Salvia sclarea - - - +
Salvia horminum - - - +
Glycine soja + - - +

Box 6.2 Factors Important in Assessing Unexpected
Serologic Findings in Children

Age of patient
Knowledge of antibody specificity
Frequency of alloimmunization
Passive antibody occurrence
Medication history
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investigation. Antibodies found most often in the pedi-
atric patient are cold-reactive and generally clinically
insignificant. Specificities include anti-P1, anti-Lea, anti-
Leb, and autoanti-I or -IH (see Table 6.6). These anti-
bodies generally show positive reactions at IS and often
react in the IAT.

Anti-E and anti-K are the most commonly detected
IgG antibodies in children just as in adults. These anti-
bodies react best at 37°C and are detected in an IAT.

Passive Antibody

Passive antibody is found more often in the pedi-
atric population than in adults. One reason for this is

patient size. A child’s blood volume is smaller than
adults, therefore, antibody found in therapies such 
as intravenous immune globulin or ABO specific
plasma products are more easily detected in a patient’s
plasma.

Infants younger than 6 months of age will have
passive ABO antibodies from their mothers as
described above. In addition, if the mother has received
Rh immune globulin antenatally anti-D may be
detected in the infant’s plasma. It is extremely rare 
for these infants to produce alloantibodies of their 
own.

Rh immune globulin is a common therapy in ITP,
causing anti-D to be detected.

A small patient transfused with multiple ABO-
compatible cryoprecipitate or platelets may show extra
ABO antibody. For example, a Group A patient may
have detectable anti-A in his or her plasma from anti-
A present in Group O platelets.

A careful check of the patient’s diagnosis, medica-
tion, and transfusion history should alert the investiga-
tor to possible passive antibody being the cause of
serologic problems. Table 6.7 summarizes possible sce-
narios. Passive antibodies are usually not clinically 
significant. They may cause a positive DAT and/or anti-
body screen and even an incompatible crossmatch if
antigen-positive blood is selected for transfusion. In
most cases RBCs chosen for transfusion lack the
antigen corresponding to the passive antibody present
in the patient allowing for a compatible (negative)
crossmatch.

After considering patient age, common antibodies
detected, and checking patient transfusion and treat-
ment history, the next step in the process, testing, can
occur.
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TABLE 6.6 Frequency of Clinically Insignificant and Signifi-
cant Antibodies Detected in Children

% of Total Antibodies 
Clinically Insignificant Antibodies Detected

-I 30
-M 16.1
Warm autoantibody 7.9
-Pl 9.2
-Lea 5.2
-Leb 3.4
Others 1.8

Clinically Significant Antibodies

-E 8.6
-K 4.5
-Jka 1.9
-Jkb 1.9
Warm autoantibody 3.7
Others 6.8

Modified from Pugh et al. 2001.

TABLE 6.7 Passive Antibody Source and Specificity Found in Children

Source of
Patient History Passive Antibody Antibody Specificity

HDN-ABO Mother Anti-A, -B, -A,B
Rh-HDN Mother Anti-D, -C, -E, -c, -e
HDN-Other Mother Kell, Kidd, Duffy, others
Pregnancy-Rh negative Mother Anti-D

Rh immune globulin
ITP Rh immune globulin Anti-D
BMT Passenger lymphocytes Anti-A, -B, -A,B
BMT Intraveneous immune Anti-A, -B, -D, others

globulin
Transfused ABO specific cryo, platelets Anti A, -B, -A,B

HDN = Hemolytic disease of the newborn, ITP = idiopathic thrombocytopenia purpura,
BMT = bone marrow transplant.
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Cold-Reactive Antibody Evaluations

Cold-Reactive Alloantibody

No History of Antibody

Cold-reactive antibody evaluations are the most
common antibody workups performed in the pediatric
setting. This is due to the fact that many patients have
not had previous foreign red cell exposure. Few patients
have had multiple transfusions and even fewer have had
a previous pregnancy. Given this, antibodies most com-
monly detected are naturally occurring and cold-
reactive (see Table 6.6).

IgM cold-reactive alloantibodies react optimally at
IS, causing direct agglutination of RBCs at colder tem-
peratures. They can agglutinate red cells after the 37°C
incubation and, occasionally, positive reactions are seen
in the IAT. IgM binding to reagent cells at IS may cause
complement activation. If polyspecific AHG is used,
positive reactions in the IAT may be due to anti-C3d
binding to bound C3d on the red cells.

Cold Panel A cold antibody identification panel is
performed by mixing patient’s serum with selected 
red cells. Again, since serum is often limited when 
evaluating children, thorough evaluation of the anti-
body detection test is critical and should guide the
choice of selected cells to be run. If a negative reaction
is seen with one of the screening cells in the antibody
detection test, the antibody may have alloantibody
specificity such as anti-M or anti-P1. If this is suspected
a standard antibody identification panel (see Table 6.2)
or cells selected that are M+, P1+ and M- or P1- to rule
out other antibodies may be run. The serum and red
cells are then incubated at cold temperatures (room
temperature, 18°C, 4°C). This method is used to identify
antibodies that are often IgM, reacting preferentially at
room temperature and colder and is the method of
choice if positive reactions are obtained when testing 
at IS.

Prewarm Occasionally a cold-reactive antibody may
be so potent that it causes a positive reaction to occur
in the IAT. Most cold-reactive antibodies are enhanced
when using a LISS or PEG test tube method, and they
can be detected using gel or solid phase as well. Often
this reactivity can be avoided by simply removing the
additive solution and performing a 30- to 60-minute
incubation followed by an antiglobulin test using poly-
specific antihuman globulin (AHG).

If reactivity still remains, a prewarm IAT can be used.
It is extremely important to know the specificity of 
the antibody before performing this technique. Several
studies have shown that weakly reactive, clinically sig-

nificant antibodies will be negative in a prewarm test
causing these antibodies to be missed. Patient serum
and reagent red cells are warmed to 37°C separately and
then mixed. Warming the mixture avoids cold-reactive
antibody binding. Although there are risks in perform-
ing a prewarm, its benefits allow confirmation of anti-
body specificity, rule out other antibodies, and provide
compatible crossmatches. If positive reactions persist
when using the prewarm test, most laboratories will
provide crossmatch-compatible, antigen-negative blood
for transfusion since it is presumed that this antibody is
able to bind at body temperature, 37°C (Figure 6.1).

History of Antibody

Patients with a history of cold-reactive antibody
should be approached differently. An initial antibody
screen can be run to determine if similar reactivity is
noted. If not, the next step is to run a method that will
allow detection of warm-reactive antibodies while
avoiding cold-reactive antibody. A saline IAT or
prewarm IAT may be required.

Cold-Reactive Autoantibody

IgM cold-reactive autoantibodies, like alloantibodies,
usually react optimally at IS, causing direct agglutina-
tion of RBCs at colder temperatures. If all screening
cells are positive there is a good chance that the anti-
body is autoantibody with a -I or -IH specificity. Most
IgM cold-reactive autoantibodies have I, IH, or i speci-
ficity. Autoanti-I is seen most often in chronic cold
agglutinin syndrome (CAS) as well as following
mycoplasma pneumonia. Autoanti-i is most often asso-
ciated with infectious mononucleosis. Other specifici-
ties, such as anti-Pr, which is enzyme sensitive, have
been reported but are rare. Cells selected for perform-
ing the cold panel should include screening cells, ABO
compatible A1, A2 and/or B cells, cord cells or I- cells,
and an autocontrol.

The majority of cold-reactive autoantibodies de-
tected in children are nuisance antibodies. Most cold
autoantibodies detected do not cause CAS. If the cold-
reactive autoantibody is pathologic, the DAT is most
often positive due to complement coating patient red
cells. Cold-reactive autoantibodies are usually IgM and
bind to red cells at lower body temperatures in the cir-
culation. When red cells move to warmer areas IgM
elutes off the cells, but complement remains attached,
and red cells are subsequently destroyed by the activa-
tion of complement.

Another difference in benign versus pathologic cold
autoantibodies is their thermal reactivity. Pathologic
autoantibodies can attach to red cells in vivo at tem-
peratures greater than 30°C. Determining true thermal
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reactivity of an autoantibody must be performed on a
sample that has been drawn and allowed to clot at 37°C.
The tube must be spun immediately and the serum
removed quickly. This prevents cold autoantibody from
adsorbing onto the RBCs in vitro.

Thermal Amplitude

Thermal amplitude studies are performed to confirm
a cold-reactive antibody is capable of binding to red
cells at warmer temperatures (>30°C). This is important

when a cold-reactive autoantibody is present but the
clinician is unclear as to the cause of hemolysis. These
studies, while not critical to perform, may help confirm
a diagnosis.

Paroxysmal Cold Hemoglobinuria

Paroxysmal cold hemoglobinuria (PCH) is the rarest
form of autoimmune hemolytic anemia. It is most often
characterized as a sudden onset of hemolysis following
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Antibody Screen – Positive at IS &/or IAT 

All Screening Cells Positive Some Screening Cells Positive 

Run Cold Panel – If auto is positive Run Antibody Identification Panel – If auto
identify autoantibody; if auto is negative  is positive confirm autoantibody; if auto is negative 
identify alloantibody identify alloantibody

Saline IAT – Screening Cells or Panel Cells

Negative – Rule out and/or identify Positive 
warm-reactive alloantibodies 

Prewarm IAT 

Negative – Rule out alloantibodies Positive due to alloantibody        Positive due to autoantibody

Provide antigen negative blood Cold Adsorption (Auto or Allo) – Rule out
alloantibodies

FIGURE 6.1 Evaluation of patients with cold-reactive antibodies
Auto = Autologous control, patient serum mixed with patient RBCs.
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viral infection in children. In the past it was associated
with syphilis. The patient’s DAT will usually be positive
(weak to 2+) due to IgG and/or complement. Children
will sometimes experience an anti-P1-like antibody.
Patient serum will react preferentially with P1 positive
red cells versus anti-P that reacts with all cells except
rare P-negative red cells. PCH is caused by an autoan-
tibody that is IgG in nature but is capable of binding to
RBCs at cold temperatures, causing complement acti-
vation and subsequent hemolysis of patient RBCs.

Transfusion is rarely necessary for patients with PCH
unless hemolysis is severe. Crossmatch-incompatible
random donor blood is usually chosen for transfusion.
P-negative blood is extremely rare, occurring in approx-
imately 1 in 200,000 random individuals, and should be
reserved only for patients experiencing severe hemoly-
sis with random donor blood.

Donath-Landsteiner Test

The diagnostic test for PCH is the Donath-
Landsteiner test. Patient serum is mixed with normal
red cells and incubated at 4°C followed by 37°C incu-
bation. Antibody binds at cold temperatures and hemo-
lysis occurs during warming if the Donath-Landsteiner
antibody is present.

Warm-Reactive Antibody Evaluation

Warm-Reactive Alloantibody

No History of Antibody

An antibody detection test positive in the IAT usually
indicates the presence of warm-reactive antibody.
Running a panel using the same method in which a posi-
tive reaction was detected is usually done.If the sample is
limited, an entire antibody identification panel (11 to 16
cells) is not necessary as long as a representative selec-
tion of antigen-negative and antigen-positive red cells
are tested to rule in and rule out antibody. Once an anti-
body has been identified and all other alloantibodies
have been ruled out according to laboratory policy, phe-
notyping the patient’s red cells is usually performed.

History of Antibody

Some believe repeat antibody investigation is not
necessary for subsequent transfusion requests. Patients
with previously identified antibodies are required by
Standards for Blood Banks and Transfusion Services
(2002) to be tested by methods that identify additional
clinically significant antibodies. Clinically significant
antibodies are defined as those that are IgG in nature
and reactive at 37°C. Some IgG antibodies will fall
below the level of routine detection and will not be reac-
tive in a crossmatch. Ruling out other antibodies can be

accomplished by repeating an entire antibody identifi-
cation panel, but, as noted, is usually not practical in
children. Again, since the sample is often limited,
caution in the approach to ruling out new antibodies is
often required. There is no need to run antigen-positive
cells to confirm historical antibody. Antigen-negative
blood will be provided for patients with a history of a
clinically significant antibody whether the antibody is
detectable or not. It is more important to select cells
negative for the corresponding antibody to rule out the
presence of new antibody. If a patient’s phenotype is
known even fewer cells may need to be tested.

The newest approach to determining if a patient has
made additional antibodies is to only do the antibody
screen. If reactivity on the antibody detection test fits
the pattern of previously identified antibody(ies), no
additional testing is required unless one of the follow-
ing occurs:

• Serologic evidence of a new antibody because of
unexplained reactivity in the antibody detection test
or an unexplained incompatible crossmatch.

• Clinical indication of a new antibody suggested by a
report of unexplained hemolysis.

• Rare RBCs are required.
• All screening cells are positive indicating multiple

alloantibodies, autoantibody, or an antibody to a
high incidence antigen.

• Previous workup was inconclusive.

Regardless of methodology chosen, the most impor-
tant thing to remember is to rule out the presence of
additional antibodies. An evaluation process is outlined
in Figure 6.2.

Warm-Reactive Autoantibody Evaluation

The DAT is usually strongly reactive (3 to 4+) with
polyspecific AHG reagent in patients with warm-
reactive autoimmune hemolytic anemia (WAIHA).
Tests with AHG specific for IgG and C3 show IgG alone
or a combination of IgG and C3.

Approximately 50% of patients with WAIHA have
detectable autoantibody in their serum when using 
standard, no additive, antibody screening methods.
Autoantibody spills into the plasma in vivo when all
antigen sites on the RBCs are occupied, and there are
no antigen sites left for autoantibody to bind. Warm
autoantibody is usually IgG and reacts optimally at
37°C.

Autoantibody is normally detected in the IAT and
reacts with all reagent red cells tested including the
patient’s own cells. It is rarely necessary to attempt to
identify autoantibody specificity. Most autoantibodies
are directed to antigens in the Rh blood group. Some
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have apparent, some relative, and some broad specificity
within the Rh blood group. An autoantibody with
apparent Rh specificity would react with common Rh
antigens such as D, C, or more commonly c or e.

An autoantibody with relative specificity would react
stronger with red cells possessing the corresponding
antigen than if the cells lacked the antigen. For example,
a relative autoanti-e may be 3+ with e+ RBCs but 1+
with e- red cells.

Most autoantibodies have broad specificity. The only
way to confirm that these autoantibodies have Rh speci-
ficity would be to test them against rare Rhnull and/or D-
red cells.

There are rare examples of autoantibodies that mimic
alloantibodies. For example, a patient with anti-Jka in the
serum is detected and his or her red cells type as Jk(a-).

These serologic results normally indicate alloanti-Jka.
The unusual finding is anti-Jka is also found in the eluate.
This most often occurs in individuals producing new
alloantibody. Their immune system, now primed, makes
autoantibody along with the alloantibody.

One of the biggest challenges in evaluating serum of
patients with WAIHA is determining if there are any
underlying alloantibodies, particularly if the patient
should require transfusion. If the patient’s serum reacts
with all panel cells, it is difficult to determine if under-
lying alloantibodies are also present. It is reported 
that 23% of patients with autoantibodies also have
alloantibodies.

To determine if alloantibodies are present, the
autoantibody reactivity must be removed from the
patient’s serum. This is accomplished by performing
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Antibody Screen - Positive at IAT, auto negative or weak

No History of Antibody History of Antibodies

Panel Selected Cell Panel        Provide Antigen-Negative Blood

Assess Panel Reactivity

Conclusive Inconclusive

Other methods to confirm and rule out antibodies (selected cells, enzymes, 
adsorptions, etc.) 

Phenotype patient to confirm new 
antibody

Provide antigen-negative blood 

FIGURE 6.2 Evaluation of patients with warm-reactive antibodies.
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adsorptions on the patient’s serum. There are two types
of adsorptions routinely performed.The first is an autol-
ogous adsorption.

Autologous Adsorption

If the patient has not been transfused within the last
3 months the patient’s own RBCs are first treated to
remove autoantibody to free antigen sites on these cells.
Then the patient serum is mixed with these cells.

Several different methods can be used to free antigen
sites. The most effective method is in-house prepared
ZZAP, a combination of proteolytic enzyme and a
sulfhydryl reagent.

Autoantibody is adsorbed onto the treated autolo-
gous cells and any alloantibody remains in the adsorbed
serum since patient red cells lack antigen corresponding
to antibody made. More than one adsorption is often
required to fully remove autoantibody reactivity.

Allogeneic Adsorption

When a patient has been recently transfused, or when
autologous cells are in short supply, as with pediatric
and severely anemic patients, allogeneic adsorptions are
necessary. Patient serum is mixed with aliquots of RBCs
of known phenotype, usually a R1R1 (c negative, E neg-
ative), R2R2 (e negative, C negative) and rr (D negative,
C negative, E negative), one of which is Jk(a-), Jk(b-),
and s- and incubated at 37°C. Autoantibody will be
adsorbed onto all RBCs regardless of phenotype.
Alloantibody will also be removed if corresponding
antigen is present on the adsorbing cells. Alloantibody
will be left in the serum if adsorbing cells lack the
antigen. Selecting cells from donors of various pheno-
types is required to avoid missing alloantibody. It nor-
mally requires a minimum of 4 to 6 hours to determine
if a patient has underlying alloantibodies. The extent of
the workup needs to be considered when a request for
blood is obtained for these patients.

The practice of repeating a workup to determine if a
patient with warm autoantibody has an underlying
alloantibody varies between institutions.

Repeating the workup every 3 days is consistent 
with AABB Standards requiring repeat antibody
screens for unexpected clinically significant antibody.
These patients are known to have an increased inci-
dence of underlying alloantibodies so one could argue
that repeating the screen for newly formed alloanti-
body(ies) is even more important in these patients than
in patients with no history of antibody.

A moderate approach would be to repeat the work
every 7 days. This would detect any new antibodies
within 1 week of the patient making the antibody.

A more liberal approach would be to repeat the work
once per month. This may be an especially suitable
alternative in a patient that has been transfused for
years, yet has never made alloantibody.

The presence or absence of alloantibodies, transfu-
sion history, pregnancy history, and rate of transfusion
should be evaluated when deciding how often to repeat
workups.

Elutions

In patients with WAIHA, an elution should be per-
formed the first time a patient is evaluated to confirm
autoantibody and to rule out the presence of drug-
dependant antibody. An eluate will typically be positive
with all cells tested showing broad specificity.

It is not necessary to perform an eluate on every
sample evaluated since it is likely that the serologic
results will not change from sample to sample.

Some feel that it is not necessary to perform 
an elution even on the initial sample evaluated.
The caution is that some cases of drug-induced 
immune hemolytic anemia will give identical serologic
results.

DAT Negative Autoimmune Hemolytic Anemia

A negative DAT is seen in approximately 1% of
patients even though they have signs and symptoms of
immune hemolysis. A well-performed DAT detects
approximately 100 to 500 molecules of IgG per red cell.
A DAT-negative WAIHA can be due to low-affinity
IgG autoantibodies that elute off the RBCs during
routine washing of the RBCs before testing with AHG,
RBCs sensitized with a small level of IgG molecules
that are below the level of detection of the standard
DAT, or IgA or IgM autoantibodies not detected by a
DAT performed using monoclonal AHG. More sensi-
tive DATs can be performed in specialized laboratories
in an attempt to confirm the diagnosis of AIHA and to
characterize the type of DAT-negative WAIHA a
patient may be experiencing.
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INTRODUCTION

The selective reduction of leukocytes, termed leuko-
reduction, leukoreduced, or leukocyte-reduced (LR),
in blood products intended for transfusion has become
a widespread practice in recent years. LR products,
whether making up a separate blood component 
inventory, used for targeted patient populations, or by
preemptive LR of the entire blood supply (“universal
leukoreduction” [ULR]), are used to prevent allogeneic
leukocyte-related transfusion complications. This
chapter will provide a basic understanding of the clini-
cal indications for LR, a brief review of the technology
used to achieve it, and the currently applied quality
standards for LR. The ongoing debate regarding the
implementation of national ULR will be discussed.
Finally, the chapter will focus on the interface of LR and
the practice of pediatric transfusion medicine.

RATIONALE FOR LEUKOREDUCTION
OF BLOOD COMPONENTS

In current transfusion practice, the bulk of prescribed
products are specific blood components, such as packed
red blood cells (PRBCs), platelets (PLTs), or fresh
frozen plasma (FFP), rather than whole blood (WB).
During component preparation, the white blood cells
(WBCs) (leukocytes) present in WB distribute primarily
with all the cellular components. In recent decades, it 
has become apparent that these passenger leukocytes,
far from being harmless, are implicated as important
contributors to the majority of transfusion-associated

adverse reactions (Raife 1997;Walker 1987).This has led
to the development and widespread application of
methods to selectively reduce the leukocyte content in
blood components before they are transfused, and many
countries now exclusively use ULR products. In the
United States, although a substantial portion (~75%) of
the blood supply now undergoes LR, whether to insti-
tute ULR is still debated as of the writing of this chapter.

SPECIFIC INDICATIONS FOR LR
PRODUCTS

Leukocytes in blood components have been 
implicated in a number of transfusion-related adverse
events of clinical importance (Table 7.1) (Dzik and
Szczepiorkowski 2002; Vamvakas and Blajchman
2001b). Some of these events are rooted in immun-
ological/inflammatory mechanisms, such as recipient
sensitization to the allogeneic major histocompatibility
antigens (HLA) of the donor leukocytes and the release
of inflammatory cytokines by either donor or recipient
leukocytes. Other events result from the transmission of
leukotropic viruses such as cytomegalovirus (CMV).
The scientifically established indications and possible
other clinical benefits of LR products are systematically
discussed in the following section (see Table 7.1).

Prevention of Recurrent Febrile
Nonhemolytic Transfusion 

Reactions (FNHTRs)

Febrile nonhemolytic transfusion reactions
(FNHTRs) are classically the most frequent adverse
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by recipient leukocytes (probably reacting to released
alloantibody-generated immune complexes) and
appear to be a predominant cause of FNHTRs when
transfusing non-LR RBCs. The leukocytes in stored
PLT products also release the above cytokines into the
storage medium over time, even in the absence of acti-
vation by alloantibodies, which explains much of the
higher and more variable (different storage times) inci-
dence of FNHTRs in recipients of PLT products as com-
pared to RBCs (Heddle et al. 1994). Of note, PLTs also
release biologically active factors during storage, such
as sCD154 (Phipps, Kaufman, and Blumberg 2001),
which provide another mechanism for FNHTRs, that
would not be preventable through LR.

Evidence for the Effectiveness of LR as a 
Preventive Measure

An appreciation of the causal role of donor leuko-
cytes in FNHTRs existed almost 40 years ago when it
was shown that reducing the leukocyte content of the
products to below 5 ¥ 108/unit via washing prevented
recurrent RBC-transfusion-induced FNHTRs (Perkins
et al. 1966). This has been corroborated in subsequent
studies (Heddle and Kelton 2001). Results concerning
the prevention of PLT-induced FNHTRs are more
complex to interpret, given the added mechanism of
cytokine accumulation in stored PLT units and the
varying degree of leukocyte content in PLTs produced
from PLT-rich plasma or buffy coats, or through aph-
eresis. A number of observational and experimental
studies, including some randomized controlled trials,
suggest that prestorage LR significantly reduces
FNHTRs due to PLT transfusion (Heddle and Kelton
2001). However, residual severe LR-PLT transfusion-
related FNHTRs of unknown cause remain (Heddle
and Kelton 2001). FNHTRs caused by LR products
deserve particular scrutiny, since they imply addi-
tional mechanisms for this type of transfusion reac-
tions, such as released platelet factors (see previous
paragraph).

Prevention of Primary HLA Alloimmunization

Patients who develop antibodies to human major 
histocompatibility antigens (HLA alloantibodies) are 
at increased risk of complications when receiving blood
transfusions (platelet refractoriness) or tissue trans-
plants (transplant rejection). While RBCs express neg-
ligible amounts of HLA-antigens, PLTs and most
leukocytes express HLA class I but not class II antigens.
However, a specialized subset of mononuclear blood
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TABLE 7.1 Known and Potential Clinical Benefits from
Using Leukoreduced Blood Products

Scientifically established indications for use of LR products

Prevention of recurrent febrile nonhemolytic transfusion reactions
Prevention of primary HLA-alloimmunization and resulting

complications, including platelet refractoriness
Prevention of transfusion-transmitted cytomegalovirus infection in

at-risk patients

Possible other clinical benefits (some support in randomized clinical
trials)

Reduction of transfusion-associated immunomodulation related
deleterious effects (postoperative infections and possibly other
ailments)

Reduction of transfusion-associated postoperative mortality

Speculative clinical benefits (some support by theoretical
considerations, by animal experiments and/or by observational
studies; not supported by randomized clinical trials)

Reduction of prion (vCJD)-transmission (reason for introduction of
ULR in the United Kingdom, Ireland, and Portugal)

Reduction of transmission of other leukotropic viruses (HTLV I–II
and EBV)

Reduction of viral reactivation
Reduction of parasitic or bacterial infections
Reduction of transfusion-related acute lung injury

effects following non-LR RBC (0.5% to 6%) or PLT
transfusions (20% to 30%) (Heddle and Kelton 2001).
These reactions, typically occurring towards the end of
or shortly after the transfusion, consist of nonspecific
inflammatory-type symptoms (one or more of the fol-
lowing: fever, chills, cold, discomfort, rigors, headache,
nausea/vomiting, and dyspnea) and usually resolve
spontaneously posttransfusion. Most FNHTRs are due
to the in vivo action of proinflammatory cytokines
released from leukocytes (or PLTs) in the blood com-
ponents, either in vivo, after transfusion, or in vitro,
during storage. Thus, prevention of FNHTRs through
LR of the blood components is an attractive strategy.

Mechanisms of FNHTRs

Many transfusion recipients have preformed 
alloantibodies to HLA or other leukocyte antigens,
which can cause recurring FNHTRs by reacting with the
transfused donor leukocytes. These reactions lead to 
the in vivo secretion of proinflammatory cytokines, such
as interleukin-1 (IL-1), IL-6, IL-8, or tumor necrosis
factor alpha (TNFa), produced either directly by the
alloantibody-activated donor leukocytes or indirectly
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leukocytes, the antigen presenting cells, serves as the
main site of HLA class II antigen expression. Efficient
alloimmunization to HLA antigens appears to depend
on HLA class II antigen-expression and other proper-
ties of leukocyte subsets, such as the expression of co-
stimulatory molecules. Accordingly, LR of blood
products should and does reduce their alloimmunizing
potential.

Evidence for the Effectiveness of LR as a 
Preventive Measure

In mice, repeated injections of pure platelet suspen-
sions did not induce allo-HLA-antibodies, whereas con-
tamination of the same suspensions with small numbers
of leukocytes restored their alloimmunizing capacity
(Claas et al. 1981). This finding led to a number of
prospective, randomized clinical trials addressing the
effect of LR on alloimmunization by PLT transfusions
(Vamvakas 1998), notably the TRAP (Trial to Reduce
Alloimmunization to Platelets Study Group) trial
(1997). These trials primarily investigated patients with
chronic thrombocytopenia, most often due to acute
myelogenous leukemia, who received multiple allo-
geneic PLT transfusions. Overall, the results showed a
clear reduction (~70%) in HLA alloimmunization in
the groups receiving LR products versus controls, which
translated to a corresponding reduction in the incidence
of PLT refractoriness. LR pooled random donor PLT
and LR apheresis PLT were equally efficient in confer-
ring this beneficial effect.

Prevention of Transfusion-Transmitted CMV
Infection in At-Risk Patients

In principle, LR would seem to be a promising 
strategy for the prevention of any predominantly
leukotropic transfusion-transmitted virus. This pos-
sibility has been substantiated in practice and applied 
clinically with respect to transfusion-transmitted
cytomegalovirus (TT-CMV) infection (Bowden et al.
1995; Hillyer et al. 1994; Nichols et al. 2003; Roback 
et al. 2003). TT-CMV can cause serious to lethal disease
in immunocompromised patients and has historically
been reported with an incidence ranging from 13% to
37% in at-risk groups (Roback et al. 2003). Latently
infected peripheral blood mononuclear leukocytes
appear to be the vector for TT-CMV (Roback et al.
2003). Thus, the two main strategies to ensure transfu-
sion safety for TT-CMV have been the use of LR blood
components or the use of blood components from
CMV-seronegative donors (likely uninfected by CMV).

Evidence for the Effectiveness of LR as a 
Preventive Measure

The use of CMV-seronegative blood components to
reduce TT-CMV ratios was shown to be effective and
was established as a standard of care in the 1980s
(Bowden et al. 1986; Yeager et al. 1981). Thus, the effec-
tiveness of LR in this setting has usually been compared
with results using CMV-seronegative blood compo-
nents. Both strategies reduce the incidence of TT-CMV
quite effectively (Bowden et al. 1995; Hillyer et al. 1994;
Nichols et al. 2003). Many authors have interpreted the
data to support the equivalent efficacy of the two strate-
gies, favoring ULR in an effort to avoid dual invento-
ries (separate LR products and seronegative products).
Others, however, have pointed to residual differences 
in the TT-CMV incidence with LR versus CMV-
seronegative components (for example, 2.4% and 1.4%,
respectively [p > 0.5]) in a landmark study (Bowden 
et al. 1995), suggesting that seronegative units may yield
a still higher degree of transfusion safety in the at-risk
patient (Nichols et al. 2003). A recent study indicates
that this may indeed be true at least for RBC products
(Nichols et al. 2003). This finding is consistent with a
recent consensus conference concerning the prevention
of posttransfusion CMV in Canada, which, after the
implementation of ULR, supported the maintenance of
CMV-seronegative LR products for high-risk patients
(congenital immunodeficiency; HIV+/CMV-; very 
low birth weight infants of CMV-mothers; CMV-
hematopoietic stem cell transplant recipients; and so
on) (Blajchman et al. 2001).

Prevention of Transfusion-Associated
Immunosuppression/Immunomodulation

Allogeneic blood transfusions appear to induce an
immunosuppressed state in the recipient that can have
beneficial or deleterious effects. In 1973, Opelz demon-
strated that these transfusions could prolong subse-
quent organ graft survival (Opelz et al. 1973). This
clinically important immunomodulatory effect was used
to enhance organ transplant outcome, particularly in the
decade preceding the introduction of cyclosporine A
and other modern antirejection drugs, and still appears
to confer an independent, additional beneficial effect on
graft rejection over and above HLA-matching and
pharmaceutical immunosuppression (Opelz et al. 1997).
Although this transfusion-associated immunomodula-
tion, called “TRIM,” can be clinically beneficial in this
context, it has been postulated that TRIM could affect
transfusion recipients adversely through an increased
incidence of postoperative infections (Waymack, Robb,
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and Alexander 1987) and by reduced tumor immunity
resulting in worse outcome of malignant disease (Gantt
1981). A large number of observational studies, and a
more limited number of randomized clinical trials, have
addressed the issue of such deleterious TRIM effects
(Vamvakas and Blajchman 2001a). Due to issues such
as the heterogeneity of outcome and trial design, the
insufficient power of many trials, and the possibility of
bias (that is, mostly not double-blinded studies) and
other confounding factors, questions remain as to
whether these TRIM effects are a clinical reality, and, if
so, how quantitatively significant they are and through
what mechanisms they may operate (Vamvakas and
Blajchman 2001a).

Proposed Mechanisms of TRIM

One reason for the controversy surrounding the clin-
ical relevance of TRIM-related adverse effects is the rel-
atively poor and diffuse understanding of the possible
underlying mechanisms. Although donor leukocytes
appear to play a causal role in the etiology of most
TRIM effects, soluble donor factors such as soluble
HLA antigens and the lipocalin PP14 (produced by
PLTs) have also been linked to TRIM. Moreover, mech-
anisms for leukocyte-induced TRIM are described very
generally, such as a shift of Th1 Æ Th2 helper cell
cytokine responses with a resulting down regulation 
of cell-mediated immunity, or the persistence of
microchimerism, with roles for both partial HLA-match
dependent and nonspecific mechanisms (Blajchman
1998; Vamvakas 2002b). Thus, a spectrum of mecha-
nisms has been implicated in TRIM (Blajchman 
1998; Vamvakas 2002b), likely with different subsets of
mechanisms responsible for different clinical TRIM
effects, which contributes to the heterogeneity and 
confounding effects reported in the clinical studies in
this area.

Evidence for the Effectiveness of LR as a 
Preventive Measure

Clinical studies fail to consistently verify that allo-
geneic blood transfusions are associated with increased
postoperative infections and tumor recurrence, and
even if they were, such a correlation would not neces-
sarily imply a causal relationship. Nonetheless, the
transfusion medicine community has been intrigued by
the latter possibility, and randomized clinical trials have
examined whether LR products are less likely than 
their non-LR counterparts to be associated with the
proposed TRIM-related postoperative infections 
(Vamvakas 2002a). A recent meta-analysis did reveal a
statistically significant LR-related reduction of these

complications (Vamvakas 2002a). In addition, in one 
of the clinical trials included in the meta-analyses,
LR-reduction also was associated with a decreased 
mortality due to noncardiac causes, possibly related to
nonrecognized postoperative infections (Vamvakas and
Blajchman 2001b). More recent, post-ULR outcomes
studies in Canada continue to suggest potential benefits
of LR on deleterious TRIM effects (Corwin and 
AuBuchon 2003).

CONTRAINDICATIONS, SIDE
EFFECTS, AND HAZARDS

Leukoreduction of granulocytes or of stem cells from
bone marrow, peripheral blood, or umbilical cord would
compromise the therapeutic efficacy of these products
and is therefore contraindicated. As currently practiced
clinically, LR is insufficient to ensure the prevention of
transfusion-associated graft-versus-host disease due to
residual leukocytes. Thus, LR products are contraindi-
cated for that application, which is instead addressed 
by gamma irradiation of blood components (gamma-
irradiated LR blood components may provide addi-
tional safety, but it has not been specifically studied). LR
by leukofiltration can lead to the release of bradykinin,
which can then provoke hypotensive reactions during
bedside leukofiltration transfusion to patients receiving
ACE inhibitor therapy (due to the reduced elimination
of infused bradykinin).The trend toward prestorage LR
(see the following section) has diminished the risk for
this complication since bradykinin is unstable during
storage.

LEUKOREDUCTION TECHNOLOGIES

Inspired by the recognition that leukocytes in blood
components can cause adverse transfusion events,
investigators have developed several technological
advances to selectively remove them from the final
products. Currently, specialized leukofiltration or
apheresis collection (process LR) devices achieve a
>104-fold reduction of leukocyte content in the final
products, with some differential reduction efficacy in
different leukocyte subsets (Roback, Bray, and Hillyer
2000). Several different versions of leukocyte filters are
on the market, including those consisting of nonwoven
filter media designed to have a large, hydrophilic sur-
face area and a controlled functional pore size (usually
~4 mm) that fills an external housing, thereby prevent-
ing bypass during the filtration process. Leukocyte
removal depends on several features including a com-
bination of barrier filtration and cell adsorption to the
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filter material as well as the deformability of the RBCs
and platelets. Different filters are used to produce LR-
RBC and LR-platelet products. Toward the same end,
several design principles have been added to modern
apheresis devices to similarly allow efficient process LR
during apheresis collection of PLTs.

With the exception of process LR apheresis PLTs,
blood components usually undergo LR soon after blood
collection (during component manufacturing or early
storage [first 2 days]), typically at a blood center
(prestorage LR), or in the context of usage (poststorage
LR) either by the blood-bank (in-laboratory LR) before
release or at the time of transfusion (bedside LR). The
increased understanding of the role of cytokines
released from leukocytes during storage in adverse
transfusion effects has prompted a trend towards using
prestorage rather than poststorage LR.

PRODUCTS, STANDARDS, AND
QUALITY CONTROL

The major leukoreduced blood products are: (1) 
WB, LR; (2) RBCs, LR; (3) PLTs, LR; and (4) PLTs,
Pheresis, LR. According to current standards from the
American Association of Blood Banks (AABB) and
guidelines from the U.S. Food and Drug Administration
(FAD), products 1, 2, and 4 should contain <5 ¥ 106

residual leukocytes per unit while retaining >85% of the
therapeutic component. The random donor PLT con-
centrates (product 3) typically used as pools of 6 units
for transfusion should contain <0.83 ¥ 106 residual
leukocytes per unit (which leads to <5 ¥ 106 residual
leukocytes per standard therapeutic dose of pools of 6
random donor platelets). European countries maintain

a stricter standard of <1 ¥ 106 residual leukocytes per
LR RBC or LR platelet (apheresis) unit, and the United
States may follow suit. Quality control is mandated and
blood manufacturers are to have procedures and
processes to validate and monitor their adherence to
these standards (for example, by manual counting, using
a hematocytometer, or by flow cytometry). There are
currently no standards for leukoreduction with respect
to known leukocyte subsets.

UNIVERSAL LEUKOREDUCTION

Based on the proven or suspected deleterious effects
of blood transfusion, attributed to the leukocyte content
of the transfused products, Canada and many countries
in Europe have implemented universal leukoreduction
(the exclusive use of LR inventories of RBCs and
PLTs), and many additional countries, including the
United States, have moved closer towards the same
objective (Dzik and Szczepiorkowski 2002; Vamvakas
and Blajchman 2001b). Some controversy (Table 7.2)
exists in the United States over this trend (Dzik 2002;
Dzik and Szczepiorkowski 2002; Vamvakas and 
Blajchman 2001a; Vamvakas and Blajchman 2001b)
even though committees of both the Department of
Health and Human Services and the FDA have recom-
mended ULR-implementation. Some authorities have
suggested that the cost-to-benefit ratio of ULR is 
unacceptably high and favor LR for specific patient
populations only.

Debate exists concerning the magnitude of clinical
benefit resulting from ULR with differences in inter-
pretation of the relevant clinical studies with respect 
to both the presence and magnitude of some of the 
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TABLE 7.2 Universal versus Selective Leukoreduction in the United States

For ULR Against ULR

Large potential clinical benefit to be realized (see Table 7.1). Much of the projected clinical benefit is controversial (see Table 7.1).
Overall improved safety (initial processing step). Failure to show efficacy of LR in many randomized controlled trials.

In many cases, pivotal future randomized controlled trials may Want to wait for results from additional pivotal randomized 
not be forthcoming. Decision about ULR should be made controlled trials as basis for making decision about implementation 
based on currently available data. Before/after studies can of ULR. Such implementation will make future RCTs harder to
be used to evaluate effects of ULR-implementation. perform.

May simplify choices of blood component usage. May remove medical decision from blood product selection process.
Streamlined blood supply with gains in inventory management. Potential for increased vulnerability of blood supply (recall of LR 

devices; reduced sickle trait blood can diminish availalable rare
African-American blood types).

Increase in cost represents a small fraction of the healthcare Significant cost of blood components.
budget  and will be offset due to realized health benefits.
Marginal cost increase of blood components will be
lowered by the fact that ~75% of the blood supply already 
is subjected to LR.
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proposed adverse effects due to leukocytes and the
extent to which it is appropriate to generalize from the
clinical study populations to the general patient popu-
lation (Dzik and Szczepiorkowski 2002; Vamvakas and 
Blajchman 2001b). Furthermore, concerns have been
raised that additional randomized clinical trials to
resolve such controversies may not be conducted and
that decisions with respect to ULR cannot await future
clarification of these issues (Vamvakas and Blajchman
2001a; Vamvakas and Blajchman 2001b). Juxtaposed to
these questions about the scientific basis for ULR are
issues such as cost of its implementation—indeed, it has
been argued that were it not for the magnitude of these
costs, most of the transfusion medicine community
would favor ULR (Vamvakas and Blajchman 2001b).
Regardless of these controversies, the U.S. blood supply
is approaching a state of ULR due to the political force
of questions of blood safety and resultant management
decisions at the blood centers.

LEUKOREDUCED BLOOD PRODUCTS
AND PEDIATRIC TRANSFUSION

MEDICINE

The clinical benefits of LR have been established by
studies in adult patients, and there is a paucity of com-
parable trials in pediatric patients (Couban et al. 2002;
Fergusson et al. 2002). The current usage guidelines for
LR products in children and infants are thus, of neces-
sity, derived mostly by extrapolations from experiences
in adult patients. The few available clinical studies in
pediatric patients (Couban et al. 2002; Fergusson et al.
2002) do suggest support for an extension of the major
adult indications for LR products to pediatric popula-
tions, although further studies are needed to fully estab-
lish this and quantify the clinical benefit.

With the U.S. blood supply moving toward ULR,
it is worth pointing out two possible changes in the
future usage of LR blood applicable to the pediatric
population. (1) In recent years, many transfusion serv-
ices have switched to supplying LR products, instead of
CMV-seronegative units, to prevent TT-CMV in at-risk
patients, based on clinical trials suggesting equivalency
between such components in terms of CMV-transmis-
sion risk (see previous section and Chapter 8). Recent
data (Nichols et al. 2003) and alternative interpretations
of previous trials (Blajchman et al. 2001) suggest that
CMV-seronegative units may provide greater protec-
tion than LR products and that even for ULR products,
the selection of seronegative LR products may still have
a role. (2) Existence of a subset of patients who continue
to experience FNHTRs when receiving LR products,
particularly to PLT products, suggest that poststorage

washing of LR PLTs to remove PLT-derived factors
released into the supernatant may have a future role in
selected subsets of patients. Both of these developments
would suggest a trend toward combining LR with addi-
tional preventive measures to minimize the leukocyte-
based deleterious effects of blood transfusion.

References

Blajchman MA. 1998. Immunomodulatory effects of allogeneic blood
transfusions: clinical manifestations and mechanisms. Vox Sang 74
Suppl 2:315–319.

Blajchman MA, Goldman M, Freedman JJ, and Sher GD. 2001. Pro-
ceedings of a consensus conference: prevention of post-transfusion
CMV in the era of universal leukoreduction. Transfus Med Rev
15(1):1–20.

Bowden RA, Sayers M, Flournoy N, Newton B, Banaji M,Thomas ED,
and Meyers JD. 1986. Cytomegalovirus immune globulin and
seronegative blood products to prevent primary cytomegalovirus
infection after marrow transplantation. N Engl J Med 314(16):
1006–1010.

Bowden RA, Slichter SJ, Sayers M, Weisdorf D, Cays M, Schoch G,
Banaji M, Haake R, Welk K, Fisher L, et al. 1995. A comparison
of filtered leukocyte-reduced and cytomegalovirus (CMV)
seronegative blood products for the prevention of transfusion-
associated CMV infection after marrow transplant. Blood
86(9):3598–3603.

Claas FH, Smeenk RJ, Schmidt R, van Steenbrugge GJ, and Eernisse
JG. 1981. Alloimmunization against the MHC antigens after
platelet transfusions is due to contaminating leukocytes in the
platelet suspension. Exp Hematol 9(1):84–89.

Corwin HL and AuBuchon JP. 2003. Is leukoreduction of blood com-
ponents for everyone? JAMA 289(15):1993–1995.

Couban S, Carruthers J, Andreou P, Klama LN, Barr R, Kelton JG,
and Heddle NM. 2002. Platelet transfusions in children: results of
a randomized, prospective, crossover trial of plasma removal 
and a prospective audit of WBC reduction. Transfusion 42(6):
753–758.

Dzik WH. 2002. Leukoreduction of blood components. Curr Opin
Hematol 9(6):521–526.

Dzik WH and Szczepiorkowski ZM. 2002. Leukocyte reduced prod-
ucts. In CD Hillyer, LE Silberstein, PM Ness, and KC Anderson,
eds. Blood banking and transfusion medicine. Philadelphia:
Churchill Livingstone.

Fergusson D, Hebert PC, Barrington KJ, and Shapiro SH. 2002. Effec-
tiveness of WBC reduction in neonates: what is the evidence of
benefit? Transfusion 42(2):159–165.

Gantt CL. 1981. Red blood cells for cancer patients. Lancet
2(8242):363.

Heddle NM and Kelton JG. 2001. Febrile nonhemolytic transfusion
reactions. In MA Popovsky, ed. Transfusion reactions. Bethesda,
MD: AABB Press.

Heddle NM, Klama L, Singer J, Richards C, Fedak P, Walker I,
and Kelton JG. 1994. The role of the plasma from platelet con-
centrates in transfusion reactions. N Engl J Med 331(10):
625–628.

Hillyer CD, Emmens RK, Zago-Novaretti M, and Berkman EM.
1994. Methods for the reduction of transfusion-transmitted
cytomegalovirus infection: filtration versus the use of seronegative
donor units. Transfusion 34(10):929–934.

Nichols WG, Price TH, Gooley T, Corey L, and Boeckh M. 2003.
Transfusion-transmitted cytomegalovirus infection after receipt 
of leukoreduced blood products. Blood 101:4195–4200.

90 Lennart Lögdberg

Ch07.qxd  12/19/05  4:48 PM  Page 90



Opelz G, Sengar DP, Mickey MR, and Terasaki PI. 1973. Effect of
blood transfusions on subsequent kidney transplants. Transplant
Proc 5(1):253–259.

Opelz G, Vanrenterghem Y, Kirste G, Gray DW, Horsburgh T,
Lachance JG, Largiader F, Lange H, Vujaklija-Stipanovic K,
Alvarez-Grande J, Schott W, Hoyer J, Schnuelle P, Descoeudres C,
Ruder H, Wujciak T, and Schwarz V. 1997. Prospective evaluation
of pretransplant blood transfusions in cadaver kidney recipients.
Transplantation 63(7):964–967.

Perkins HA, Payne R, Ferguson J, and Wood M. 1966. Nonhemolytic
febrile transfusion reactions. Quantitative effects of blood com-
ponents with emphasis on isoantigenic incompatibility of leuko-
cytes. Vox Sang 11(5):578–600.

Phipps RP, Kaufman J, and Blumberg N. 2001. Platelet derived CD154
(CD40 ligand) and febrile responses to transfusion. Lancet
357(9273):2023–2024.

Raife TJ. 1997. Adverse effects of transfusions caused by leukocytes.
J Intraven Nurs 20(5):238–244.

Roback JD, Bray RA, and Hillyer CD. 2000. Longitudinal monitoring
of WBC subsets in packed RBC units after filtration: implications
for transfusion transmission of infections. Transfusion 40(5):
500–506.

Roback JD, Drew WL, Laycock ME, Todd D, Hillyer CD, and 
Busch MP. 2003. CMV DNA is rarely detected in healthy 
blood donors using validated PCR assays. Transfusion 43(3):
314–321.

The Trial to Reduce Alloimmunization to Platelets Study Group. 1997.
Leukocyte reduction and ultraviolet B irradiation of platelets to

prevent alloimmunization and refractoriness to platelet transfu-
sions. N Engl J Med 337(26) 1861–1869.

Vamvakas EC. 1998. Meta-analysis of randomized controlled trials 
of the efficacy of white cell reduction in preventing HLA-
alloimmunization and refractoriness to random-donor platelet
transfusions. Transfus Med Rev 12(4):258–270.

Vamvakas EC. 2002a. Meta-analysis of randomized controlled trials
investigating the risk of postoperative infection in association with
white blood cell-containing allogeneic blood transfusion: the
effects of the type of transfused red blood cell product and 
surgical setting. Transfus Med Rev 16(4):304–314.

Vamvakas EC. 2002b. Possible mechanisms of allogeneic blood 
transfusion-associated postoperative infection. Transfus Med Rev
16(2):144–160.

Vamvakas EC and Blajchman MA. 2001a. Deleterious clinical effects
of transfusion-associated immunomodulation: fact or fiction?
Blood 97(5):1180–1195.

Vamvakas EC and Blajchman MA. 2001b. Universal WBC reduction:
the case for and against. Transfusion 41(5):691–712.

Walker RH. 1987. Special report: transfusion risks. Am J Clin Pathol
88(3):374–378.

Waymack JP, Robb E, and Alexander JW. 1987. Effect of transfusion
on immune function in a traumatized animal model. II. Effect on
mortality rate following septic challenge. Arch Surg 122(8):
935–939.

Yeager AS, Grumet FC, Hafleigh EB, Arvin AM, Bradley JS, and
Prober CG. 1981. Prevention of transfusion-acquired cytome-
galovirus infections in newborn infants. J Pediatr 98(2):281–287.

7. Prevention of Leukocyte-Related Transfusion-Associated Adverse Effects 91

Ch07.qxd  12/19/05  4:48 PM  Page 91



INTRODUCTION

Extensive work over the past decades has produced
dramatic improvements in our ability to screen blood
before transfusion. Serological assays are now used to
detect human immunodeficiency virus (HIV), hepatitis
B virus (HBV), hepatitis C virus (HCV), human 
T-cell lymphotropic viruses I and II (HTLV-I, -II), and
syphilis, while nucleic acid testing (NAT) is applied to
identify blood from donors recently infected with HIV
and HCV. When these tests are used in combination
with donor medical histories, only 1 in every 2 million
blood components is potentially infectious for HIV or
HCV. For perspective, complications resulting from
general anesthesia occur about once in 10,000 proce-
dures, or 200 times more frequently than a screened
HIV- or HCV-infected blood unit is transfused. Routine
screenings by donor history, viral serology, and NAT
testing are discussed in Chapter 1.

The present chapter focuses on additional methods
that can be used to reduce transfusion transmission of
other viruses (for example, cytomegalovirus [CMV]),
or to sterilize other products (for example, coagulation
factor concentrates). These methodologies are typically
applied only to specific blood components or blood that
will be used for specific patient populations. Most atten-
tion is devoted to CMV, which can produce lethal infec-
tions in premature or newborn infants, children with
congenital immune deficiencies, and hematopoietic
stem cell transplant recipients. The relative advantages
of CMV-seronegative and filtered units are discussed.
Additional viruses that have specific implications for
pediatric transfusion, such as Epstein-Barr virus (EBV),
are also discussed. Finally, recently developed methods

for inactivating viruses, both known and unknown, are
nearing clinical use and may further improve the safety
profile of blood products.

RED BLOOD CELL AND PLATELET
COMPONENTS WITH REDUCED

INFECTIOUS RISKS

The preparation and use of standard blood compo-
nents and plasma derivatives are discussed in Chapter
2. Components that have undergone additional testing
and processing to further improve their safety are dis-
cussed below.

CMV-Seronegative Units

While the human herpesvirus family is composed of
eight viral species, only CMV routinely causes clinical
sequelae following transmission by blood transfusion.
CMV is leukocytotropic and can be transmitted by
blood transfusion, hematopoietic stem cell transplanta-
tion, and solid organ transplantation. Primary CMV
infection, or reactivation of latent CMV infection, can
produce morbidity and death in immunocompromised
patients, including children with immature or congeni-
tally defective immune systems.

CMV is the largest of the herpesviruses, with a
genome of approximately 230 kb in length that likely
encodes at least 200 viral proteins. Mature virions can
be up to 300 nm in diameter. CMV, like other her-
pesviruses, can replicate in infected cells eventually
producing cell lysis (lytic growth) but can also persist in
the cells indefinitely without replicating (latency).While
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lytic growth requires extensive coordinated viral gene
expression, few if any viral genes are reproducibly
expressed during latency. Rather, the latent genome can
remain in an otherwise healthy cell indefinitely, with the
capacity to reactivate and undergo lytic growth at a later
time. Free virus as well as lytic or latently infected cells
can transmit CMV infection to a recipient.

Community-acquired CMV infection is typically due
to close contact with an infected person shedding CMV
into body fluids. Shed virus can be identified in saliva
and urine. CMV can also be detected in semen and the
female genital tract, consistent with epidemiological
evidence of sexual transmission. In the prenatal and
neonatal settings, in utero transplacental transmission
and shedding into breast milk are significant risk factors
for CMV infection. Fetal infection occurs in up to 50%
of pregnancies in which a seronegative mother acquires
a primary CMV infection. In utero infection is a signif-
icant cause of mental retardation and other birth
defects. In contrast to seronegative mothers, only about
2% of seropositive mothers show evidence of transpla-
cental transmission. This is likely due to the rarity of
CMV viremia in healthy seropositive donors as well 
as the protective effects of maternal IgG antibodies 
passively transferred to the fetus.

In the pediatric setting, transfusion-transmitted
CMV infection (TT-CMV) is of most concern in low
birth weight (<1200 to 1500 g) neonates born to
seronegative mothers, as well as in seronegative stem
cell transplant recipients. Evidence suggests that
latently infected monocytes and their progenitors are
the primary vectors for TT-CMV, although rare cases
may be caused by blood products containing free infec-
tious virions.The two most effective methods to prevent
TT-CMV are through transfusion of either blood from
donors that do not have anti-CMV antibodies and thus
are unlikely to have been exposed to the virus (CMV-
seronegative units) or the use of units filtered to remove
white blood cells (WBCs) including those harboring
latent CMV (Table 8.1).

In the early 1980s,Yeager and colleagues first demon-
strated a marked reduction in the incidence of TT-CMV
through exclusive use of CMV-seronegative blood for
transfusion. Ten of 74 (13.5%) infants born to seroneg-
ative mothers contracted CMV infection when trans-
fused with blood containing anti-CMV antibodies.
When 50 mL of red blood cells (RBCs) or more was
transfused, the incidence of TT-CMV increased to 24%.
In comparison, none of 90 infants (also of seronegative
mothers) transfused exclusively with CMV-seronega-
tive blood developed TT-CMV (Yeager et al. 1981). In
half of the infected infants, all weighing less than 1200
grams, TT-CMV produced significant morbidity or
death. In other studies, seronegative neonates weighing
less than 1500 grams also experienced a high incidence
of TT-CMV (Preiksaitis 1991). Yeager’s results did not
show a difference in the incidence of TT-CMV when
seronegative or seropositive units were transfused to
infants of seropositive mothers (1981). However, in
other investigations, low birth weight infants of seropos-
itive mothers were at risk for lethal CMV infection,
despite the transfer of humoral immunity (de Cates 
et al. 1988). Exclusive use of seronegative blood also 
significantly reduces the incidence of TT-CMV in
immunocompromised adults (Hillyer et al. 1999; Miller
et al. 1991). Seronegative RBCs, platelets, and granulo-
cytes are appropriate for susceptible patients; fresh
frozen plasma, cryoprecipitate, and clotting factors need
not be from seronegative donors since these compo-
nents do not transmit CMV primarily due to their acel-
lular nature (Table 8.2).

Leukoreduced Units

RBC and platelet units prepared under standard con-
ditions for transfusion contain large numbers of pas-
senger donor WBCs (108 to 1010). Passenger WBCs can
cause a number of adverse effects in transfusion recip-
ients including CMV transmission, HLA alloimmuniza-
tion, and repetitive febrile nonhemolytic transfusion

94 John D. Roback

TABLE 8.1 Appropriate Use of CMV-Safe Components

Possibility of CMV Disease Following TT-CMV Patient Groups

Significant: CMV-seronegative components are preferred; • Low birth weight infants (<1500 grams) of seronegative mothers
filtered components are acceptable alternatives

Possible: CMV-safe components (seronegative or filtered) • Other infants (>1500 grams) of seronegative mothers
are preferred when available • Low birth weight infants (<1500 grams) of seropositive mothers

• All neonates receiving extensive transfusion support
• Children of HIV-infected mothers
• Children with congenital immunodeficiencies or iatrogenic immunosuppression

Negligible: CMV-safe components not indicated • Other nonimmunocompromised infants (>1500 grams) of seropositive mothers
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reactions (see Chapters 22, 26, and 28). Specialized 
filtration devices can remove over 99.99% of WBCs 
(4 log10 leukoreduction) before transfusion, with a
resulting decrease in the adverse effects.Typically, blood
is filtered at the blood center shortly after collection and
before storage and shipment to hospital transfusion
services. Unlike countries such as Canada that mandate
universal leukoreduction of blood products, there is cur-
rently no such requirement in the United States.
Nonetheless, current estimates suggest that approxi-
mately 75% of red cell and platelet units transfused in
the United States are leukoreduced.

Leukoreduction for CMV

A number of different cells can be infected by 
CMV and serve as long-term reservoirs of latent virus.
With respect to transmission of CMV by transfusion
and hematopoietic stem cell transplantation, latently
infected monocytes and their progenitors, respectively,
are the likely primary vectors. These cells may also play
a role in transmission by solid organ transplantation,
although donor endothelial and epithelial cells are also
likely to be important.

Latent CMV DNA has been clearly identified in
monocytes of healthy, seropositive donors (Bolovan-
Fritts et al. 1999).The possibility that some seronegative
donors may also carry latent CMV DNA (Larsson et al.
1998), while reported, requires further verification since
the CMV polymerase chain reaction assays used in
these studies may not be optimally sensitive and specific
(Roback et al. 2001). PCR has detected CMV DNA in
bone marrow CD34+ cells as well as early and more 
differentiated hematopoietic progenitor cells (HPCs)
(Sindre et al. 1996). These results suggest that while
peripheral blood monocytes contain latent CMV, the
true reservoir for long-term CMV latency in seroposi-
tive individuals may be bone marrow HPCs.

Since filters can remove monocytes and other 
leukocytes from blood products (Roback et al. 2000),
and as there are logistical complications associated with

transfusion of seronegative units (blood donations 
are not routinely tested for CMV antibodies, and 
50% or more of most donor populations are CMV-
seropositive), filtration leukoreduction was investigated
as an alternative approach to provide “CMV-safe”
blood to at-risk transfusion recipients. Multiple clinical
trials have uniformly demonstrated significant reduc-
tions in the incidence of TT-CMV following filtration of
unscreened components (Bowden et al. 1995; Luban et
al. 1987). In a large, randomized, multicenter trial, the
incidence of TT-CMV was similar in adult hematopoi-
etic transplant recipients that received filtered (but not
CMV-screened) blood components as compared to
those receiving seronegative units, leading to the sug-
gestion that seronegative and filtered units can be used
interchangeably in at-risk patient populations (Bowden
et al. 1995). However, neither serological screening nor
leukoreduction provides absolute protection from TT-
CMV. In fact, up to 2.5% of immunocompromised
patients will develop CMV infection after receipt of
seronegative or filtered blood (Bowden et al. 1995).
RBC and platelet components can be filtered before
transfusion, but granulocyte components cannot be
since the filter would remove the therapeutic leukocytes
(see Table 8.2).

The American Association of Blood Banks (AABB)
has published guidelines affirming the equivalence of
seronegative and filtered units for the purpose of pre-
venting TT-CMV (1997). However, clinical practice
panels from Switzerland and Canada have concluded
that seronegative units remain the standard of care
(Blajchman et al. 2001; Zwicky et al. 1999). The latter
position is supported by a recent retrospective analysis.
A large center involved in the trial discussed previously
(Bowden et al. 1995), reviewed the occurrence of CMV
infection in adult HPC transplant recipients and found
a small, but statistically higher incidence of TT-CMV
associated with the use of filtered units, particularly 
filtered RBCs (Nichols et al. 2003). Although this study
focused on immunocompromised adults, it has implica-
tions for transfusion of seronegative low birth weight
neonates who are particularly susceptible to TT-CMV.
Studies demonstrating the incidence of TT-CMV 
following transfusion of seronegative and filtered units
in this population are needed.

Leukoreduction for Other Herpesviruses

While other herpesviruses are also leukocytotropic,
only EBV has been definitively shown to be transfusion-
transmitted. Typically, transfusion-transmitted EBV
infection is not a significant concern in adult patients
because well over 90% have been previously infected
and have residual immunity. However, since a large 
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TABLE 8.2 CMV-Safe Components

Processing to
Component TT-CMV Risk? Reduce TT-CMV

Red blood cells Yes Serology, filtration
Platelets Yes Serology, filtration
Granulocytes Yes Serology
Fresh frozen plasma No N/a
Cryoprecipitate No N/a
Clotting factors No N/a

N/a = Not applicable.
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percentage of pediatric patients are EBV-seronegative,
it becomes important to prevent primary EBV infection
and potential sequelae, such as posttransplant lympho-
proliferative disease (PTLD). In one report, a 16-year-
old EBV-seronegative recipient of a seronegative liver
transplant developed EBV-related PTLD after transfu-
sion of EBV-containing blood components. Molecular
analysis demonstrated that the EBV strain in the
patient matched the strain in one of the implicated units
of blood (Alfieri et al. 1996). While EBV transmission
could theoretically be prevented by transfusing only
seronegative blood, this approach is impractical since
only a small fraction of donors are expected to be
seronegative. In contrast, leukoreduction filtration
removes 99.99% of B-cells, which harbor latent EBV
(Roback et al. 2000). Thus, transfusion of leukodepleted
blood should markedly decrease the risk of transfusion-
transmitted EBV infection in at-risk pediatric patients,
although this hypothesis has not been adequately
tested.

The possibility that HHV-8, the etiologic herpesvirus
of Kaposi’s sarcoma and body-cavity based lymphomas,
is transmissible by transfusion has been a concern
(Hillyer et al. 1999). However, there have been no doc-
umented cases of transfusion transmitted HHV-8. Since
this virus resides primarily in leukocytes, leukoreduc-
tion would be expected to provide some degree of pro-
tection.

Leukoreduction for Other Pathogens

Ehrlichia chaffeensis, the first identified human
ehrlichial agent, infects monocytes, while the human
granulocytic ehrlichiosis agent infects neutrophils
(Dawson et al. 1991; Klein et al. 1997). HTLV-I and -II
preferentially infect CD4+ and CD8+ T-cells, respec-
tively. For each of these pathogens, filtration is likely to
be somewhat effective at reducing the pathogen load
before transfusion. The magnitude of this effect is not
known.

The Effects of Leukoreduction on Prion Transmission

Prions, proteinacious infectious agents without
detectable associated nucleic acids, cause variant
Creutzfeldt-Jakob disease (vCJD) and other transmissi-
ble spongiform encephalopathies (TSEs). TSEs are
incurable, rapidly progressive, and fatal diseases.
Evidence for transfusion-transmission of prions is 
contradictory. The prion agents of bovine spongiform
encephalopathy or natural scrapie can be transmitted
by blood transfusion from experimentally infected
sheep donors to naïve sheep recipients (Hunter et al.
2002). However, the distribution of prion proteins into

the WBC, RBC, platelet, and plasma compartments 
of blood varies from species to species, suggesting that
the sheep studies may not serve as an accurate model
for transfusion-transmission in humans. Furthermore, to
date there have been no clinical epidemiological data
suggesting that vCJD can be transmitted by transfusion
in humans, as reviewed recently (Dodd and Busch
2002).

Although the data regarding prion transmission by
transfusion are not conclusive, the association of prions
with WBCs in human blood prompted a number of
countries to institute universal leukoreduction as a
method to mitigate the possibility of transfusion-
transmitted prion disease. It will likely be many years
before the efficacy of this measure can be determined.

Nucleic Acid-Based Pathogen Inactivation Strategies

There are limits to the protection against transfusion-
transmitted infections provided by screened and leuko-
reduced blood components. For example, there is a
“window phase” of 10 to 14 days following HIV infec-
tion where a blood donation would be potentially infec-
tious but could not be identified as such using serology
and NAT. Furthermore, there were no screening assays
available at the time of the West Nile virus outbreak in
2002, which subsequently necessitated extensive quar-
antine of plasma components. These issues illustrate the
need for alternative but complementary approaches to
prevent infectious disease transmission by transfusion.
The attractiveness of broad-spectrum sterilization
methodologies derives from the fact that they should be
equally effective against common, rarely occurring, and
even currently unidentified pathogenic microorganisms
that contaminate blood components.

With the exception of prions, all human pathogens
contain DNA and/or RNA molecules that are critical to
their replication and pathogenesis. Since the function of
RBCs and platelets does not depend on nucleic acids,
agents that target DNA/RNA represent approaches to
inactivate both known and unknown pathogens in
blood components.

Psoralens are a class of heterocyclic planar com-
pounds that can intercalate into the DNA of viruses,
bacteria, and other pathogens. After exposure to UV-A
light (320 to 400 nm), the activated psoralens form pho-
toadducts that crosslink DNA, blocking pathogen repli-
cation (Lin et al. 1997; Margolis-Nunno et al. 1997).
Psoralens can also inactivate RNA through pho-
toadduct formation. These agents are highly effective at
blocking replication of HIV, HCV, and other pathogens
in experimentally infected platelet units. Amotosalen
HCl, a proprietary psoralen compound developed 
by Cerus Corporation and marketed as the Helinx
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INTERCEPT Blood System, has received final 
European CE Mark approval for sterilization of platelet
components and is in clinical use. This system is cur-
rently under regulatory review in the United States and
not yet available for routine use. Cerus’ INTERCEPT
Blood System for RBCs is in Phase III clinical trials.
INACTINE, an alternate compound developed by V.I.
Technologies, is currently in Phase III clinical trials for
sterilization of RBC components. While INACTINE
was originally developed as a nucleic acid-targeting
molecule, it also appears to reduce infectivity of prion
proteins such as those that cause vCJD.While the mech-
anism of this effect is currently unclear, it may relate to
the washing procedure employed following INACTINE
treatment. Other agents for pathogen inactivation of
blood components are also under investigation. For
example, the porphyrin-like phthalocyanines are acti-
vated by long wavelength red light (650 to 700 nm),
which can be efficiently delivered to red cell units
without interference from hemoglobin. All of these
agents inactivate viruses as well as parasites, including
Plasmodium falciparum and Trypanosoma cruzi
(Lustigman and Ben-Hur 1996). Based on the recent
progress in developing reagents to sterilize cellular
blood components, pathogen inactivation methodolo-
gies will likely soon be used as a complement to sero-
logical screening, NAT, and leukoreduction to reduce
the incidence of transfusion-transmitted infections.

PLASMA COMPONENTS,
DERIVATIVES, AND FACTORS

PREPARED TO ELIMINATE
PATHOGENS

The issues of screening discussed above also apply to
plasma components and derivatives. However, since the
therapeutic efficacy of plasma and derivatives depends
on relatively stable soluble proteins and not labile cel-
lular elements such as RBCs or platelets, there is more
latitude in the use of methods to inactivate pathogens.

Solvent/Detergent (SD) Plasma and
Coagulation Factor Concentrates

HIV, HCV, and many other transfusable pathogens
are encapsulated by lipid envelopes that can be 
disrupted by detergents. Through combined use of
detergents (Tween 80 or Triton X-100), solvents (ethyl
ether or TNBP), and chromatography, lipid-enveloped
pathogens can be inactivated in plasma while preserv-
ing significant protein function. Plasma is typically
treated in large pools composed of 2500 units, followed
by filtration to remove leukocytes, bacteria, and the

largest von Willebrand factor multimers.Treated plasma
is then dispensed into 200 mL units and frozen. Origi-
nally marketed under the name PLAS+ SD in 1998, the
use of this product has been linked to a number of
deaths, including six liver transplant patients in 2000.
The FDA subsequently stated that PLAS+ SD should
not be used in patients undergoing liver transplant or
patients with liver disease or known clotting abnormal-
ities. In addition, viruses such as hepatitis A virus
(HAV) and parvovirus B19 do not contain lipid
envelopes and are thus resistant to SD treatment. B19,
which can be dangerous to infants particularly those
with compromised immune systems, has been transmit-
ted to at least two patients by SD-treated plasma and
has necessitated the recall of 37 lots of plasma. PLAS+
SD is not currently being produced, and it is unclear
whether manufacturing will be reinitiated.

The SD treatment technique is also effective at inac-
tivating lipid-enveloped viruses in protein derivatives
prepared from plasma, such as coagulation factors. For
example, following treatment of coagulation factor con-
centrates, it is estimated that less than 1 in 1016, 1013, and
106 will contain infectious HIV, HBV, and HCV, respec-
tively. Eleven million units of SD-treated plasma deriv-
atives, such as antihemophilia factor concentrates, have
been transfused through 1997 without reported trans-
mission of lipid-enveloped viruses (Klein et al. 1998).
However, HAV and B19 have been transmitted by 
SD-treated factor concentrates (Klein et al. 1998;
Pehta 1996).

Nucleic Acid Targeted Inactivation Strategies

The Cerus Helinx System previously described can
also be used to inactivate pathogens in plasma and is cur-
rently undergoing Phase III clinical trials for this use.
Methylene blue represents an alternate reagent for ster-
ilizing plasma. Methylene blue has been well accepted as
a safe agent for intravascular infusion as treatment of
methemoglobinemia. Following illumination, methylene
blue, like other photosensitizing dyes, produces reactive
oxygen species, which can then damage surrounding
molecules, such as nucleic acids. In 2002, the United
Kingdom Blood Services began to treat fresh frozen
plasma (FFP) with methylene blue before infusion into
neonates and young children. Among the cited indica-
tions were children undergoing heart surgery, liver trans-
plant, or massive transfusion. Methylene blue-treated
plasma has also been used in other European countries.

Heat-Treated Plasma Derivatives

Some contaminating viruses can be effectively 
inactivated by heat treatment. A variety of protocols
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have been used, including heating in solution (pasteur-
ization; usually at 60°C for 10 hours), heating previously
freeze-dried plasma derivatives (80°C), and heating in
hot vapor at 60°C (Mannucci et al. 1992). Pasteurization
produces a large decrease in viral load, with a minimum
calculated reduction of 14.9-log10 for HIV and 6.47-log10

for a nonenveloped virus (Chandra et al. 1999). HBV
and HCV are not as susceptible to heat treatment 
as HIV, and parvovirus B19 is even more resistant 
(Santagostino et al. 1997).

Recombinant Coagulation Factors

The molecular biology revolution has impacted
transfusion safety through the production of recombi-
nant coagulation factors in vitro, virtually eliminating
concerns of infectious disease transmission. In multiple
clinical trials in patients with hemophilia A, recombi-
nant human factor VIII has been shown to be effective,
with hemostatic activity profiles similar to those of
plasma-derived factor VIII (VanAken 1997). Recombi-
nant DNA technology also allows coagulation factors to
be modified for greater clinical efficacy. For example,
recombinant activated factor VII, marketed as Novo-
Seven, is effective in patients with hemophilia A or B
even in the presence of inhibitors (Lusher et al. 1998),
as well as in patients with other hemostatic defects
(Monroe et al. 2000). Coagulation factor concentrates
are discussed in more detail in Chapter 3.

SUMMARY

While CMV-seronegative and filtered units are
similar in their reduced risk of transmitting CMV infec-
tions, recent studies suggest that seronegative compo-
nents may be safer for susceptible patients. While 
these studies examined adult hematopoietic stem cell
transplant recipients, cautious extrapolation of these
results to neonates with immature or otherwise defi-
cient immune systems appears warranted. In the pedi-
atric population, use of filtered units should be effective
at reducing the load of latent EBV that is transfused and
the associated risk of sequelae such as posttransplant
lymphoproliferative disease, although this has not been
proven. Agents that disrupt pathogen replication, such
as the INTERCEPT and INACTINE systems, may soon
be approved for routine use and may markedly decrease
the risks of transfusion-transmitted infections. Coagula-
tion factors and other plasma derivatives currently have
a very low risk of pathogen transmission, which in some
cases had been reduced to negligible levels through in
vitro expression of recombinant constructs.
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HISTORY

Irradiation of blood products is necessary to prevent
transfusion-associated graft-versus-host disease (TA-
GVHD), an often fatal immunological complica-
tion. This complication of blood transfusion was first
reported in the 1960s in individuals with hematological
malignancies and infants with congenital immunodefi-
ciencies who received blood and then developed what
was called runt disease (von Fliedner, Higby, and Kim
1972).

Despite a better understanding of the pathogenesis
of TA-GVHD and the advent of preventive strategies
(Anderson and Weinstein 1990; Webb and Anderson
2000; Linden and Pisciotto 1992), there are still many
unanswered questions. There are no adequate estimates
of prevalence or incidence in the United States, as most
at-risk patients receive irradiated products. However,
in Japan, the Japanese Red Cross GVHD Study Group
and registry has estimated approximately 40 cases per
year based on the homozygosity for one-way human
leukocyte antigen (HLA) haplotype sharing in Japan,
the use of familial donors, and the use of fresh rather
than stored red blood cells (RBCs) (Ohto and 
Anderson 1996).

PATHOGENESIS

Three prerequisites for the development of GVHD
have been proposed in the transplant setting: (1) differ-
ences in histocompatibility between recipient and
donor; (2) presence of immunocompetent cells in the
graft; and (3) inability of the host to reject the immuno-

competent cells. In TA-GVHD, a similar set of circum-
stances can occur. Most immunocompetent recipients
will destroy the donor-derived T cells through lympho-
cytolysis. However, transfusion from an HLA homozy-
gous donor into an HLA heterozygous recipient who
shares one HLA haplotype with the recipient may result
in a failure of recognition of the donor cells as being
foreign and engraftment ensues (McMilan and Johnson
1993; Petz et al. 1993). In both cases, the foreign major
histocompatibility complex (MHC) antigens and/or
minor histocompatibility antigens (minor HA) of the
host stimulate clonal T-cell expansion and the induction
of an inflammatory response with cytokine release that
is ultimately responsible for the induction of the process
and clinical manifestations of the disorder.

Ferrara and Krenger (1998) have described the
Th1/Th2 paradigm, which delineates the cellular origins
and differential biologic functions of T-cell–derived
cytokines based on murine CD4 differentiation. Th1
CD4 T cells secrete IL-2 as their allostimulator.Th2 CD4
T cells produce IL-4, IL-5, IL-6, IL-10, IL-13, and lesser
amounts of TNFa, while Th1 and Th2 both produce 
IL-3 and granulocyte-macrophage colony stimulating
factor. The type 1 cell is pro-inflammatory and induces
cell-mediated immunity, while the type 2 cell is consid-
ered anti-inflammatory. Differentiation toward type 1 or
type 2 is a complicated process that involves 
early exposure to IL-4 or IL-12, the type of antigen-
presenting cells, costimulating molecules, and the pres-
ence of macrophages and their unique cytokines. Based
on their mouse work, Ferrera and Krenger (1998)
propose a three-step process for the development of
acute GVHD in the transplant setting that may be com-
parable to the development of TA-GVHD. In this
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model, host tissues are damaged through irradiation or
chemotherapy and secrete TNFa and IL-1, which
enhance recognition of host MHC and/or minor HLA
antigens by donor T cells. Donor T-cell activation results
in proliferation of Th1 T cells and secretion of IL-2 and
TNFa, which in turn activate T cells further and induce
cytotoxic T lymphocytes and natural killer (NK)
responses. Whether there is a direct comparability to
TA-GVHD remains a question. Subsequently, addi-
tional donor and residual host phagocytes are stimulated
to produce IL-1 and TNFa. Stimulated macrophages
release the free radical nitric oxide (NO), which has
further deleterious effects on host tissues. In addition,
NO upregulates alloreactivity as well as mediates the
cytotoxic function of macrophages (Worrall et al. 1995).
A secondary triggering signals lipopolysaccharides
(LPS) to stimulate gut-associated macrophages, lym-
phocytes, keratocytes, and dermal fibroblasts and further
promotes the inflammatory response and end organ
damage that are classical hallmarks of the disorder.

The importance of CD4 and CD8 cells in the patho-
genesis of TA-GVHD has been studied by Fast et al.
(1995) in a mouse model and by Nishimura et al. (1997)
in a patient with TA-GVHD and is further supported
by clinical correlation with HIV/AIDS (Ammann
1993). In the mouse, depletion of CD4+ cells increased
the number of donor cells needed to induce TA-GVHD,
while depletion of CD8+ and/or NK cells decreased the
number of donor cells needed to induce the disorder. In
HIV/AIDS, there has been only one report of TA-
GVHD (Klein et al. 1996), despite widespread use of
supportive transfusion and profound immunosuppres-
sion. Early depletion of CD4 may well protect against
establishment of GVHD. Alternatively, activation of
CD8+ lymphocytes against HIV-infected CD4 T cells
may limit the development of the GVHD process
(Ammann 1993). Studies by Kruskal et al. (2001) failed
to demonstrate microchimerism in HIV-infected sub-
jects enrolled in the Viral Activation Transfusion Study,
suggesting that HIV patients are not at risk for TA-
GVHD.

CLINICAL MANIFESTATIONS

Fever, anorexia, nausea, vomiting, and diarrhea are
seen. Skin manifestations are variably severe and begin
as an erythematous maculopapular eruption that may
proceed to erythroderma with bullae and frank desqua-
mation. Gastrointestinal bleeding is commonly seen,
most usually as bloody diarrhea. Hepatic dysfunction
with hyperbilirubinemia, with a progressively increasing
direct fraction, is also seen. TA-GVHD differs from
acute GVHD in the setting of allogeneic transplanta-

tion in that the pancytopenia seen is severe and often
results in the death of the patient. Diagnosis is often
made postmortem and is based on pathognomonic
histopathological findings of lymphocyte infiltration in
skin, lymph nodes, liver, and the gastrointestinal track
(Brubaker 1993).

DIAGNOSIS OF TA-GVHD

Clinical suspicion may warrant a skin biopsy. Skin
biopsy often reveals vacuolization of the epidermal
basal cell layer, dermal-epithelial layer separation, and
formation of bullae. Other findings include mononu-
clear cell migration into the epidermis, hyperkeratosis,
and dyskeratosis. Liver biopsies may reveal eosinophilic
infiltration and degeneration of small bile ducts, peri-
pheral inflammation, and lymphocyte infiltration. The
bone marrow will demonstrate what is classically
described as an “empty marrow” with pancytopenia,
fibrosis, and some lymphocytic infiltration.

Definitive confirmation is more complicated. Several
methods have been utilized to identify lymphocytes of
foreign origin in the circulation of a suspected patient
or in affected tissue. Serological HLA typing, DNA-
based HLA class II typing, karyotype analysis, restric-
tion length polymorphism analysis using probes from
both HLA and non-HLA regions, and genetic finger-
printing using polymorphic microsatellite markers have
all been used (Blundell et al. 1992; Capon et al. 1991;
Drobyski et al. 1989; Kunstmann et al. 1992; DePalma
et al. 1994). Fibroblast and buccal mucosal cells of the
recipient are often needed as the lymphocytolysis
accompanying the disorder prohibits standardized sero-
logical HLA typing. Parental or familial specimens may
be necessary to deduce a recipient’s HLA type (Wang
et al. 1994). Donor lymphocytes obtained from sus-
pected blood products present in attached remaining
blood bag segments often require polymerase chain
reaction (PCR) amplication and sequence specific
oligonucleotide probe (SSOP) methodologies to
provide confirmation of donor cell origin (Friedman 
et al. 1994).

TIME COURSE OF MICROCHIMERISM

In 1995, Busch and Lee demonstrated a thousandfold
expansion of donor lymphocytes in the circulation of
otherwise healthy recipients 3 to 5 days following trans-
fusion for elective orthopedic procedures; within 2
weeks, the allogeneic cells were cleared (Lee et al.
1996). In another study of adult trauma victims receiv-
ing large numbers (4 to 18 units) of fresh packed red
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blood cells (PRBCs), eight of ten had confirmed
microchimerism. Two of the eight still had persistence
of microchimerism when studied as long as one and a
half years posttransfusion (Lee et al. 1999). Kruskall et
al. (1995) in a study of 93 HIV-infected women who had
received blood from male donors found that five of 47
women randomized to receive nonleukoreduced RBCs
had detectable circulating male donor lymphocytes 1 to
2 weeks after transfusion and undetectable male donor
lymphocytes after 4 weeks. This was in contrast to 46
HIV-infected women who did not have detectable male
donor lymphocytes within a month of transfusion
(Kruskall et al. 1995). Wang-Rodriquez et al. (2000)
studied posttransfusion immune modulation in 14 pre-
mature infants. Through collaboration with Busch and
Lee, two of six female infants were identified, trans-
fused with nonleukodepleted RBCs, who developed
transient microchimerism detected by Y-chromosome
PCR amplification; both cleared these cells by 2 weeks
posttransfusion. An additional three infants who
received leukodepleted RBCs also had transient
microchimerism. Vietor et al. (2000) studied nine sur-
viving recipients of intrauterine transfusion whose
donors were still available for testing. Using fluorescent
in situ hybridization (FISH), PCR of Y chromosome-
specific sequences, and assays for the frequencies of
cytotoxic T lymphocyte and T helper-lymphocyte pre-
cursors, they detected true microchimerism in six out of
seven young adults studied 20 years posttransfusion.
Recently, Reed et al. (2001) have developed sequence-
specific amplification of DRB1, which permitted identi-
fication of minor chimeric populations at the 0.01%
level. The establishment of stable microchimerism and
identification of its biological consequences is critical
for pediatric patients who are expected to live to adult-
hood and may well be stable transfusion-induced
chimeras, an intriguing and, at the same time, worrying
concept. The persistence of microchimerism may pre-
dispose to autoimmune disease (Nelson et al. 1998;
Arlett, Smith, and Jimenez 1998; Evans et al. 1999),
chronic GVHD, recurrent abortion (Daya, Gunby, and
Clark 1998), and may serve as an allogeneic stimulate
of latent viral reactivation in the recipient.

GROUPS AT RISK

Patients who may develop TA-GVHD have been
described in a number of recent reviews (Anderson and
Weinstein 1990; Webb and Anderson 2000; Linden and
Pisciotto 1992; McMilan and Johnson 1993; Petz et al.
1993; Williamson and Warwick 1995), and there has
been a growing concern as to the types of patients who
may be affected. For example, based on two reports of

TA-GVHD development in severe combined immun-
odeficiency in older infants (Klein et al. 1996; Friedman
et al. 1994), recommendations have extended the age
range of irradiation well past the neonatal age group
(Luban and De Palma 1996; Ohto and Anderson 1996).
Given the lack of adequate animal models and definite
laboratory tests describing individual TA-GVHD risk,
many reports stratify the need for irradiation using such
terms as “clearly indicated” or “probably indicated”
(Webb and Anderson 2000; Williamson and Warwick
1995; Kanter 1992). In reality, the spectrum of individu-
als at risk will likely grow as intensive immunomodula-
tory therapies expand beyond oncological disease and
transplantation (Table 9.1).

THE IRRADIATION PROCESS

Among methodologies (for example, photoinactiva-
tion, peglyation, ultraviolet light, and irradiation) that
can be used to prevent TA-GVHD, only irradiation 
of whole blood and cellular components is currently
accepted practice by the Food and Drug Administration
(FDA). Irradiation of cellular components with ionizing
radiation results in the inactivation of T lymphocytes by
damaging nuclear DNA either directly or by generating
ions and free radicals that have damaging biological
actions. This prevents posttransfusion donor T-cell pro-
liferation in response to host antigen-presenting cells,
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TABLE 9.1 Clinical Indications for Irradiated Products

Fetus/Infant

Intrauterine transfusion
Premature infants
Congenital immunodeficiency
Those undergoing exchange transfusion for erythroblastosis

Child/Adult

Congenital immunodeficiency
Hematological malignancy or solid tumor (neuroblastoma, sarcoma,

Hodgkin’s disease receiving ablative chemo/radiotherapy)
Recipient of PBSC, marrow, or cord blood
Recipient of familial blood donation
Recipient of HLA-matched products
Lupus or any other condition requiring fludarabine

Potential Indications

Term infant
Recipient and donor pair from a genetically homogeneous 

population
Other patients with hematological malignancy or solid tumor 

receiving immunosuppressive agents
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which, in turn, abrogates GVHD (Shlomchik et al. 1995;
Davey 1992; Fearon and Luban 1986). Two types of ion-
izing radiation, g-rays and x-rays, are equivalent in inac-
tivating T lymphocytes in blood components at a given
absorbed dose. Gamma rays originate from the radioac-
tive decay process within the atomic nucleus of cesium
137 (137Cs) or cobalt 60 (60Co). Freestanding blood bank
gamma irradiators, which are the predominant instru-
ments for blood component irradiation, use either of
these two isotopes as an irradiation source. In contrast,
x-rays are generated from the interaction of a beam of
electrons with a metallic surface.

Linear accelerators that generate x-rays for patient
therapy (teletherapy) may serve as an irradiation source
for blood and blood components. Recently, the FDA has
also approved the use of a freestanding x-ray machine
(No-dion International, Ontario, Canada) for irradia-
tion of blood components. This instrument does not
require federal or Nuclear Regulatory Agency licenses.

INSTRUMENTATION 
FOR IRRADIATION

The basic operating principles and configurations 
of a freestanding irradiator with either a cesium (137Cs)
source or a linear accelerator are shown schematically

in Figure 9.1. With a freestanding 137Cs irradiator, blood
components are contained within a metal canister that
is positioned on a rotating turntable. Continuous rota-
tion allows for the g-rays, originating from one to four
closely positioned pencil sources, to penetrate all por-
tions of the blood component. The number of sources
and their placement depend on the instrument and
model. The speed of rotation of the turntable also
depends on the make or model of the instrument.A lead
shield encloses the irradiation chamber. Freestanding
irradiators employing 60Co as the source of g-rays are
comparable except that the canister containing the
blood component does not rotate during the irradiation
process; rather, tubes of 60Co are placed in a circular
array around the entire canister within the lead
chamber. When freestanding irradiators are used, the g-
rays are attenuated as they pass through air and blood
but at different rates (Fearon and Luban 1986). The
magnitude of attenuation is greater with 137Cs than with
60Co sources.

Linear accelerators generate a beam of x-rays over a
field of given dimension. Routinely, the field is projected
on a table-top structure. The blood component is placed
(flat) between two sheets of biocompatible plastic
several centimeters thick. The plastic on the top of the
blood component (that is, nearer to the radiation
source) generates electronic equilibrium of the second-
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Lead-enclosed chamber

FREESTANDING IRRADIATOR B LINEAR ACCELERATOR

Pencil source (Cesium-137) Beam
source

Gamma irradiation

Turntable

X-rays

FIGURE 9.1 Diagrammatic views of two common types of instrumentation used for blood irra-
diation. A, Configuration of a freestanding irradiator using a cesium 137 source. B, Configuration
of a linear accelerator.
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ary electrons at the point where they pass through the
component container. The plastic sheet on the bottom
of the blood component provides for irradiation back-
scattering that helps to ensure the homogenous deliv-
ery of the x-rays. The blood component is usually left
stationary when the entire x-ray dose is being delivered.
Alternatively it may be flipped over when half of the
dose has been delivered; this process involves turning
off and restarting the linear accelerator during the irra-
diation procedure. Although it seems as if the practice
of flipping is not required, further data are needed.

COMPONENTS TO BE IRRADIATED

The single most important characteristic of a blood
component’s ability to induce TA-GVHD is its white
blood cell (WBC) content and, specifically, its lympho-
cyte content. Based on animal models and estimates
from the bone marrow transplant literature 5 ¥ 104 to 1
¥ 105 T cells per kg in an ablated host will induce GVHD
(Korngold 1993), while a greater number is likely
needed in a nonablated host. The content of lympho-
cytes in each blood component differs based on the
donor’s initial lymphocyte count, the method of collec-
tion, and any postcollection manipulation and process-
ing. In general, there are likely sufficient lymphocytes
present in almost all blood products to induce TA-
GVHD in a susceptible recipient (Table 9.2). Over
storage, fewer lymphocytes can be isolated from both
RBC and platelet concentrates. Detail on the nature of

lymphocyte subsets and the molecular changes occur-
ring during storage in different blood products has not
been well studied, making risk assessment between a
specific class of product and a subcategory of at-risk
patients impossible. Further, there could be a cumula-
tive or synergistic effect from viable T cells present in
the multiple transfusions received by a given patient
whose own immunological status fluctuates with time
from treatment and infectious disease state.

For patients at risk for GVHD, all components that
might contain viable T lymphocytes should be irradi-
ated. These components are listed in Table 9.3. All types
of red cells suspended in citrated plasma or in an addi-
tive solution, postfreezing and -thawing (Suda, Leitman,
and Davey 1993; Miraglia, Anderson, and Mintz 1994;
Crowley, Skrabut, and Valeri 1974), and filtered prod-
ucts should be irradiated. Although extensive leukore-
duction through filtration may decrease the potential
for GVHD, it is not a substitute as there have been
reports of TA-GVHD in patients who have received
leukodepleted (filtered) red cells; however, the extent of
leukoreduction of the components was not uniformly
quantified in such reports (Akahoshi et al. 1992; Heim
et al. 1991; Hayashi et al. 1993; Anderson 1995).

In addition, to the number and specific subtype of T
lymphocytes present in a product, patient immunocom-
petence at the time of transfusion may also influence the
development of TA-GVHD. It is likely that the greater
the degree of immunosuppression, the fewer the viable
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TABLE 9.2 White Blood Cell (WBC) Content of Different
Blood Components

Average
Volume WBC

Component (mL) Content

Whole blood 450 1–2 ¥ 109

Red blood cells (RBCs) 250 2–5 ¥ 109

Washed RBCs Variable <5 ¥ 108

Deglycerolized RBCs 250 ~107

Platelet concentrate 50–75 4 ¥ 107

Plateletpheresis unit 200–500 3 ¥ 108*
Cryoprecipitate 25 0
Fresh frozen plasma 125 0
Pediatric frozen plasma Variable 0
Liquid plasma 125 1.5 ¥ 105

Single-donor plasma 125 0
Granulocyte concentrate 200–500 1 ¥ 1010

Modified from Luban NLC. Basics of transfusion medicine. In
Fuhrman BP, Zimmerman JJ, eds. 1992. Pediatric critical care. St.
Louis: Mosby.

*Less with new modified chambers.

TABLE 9.3 Blood Components Requiring Irradiation for
Patients at Risk of GVHD

All components that might contain viable T lymphocytes (including
products collected by apheresis)
Whole Blood

Cellular components
Red cells (regardless of anticoagulant or preservative)
Leukofiltered red cells
Platelet concentrates
Leukofiltered platelet concentrates
Previously frozen red blood cells
Nonfrozen plasma (fresh plasma)
Granulocyte concentrates

Questionable Components

Fresh frozen plasma
Frozen plasma

Unlikely to Contain Viable T Lymphocytes

Cryoprecipitate
PLAS+®SD—Plasma
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T lymphocytes that will be required to produce GVHD
in susceptible patients. In a recent review, it was sug-
gested that cytotoxic T lymphocytes or interleukin-2
secreting precursors of helper T lymphocytes may be
more predictive of GVHD than the number of prolif-
erating T cells alone.Accordingly, this suggests that until
further data are available to confirm adequate removal
of these T-cell subtypes by leukoreduction, irradiation
should be used for blood products destined for patients
at risk for GVHD (Anderson 1995).

Blood components given to recipients, whether
immunocompromised or immunocompetent, contain-
ing lymphocytes that are homozygous for an HLA hap-
lotype shared with the recipient, pose a specific risk 
for TA-GVHD. This circumstance occurs when first- 
and second-degree relatives serve as directed donors
(McMilan and Johnson 1993; Petz et al. 1993; Kanter
1992; Ohto and Anderson 1996) and when HLA-
matched platelet components donated by related 
or unrelated individuals are transfused (Benson et al.
1994; Grishaber, Birney, and Strauss 1993). Irradiation
of blood components must be performed in these 
situations.

Platelet components that have low levels of leuko-
cytes because of their collection through the apheresis
process and/or leukofiltration should also be irradiated
if intended for transfusion to susceptible patients. This
is because the minimum number of T lymphocytes that
induces TA-GVHD has not yet been delineated.

In contrast, there is controversy over fresh frozen
plasma. It is generally accepted that the freezing and
thawing processes destroy the T lymphocytes that are
present in such plasma.Two brief articles suggested that
immunocompetent progenitor cells may be present in
frozen-thawed plasma. These authors recommended
that frozen-thawed plasma be irradiated (Wielding et al.
1994; Bernvill et al. 1994). Further studies are needed 
to validate these findings and to assess whether the
number of immunocompetent cells, which may be
present in thawed fresh frozen plasma, is sufficient to
induce GVHD. In rare instances, when nonfrozen
plasma (termed fresh plasma) is transfused, it should be
irradiated because of the presence of a sizable number
of viable lymphocytes, approximately 1 ¥ 107 cells, in a
component prepared from a unit of whole blood.

STORAGE OF RED CELLS AND
PLATELETS AFTER IRRADIATION

Red Blood Cells

Irradiation of RBCs is not a benign process. The in
vivo viability of irradiated red cells, evaluated as the 24-

hour recovery, is reduced during storage when com-
pared with nonirradiated red cells (Davey et al. 1992;
Mintz and Anderson 1993; Moroff et al. 1992; Friedman,
McDonough, and Cimino 1991; Moroff 1999). This has
raised questions concerning the maximum storage time
for red cells after irradiation. Davey et al. (1992) found
that following irradiation with 3000 cGy on day 0, the
mean ± SD 24-hour recovery for Adsol-preserved red
cells after 42 days of storage was 68.5 ± 8.1% compared
with 78.4 ± 7.1% for control, nontreated red cells. Sub-
sequent studies employed total storage periods of
between 21 and 35 days after day 0 or day 1 irradiation.
After storage for 35 days, the mean (±SD) 24-hour
recovery for irradiated (3000 cGy) and control Adsol
red cells was 78.0 ± 6.8% and 81.8 ± 4.4%, respectively.
In studies with a 28-day storage period, the values for
irradiated (2500 cGy) and control Adsol red cells were
78.6 ± 5.9% and 84.2 ± 5.l%, respectively (Moroff et al.
1992). With Nutricel preserved red cells treated with
2000 cGy on day 1, mean 24-hour recovery for control
and irradiated red cells were 90.4% and 82.7% after 21
days of storage and 85.0% and 80.7% after 28 days of
storage (Friedman, McDonough, and Cimino 1991).
Moroff et al. (1999) evaluated the effect of irradiation
on Adsol red cells stored from day 1 to 28 (irradiated
day 1, protocol 1), day 14 to 28 (irradiated day 14, pro-
tocol 2), day 14 to 42 (irradiated day 14, protocol 3), and
day 26 to 28 (irradiated day 26, protocol 4), respectively.
In comparison to previous investigations, this study was
unique because red cells were studied after being irra-
diated for various times in storage and then studied
after further storage. Protocol 1 mean ± SD recovery
was 84.2 ± 5.1% for control RBCs and 78.6 ± 5.9% for
irradiated RBCs (n = 16; p < 0.01). With protocol 3, the
recoveries were 76.3 ± 7.0% for control RBCs and 69.5
± 8.6% for irradiated RBCs (n = 16; p < 0.01). Protocols
2 and 4 demonstrated comparable 24-hour recoveries
between control and irradiated RBCs. Long-term sur-
vival between control and irradiated RBCs were com-
parable in all protocols confirming previous data that
the long-term survival of RBCs is minimally influenced
by irradiation. Based on multiple linear regression
analysis only the length of storage after irradiation had
a significant effect on the 24-hour recovery. No effect
was observed with day of irradiation or total storage
time. In another study by Moroff et al. (1999) in vitro
red cell properties such as adenosine triphosphate
(ATP) levels and the amount of hemolysis were altered
to only a small extent relative to control values with
extended storage after irradiation, and it was found that
potassium leakage from the red cells during storage is
substantially enhanced by irradiation (Davey 1992;
Miraglia, Anderson, and Mintz 1994; Ramirez et al.
1987; Rivet, Baxter, and Rock 1989). Despite elevated
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potassium levels, the association between irradiation
induced changes in RBC viability and potassium
leakage was not complimentary. Based on analysis of
these studies, the FDA guidelines call for a 28-day
maximum storage period for red cells after irradiation,
irrespective of the day of storage on which the treat-
ment was performed, with the proviso that the total
storage time cannot exceed that for nonirradiated red
cells.

Neonatal RBC Transfusion Concerns

Irradiated red cells undergo an enhanced efflux of
potassium during storage at 1° to 6°C (Ramirez et al.
1987; Rivet, Baxter, and Rock 1989). Comparable levels
of potassium leakage occur with or without prestorage
leukoreduction (Swann and Williamson 1996). Washing
of units of red cells before transfusion to reduce the
supernatant potassium load does not seem to be war-
ranted for most red cell transfusions because posttrans-
fusion dilution prevents increases in plasma potassium
(Strauss 1990). On the other hand, when irradiated red
cells are used for neonatal exchange transfusion or the
equivalent of a whole blood exchange is anticipated, red
cell washing should be considered to prevent the possi-
ble adverse cardiotoxicity caused by hyperkalemia asso-
ciated with irradiation and storage (Luban, Strauss, and
Hume 1991).

Platelets

In contrast to red cells, platelets appear to be unaf-
fected by irradiation. The storage period at 20° to 24°C
for irradiated platelet components does not need to be
modified. Both in vitro and in vivo platelet properties
are not influenced to any extent by irradiation. Many
studies have confirmed that platelet properties are
retained immediately after conventional levels of irra-
diation and at the conclusion of a 5-day storage 
period, whether irradiation is performed prestorage or
midstorage (Moroff et al. 1986; Espersen et al. 1988;
Duguid et al. 1991; Read et al. 1988; Rock, Adams,
and Labow 1988; Sweeney, Holme, and Moroff 1994;
Seghatchian and Stivala 1995; Bessos et al. 1995). One
recent report indicated some differences in selected 
in vitro parameters between irradiated and control
platelets after storage (Seghatchian and Stivala 1995).

Granulocytes

Several studies have suggested that irradiation at
doses recommended for irradiation of blood compo-
nents does not affect granulocyte function.Wolber et al.
(1987) found that there was no effect of irradiation

doses between 1500 and 2500 cGy on the ability of neu-
trophils to generate intracellular hydrogen peroxide 
in the conversion of the nonfluorescent compound 
2¢-7¢-dichlorofluorescein into fluorescent 2¢-7¢-
dichlorofluorescein. Wheeler et al. (1984) found that
buffy coat-separated polymorphonuclear leukocytes
when treated with 1500 cGy also did not demonstrate
oxidative or migratory differences in chemilumines-
cence or chemotaxis in agarose as compared to nonir-
radiated controls. Patrone et al. (1979) found that
granulocytes harvested by continuous flow centrifuga-
tion using the Aminco Celltrifuge and irradiated at 1500
cGy did not demonstrate any differences in chemotaxis
compared to granulocytes in precollection venous
samples. It is only when high irradiation doses such as
10,000 to 40,000 cGy are reached that functions such as
granulocyte motility and bactericidal activity are signif-
icantly affected (Valerius et al. 1981).

SELECTION OF RADIATION DOSE

Studies utilizing a sensitive limiting dilution assay
(LDA) indicate that 2500 cGy (measured at the inter-
nal midplane of a component) is the most appropriate
dose (Pelszynski et al. 1994; Luban et al. 2000). In these
experiments, red cell and platelet components were
irradiated in their original plastic containers (blood
bags) with increasing doses of radiation.After each irra-
diation dose, the LDA samples were removed and the
clonogenic proliferation of T lymphocytes was meas-
ured in the system. With red cell units, 500 cGy had 
a minimal influence, whereas 1500 cGy inactivated T
lymphocyte proliferation by approximately four logs;
however, some growth was still observed in each exper-
iment. Increasing the dose to 2000 cGy resulted in no T-
lymphocyte proliferation in all but one experiment. No
growth was observed after 2500 cGy (Pelszynski et al.
1994). In a subsequent study that used platelet aphere-
sis components with sufficient T lymphocytes to
perform the LDA, the influence of 1500 cGy and 2500
cGy was evaluated (Luban et al. 1994). With 1500 cGy,
substantial inactivation was measured; however, some
growth was still observed in all experiments. As noted
with the red cell experiments, 2500 cGy resulted in com-
plete abrogation of clonogenic T-lymphocyte prolifera-
tion. LDA measures the clonigenic potential of both
CD4+ and CD8+ T cells in a functional assay. It provides
a quantification at low T-cell numbers. It has been used
to determine residual, functional T cells in bone
marrows purged of T cells, thus providing a clinical cor-
relate of prevention of GVHD (Quinones et al. 1993).
Assays of T-cell proliferation using mixed lymphocyte
culture or mitogens or detection of T cells by flow
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cytometry can detect up to a two-log reduction. PCR
techniques are capable of detecting up to a six-log
reduction but cannot distinguish viable versus nonvi-
able cells and hence are noninformative if cells are inac-
tivated. LDA assay, however, may fail to detect an as yet
undescribed human T-cell subset that contributes to
GVHD, but despite this limitation it is believed that the
current studies provide experimental evidence for the
selection of irradiation doses for plateletpheresis and
red cell components to abrogate TA-GVHD. Currently,
the FDA has recommended that the irradiation process
should deliver 2500 cGy to the internal midplane of a
freestanding irradiation instrument canister, with a
minimum of 1500 cGy at any other point within the can-
ister (Center for Biologics Evaluation and Research
1993).

QUALITY ASSURANCE MEASURES

One must document that the instrument being used
for irradiation is operating appropriately and confirm
that blood components have been irradiated. To ensure
that the irradiation process is being conducted correctly,
specific procedures are recommended for free-standing
irradiators and linear accelerators, which are summa-
rized in Table 9.4 and are detailed in a recent review
(Moroff and Luban 1997).

Dose mapping measures the delivery of radiation
within a simulated blood component or over an area in
which a blood component is placed. This applies to an
irradiation field when a linear accelerator is used or to
the canister of a freestanding irradiator. Dose mapping
is the primary means of ensuring that the irradiation
process is being conducted correctly. It documents that
the intended dose of irradiation is being delivered at a
specific location (such as the central midplane of a can-
ister), and it describes how the delivered irradiation
dose varies within a simulated component or over a
given area. This allows conclusions to be drawn about
the maximum and minimum doses being delivered.
Dose mapping should be performed with sensitive
dosimetry techniques. A number of commercially avail-
able systems have been developed in recent years.
Other quality assurance measures that need to be done
include the routine confirmation that the turntable is
operating correctly (for 137Cs irradiators), measure-
ments to ensure that the timing device is accurate, and
the periodic lengthening of the irradiation time to
correct for source decay. With linear accelerators, it is
necessary to measure the characteristics of the x-ray
beam to ensure consistency of delivery. Confirming 
that a blood component has, in actuality, been irra-
diated is also an important part of a quality assurance

program. Several indicator labels are available for this
purpose.

CONFIRMING THAT IRRADIATION
OCCURRED

It is important to have positive confirmation that 
the irradiation process has taken place in the case of
operator failure and/or instrumentation malfunction.
Several commercial products are available including 
a radiation-sensitive indicator label developed specifi-
cally for this purpose (International Specialty Products,
Wayne, NJ). This label contains a radiation-sensitive
film strip placed on the external surface of the blood
component. Irradiation causes visually distinct changes
and results in an appearance change from clear red 
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TABLE 9.4 Quality Assurance Guidelines for Irradiating
Blood Components

Dose

2500 cGy to the central midplane of a canister (freestanding
irradiator) or to the center of an irradiation field (linear
accelerator) with a minimum of 1500 cGy.

Dose Mapping (Freestanding Irradiators)

Routinely, once a year (137Cs) or twice a year (60Co) and after major
repairs; using a fully filled canister (water/plastic) with a dosimetry
system to map the distribution of the absorbed dose.

Dose Mapping (Linear Accelerators)

Recommend yearly dose mapping with an ionization chamber and a
water phantom. More frequent evaluation of instrument conditions
to ensure consistency of x-rays.

Correction for Radioisotopic Decay

With 137Cs as the source, annually.
With 60Co as the source, quarterly.

Turntable Rotation (Freestanding 137Cs Irradiators)

Daily verification.

Storage Time for Red Cells after Irradiation

For up to 28 days; total storage time cannot exceed maximum
storage time for unirradiated red cells.

Storage Time for Platelets after Irradiation

No change due to irradiation procedure.

Modified from Moroff G and Luban NL. 1997. The irradiation of
blood and blood components to prevent GVHD: technical issues and
guidelines. Transfus Med Rev 11:15–26.
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to opaque with obliteration of the word “NOT.” Thus,
when the label is placed on a blood component, there is
a visual record that the irradiation process took place.
The reliability of this type of indicator has been docu-
mented in a multisite study (Leitman et al. 1992).

Two versions of the indicator label have been manu-
factured.The difference is the range of radiation needed
to cause a change in the radiation-sensitive film. The
ratings for these indicators are 1500 cGy or 2500 cGy.
The ratings serve as an approximate guideline for the
amount of absorbed radiation that will be needed to
completely change the window from reddish to opaque
with complete obliteration of the word “NOT.” Because
the indicator labels are designed for and are used to
confirm that the irradiation process has occurred, our
laboratory utilizes the 1500 cGy label as the most appro-
priate tool to perform this quality control measure. This
is based on the routinely observed pattern of dose dis-
tribution to a blood component in a canister of a free-
standing irradiator. Despite a targeted central dose of
2500 cGy, there will be spots at which the dose will be
less. If the theoretical dose map presented in Figure 9.2
is used as an example, there will be a spot that will
receive only 1800 cGy. If the 2500 cGy-rated label were
to be located on the external surface of a component,
there may be minimal changes in the appearance of the
radiation-sensitive film window. This would result in a
judgment that the blood component was not irradiated,
when in actuality it was treated satisfactorily.

NEW METHODS IN THE
PREVENTION OF TA-GVHD

In the future, photochemical treatment (PCT) 
using psoralens and long wavelength ultraviolet irra-

diation (UVA) that have been developed to reduce 
the risk of bacterial and viral contaminants of platelet
transfusions as well as other agents that disrupt or
modify DNA replication of microorganisms may be
used in the inactivation of leukocytes in blood products.
Psoralens bind reversibly to nucleic acids by intercola-
tion and, after UVA illumination, form covalent
monoadducts and crosslinks with RNA and DNA.
Among a broad group of compounds, the psoralen 
S-59 has been shown to be particularly effective in 
inactivating bacteria and viruses, without adversely
affecting in vitro and in vivo platelet function (Lin et al.
1997).

Recently, S-59 and PCT has been studied for its 
possible inactivation of leukocytes in platelet con-
centrates (Hei et al. 1999; Grass et al. 1998). PCT inac-
tivation of T cells was evaluated utilizing four assay
systems. These assay systems included T-cell quantita-
tion, inhibition of cytokine synthesis, modification of
leukocyte genomic DNA by quantification of psoralen-
DNA adducts, and inhibition replication of T cells using
PCR amplification of genomic DNA sequences. These
studies demonstrated significantly reduced or absent
cytokine generation and greater DNA strand break
induction in platelet concentrates treated with PCT as
compared to those treated with irradiation (Hei et al.
1999; Grass et al. 1998). Furthermore, limiting dilution
analysis was used to confirm inactivation of T cells in
the platelet concentrates.To further support the efficacy
of S-59 and PCT, a murine F1 hybrid-transfusion-
induced GVHD model was tested (Grass et al. 1999).
No GVHD was noted in mice receiving splenocytes
treated with either 2500 cGy or 150 mmol/L S-5-9 and
2.1 J/cm2 UVA. In another set of experiments, PCT to
prevent GVHD in an immunocompromised mouse
model was studied (Grass et al. 1997). These studies
taken together suggest that PCT may well be an alter-
native to irradiation and further provide a mechanism
to prevent increase in cytokine concentration in platelet
concentrates. The limitation of PCT methodology is the
need for UVA penetration, which is not currently pos-
sible with RBC products. Several strategies are cur-
rently being studied in an attempt to overcome this
limitation. Other agents such as PEN110, a low-molec-
ular weight electrophilic compound, have been shown
to chemically modify DNA and result in inhibition of
DNA replication. Such compounds do not require an
activation step and have been demonstrated to inacti-
vate mononuclear cells present in RBC units (Fast et al.
2002).Another method of inactivating WBCs uses ultra-
violet B irradiation to induce immune tolerance in
donor leukocytes (del Rosario, Zuclai, and Kao 1999).
Further research in the safety of such approaches is 
warranted.
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FIGURE 9.2 Two-dimensional dose map showing the irradiation
dose distribution through a fully filled canister of a freestanding
cesium 137 irradiator.
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TREATMENT OF TA-GVHD

Despite the mortality (80% to 90%) associated with
TA-GVHD, effective treatment remains elusive
(Linden and Pisciotto 1992). Immunosuppressive
therapy, the mainstay of treatment of TA-GVHD is of
unproven value in TA-GVHD, and immunosuppressive
agents such as steroids, methotrexate, antithymocyte
globulin, Cyclosporin, and OKT3 have been associated
with disappointing results (Linden and Pisciotto 1992;
Lee et al. 1999). A recent report described the early
detection and successful treatment of TA-GVHD using
Solu-Medrol, Cyclosporin A, followed by high dose
Cytoxan and antithymocyte globulin and autologous
peripheral blood stem cell infusion (Hutchinson et al.
2003). Such cases are the exception—the best treatment
for TA-GVHD remains prevention.
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INTRODUCTION

In special situations, saline-washed red blood cells
(RBCs) may be needed to reduce the risk of adverse
reactions to certain constituent(s) in plasma or in the
preservative storage solution. For example, small infants
may require saline-washed RBCs if freshly collected
RBCs are not available for rapid or large-volume trans-
fusions during exchange transfusions, extracorporeal
membrane oxygenation (ECMO) procedures, car-
diopulmonary bypass, or liver transplantation. Also,
children with recurrent, severe allergic reactions, includ-
ing IgA anaphylaxis, may require saline-washed RBCs
to reduce exposure to allogeneic plasma proteins. RBCs
salvaged from sterile surgical fields or traumatic injury
sites should be saline-washed to remove tissue debris
and other potentially biologically active material before
return to the patient. In children with T activation and
hemolysis, saline-washed RBCs avert the risk of further
hemolysis induced by anti-T in (normal) donor plasma.

Washed platelet concentrates are rarely required.
However, washed maternal platelets may be the only
source of serologically compatible platelet transfusions
for a fetus or newborn with neonatal alloimmune throm-
bocytopenia. Occasionally, group A, B, or AB patients
may require volume-reduced pooled random-donor or
single-donor (apheresis) platelets if “out-of-group”
platelets are the only platelet components available to
avoid ABO-related hemolysis. “Super-concentrated” or
recentrifuged platelets to reduce volume and prevent
circulatory overload are rarely necessary. Conventional
doses of standard platelet components (5 to 10 mL/kg)
should be tolerable for most children, including preterm
infants and newborns, and are usually adequate for

increasing the platelet count to a safe level. For the rare
small infant who requires reduction of all intravenous
(IV) fluids to avoid circulatory overload, protocols are
available for preparing volume-reduced platelets. Blood
banks providing this service must maintain strict quality
control to ensure adequate number and function of
platelets in the final component.

WASHED RED BLOOD CELLS

Indications

Large Volume Transfusions: Hyperkalemia

Small volume transfusions (<25 mL/kg) of RBCs
stored as citrate-phosphate-dextrose-adenine (CPDA)-
1-anticoagulated “packed” RBCs or in conventional
extended-storage media (AS-1 [ADSOL], Baxter
Healthcare Corporation, Deerfield, IL; AS-3 [Nutricel],
Medsep Corporation, Covina, CA; AS-5 [Optisol],
Terumo Corporation, Somerset, NJ) may be safely
transfused to small children, including newborns and
preterm infants (Strauss 2000a). However, larger
volume transfusions (>25 mL/kg) of conventionally
stored RBCs, particularly if transfused rapidly, may
cause acute hyperkalemia, resulting in cardiac arrest
and death (Hall et al. 1993). During storage, K+ leaks
from the intracellular fluid of RBCs, increasing the 
concentration of K+ in the plasma or RBC preservation
storage solution to levels that are potentially dangerous
for rapid transfusions. The K+ concentration in super-
natant plasma of CPDA-1–stored RBCs increases con-
tinuously from 4.2 mmol/L to almost 80 mmol/L during
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the 35-day storage period (Strauss 2000a). For a
newborn weighing 1 kg, a conventional transfusion 
(15 mL/kg) of 42-day stored RBCs prepared to a hema-
tocrit of 80% may have a K+ concentration of 
50 mEq/L but contains a total of only 0.15 mEq of K+.
While that relatively high concentration of K+ is tolera-
ble and safe if transfused slowly (2 to 4 hours), the 
same RBC component could present a potentially fatal
acute K+ load if transfused rapidly. Situations when
rapid transfusions of stored RBCs may increase 
recipient K+ levels acutely and, therefore, require 
saline-washed or freshly-collected RBC components,
include exchange transfusions, ECMO, cardiopul-
monary bypass, and liver transplantation (Luban 1995;
Scanlon and Krakaur 1980; Estrin et al. 1986). Saline-
washed RBCs should be considered also for neonates
and small children with renal failure, hyperkalemia,
or severe acidosis who may require large volumes 
(>20 mL/kg) or rapid transfusion.

Some neonatologists are concerned that for large-
volume transfusions, such as cardiopulmonary bypass,
the doses of certain additives in extended-storage 
solutions may exceed known limits for safety in small
children (Luban et al. 1991). Concerns derive from the
possibility that, based on theoretical calculation of con-
stituents of the storage media, such transfusions could
result in hyperosmolality, hyperglycemia, hyperna-
tremia, or hyperphosphatemia, in addition to hyper-
kalemia. For that reason, some transfusion services
volume-reduce or wash RBCs stored in additive solu-
tions for large-volume or rapid transfusions in neonates
or small children.

An innovative alternative to saline-washed or freshly
collected RBCs to reduce the risk of acute hyper-
kalemia from stored RBCs is transfusion via an investi-
gational K+-adsorption filter containing an ion exchange
resin that has the capability to bind as much as 20 mEq
of K+ (Model 7R-001, Mitsubishi Chemical, Tokyo,
Japan) (Inaba et al. 2000). While this filter was devel-
oped to reduce the risk of hyperkalemic reactions from
stored gamma-irradiated RBCs, this approach could
provide a practical solution to the problem of quickly
preparing safe RBCs for small children needing rapid
or large-volume transfusions of stored RBCs. Although
the manufacturer has reported satisfactory safety and
efficacy on 65 patients treated with this filter in a Phase
III clinical trial, its status remains investigational.

Recurrent Allergic or Anaphylactic Reactions

Some chronically transfused children require saline-
washed RBCs to prevent recurrent, acute allergic reac-
tions, such as generalized urticaria, brochospasm, rash,
flushing, nausea, vomiting, or diarrhea. Most first-time

allergic-type reactions are product-related, rather than
patient (recipient)-related and do not recur when addi-
tional plasma-containing components are transfused.
However, some chronically transfused children have
recurrent reactions that are not prevented by pretreat-
ment with an antihistamine. In this situation, the only
reliable way to avert an acute allergic reaction is trans-
fusion of saline-washed RBCs.

Other children may require saline-washed RBCs
because of the severity of their reactions to plasma-
containing components. These severe generalized 
reactions may occur as anaphylaxis with severe bro-
chospasm, hypotension, and life-threatening circulatory
collapse (Sandler et al. 1995). In such cases, a diagnosis
of an IgA anaphylactic reaction may be established on
the basis of a conventional passive hemagglutination
assay for IgA antibodies and a passive hemagglutina-
tion inhibition assay for IgA concentration (Sandler et
al. 1994). The authors advise caution when interpreting
results of these hemagglutination assays because they
may yield nonspecific results. The same hemagglutina-
tion assay that is used to diagnose patients with IgA ana-
phylactic reactions, detected IgA deficiency and the
presence of anti-IgA in 1 :1200 asymptomatic healthy
blood donors (Sandler et al. 1994). Clearly, this number
of healthy persons at-risk for an IgA anaphylactic reac-
tion greatly exceeds the incidence of IgA anaphylactic
transfusion reactions in clinical practice.

Other kinds of severe generalized reactions to
plasma-containing components have been identified
recently; these include transfusion-related acute lung
injury (TRALI), leukocyte-mediated cytokine, and 
antihaptoglobin (Sandler et al. 2003). It is likely that
some of the early reports of IgA anaphylactic reactions,
particularly those attributed to IgA subclass antibodies,
represent misdiagnoses of more common generalized
transfusion reactions that were erroneously “con-
firmed” by nonspecific hemagglutination assay results
(Gilstad et al. 2002). It is important to carefully docu-
ment both the clinical and laboratory diagnoses of IgA
anaphylactic reactions before committing a child to a
life-long requirement for saline-washed RBCs.

Intraoperative Red Cell Salvage

Intraoperative salvage of shed RBCs has been uti-
lized effectively to reduce allogeneic blood transfusions
in surgical procedures associated with large-volume
blood loss (for example, correction of craniosynostosis,
spinal surgery, or liver resection) (Jimenez and Barone
1995; Kruger and Colbert 1985; Estrin et al. 1986). Con-
ventionally, shed RBCs are aspirated from the sterile
surgical field, anticoagulated using heparin-saline, and
washed with sterile saline in a rotating polycarbonate
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bowl. The effluent-containing clots, white blood cells
(WBCs), platelets, cellular debris, and heparin are 
discarded, and saline-washed, concentrated RBCs are
returned to the patient.

An alternative method of salvaging RBCs has been
introduced whereby sanguinous drainage from the
chest, large joints, or other sites is heparinized and
returned directly (unwashed) from collection canisters.
This method is controversial because of concerns that
such drainage may contain procoagulant material, vari-
able amounts of anticoagulant, and/or unsterile debris.
In fact, even saline-washed, salvaged RBCs collected
under optimal conditions may contain residual biologi-
cally active materials capable of causing increased vas-
cular permeability, acute respiratory distress syndrome,
or disseminated intravascular coagulation (DIC) (Bull
and Bull 1990; Ramirez et al. 2002). This complication,
described as the “salvaged blood syndrome,” may be
averted by standardizing aspiration techniques, con-
trolling saline-wash volumes, and monitoring the rotat-
ing bowl for an abnormal accumulation of debris on the
inner wall (Bull and Bull 1990).

A similar process for salvaging and saline-washing
RBCs has been adapted for pediatric bone marrow
donors to reduce the risk of symptomatic anemia fol-
lowing bone marrow harvest (Kletzel et al. 1999). These
investigators used a semi-automated closed system
(Stericel, Terumo Somerset, NJ) to process bone
marrow hematopoietic cells from healthy, human leuko-
cyte antigen (HLA)-matched, pediatric bone marrow
donors (mean age 8 years). The marrow was aspirated
under general anesthesia, filtered in the operating room,
processed by density gradient separation with Ficoll-
Hypaque, and washed. The aliquot containing mononu-
clear cells was infused in the recipient. A second 
aliquot containing the washed RBCs was returned to
the donor. This method reduces the risk of post-bone
marrow harvest anemia in pediatric donors, enriches the
mononuclear and CD34+ cell population to be infused
in the recipient, and does not appear have a negative
effect on hematopoietic reconstitution.

T Activation

Immune-mediated hemolysis has been reported fol-
lowing transfusion of plasma-containing blood compo-
nents to patients whose RBC T cryptantigen has been
exposed by bacterial infection, resulting in T activation
(van Loghem et al. 1955; Williams et al. 1989;
Ramasethu and Luban 2001). In this situation, T acti-
vation occurs because bacterial neuraminidase removes
N-acetyl neuraminic acid residues and exposes T
cryptantigens on RBC membranes. Exposure of the T
antigen allows binding with IgM anti-T, a normal con-

stituent of adult plasma, which results in RBC aggluti-
nation and hemolysis. T activation has been reported in
neonates with necrotizing enterocolitis, especially in
those with severe disease requiring surgical interven-
tion. It has also been reported in septicemic infants and
children with other surgical problems, in children with
hemolytic uremic syndrome associated with Streptococ-
cus pneumoniae infection, and in adult surgical inten-
sive care patients.

T activation should be suspected in at-risk children
who have evidence of intravascular hemolysis following
transfusion of plasma-containing blood components.
Routine compatibility testing may not detect polyag-
glutination due to T activation if routine ABO grouping
of patients is performed using (non–plasma-derived)
monoclonal reagents. If human plasma-derived ABO
grouping reagents are used, discrepancies in forward
and reverse typing results and/or in vitro hemolysis may
indicate T-antigen activation.The diagnosis is confirmed
by specific agglutination tests using peanut lectin
Arachis hypogea and Glycine soja. Further hemolysis
following component transfusion may be prevented
using saline-washed RBCs and platelets. Exchange
transfusion with plasma-reduced components may be
necessary for infants with ongoing severe hemolysis
(Ramasethu and Luban 2001). A dilemma develops
when a patient with T activation requires an urgent
transfusion of fresh frozen plasma or platelets to control
hemostasis. Some physicians recommend completely
avoiding transfusion of plasma-containing components,
while others question the clinical relevance of T activa-
tion and recommend that indicated plasma-containing
components not be withheld (Eder and Manno 2001).
Recommendations, which are based on case reports, are
conflicting and there are neither evidenced-based 
guidelines nor results of a randomized, controlled clini-
cal trial to direct practice. Pending additional informa-
tion on this controversial matter, the preponderance of
clinical evidence favors not withholding plasma-
containing blood components when they are indicated
to control hemostasis (Eder and Manno 2001). For 
those blood banks that routinely use murine or other
monoclonal blood group typing reagents, the authors do
not recommend adding human plasma-derived typing
reagents as a screening procedure to detect T activation.

Paroxysmal Nocturnal Hemoglobinuria

Paroxysmal nocturnal hemoglobinuria (PNH), an
acquired disorder associated with a somatic mutation in
totipotent hematopoietic stem cells, is uncommon in
children (Hillmen et al. 1995). However, PNH may be
associated with bone marrow failure (Wynn et al. 1998;
Rizk et al. 2002) or Fanconi anemia in children 
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(Wainwright et al. 2003), and it is therefore important
that pediatricians are aware of issues related to blood
transfusions in PNH.

Whole blood transfusions have been reported to
increase hemoglobinuria and hemoglobinemia in
patients with PNH as the consequence of an exacerba-
tion of complement-mediated intravascular hemolysis.
Thus, some hematologists request saline-washed RBCs
for transfusion to patients with PNH. While posttrans-
fusion hemolysis is rare in PNH when saline-washed
RBCs are transfused (Dacie 1948), it is observed (Rosse
1990) (Barnett et al. 1951; Hirsch et al. 1964). However,
most PNH patients do not have hemolysis after RBC
transfusions, even when whole blood is transfused
(Manchester 1945). A retrospective review of 13
patients with PNH at the Mayo Clinic who were trans-
fused on 82 occasions with 138 units of blood (15 units
of whole blood, 100 units of RBCs, 22 units of saline-
washed RBC, and 1 unit of FFP) showed minor 
febrile reactions occurring with the same frequency
after transfusions of whole blood or RBCs (11%) or
saline-washed RBCs (10%); only one hemolytic trans-
fusion reaction occurred among the 82 transfusion
events when a unit of nongroup-specific blood was
transfused. This was the same situation that occurred in
the patient originally reported by Dacie in 1943 and
1948 and was responsible for the origin of the practice
of transfusion saline-washed red blood cells to patients
with PNH (Sherman and Taswell 1977). Based on this
information, as well as our experience of transfusing
patients with PNH for more than 10 years with con-
ventional AS-1 RBCs without reactions, the authors 
recommend that use of saline-washed RBCs is not nec-
essary for patients with PNH.

Methods for Preparing Saline-Washed 
Red Blood Cells

RBC components may be washed manually using a
refrigerated centrifuge or, more typically, using one of
several commercially marketed automated cell washers.
Washing a unit of RBCs using 1 to 2 L of 0.9% 
sodium chloride will remove approximately 99% of
plasma proteins, electrolytes, and antibodies but may
result in loss of up to 20% of the red cell mass, depend-
ing on the protocol used (Brecher 2002). In small chil-
dren who receive syringe transfusions, loss of 20% of
the original component’s red cell mass is unlikely to
result in an increased donor exposure. However, in
older children, that loss of red cell mass could increase
donor exposure if the blood bank needed an additional
component to compensate for the loss.

Rarely, a recipient who is highly reactive to small
quantities of residual plasma may require RBCs that

have been washed using 4 to 6 L of saline. Conventional
washing devices use an “open” system, which requires
use of the washed RBC component within 24 
hours.

Methods for Preparing Volume-Reduced 
Red Blood Cells

AS-3 Red Blood Cells

Conventionally, RBCs are prepared by removing
supernatant plasma from whole blood following a
“heavy spin” (5000 ¥ g, 5 minutes) (Brecher 2002).
Removing 225 to 250 mL of plasma will result in an
RBC component with a hematocrit of 70% to 80%. The
hematocrit of the final component may be decreased by
removing proportionally less plasma (Brecher 2002).
Strauss et al. developed a method to prepare multiple
aliquots of RBCs for neonatal transfusions with hema-
tocrits >90% using RBC components stored at 4°C for
as long as 42 days (Strauss et al. 1995). For this method,
donor blood is collected in a primary bag containing
CP2D anticoagulant (Leukotrap RC System, Miles Inc.,
Elkhart, IN), which is centrifuged at 5000 ¥ g for 5
minutes. Platelet-rich plasma is transferred into a
second bag, which is disconnected. Extended storage
media (100 mL) (Nutricel,AS-3, Miles Inc., Elkhart, IN)
is added to the storage bag and, after mixing, the RBCs
are transferred via the leukocyte-reduction filter to
another storage bag. A cluster of small-volume bags is
attached to the storage bag using a sterile connecting
device. When a transfusion is ordered, the storage bag
is centrifuged in an inverted position to pack the AS-3
RBCs to a hematocrit of approximately 90%. The orig-
inal method has been modified to centrifuge at 4000 ¥
g for 4 minutes, not faster, (Personal correspondence,
R.G. Strauss to S.G. Sandler, May 15, 2003). The volume
of RBCs requested flows from the bottom of the storage
bag through the outlet tubing into one of the small-
volume bags. The aliquot is disconnected, and the resid-
ual contents of the storage bag are mixed thoroughly
and returned to storage until the next aliquot is
required. During storage, AS-3 RBCs are mixed and
resuspended weekly. In the original study, measure-
ments of extracellular K+, hemoglobin, and lactic dehy-
drogenase from repeatedly mixed and centrifuged units
that were stored in an inverted position were compara-
ble to those of uncentrifuged conventionally-stored AS-
3 RBCs (Strauss et al. 1995).

AS-1 Red Blood Cells

The method described previously for AS-3 RBCs has
been modified to prepare AS-1 RBCs with hematocrits
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of approximately 85% to 87% after storage at 4°C for
as long as 42 days (Strauss et al. 1996). For this method,
RBCs are processed and stored by conventional
method using AS-1 (Adsol, Baxter Healthcare Corp.,
Deerfield, IL) at hematocrits of approximately 60%.
When a transfusion is requested, the AS-1 unit is cen-
trifuged in an inverted position at 4000 ¥ g for 4 
minutes. Aliquots are removed, as before. During
storage, the primary AS-1RBC units are remixed and
stored until another transfusion was ordered and
aliquoted.

These or similar methods for preparing volume-
reduced RBCs for neonatal transfusions have been
adopted by many hospitals. However, the subject of
volume-reduced RBC transfusions remains controver-
sial. Not all physicians agree that additional centrifuga-
tion(s) of conventional RBC components (hematocrit
60%) to prepare a syringe of volume-reduced RBCs
(hematocrit 85% to 87%) is a clinically meaningful
manipulation. The authors concur with the caution that
“. . . this technique may not be desired by all centers,
and if it is adopted, quality control studies should be
performed to ensure the quality and sterility of the RBC
aliquots” (Strauss et al. 1996).

Alternatives to Saline-Washed or 
Volume-Reduced Red Blood Cells

Depending on the clinical situation, there may be
alternatives to saline-washed RBCs for reducing the
risks of excessive K+ or plasma proteins in RBC com-
ponents. For rapid transfusion in a small infant, recon-
stituted whole blood (that is, RBCs resuspended in fresh
frozen plasma shortly before transfusion) should dilute
supernatant K+ to a safe concentration. Accordingly, the
Pediatric Hemotherapy Committee of the American
Association of Blood Banks (AABB) recommended
that “reconstituted whole blood . . . or whole blood (£5
days old) may be given [to infants and children <18
years] without the need for further justification in the
setting of massive transfusions” (Blanchette et al. 1991).
Also, selecting a RBC component stored in AS-1, AS-3,
or AS-5, rather than as packed CPDA-1-anticoagulated
RBCs in plasma, should reduce the concentration of
plasma proteins to a level tolerable for most patients
with nonspecific recurrent allergic reactions. Lastly,
storing RBC components in the refrigerator “upside
down” (inverted gravity sedimentation) will concen-
trate AS-1 units to hematocrits in the 68% range 
by 72-hours (Figure 10.1) (Sherwood et al. 2000). This
simple manipulation provides a method for volume-
reducing AS-1 RBC units in transfusion services that
may not have access to an appropriate refrigerated 
centrifuge.

WASHED AND VOLUME-REDUCED
PLATELET CONCENTRATES

Indications

Neonatal Alloimmune Thrombocytopenia

Neonatal alloimmune thrombocytopenia (NAIT) is a
potentially fatal disease of the fetus or newborn that
may occur when there is incompatibility for human
platelet antigens (HPAs) between mother and fetus
resulting in immune destruction of platelets. Approxi-
mately 90% of cases of NAIT in Caucasians of 
European ancestry present in an HPA-1a–positive
newborn or fetus of an HPA-1a–negative mother who
has developed anti-HPA-1a (Uhrynowska et al. 1997).
Approximately 6% to 19% of cases of NAIT in 
Caucasians are due to anti-HPA-5b and 0% to 2% are
due to anti-HPA-1b (McFarland 1998; Kroll et al. 1998).
Mothers of Asian ancestry whose newborns have NAIT
most often have antibodies specific for HPA-4 antigens
(Stroncek 2002). More than 16 different HPAs have
been implicated in NAIT (Skupski and Bussel 1999).

One approach to managing an at-risk pregnancy con-
sists of using periumbilical blood sampling (PUBS) to
monitor fetal platelet counts after 20 weeks of gestation
and infusing the mother with intravenous immune glob-
ulin (IVIG) (1 gm/kg) weekly to ameliorate fetal throm-
bocytopenia (Bussel et al. 1996). In this protocol, adding
1.5 mg dexamethasone to weekly infusions of IVIG did
not improve the response rate. An alternative approach
first measures the fetus’ platelet count at 20 weeks of
gestation and recommends weekly infusions of IVIG 
(1 mg/kg) for the mother if the fetus is thrombocy-
topenic (Johnson et al. 1997). A second PUBS is per-
formed at 26 weeks, and prednisone (60 mg daily) is
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FIGURE 10.1 Hematocrits of 20-mL aliquots of AS-1 RBCs con-
centrated by gravity sedimentation. Reproduced with permission 
(Sherwood et al. 2000).
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added to weekly IVIG infusions if the fetus remains
thrombocytopenic. PUBS is repeated before delivery,
and the fetus is transfused with platelets if thrombocy-
topenic (Johnson et al. 1997).

Since maternal platelets are serologically compatible
with the offending antibody in NAIT, they are a poten-
tial source of platelets for transfusion in the newborn
(Adner et al. 1969). However, since maternal platelets
are suspended in plasma that contains the antibody to
the fetus’ platelet antigen, it is necessary to wash the
maternal platelets and resuspend them in compatible
plasma or saline. Platelet components may be washed
by manual or automated methods using 0.9% sodium
chloride, with or without adding ACD-A (Pineda et al.
1989). Loss of up to 33% of original platelets may occur
(Pineda et al. 1989). Also, since washing presently
requires an open system, washed platelets must be
transfused within 4 hours.

It is logistically preferable to supply HPA-matched
platelet transfusions using panels of HPA-typed and
qualified donors (Ranasinghe et al. 2001). Increasingly,
large community blood centers have established panels
of known HPA-1a–negative platelet donors. These
platelet donors are scheduled for routine platelet
apheresis donations at frequent intervals, and therefore
the products qualify under emergency-release protocols
to be released for transfusion before infectious disease
testing is completed. Serologically compatible platelets
collected from such call-in donors may be collected and
emergency-released more quickly than if one collects,
tests, and processes platelets collected from the mother.

Community donors of rarer HPA specificities are
more difficult to recruit since maternal platelets or
platelets from pretyped allogeneic donors are selected
to be serologically compatible with the implicated anti-
body. Conventional doses of platelets (10 mL/kg) should
be adequate for most clinical situations. Nevertheless,
careful monitoring of posttransfusion platelet counts is
essential given the serious consequences of inadequate
dosing in thrombocytopenic newborns. In many cases of
NAIT presenting at delivery following the first preg-
nancy, a clear-cut diagnosis cannot be made as serologi-
cal test results will not be available. For this reason, it is
advisable to have a policy in place for the inevitable
emergency request to collect and/or wash maternal
platelets for transfusion to an affected fetus or newborn.

Out-of-Group Platelets

Platelets from Group O donors may be transfused to
Group A, B, or AB recipients if ABO-group specific
platelets are not available. Usually, the small volume 
of donor plasma, representing a “minor-type” ABO
incompatibility, does not cause overt hemolysis. Often
recipients of out-of-group platelet transfusions develop

a weakly positive direct antiglobulin test result, but that
is the only evidence of the incompatibility. Occasionally,
acute intravascular hemolysis may occur, typically when
ABO-incompatible apheresis platelets from a donor
who has a high-titer anti-A titer or anti-B titers have
been transfused to an A1 recipient (Larsson et al. 2000;
Pierce et al. 1985). Anti-A and anti-B titers are not rou-
tinely performed on apheresis platelets. As clinical 
practice shifts from transfusing pools of multiple
random-donor platelet concentrates where there is 
dilution of the titer to transfusing more single-donor
(apheresis) platelets (Larsson et al. 2000), more cases
may be identified. In most situations, management con-
sists of obtaining and transfusing platelets from donors
who are ABO compatible. In situations where the
demand for platelets is high and the inventory is low,
volume reduction of platelets to decrease the amount of
plasma transfused is a reasonable measure to reduce the
risk of further hemolysis.

Febrile Nonhemolytic Transfusion Reactions

In adult transfusion recipients, the incidence of
febrile nonhemolytic transfusion reactions (FNHTRs)
is lowered when plasma-reduced platelet concentrates
are used (Heddle et al. 1999; Heddle et al. 1994). This
effect is attributed to decreasing leukocyte-derived
proinflammatory cytokines that accumulate in the
plasma of platelet components during storage (Heddle
et al. 1994; Muylle et al. 1996). In children, a random-
ized, prospective, crossover study compared the 
frequency of acute reactions to poststorage plasma-
removed platelets and standard platelets (Couban et al.
2002). Study platelets were prepared by removing the
plasma from the stored component and replacing it with
an equal volume of ABO-compatible fresh frozen and
thawed plasma “to maintain a blind study design.”
While there was a trend toward a lower frequency of
FNHTRs with poststorage plasma removal, the results
were not statistically significant (Couban et al. 2002).An
as yet unexplained finding of the study was that
FNHTRs occurred less frequently in children than in
adults. Based on the results of the study, we do not 
recommend removal of plasma with or without replace-
ment with FFP as a method to reduce the incidence of
FNHTRs in children.

Prevention of Circulatory Overload

The recentrifugation of platelet components to
reduce their volume and prevent circulatory overload,
particularly in low birth weight newborns, is a contro-
versial topic. A typical argument to support the avail-
ability of such “superconcentrated platelets” is that a
standard 50-mL unit of random-donor platelet concen-
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trates represents more than half of the blood volume of
a 1-kg infant and may precipitate circulatory overload
(Moroff et al. 1984). In vitro studies of recentrifuged,
volume-reduced platelet concentrates have demon-
strated satisfactory viability and in vivo studies have
demonstrated satisfactory survival of 51Cr-labeled con-
centrated platelets and posttransfusion platelet count
increments (Moroff et al. 1994; Simon and Sierra 1984).
Arguments against routinely reducing the volume of
platelet concentrates by recentrifugation focus on the
reliability of transfusing 5 to 10 mL/kg of standard
platelet concentrates or apheresis platelets to increase
the platelet count to >100 ¥ 109/L (Strauss 2000b).

A secondary concern is that while satisfactory con-
centration of platelets may be achieved by experienced
research technologists in the controlled environment of
a limited study, routine transfusion service operations
may not be able to achieve that level of quality control.
A transfusion service undertaking recentrifugation of
platelets must take special precautions to control for
platelet loss, clumping, and dysfunction caused by addi-
tional handling (Strauss 2000b).

The Pediatric Hemotherapy Committee of the
AABB published the results of a national survey of
neonatal transfusion practices, noting “because of the
potential for harm, institutions’ transfusion volume-
reduced platelets should monitor both the quality of the
final product (i.e., the number of platelets, degree of
clumping, and function) and in vivo effects such as post-
transfusion increment in platelet count and adverse
reactions, including altered vital signs and pulmonary
distress” (Strauss et al. 1993). The Committee made the
observation that 61% of respondents reported a final
desired volume of 10 to 15 mL, and an additional 30%
desired 18 to 25 mL, both volumes being within the
range likely to achieve the targeted platelet count
increase using an unmodified platelet concentrate.

Method to Volume-Reduce 
Platelet Concentrates

The previous discussion should leave the reader with
the impression that routine recentrifugation of platelet
concentrates is neither necessary nor prudent.As stated
by the AABB Committee on Pediatric Hemotherapy,
“. . . volume reduction of platelet concentrates . . .
should be reserved for special infants for whom marked
reduction of all intravenous fluids is truly needed”
(Strauss et al. 1993). For that special infant, we recom-
mend the method of Moroff (Moroff et al. 1984). This
method uses standard platelet concentrates that may be
stored for as many as 5 days before recentrifugation,
a standard blood bank refrigerated centrifuge, and
manual resuspension of the centrifuged platelets.

Methods to Wash Platelets

Rarely, a patient may have a requirement for platelet
transfusions and a contraindication for conventional
plasma, such as those with IgA anaphylactic reactions
or recurrent severe allergic reactions.While many blood
centers maintain call-in lists of IgA-deficient donors for
persons with IgA anaphylactic reactions, such special
platelet components may not be readily available. Also,
platelets collected from mothers of fetuses or newborns
with NAIT require washing before transfusion to
remove platelet alloantibodies.

Methods are available for manual (Mustard et al.
1972; Silvergleid et al. 1977) or automated washing
using blood cell processors (Kalman and Brown 1982).
Washing platelets requires skill and experience to avoid
platelet loss, activation, and clumping. Automated cell
processors are more likely to deliver a consistent result
and are the recommended method. Kalman and Brown
describe their protocol using the IBM 2991 Blood Cell
Processor, which removed a mean of 99.6% of plasma
protein following a 1500 mL wash using 0.9% sodium
chloride. That cell processor is currently marketed 
as the COBE 2991 Blood Cell Processor (COBE 
Laboratories, Inc., Lakewood, CO).
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INTRODUCTION

A plethora of mechanical devices are utilized for the
collection as well as the infusion of blood and blood
components. These include needles and catheters used
to ensure vascular access and semiautomated cell
processors for autologous blood collection and aphere-
sis procedures. Because of the necessity for precise vol-
umetric control of fluids and components to avoid rapid
increases in intravascular volume, infants and small 
children create unique challenges. The need to mini-
mize hemolysis is also of concern since this may lead 
to hyperkalemia and hyperbilirubinemia in infants 
who may already be metabolically compromised. This
chapter will focus on the use and evaluation of mechan-
ical devices and accessories used to deliver blood and
blood components including manual exchange transfu-
sion. Autotransfusion techniques and devices utilized 
in the pediatric setting will be discussed in Chapters 4
and 13.

INTRAVENOUS DELIVERY SYSTEMS
FOR BLOOD AND COMPONENTS

When evaluating the impact of the system utilized to
deliver blood and blood components, the entire trans-
fusion apparatus setup needs to be considered, includ-
ing needle gauge, length and diameter of the tubing,
flow rate, type of filter, and the mechanism of the infu-
sion device.When considering red cell transfusions, vari-
ables related to the component itself also may affect 
the life span of the red cells; they include the type of
product, age and temperature of the unit, and whether

the product has been manipulated before infusion by
washing, centrifuging, or irradiation.

The vast majority of the literature has focused on the
potential of these systems to induce red cell hemolysis.
However, the literature is somewhat controversial since
most studies have not controlled for all the variables
that may be involved in delivery of the component that
could affect the integrity of the red cell. There also are
no established, definitive tests to evaluate hemolysis,
and no concensus on the percent of hemolysis that 
is clinically acceptable. The U.S. Food and Drug 
Administration (FDA) has recommended a maximum
of 1% hemolysis for deglycerolized red blood cells
(RBCs) but has not established official guidelines for an
acceptable level of hemolysis for transfusion of other
red cell products (Sowemimo-Coker 2002). Various
parameters have been used to characterize the degree
of hemolysis, including plasma potassium, plasma free
hemoglobin, plasma lactate dehydrogenase (LDH), and
osmotic fragility. Wilcox et al. (1981) have suggested a
hemolysis rate of 0.2% as being clinically acceptable,
which some investigators have used as a gauge in ana-
lyzing their data, even though the recommendation is
not based on objective evidence. Much less data evalu-
ate the effects of delivery systems on the integrity of
platelets and/or granulocytes.

Needle Size

The impact of needle size on hemolysis depends on
the system examined and is based primarily on ex vivo
studies. In 1959, McDonald and Berg reported the devel-
opment of hemoglobinemia and hemoglobinuria in a 
1-month-old infant when 55 mL of 10-day-old whole
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blood was injected manually in an intermittent fashion
over an hour through a small caliber needle (23 gauge)
into a scalp vein. This subsequently led to ex vivo 
laboratory studies of small gauge needles that demon-
strated a noticeable increase in hemolysis at flow rates as
low as 8 mL/min (23 gauge) up to 84 mL/min (21 gauge).
Moss and Staunton (1970) showed that very small
needles, from 20 to 25 gauge, could be used to draw
blood without producing hemolysis. However, hemolysis
(~15%) was observed when heparinized blood was
forcibly (150 psi) ejected through a large bore needle (20
gauge) in contrast to the hemolysis observed (~0.17%)
using a smaller bore needle (25 gauge). In this study a
power injector and steel syringe were used to generate
the constant delivery pressure. It was postulated that the
turbulence generated most likely resulted in nonlaminar
flow causing a higher degree of hemolysis. A similar
trend was observed in a study by Eurenius and Smith
(1973) when an external pressure device (up to 
300 mmHg) was used to force whole blood (drawn into
citrate, phosphate, dextrose [CPD] anticoagulant, Hct
41% to 43%) through various sized needles (18 to 26
gauge). In this study, however, the plasma hemoglobin
concentration was minimally elevated even under the
worst conditions (defined as 7-day-old blood infused
through an 18-gauge needle at external pressure of 
300 mmHg), and the elevation of plasma hemoglobin
was not thought to be clinically significant. Herrera and
Corless (1981) testing a syringe pump at various flow
rates (20, 50, 100 mL/hr) and needle sizes (21 to 27
gauge) showed no evidence of hemolysis using fresh
(<24 hr) whole blood or packed cells (hematocrit 45%
vs. 75%). Wilcox and associates (1981), also using a
similar pump and altering the flow rate while using a 25-
gauge needle, showed hemolysis with older whole blood
(9 days old, hematocrits ranging from 55% to 75%)
especially at lower flow rates. In contrast, fresher sedi-
mented RBCs (2 days old) did not demonstrate hemol-
ysis at flow rates ranging from 10.6 to 70 mL/hr.The total
degree of hemolysis observed, however, was approxi-
mately 0.2%. These studies together suggest that under
constant flow rates hemolysis appears to be minimal
even with administration through small gauge needles at
least to a gauge of 23. However, if only fresh blood is
used, transfusion using a needle with a gauge as low as
27 may also be associated with minimal hemolysis.

The one in vivo study that was performed
(Humphrey et al. 1982) utilized a Harvard pump with
blood administered through a 25-gauge needle over 2
hours. This study involved neonates receiving 10 mL/kg
of either undiluted or diluted packed red cells as well 
as fresh blood (less than 5 days old) or older blood
(greater than 14 days old). Plasma hemoglobin levels
were significantly increased from baseline 2 hours 

after transfusion with a return to pretransfusion levels
by 6 hours. There was significantly more hemolysis in
the group receiving diluted blood with no difference
observed based on the age of the blood. Neither the age
of the blood nor the dilution significantly altered the 6
hour or 1 week posttransfusion hematocrits. So while
hemolysis was observed, it cleared rapidly and had 
no detrimental effect on ultimate hematocrit level
achieved. An in vitro study (Calkins et al. 1982) per-
formed under laminar flow conditions without a needle
could not demonstrate a hemolytic effect related to
external pressure, flow rate, or length of administration
tubing using older packed RBCs (19 to 24 days), sug-
gesting that passage through the needle itself may
account for more of the damage observed in other
studies. In contrast to the Humphrey study, however,
undiluted red cells hemolyzed more than diluted red
cells, but the degree of hemolysis was not significant.

Little data are available on the effects of needle size
on the infusion of platelets. One study that was designed
to evaluate the effects of electromechanical infusion
pumps on platelet function did utilize two different
gauge needles (25 versus 18). There did not appear to
be any affect on in vitro platelet protein discharge or
release based at pump speeds ranging between 100 to
999 mL/hr using an 18-gauge needle as compared to a
25-gauge needle at a pump speed of 200 mL/hr. Fur-
thermore, in vivo studies demonstrated similar platelet
survival between platelets infused without a pump and
those infused at 400 mL/hr through a pump system
(Snyder et al. 1984).

Catheters

Several studies have examined the effect of catheter
type and size on the administration of whole blood 
and packed RBC (PRBC) products. Oloya et al. (1991)
studied the effect of a small gauge percutaneous
catheter (24 gauge, 30.5 cm length) and a short catheter
(Quike Cath, 24 gauge, 1.6 cm length) on PRBC trans-
fusion. Three-day-old PRBCs (hematocrits ranging 
from 88% to 92%) were drawn through a PDF-20 Pedi-
atric Transfusion Filter Set (Fenwal Products, Deerfield,
IL) into an IVAC model 700 syringe (IVAC Co., San
Diego, CA) and subsequently studied at a flow rate of 
10 mL/hr (a flow simulating flow rates in preterm
infants). Significant increases of similar magnitude in
plasma hemoglobin were noted when PRBCs were
infused through either catheter (median 179 and 
133 mg/dL for short and percutaneous catheter, respec-
tively). Plasma potassium also increased through either
catheter (median 1.2 and 2.0 mmol/L for short and per-
cutaneous catheter, respectively), but the increase was
only significant for the short catheter. The findings in 
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this study suggested that hematocrit and gauge and not
length were major factors influencing hemolysis. Frelich
and Ellis (2001) examined the effects of external pres-
sure (150 versus 300 mmHg using an external pneumatic
device), catheter gauge (16 to 22 gauge; Mediflon, Delhi,
India) and storage time (10.8 versus 28.9 days old) on
hemolysis associated with PRBC transfusion. Multiple
regression analysis revealed that the age of the unit and
external pressure applied were significant independent
determinants of the degree of hemolysis on all parame-
ters studied: hemoglobin, hematocrit, RBC count,
plasma free hemoglobin concentration, LDH, and
potassium. Catheter gauge was found to be a significant
determinant of the hematocrit, RBC count, and free
hemoglobin concentration only. However, there was no
significant difference in the effect of the pressure
applied or catheter diameter on the degree of hemoly-
sis between the older and fresher units. Comparing the
most stringent versus the most lenient conditions, the
relative decrease in hemoglobin, RBC count, and hema-
tocrit was relatively small (5%), with only plasma free
hemoglobin demonstrating large differences (15.5% to
20%). Changes in potassium were not significant, and 
no trend toward increased potassium levels with the
most stringent conditions was noted. Thus, hemoly-
sis under these conditions is not felt to be clinically 
significant.

Several studies on central venous catheters for infants
and neonates have been reported. Beebe et al. (1995)
described the transfusion through Hickman (central
venous, silastic, internal diameter 1.6 or 
2.0 mm),Arrow (peripheral, teflon sheath, internal diam-
eter 2.0 to 2.85 mm) and Jelco (peripheral, teflon sheath,
internal diameter 1.65 and 2.11) catheters. Blood was
warmed using a Level 1 H-500 fluid warmer (Level 1
Technologies Inc., Rockland, MA) and subject to exter-
nal pressure of 300 mmHg. Although comparable rapid
flow was possible through these devices (ranging from
168 to 755 mL/min) no evaluation of hemolysis was
undertaken. A study by Soong et al. (1993), described
the transfusion of fresh whole blood through either a
small polyurethane catheter (Vialon,Becton,Dickinson,
UT), median size silastic catheter (Dow Corning Corp.,
Midland, MI) secured to a Jelco 24-gauge cannula, or a
large size silastic catheter (Dow Corning Corp.,
Midland, MI) secured to a Jelco 22 gauge cannula. Infu-
sion rates ranged from 10 to 40 mL/hr. Transfusion
through these catheters demonstrated no significant dif-
ference in RBC count, hematocrit, or potassium level
suggesting that transfusion through a variety of silastic
central venous catheters is not associated with signifi-
cant hemolysis. Wong et al. (2000) studied PRBC trans-
fusion through 1.9 Fr NeoPICC (Klein-Baker Medical,
San Antonio, TX) central venous catheter at 2 and 

20 mL/hr over a 2- to 4-hour period. This transfusion 
study simulated transfusion of PRBCs using a syringe
pump and was unique in that a pressure transducer was 
incorporated into the experimental setup. Little if any
hemolysis was noted despite tremendous changes in
intraluminal pressure during the transfusion suggesting
that transfusion using this apparatus is feasible. Further
study, however, is necessary to determine if this central
venous catheter can also be used with other parenteral
fluids in the neonatal intensive care setting.

Filters

All blood and blood components must be filtered
according to AABB Standards (Gorlin 2002). Some
transfusion services dispense aliquots of blood for
neonatal transfusion. There are a variety of systems
available in which the primary red cell unit can be
entered via a sterile connecting device and aliquots of
blood drawn off either into an aliquot bag or a syringe
(Roseff 2002). The blood is usually passed through an
in-line filter ranging from 150 to 195 microns (standard
filter) as it is withdrawn from the primary unit. This
serves as the final filtration step in some blood banks.
Many of the reported studies looking at transfusion
practices on red cell hemolysis either did not use filters
or did not specify whether a filter was used (Luban
1985). In the study by Herrera (1981), a standard filter
(170 micron) was included in the administration appa-
ratus with no evidence of hemolysis.

Under selected clinical or experimental conditions,
filters other than the standard blood filters can result in
undesirable transfusion complications. For example,
there are no controlled clinical studies evaluating the
use of microaggregate filters in the neonate; therefore,
there is no evidence-based data for routine use. Often
these filters were selected because of small priming
volumes. Transfusion of blood through a screen micro-
aggregate filter has been associated with hemoglobine-
mia and hemoglobinuria in two infants (Schmidt et al.
1982). In this report, follow-up in vitro studies demon-
strated a twofold increase in hemolysis when the infu-
sion rate was decreased from 200 mL/hr to 20 mL/hr. In
another in vitro study of a microaggregate filter by
Longhurst et al. (1983), negative pressure filtration and
older blood units also demonstrated increased hemoly-
sis. Therefore, if it is necessary to use a microaggregate
filter, fresher units should be selected, and the faster
rates of infusion should be considered with avoidance
of negative pressure filtration. RBCs may also be
damaged if forced quickly through leukocyte-reduction
filters (Sowemimo-Coker 2002; Gambino 1992; Ma
1995). An increased filtration time and greater degree
of hemolysis has been reported with older versus
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fresher additive solution red cells during leukocyte-
reduction filtration (Gammon et al. 2000).

Standard blood filters appear to have little effect on
either the quantitative or qualitative aspects of platelet
transfusions. In addition, prestorage leukoreduction
filters do not appear to affect random donor or aphere-
sis platelets’ viability or function and are associated with
decreased incidence of febrile, nonhemolytic transfu-
sion reactions secondary to decreased cytokine levels
(Sweeney et al. 1995; Ogawa et al. 1998; Heddle 1994).
However, leukocyte-reduction filtration of a single unit
of random donor platelet concentrate can result in
losses (secondary to filter and tubing) as high as 20%
with a possible need for adjustment of the ordered dose.

Recently, several reports have documented clini-
cally significant hypotensive reactions associated with
platelet transfusions, with greater than 85% of the com-
ponents involved having undergone leukocyte reduc-
tion by filtration (Hume et al. 1996). Negatively charged
surfaces can activate the contact system of coagulation,
which includes factor XII, prekallikrein, and high-
molecular weight kininogen with the generation of
bradykinin, a substance known to increase vasoperme-
ability and induce vasodilatation. It has been shown that
filtration through negatively charged filters has resulted
in increased levels of bradykinin, which was not
observed with the use of positively charged filters
(Shiba et al. 1997). It has been suggested that increased
production of bradykinin combined with decreased
metabolism, such as may occur in patients receiving
ACE inhibitors, may play a role in some of these reac-
tions. Such reactions have been observed in children
(Yenicesu et al. 1998).

Because of the nature of granulocyte concentrates,
leukoreduction filters should not be used as they will
clog the filter. In addition, depth-type microaggregate
filters have been shown to retain 20% to 60% of the
granulocytes’ concentrate depending on the filter used.
This is in contrast to screen microaggregate filters or
standard blood filters, which appear to retain only 1%
to 3% of the transfused product and do not affect gran-
ulocyte function (Snyder et al. 1983). Therefore, granu-
locyte transfusion should be transfused using either
standard blood filter or screen microaggregate filters.

Electromechanical Infusion Pumps

Electromechanical pump systems have been used for
several decades for the delivery of intravenous fluids
and medications. Many of these systems have also been
used to deliver cellular blood components. They are
used when the accuracy in the volume to be delivered
or the flow rate required cannot be provided by manu-
ally adjusted gravity systems. Infusion pumps are avail-

able that can deliver metered volumes at flow rates
ranging from as low as 0.1 mL/hr up to 999 mL/hr. Infu-
sion devices that are classified for neonates require high
accuracy and consistency of flow and have a low-pres-
sure occlusion setting (up to 300 mmHg) with low bolus
on release of occlusion (Quinn 2000). Higher pressure
infusion devices are usually more suitable for older chil-
dren. The main difference between these devices is that
the neonatal devices are more accurate in the short term
(up to 60 minutes) when infusing at rates less than 
5 mL/hour and the occlusion pressure is set lower (up 
to 300 mmHg versus 500 mmHg).

There are many types of pumps available that
employ different mechanisms of delivery including:
peristaltic mechanism, which squeezes the administra-
tion set tubing to create flow; piston-actuated syringe-
type mechanism that uses a constant high speed refill
cycle of the syringe followed by a slower ejection phase
controlled by a check valve; and a piston-actuated
diaphragm cassette mechanism in which the blood is
gravity fed into the cassette and the flow is controlled
by two pistons acting against two check valves (Denison
et al. 1991). One of the main concerns with the use of
these devices has been potential red cell damage caused
by the shear force of the pumping apparatus.

Gibson and associates (1984) evaluated three types
of pumps (peristaltic, diaphragm, and piston) maintain-
ing a constant age (2 to 3 days) and temperature of the
blood. They found that the peristaltic-type pump pro-
duced the greatest hemolysis of PRBCs being higher at
lower flow rates (5 mL/hr versus 50 mL/hr). This was in
contrast to whole blood, which showed greater hemol-
ysis at the higher rate possibly reflecting the difference
in the viscosity of the blood. They found little effect on
hemolysis when altering needle size (25 versus 18
gauge) or tubing diameter or length as long as the flow
rate was less than 50 mL/hr. They recommended that
PRBCs should not be infused through either the peri-
staltic or diaphragm devices and that the piston device
was suitable for both red cells and whole blood.
Veerman et al. (1985) confirmed minimal hemolysis
using two piston-type pumps (IMED 960 and IMED
965, IMED Corp, San Diego, CA) infusing 2- to 3-day-
old blood at 5, 10, 25, 50, and 100 mL/hr through a 
22-gauge needle.

There have been subsequent studies evaluating the
effects of different linear peristaltic infusion devices 
in which minimal hemolysis was observed (Gurdack 
et al. 1989; Burch et al. 1991). In the latter study, which
involved the Gemini PC-2 (IMED Corp, San Diego,
CA), both fresh and stored packed red cells preserved
in adenine-saline 3 (AS-3) and citrate-phosphate-
dextrose-adenine-1 (CPDA-1) as well as CPDA-1
whole blood were evaluated and included flow rates of
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5, 50, 100, and 999 mL/hr to simulate both neonatal and
adult flow rates. A needle-free system was used to elim-
inate any potential effect of needle gauge on red cell
integrity and no in-line filter was used. It appears that
there is no clear relationship between the type of linear
peristaltic device and the degree of red cell damage.
Each new infusion system needs to be evaluated indi-
vidually in order to establish its suitability for infusion
of blood. While no in vivo studies have been performed
simulating pediatric transfusions, 24-hour survival
studies have been performed using various infusion
pumps that utilize the piston-diaphragm mechanism
showing no evidence of decreased viability (Linden et
al. 1988; Simon et al. 1994).

Infusion pumps have also been used to administer
platelet components. Snyder and associates (1984, 1990)
passed platelet concentrates through different infusion
pumps using a piston-diaphragm mechanism under
standard transfusion conditions using a 170-micron
filter and 18-gauge needle. In vitro and in vivo (adult
studies) measures of platelet function showed no
change. Studies simulating clinical conditions in the
neonatal setting using 24- and 25-gauge needles and
infusing platelet concentrates slowly (60 mL/hr)
through both a diaphragm-type and syringe-type 
pump (mounted) showed no difference in in vitro
platelet function (Luban 1985). Other studies by
Norville and associates (1994, 1997) using either the
piston syringe pump (IMED 980, IMED Corp., San
Diego, CA) and linear peristaltic pump (Gemini, IMED
Corp.) demonstrated no difference in platelet count or
morphology count compared to gravity flow at flow
rates of 150 mL/hr. Further studies using the Gemini
pump also found no differences in platelet count or
morphology at flow rates up to 999 mL/hr. No needles
or catheters were used in the in vitro studies. Follow-up
in vivo studies in pediatric oncology patients (age 2 to
21 years) using the Gemini infusion pump through the
central venous access device in place demonstrated no
difference in 1 hour corrected count increment at either
5 or 10 mL/kg/hr compared to gravity flow at the same
rates using a randomized crossover study design. There-
fore the use of these types of infusion devices is com-
patible for use with platelet concentrates.

Only one study has evaluated the effects of the
passage of granulocyte concentrates through an electro-
mechanical pump (Snyder et al. 1986). Granulocyte con-
centrates that had been stored at room temperature for
16 to 18 hours were infused using a diaphragm-type
pump at a flow rate of 100 mL/hr through a standard
170-micron filter and either 19- or 23-gauge needle.
There was no evidence of hemolysis; loss of granulo-
cytes; or change in neutrophil function, complement
activation, or interference with platelet function. No in

vivo studies to determine posttransfusion survival were
performed, but based on in vitro studies, the delivery
system did not appear to be detrimental to granulocyte
integrity.

Rapid Infusion Devices/Blood Warmers

If a child is to undergo a procedure that may lead to
rapid blood loss and hypovolemia, the site and type of
intravenous access becomes extremely important in
order to allow for rapid infusion. A hemorrhage of 
1.5 mL/kg/minute would require at least 5 mL/kg/
minute of fluid to be infused in order to maintain 
adequate blood pressure (Barcelona and Cote 2001).
Several factors may affect flow rate including venous
pressure; resistance in lines, filters, valves, and canulae;
and the intrinsic resistance or viscosity of the fluid being
infused. According to Poiseuille’s Law (see the follow-
ing formula) the flow is directly proportional to the
fourth power of the radius of the tube and the pressure
gradient across the tube and inversely proportional to
the length of the tube and viscosity of the fluid, the latter
altered by its temperature. Maximum flow therefore
should be achieved with high-pressure gradients
through a large diameter and short length catheter.

Where P1 and P2 = Fluid pressures at either end 
of tube, R = Radius of the tube, n = Viscosity of fluid,
L = Length of tube.

Studies looking at flow rates of both saline and blood
through 18- to 24-gauge catheters confirmed that short,
large diameter catheters had higher flow rates and that
flow under pressure was 17 times greater than that in a
longer smaller diameter (Hodge III and Fleisher 1985).
While central veins can accept larger catheters, the
studies showed that catheters designed for peripheral
use had a higher flow rate than the same gauge catheter
designed for central compartment insertions. Flow rates
obtained by gravity through a 4-, 5-, and 6-French Teflon
catheter have been shown to be much faster (>300%)
than with 22-, 20-, or 18-gauge intravenous catheters
(Idris and Melker 1992). In neonates when using small
22- or 24-gauge catheters, manual syringe injection has
been found more efficient than manual pressurization
of a pump chamber (Barcelona and Cote 2001).

Massive blood loss requires a system that is able to
infuse blood and blood components at a sufficient flow
rate while maintaining the patient’s core body tem-
perature at or near 37°C. Hypothermia is a concern
when rapid infusions are needed for pediatric patients
because of their large surface area to weight ratio. Heat
loss may be accelerated in patients undergoing surgical
procedures, particularly if associated with an open 

Poiseuille’s Law: Flow P P R nL1 2
4= ¥ -( )[ ]3 14 8.
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thoracic or abdominal cavity, thereby exacerbating
hypothermia. There are several consequences to
hypothermia including decreased oxygen delivery to
tissues as a result of increased oxygen affinity of hemo-
globin (Cote 1991), decreased tissue perfusion second-
ary to vasoconstriction, and impaired platelet function
(Valeri et al. 1987). Hypothermia can also lead to
decreased drug metabolism as well as increase the
potential for hypocalcemia since a cold liver does not
metabolize citrate as well. Cold blood that may be
rapidly infused through a central line with the tip near
the sinoatrial node can cause fatal arrhythmias (Boyan
and Howland 1961).

In-line blood/solution warmers are used during a
variety of clinical procedures to warm fluids in order to
help maintain the patient’s core body temperature and
minimize adverse thermal reactions. These devices
warm a fluid as it passes from its source to the patient.
The devices presently available are usually categorized
by the method of heat exchange: water bath, counter-
current flow, dry heat, forced air, and microwave. There
is more experience with the first three technologies
since the latter two are relatively new. The conventional
water bath units warm blood as it passes through either
a disposable bag or coil of tubing immersed in a bath,
with some of the units incorporating agitation of the
water to improve heat exchange. The countercurrent
flow technology is an improvement on the conventional
water bath in that blood will flow through a lumen in
one direction with heated water pumped in surround-
ing tubing flowing counter to the direction of the fluid.
The dry heat warmers usually have blood either in a dis-
posable bag or cassette between heating plates or in a
bag wrapped around a heating element.

Many of the devices in use are not appropriate for
children because of the large priming volume. Also, at
the lower flow rates, fluid in the set may cool substan-
tially before reaching the patient. One study showed
that a pediatric blood warmer utilizing a countercurrent
heat exchange technology (System 250TM LEVEL1R

Technologies Inc., Marshfield, MA) provided greater
warming and a lower resistance to blood flow at flow
rates greater than 40 mL/min compared to a more con-
ventional blood warmer utilizing dry heat (Presson et
al. 1990). Since resistance to flow depends on both the
blood warmer and the IV catheter, flow through the
warmers was evaluated using a 16-gauge catheter and a
6-French catheter. While the resistance to flow was
lower using the countercurrent warmer for both
catheters, the use of the 6-French catheter permitted
flow rates that exceeded the capacity of either blood-
warming device to warm the blood adequately. Flow
rates of cold blood through the countercurrent system
needed to be restricted to less than 250 mL/min, since

warming was inadequate above that rate. Comparison
studies evaluating flow rates and thermodynamics of
rapid infusion systems with countercurrent heating coils
have been performed with catheters as small as 20
gauge for room temperature crystalloid solutions but
not blood (Barcelona et al. 2000). The rapid infusion
system was found to provide better flow characteristics
and heating capabilities for catheters greater than 18
gauge.

There have been several issues raised associated with
blood/solution warmers and administration. Of particu-
lar concern is overheating of red cells from improper
heater control. Excessive heat alters the red cell mem-
brane, which in turn affects elasticity, deformability, and
osmotic fragility resulting in red cell lysis. The damage
that occurs will depend on a combination of the tem-
perature as well as the exposure time (Anonymous
1996). According to AABB Standards (Gorlin 2002)
warming devices shall be equipped with visible ther-
mometers and with a warning system to detect mal-
functions and prevent hemolysis. It is important to
realize that exposure to heat during red cell adminis-
tration can occur even without using a blood warmer.
Hemolysis in the neonatal setting can occur from tubing
exposed to radiant warmers and phototherapy units
(Strauss et al. 1986; Opitz et al., 1988). It is recom-
mended that tubing be covered with aluminum foil or
routed in such a way as to avoid exposure to these
potential heat sources.

EXCHANGE TRANSFUSION IN 
THE NEWBORN

Exchange transfusion in the neonate constitutes a
massive transfusion since it involves the replacement of
one to two whole blood volumes. The primary indica-
tion for exchange in the newborn period is to reduce
unconjugated bilirubin levels to prevent kernicterus in
those infants who have failed other therapy. The fre-
quency of exchange transfusion in the postnatal 
period has decreased significantly as a result of the use
of Rh immune globulin to prevent Rh isoimmunization,
approaches to prenatal management of hemolytic
disease, and more aggressive management of jaundice
in the newborn. Before performing an exchange trans-
fusion, it is important to balance the risk of the proce-
dure to the benefit of potentially preventing kernicterus.

Multiple factors are considered in the decision to
perform an exchange transfusion including: gestational
age, evidence of hemolysis, degree of anemia, rate of rise
of bilirubin, and concurrent clinical conditions, such as
asphyxia, acidosis, and hypoalbuminemia that may exac-
erbate bilirubin entry and toxicity to the central nervous
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system. A double volume exchange (85 mL/kg ¥ 2 for
term infants up to 100 mL/kg ¥ 2 for very low birth
weight infants) should remove approximately 90% of
the fetal circulating red cells and a single volume
exchange approximately 70% to 75%. The bilirubin
level, however, is only decreased by approximately 50%
due to tissue re-equilibration with a rebound in biliru-
bin level to approximately 60% of the pre-exchange
level (Valaes 1963).

Mechanics of Manual Exchange Transfusion

Since exchange transfusion is considered a massive
transfusion, this is a situation in which a thermostati-
cally controlled blood warmer should be utilized (see
page 126). There are two general techniques for manual
exchange transfusion. The isovolumetric method first
described by Wallerstein (1946) requires two sites of
vascular access since blood is simultaneously withdrawn
and replaced in order to avoid sudden changes in arte-
rial pressure. In this setting blood is usually withdrawn
from the umbilical artery and replaced through the
umbilical vein. While this method carries the additional
hazard of a second catheter, it eliminates the swings in
blood volume and pressure that contribute to hemody-
namic changes that may cause other complications.
Techniques have been described in which syringe
pumps are used to mechanically infuse and withdraw
blood (Goldman and Chung Tu 1983). If the umbilical
vessel cannot be cannulated, which is a concern in older
infants with nonpatent umbilical stumps or in infants
already established to have necrotizing enterocolitis,
peripheral blood vessels have been used to perform
exchanges. Peripheral arterial catheters for blood with-
drawal and peripheral venous catheters for replacement
are used for this technique (Campbell and Stewart
1979). An in vitro study of catheter-related hemolysis
comparing the use of a 22-gauge Medicut versus a 
5-French umbilical catheter at flow rates of 5, 10, and 
15 mL/min showed that blood replacement through 
the peripheral catheter showed a smaller rise in 
plasma hemoglobin than through the conventional
umbilical catheter (Campbell and Stewart 1979).
The overall increase in plasma hemoglobin was 
relatively small. In a composite of 60 exchange transfu-
sions utilizing peripheral vessels in 47 infants from
various studies there were no reported complications
attributed to the cannulations (Luban 1985).There were
instances, however, of losing arterial access requiring
recannulization.

The more commonly used method for exchange
transfusion is the discontinuous technique described 
by Diamond et al. (1951). Small aliquots of blood are
withdrawn and replaced through a single catheter with 

a special four-way stopcock. Usually no more than 
5 mL/kg body weight or 5% of the infant’s blood volume
are removed and replaced during a 3 to 5-minute 
cycle. It is important that the exchange is not per-
formed rapidly since sudden hemodynamic changes may
affect cerebral blood flow and intracranial pressure 
contributing to intraventricular hemorrhage (Bada 
et al. 1979). Negative pressure is induced by withdrawal
of blood through the umbilical vein, which may be
transmitted to the mesenteric veins that could con-
tribute to ischemic bowl complication associated with
exchange transfusions (Touloukin et al. 1973). The total
time duration for a double-volume exchange is 90 to 
120 minutes or 45 to 60 minutes for a single-volume
exchange.

Practical Considerations

It is important to ensure that the infant is stable
before initiating an exchange transfusion. Besides the
potential complications related primarily to administra-
tion of blood components, one must be familiar with
procedure-related complications (Table 11.1). The
infant should be under a warmer for ready accessibility
and needs to be monitored closely throughout the pro-
cedure. This should include temperature, cardiopul-
monary, and pulse-oximetry monitoring to evaluate
pressure fluctuations as well as laboratory monitoring
(complete blood counts, electrolytes, glucose, calcium)
to avoid potential metabolic complications or coagu-
lopathies. If at all possible, the infant should not be fed
for 4 hours before the procedure, gastric contents
should be removed, and an orogastric tube placed to
prevent aspiration.

How the procedure is initiated will be determined by
the infant’s clinical status: if hypovolemic (low central
venous pressure [CVP]) then one would start with
transfusing an aliquot; if hypervolemic (high CVP) then
the start would be by withdrawing a precalculated
aliquot. Several combinations of blood components
have been used for exchange transfusions ranging from
ABO compatible whole blood to RBCs resuspended in
compatible plasma. In either scenario, relatively fresh
blood (that is, not >5 to 7 days old) is used to avoid high
potassium levels and ensure maximum red cell survival.
Units of blood are usually cytomegalovirus (CMV) neg-
ative, irradiated, and tested for hemoglobin S. Irradia-
tion can potentiate potassium leakage from red cells;
therefore this process should either be performed
shortly before dispensing the component or, if that is
not feasible, it has been suggested that the supernatant
should be removed or the red cells washed to avoid
hyperkalemic cardiac complications (Luban 1995).
When using reconstituted whole blood the final hemat-
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ocrit is usually adjusted between 45% and 60% 
depending on the infant’s clinical condition. In order to
maintain the appropriate hematocrit throughout the
exchange cycles the blood should be kept well mixed. It
is also important when using a stopcock to understand
the working positions of the stopcock and to make sure
that all junctions are tight in order to ensure a closed,
sterile system and to avoid the introduction of air.While
the goal of the exchange transfusion is to remove biliru-
bin, medication levels may be altered by the procedure
and therefore should also be monitored and adjusted
appropriately (Luban 1995).

The National Institute of Child Health and Human
Development (NICHD) collaborative phototherapy
study demonstrated a mortality rate associated with
exchange transfusion of 0.5% and a rate of adverse clin-
ical problems of 6.7% (Keenan et al. 1983). Jackson
(1997) in a review of 106 infants undergoing exchange
transfusion during a more recent time period (15 year
span from 1980 to 1995) reported an incidence of 

procedure-related complications leading to death of 2%
and the rate of severe complications of 4%. Since this
is a procedure that is not performed anymore with great
frequency, it is important to have a good understanding
of the dynamics and potential complications when 
evaluating the risks versus the benefits.
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INTRODUCTION

Transfusions of red blood cells (RBCs) are key to the
successful management of many premature infants, chil-
dren with cancer or hematologic diseases, recipients of
hematopoietic progenitor cell transplants or organ allo-
grafts, and for children undergoing many surgical pro-
cedures. Although RBC transfusions can be lifesaving,
they are not without risks. Accordingly, they should be
given only when true benefits are likely (for example,
to correct diminished oxygen-carrying capacity severe
enough to cause a clinically significant problem).
Because of the likely extended life span of infants and
children following transfusions, it is critical to avoid
posttransfusion complications that may lead to lifelong
morbidity and mortality and to considerable expense
over the years.

The principles of RBC transfusion therapy for older
children and adolescents are similar to those for adults,
but infants (particularly, neonates during the initial
weeks of extrauterine life) have many special needs.
Accordingly, each of these two age groups (that is,
neonates and infants versus children and adolescents)
will be discussed separately. General guidelines and
recommendations will be given for RBC transfusions.
However, it is important that they be adapted to fit local
standards of practice. In particular, terms used to
describe clinical conditions such as “severe” and “symp-
tomatic” must be defined by local physicians in light of
the patient problems being managed.

RBC TRANSFUSIONS FOR CHILDREN
AND ADOLESCENTS

In children and adolescents the most frequently
transfused blood component is RBCs, given to increase
the oxygen-carrying capacity of the circulating blood
with the goal to maintain satisfactory tissue oxygena-
tion. Guidelines for RBC transfusions to this group
(Table 12.1) are similar to those for adults (Roseff et al.
2002). However, transfusions may be given more con-
servatively (that is, at lower pretransfusion blood hemo-
globin or hematocrit values) to children than adults
because normal hemoglobin levels are lower in healthy
children than in adults, and most children do not have
the underlying cardiorespiratory or vascular diseases
that develop with aging in adults and require more
aggressive RBC transfusions (Wu et al. 2001).Thus, chil-
dren as a group have greater abilities to compensate for
anemia and safely tolerate lower hemoglobin or hema-
tocrit levels than adults, particularly the elderly.

Surgery and Critical Care

In the perioperative period or following resuscitation
from trauma, it is unnecessary to transfuse most chil-
dren with hemoglobin levels of ≥80 g/L (≥8 g/dL or
hematocrit ≥24%), a level frequently desired for adults.
There should be a compelling reason to administer any
RBC transfusion during the critical care period, regard-
less of the blood hemoglobin value, because most chil-
dren (without continued bleeding) can quickly restore
their RBC mass if given iron and adequate nutritional
therapy (Bratton and Annich 2003).As is true for adults,
the most important measures in the treatment of acute
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hemorrhage, occurring with surgery or injury in chil-
dren, are first to control the hemorrhage and to restore
blood volume and tissue perfusion with crystalloid
and/or colloid solutions. Then, if the estimated blood
loss is ≥25% of the estimated circulating blood volume
of 65 mL/kg body weight (that is, approximately 
16 mL/kg body weight) and the patient’s condition
remains unstable, RBC transfusions may be indicated.

In acutely ill children with severe cardiac or pul-
monary disease, particularly those requiring assisted
ventilation, it is common practice to maintain the 
hemoglobin close to the normal range at a level of 100
to 110 g/L (10 to 11 g/dL or hematocrit = 30% to 33%).
Although this practice seems logical, its efficacy has not
been documented by controlled scientific studies of chil-
dren, and it has been challenged (Bratton and Annich
2003). Definitive studies are needed because liberal
RBC transfusion practices in critically ill adults have
been reported to have detrimental effects (Herbert 
et al. 1999). Overall transfusion supportive care in sur-
gical and critical care settings is discussed in more detail
in Chapter 13.

Chronic Anemia

With anemias that develop slowly, the decision to
transfuse RBCs should not be based solely on blood
hemoglobin or hematocrit levels because children with
chronic anemias may be asymptomatic despite very low
values. Children with dietary iron deficiency anemia, for
example, often are treated successfully with oral iron
alone, even at hemoglobin levels below 50 g/L (5 g/dL
or hematocrit <15%). Factors other than hemoglobin
concentration that must be considered in the decision
to transfuse RBCs in the chronic anemia setting include:

(1) the patient’s symptoms, signs, and functional capac-
ities; (2) the presence or absence of cardiorespiratory
and central nervous system disease; (3) the cause and
anticipated course of the underlying anemia; and (4)
alternative therapies such as iron and/or recombinant
human erythropoietin (EPO) therapy. The latter of
which has been demonstrated to reduce the need for
RBC transfusions and to improve the overall condition
of children with chronic renal insufficiency. When sig-
nificant symptoms are present in the chronic anemia
setting and the patient has significant underlying car-
diorespiratory disease, it is common practice to trans-
fuse RBCs (see Table 12.1) when the blood hemoglobin
falls below 100 g/L (10 g/dL or hematocrit <30%). In the
absence of cardiorespiratory disease, RBC transfusions
often are not given for symptomatic chronic anemia
until the hemoglobin is <80 g/L (8 g/dL or hematocrit
<24%). When chronic anemia is asymptomatic, RBC
transfusions are not recommended. Although in
anemias that are likely to be permanent (for example,
thalassemia and hemoglobinopathies), one must also
balance the effects of anemia on impaired growth and
development—adverse effects that might be amelio-
rated by RBC transfusions—versus the potential toxic-
ities of repeated transfusions. Transfusion management
of children with hemoglobinopathies is discussed in
detail in Chapter 19.

Bone Marrow Failure

In the setting of marrow failure (for example,
chemotherapy, hematopoietic progenitor cell trans-
plant, acquired aplastic anemia, and congenital 
disorders of erythroid hypoplasia), it is customary 
to maintain the blood hemoglobin level above 80 g/L 
(8 g/dL or hematocrit ≥24%) for several reasons. These
include: (1) to avoid symptomatic anemia; (2) to facili-
tate more normal growth and activities; (3) because
rapid increases in erythropoiesis (if they occur) are
unlikely to successfully compensate for anemia; and (4)
because some investigators have shown that radiation
therapy is more effective at relatively normal RBC
levels and (albeit, somewhat theoretical and controver-
sial) that the adverse effects of accompanying neu-
tropenia and/or thrombocytopenia are less pronounced
if the blood hemoglobin or hematocrit levels are closer
to the usual normal range.

Selecting a RBC Product for Child and
Adolescent Transfusions

For older pediatric patients, there is no concern over
additives present in extended storage anticoagulant/
preservative solutions. Thus, any licensed RBC product
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TABLE 12.1 RBC Transfusion Guidelines for Children 
and Adolescents*

Pretransfusion Blood Level Clinical Condition

• <80 g/L hemoglobin (<24% Perioperative, critical care
hematocrit)

• No specified hemoglobin/ ≥25% acute blood loss
hematocrit value

• <10 g/L hemoglobin (<30% Acute or chronic anemia and severe 
hematocrit) cardiorespiratory disease

• <80 g/L hemoglobin (<24% Symptomatic chronic anemia
hematocrit)

• <80 g/L hemoglobin (<24% Bone marrow failure
hematocrit)

*A RBC transfusion volume of 5 to 10 mL/kg of patient body
weight will increase the blood hemoglobin level by 20 to 40 g/L (2 to
4 g/dL) or the hematocrit by 6 to 12 percentage points in stable
patients without bleeding.
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is satisfactory. In children and adolescents, a transfusion
of 5 to 10 mL/kg of RBCs rounded off to the nearest
RBC unit (approximately, 300 mL each) to avoid
wastage will increase the blood hemoglobin value by
approximately 20 to 40 g/L (2 to 4 g/dL or hematocrit
6% to 12%).

RBC TRANSFUSIONS FOR NEONATES
AND INFANTS

Pathophysiology of the Anemia of Neonates
and Infants

All neonates experience a decline in circulating RBC
volume that begins during the first weeks of life. This
decline results both from physiological factors and, in
sick preterm infants, from phlebotomy blood losses for
laboratory monitoring. In healthy term infants, the nadir
hemoglobin value rarely falls below 90 g/L (9 g/dL) at
an age of 10 to 12 weeks.This decline is more rapid (that
is, nadir at 4 to 6 weeks of age) and the blood hemo-
globin falls to lower levels in infants born prematurely
to approximately 80 g/L (8 g/dL) in infants with birth
weights of 1.0 to 1.5 kg and to approximately 70 g/L 
(7 g/dL) in infants with birth weights <1.0 kg. Obviously,
this drop can occur earlier or be made more pro-
nounced by concomitant blood loss. Because this post-
natal drop in blood hemoglobin level in term infants is
well tolerated and requires no therapy, it is commonly
referred to as the “physiological anemia of infancy.”
However, the pronounced decline in hemoglobin con-
centration that occurs in many extremely preterm
infants (the “anemia of prematurity”) may not be well
tolerated as it is associated with abnormal clinical signs
and, frequently, a need for RBC transfusions (Holland
et al. 1987).

Many interacting physiological factors are responsi-
ble for the anemia of prematurity. One key reason that
the hemoglobin nadir is lower in preterm than in term
infants is the former group’s diminished plasma EPO
level in response to anemia. Although anemia provokes
EPO production in premature infants, the plasma levels
achieved in anemic infants, at any given hematocrit
level, are lower than those observed in comparably
anemic older persons (Stockman et al. 1984). One mech-
anism for diminished EPO output is that the primary
site of EPO production in preterm infants is in the liver,
rather than the kidney. This dependency on hepatic
EPO is important because the liver is less sensitive to
anemia and tissue hypoxia; hence, the relatively dimin-
ished EPO response to the falling hematocrit. Also,
accelerated EPO catabolism may contribute to the low
EPO plasma levels with the low plasma EPO in infants

likely being the combined effect of decreased synthesis
and increased metabolism.

As a second factor, phlebotomy blood losses play a
key role in the anemia of prematurity.The modern prac-
tice of neonatology requires critically ill neonates to be
monitored closely with serial laboratory studies. The
smallest preterm infants generally are the most critically
ill, require the most frequent blood sampling, and suffer
the greatest proportional loss of RBCs. Because the low
EPO levels preclude a vigorous response to phlebotomy
blood losses, the replacement of blood drawn for labo-
ratory testing is a critical factor responsible for multiple
RBC transfusions in critically ill neonates particularly
for RBC transfusions given during the first 3 weeks of
life.

Guidelines for transfusing RBCs to neonates and
infants are controversial, and practices vary widely
among institutions. Generally, RBC transfusions are
given to maintain a level of hemoglobin or hematocrit
believed to be most desirable for the existing clinical
condition (Strauss 1995). Broad guidelines for RBC
transfusions from birth to 1 year of age are listed in
Table 12.2 and detailed in the text below. These guide-
lines are very general, and it is important that terms
used to describe clinical conditions such as “severe” and
“symptomatic” be defined to fit local practices and the
needs of each infant being considered for transfusion.

Respiratory Distress and Cardiac Disease

In neonates with severe respiratory distress, such as
those requiring high volumes of oxygen with ventilator
support, it is customary to maintain the hemoglobin
>130 g/L (13 g/dL or hematocrit >40%) particularly
when blood is being drawn frequently from the infant
for testing.This practice is based on the belief that trans-
fused donor RBCs containing adult hemoglobin will
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TABLE 12.2 RBC Transfusion Guidelines for Neonates 
and Infants

Pretransfusion Blood Level Clinical Condition

<130 g/L hemoglobin (<40% hematocrit) Severe respiratory 
distress

<100 g/L hemoglobin (<30% hematocrit) Mild-moderate  
respiratory distress

<130 g/L hemoglobin (<40% hematocrit) Severe cardiac disease
<100 g/L hemoglobin (<30% hematocrit) Perioperative, critical 

care
<80 g/L hemoglobin (<24% hematocrit) Symptomatic anemia*

*It is debated whether asymptomatic anemia is benefited by RBC
transfusions. Nonetheless, RBC transfusions are recommended by
some physicians at blood hemoglobin <60 g/L (<20% hematocrit).
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provide optimal oxygen delivery throughout the period
of diminished pulmonary function that is severe enough
to require mechanical ventilation. For less severe respi-
ratory distress (that is, lower volumes of oxygen or no
need for mechanical ventilation), lower pretransfusion
RBC values are permitted (see Table 12.2). Consistent
with this rationale for ensuring optimal oxygen delivery
in neonates with pulmonary failure, it seems logical,
although unproven by controlled studies, to maintain
the hematocrit above 40% in infants with cardiac
disease that is severe enough to cause either cyanosis or
congestive heart failure.

Perioperative and Critical Care

Definitive studies are not available to establish the
optimal hemoglobin level for infants facing major
surgery or during the management of severe illnesses.
However, it seems reasonable to maintain the hemo-
globin >100 g/L (10 g/dL or hematocrit >30%) because
of the limited ability of infant heart, lungs, vasculature,
and marrow to compensate for acute anemia. An addi-
tional factor is the inferior off-loading of oxygen by
infant RBCs due to the diminished interaction between
fetal hemoglobin and 2,3 diphosphoglycerate. This
transfusion guideline is simply a recommendation for
perioperative management—not a firm indication—and
it should be applied with flexibility to individual infants
facing surgical procedures of varying complexity. A
more detailed discussion of RBC transfusion in critical
care settings is presented in Chapters 13 and 16 dealing,
respectively, with surgery and intensive care settings
and with extracorporeal membrane oxygenation and
cardiac bypass surgery.

Symptomatic Anemia

The clinical indications for RBC transfusions in
infants who are not critically ill but nonetheless develop
moderate anemia (hematocrit <24% or blood hemo-
globin level <80 g/L) are extremely variable. Infants
who are clinically stable despite significant anemia do
not require RBC transfusions unless they exhibit clini-
cal symptoms/problems ascribed either to the presence
of anemia or predicted to be corrected by RBC trans-
fusions. To illustrate, proponents of RBC transfusions 
to treat disturbances of cardiopulmonary rhythms
believe that a low hematocrit contributes to tachypnea,
dyspnea, or apnea and either tachycardia or bradycar-
dia because of decreased oxygen delivery to the car-
diorespiratory centers of the brain. If true, transfusions
of RBCs should decrease the number of apneic spells
by improving oxygen delivery to the central nervous
system. However, results of clinical studies have been

contradictory (Strauss 1995; Ramasethu and Luban
1999).

In practice, the decision whether or not to transfuse
RBCs is based on the desire to maintain the blood
hemoglobin or hematocrit at a level judged to best treat
the infant’s symptom/problem (for example, poor
growth or the previously mentioned cardiorespiratory
rhythm disturbances). Investigators who believe this
“clinical” approach is too imprecise have suggested the
use of “physiological” criteria for transfusions such as
red cell mass, available oxygen, mixed venous oxygen
saturation, and measurements of oxygen delivery and
utilization to develop guidelines for transfusion deci-
sions. However, these promising but technically
demanding methods are, at present, difficult to apply in
the day-to-day practice of neonatology—hence, the 
continued reliance on blood hemoglobin and/or hema-
tocrit values plus clinical assessment (see Table 12.2).
In the complete absence of symptoms, the efficacy of
RBC transfusions is unclear regardless of the nadir
blood hemoglobin or hematocrit value. Nonetheless,
some physicians transfuse asymptomatic infants at
blood hemoglobin levels <60 g/L (6 g/dL or hematocrit
<20%).

Selecting a RBC Product for Neonatal and
Infant Transfusions

The RBC products usually chosen for small-volume
transfusions given to infants are RBCs suspended either
in citrate-phosphate-dextrose-adenine (CPDA) solu-
tion at a hematocrit approximately 70% or in extended
storage media (AS-1, AS-3, AS-5) at a hematocrit
approximately 60%. Some centers prefer to centrifuge
RBC aliquots before transfusion to prepare packed
RBCs (PRBCs) at a hematocrit of 80% to 90% 
(Strauss et al. 1996). Most RBC transfusions are infused
slowly over 2 to 4 hours at a dose of about 15 mL/kg
body weight. Because of the small quantity of RBC pre-
servative fluid infused and the slow rate of transfusion,
the type of anticoagulant/preservative medium selected
has been shown by many studies not to pose risks for
the majority of premature infants given small volume
transfusions (Strauss 2000).Accordingly, the historic use
of relatively fresh RBCs (<7 days of storage) has been
supplanted, in favor of diminishing donor exposure of
multiply-transfused infants, by the repeated use of a
dedicated unit of stored RBCs (that is, up to 42 days
after collection) for each infant.

Neonatologists who object to stored RBCs and 
continue to insist on transfusing infants with fresh 
RBCs generally raise three objections: (1) the rise in
plasma potassium (K+) and (2) the drop in RBC 2,3
diphosphoglycerate that occurs during extended
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storage; and (3) the possible dangers of additives
present in extended storage media.

1. After 42 days of storage in an extended storage
medium, plasma K+ levels in RBC units approxi-
mate 50 mEq/L (0.05 mEq/mL), a concentration
that at first glance seems alarmingly high. By
simple calculations, however, the dose of bioavail-
able K+ transfused (that is, ionic K+ in the extracel-
lular fluid) is very small. An infant weighing 1.0 kg,
given a 15 mL/kg transfusion of RBCs removed as
an aliquot from the storage bag and directly
infused at a hematocrit of 60%, will receive a K+

dose of only 0.3 mEq. This dose is quite small com-
pared to the usual daily K+ requirement of 2 to 
3 mEq/kg and, depending on the infusion rate, K+

often is given at a lower rate (that is, mEq/min/kg
infant body weight) during a RBC transfusion than
by standard intravenous administration. However,
it must always be remembered that this rationale
does not apply to large-volume transfusions 
(>25 mL/kg) in which larger doses of K+ may be
harmful, especially if infused rapidly.

2. As for the second objection, 2,3 diphosphoglycerate
is totally depleted from RBCs by 21 days of
storage, and this is reflected by a P50 value that falls
from about 27 mmHg in fresh blood to 18 mmHg at
the time of storage outdate. The last value of older
transfused RBCs corresponds to the “physiologi-
cal” P50 measured using RBCs from the blood of
many normal preterm infants at birth, reflecting the
relatively high affinity for oxygen normally exhib-
ited by infant RBCs. Thus, the P50 of older trans-
fused RBCs is no worse than that of RBCs
produced endogenously by the infant’s own bone
marrow. Moreover, these transfused older adult
RBCs provide a benefit to the infant because the
2,3 diphosphoglycerate and the P50 of transfused
RBCs (but not endogenous infant RBCs) increase
rapidly after transfusion.

3. Regarding the third objection, the quantity of addi-
tives present in RBCs stored in extended storage
media (for example, AS-1, AS-3, or AS-5) is
believed not to be dangerous to neonates given
small-volume (£15 mL/kg) transfusions. The quan-
tity of additives is quite small in the clinical setting
in which infants are given small-volume transfu-
sions of RBCs transfused over 2 to 4 hours (Table
12.3) and is far below doses believed to be toxic
(Luban et al. 1991). Importantly, the efficacy and
safety of these theoretical calculations have been
confirmed by reports of many investigators success-
fully transfusing stored, rather than fresh, RBCs in
the small-volume transfusion setting (Strauss 2000).

For physicians selecting RBCs stored in CPDA, it is
important to remember that the volume of extra-
cellular fluid is smaller in CPDA RBC units than in
AS-1, AS-3, or AS-5 RBC units—hence, the con-
centration of extracellular K+ and hemoglobin is
higher in CPDA RBC units.
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TABLE 12.3 Constituents (mg/kg) in a 15mL/kg RBC 
Transfusion (60% Hematocrit)

Additive CPDA AS-1 AS-3 Toxic Dose*

NaCl 0 28 5 137 mg/kg/day
Dextrose 13 86 15 240 mg/kg/hr
Adenine 0.2 0.4 0.4 15 mg/kg/dose
Citrate 12 6.5 8.4 180 mg/kg/hr
Phosphate 9 1.3 3.7 >60 mg/kg/day
Mannitol 0 22 0 360 mg/kg/day

*Actual toxic dose is difficult to predict accurately because infu-
sion rates are slow, permitting metabolism and distribution from the
bloodstream into extravascular sites. Also, dextrose, adenine, and
phosphate enter RBCs and are somewhat sequestered from other
body tissues (Luban et al. 1991).
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ABSTRACT

Transfusion in surgery, trauma, and intensive care
requires vigilant attention to the unique physiological
status of pediatric patients, particularly in the neonatal
period. Immature organ systems and limited capacities
for regulation of thermal and metabolic challenges may
combine to produce delicate and potentially dangerous
vulnerabilities. Conditions sometimes require critical
measures not generally encountered in adult medicine.
Much of the challenge in acute care transfusion therapy
is to maintain an appropriate balance of hemostatic
processes. Both excessive bleeding and thrombosis are
encountered in acute care and are of equal urgency in
the need for expeditious and skilled management. The
availability and appropriate use of pharmaceutical
products that may supplement or replace hemostatic
blood products must be part of the practioner’s reper-
toire. Facility with the combined use of new technology,
new pharmaceutical products, and appropriate use of
blood products is key to optimal outcomes.

Transfusion is a major component of pediatric pa-
tient care in surgery, trauma, and the intensive care 
unit (ICU).Although the medical needs of patients may
be acute, the careful and judicious use of blood prod-
ucts is important in these circumstances, as in all others.
Potential adverse effects of transfusion must be weighed
against potential benefits. Overuse of transfusion should
be avoided.

Red blood cells, platelets, granulocytes, plasma, and
cryoprecipitate are all major elements of medical
support of pediatric surgery, trauma, and ICU patients.
There are detailed discussions of the preparation, dis-
pensing, and clinical applications of cellular blood com-

ponents in individual chapters. The specific require-
ments of transfusion support during extracorporeal
membrane oxygenation (ECMO) and cardiac bypass
surgery are given individual consideration in Chapter
17. This chapter will address matters of general concern
regarding the use of cellular blood products in acute
care settings and will focus more specifically on the goal
of transfusion support of hemostasis.

AGE, SIZE, AND RATE OF
TRANSFUSION

Age

In serological testing, pediatric patients are divided
between those younger and older than 4 months of 
age. From the standpoint of physiological considera-
tions in blood transfusion, the same age categories may
be used. In general, transfusion of normally developing
infants older than 4 months of age is similar to 
children and adults. Infants younger than 4 months 
of age, preterm, and low birth weight infants require
special consideration of their immature hemostatic
systems and their limited ability to tolerate thermal and
metabolic alterations from transfusion.

Rate of Transfusion

Transfusion of red blood cells (RBCs) in volumes 
of 10 to 20 mL/kg over 2 to 4 hours is generally well 
tolerated in neonates and infants. Transfusion of over 
25 mL/kg of RBCs, or greater than one blood volume in
24 hours, requires careful attention to possible 
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metabolic and thermal alterations. As noted below, the
effects of citrate, potassium, and 2,3 diphosphoglycerate
(2,3 DPG) are of particular concern and must be antic-
ipated and managed during massive transfusion.
Chapter 11 contains detailed discussions of these con-
siderations.

Coagulation

Because of immaturity of the liver, the production of
hemostatic factors is reduced in infants compared to
children and adults.The level of hemostatic factor activ-
ity decreases with degree of prematurity. In infants of
30 to 38 weeks gestation, coagulation factors range from
about 12% to 50% of adult levels. In full-term new-
borns, ranges are about 30% to 95% of adult levels.
Ranges of hemostasis regulatory factors are similar.
Both procoagulant and anticoagulant hemostatic
factors progress rapidly to 80% to 90% of adult ranges
within 6 months to 1 year. Adult levels are reached in
the middle to late teen years (Richardson et al. 2002).

Thermal Regulation

Newborns have a limited capacity to regulate body
temperature and have a high body surface area to
volume ratio. Premature and low birth weight infants
are particularly vulnerable to thermal alterations from
infusion of hypothermic fluids. The temperature of
blood products arriving from a blood bank or stored in
an operating room may range from approximately room
temperature to 4°C. Rapid infusion (>1 mL/minute) of
cold blood to young infants can result in significant
hypothermia. Core body temperatures less than 35°C
can slow hemostatic responses and impair oxygen deliv-
ery in tissues. Severe hypothermia (<33°C) can result in
hypotension, apnea, and cardiac arrythmias. Therefore,
careful monitoring of body temperature is important.
When possible, use of a blood warmer is recommended
for rapid or massive transfusion (>25 mL/kg). A device
manufactured and approved for blood warming is the
standard of care. The practice of warming blood prod-
ucts with lights, ordinary microwave ovens, or other
nonapproved methods is strongly discouraged due to
risk of thermal injury to blood products (Festa et al.
2002).

Immune Status

The normal immaturity of neonatal immune systems
requires special consideration. Neonatal leukocyte
activities are generally decreased compared to children
and adults. Neonatal immune systems may be unable 
to resist untoward effects of transfusion, such as

cytomegalovirus (CMV) transmission or transfusion-
associated graft versus host disease (TA-GVHD). Sick
or injured infants, or those with congenital or treatment-
related immune compromise, may be especially vulner-
able. Use of CMV low-risk (leukocyte reduced or CMV
seronegative) and gamma irradiated cellular blood
products for prevention of CMV transmission and TA-
GVHD and are recommended in infants younger than
4 months of age and patients of any age with significant
immune compromise. See Chapters 8 and 9 for detailed
recommendations.

Metabolism

Liver and renal function immaturity renders infants
vulnerable to metabolic imbalance from transfusion.
Particular vigilance regarding calcium, glucose, and
potassium alterations can be critical (Strauss 2002;
McDonald and Berkowitz 1994).

Citrate and Calcium

Sodium citrate anticoagulant in blood products binds
ionized calcium and in high volume transfusions, espe-
cially of fresh frozen plasma, may result in transient
hypocalcemia. Metabolism of citrate produces bicar-
bonate that may result in alkalosis and subsequent
hypokalemia. During surgery, hypocalcemia is charac-
terized by hypotension despite adequate volume
replacement. Severe decreases in ionized calcium result
in narrowed pulse pressure and prolonged QT intervals.
Hypothermia and immature liver function impair
citrate metabolism. Frequent monitoring of ionized
calcium, pH, and potassium may be necessary during
high volume transfusion (>25 mL/kg). Corrective meas-
ures include calcium gluconate (100 mg/kg) for routine
replacement and calcium chloride (10 to 20 mg/kg) for
rapid or emergent replacement; caution is advised, as
excessively rapid infusion of calcium chloride has been
associated with death (Kevy and Gorlin 1998, Festa 
et al. 2002).

Potassium

Stored RBC units accumulate extracellular potas-
sium. In our laboratory,Adsol 3 (AS-3) preserved RBCs
contained mEq/L of extracellular potassium equal to
approximately the number of days of storage plus 10
(for example, 15 mEq/L K+ on day 5). At routine rates
of transfusion (10 to 20 mL/kg over 2 to 4 hours) K+
from transfusion should be well tolerated. Rapid trans-
fusion of RBCs containing high concentrations of extra-
cellular K+ can result in fatal cardiac disturbances in
small infants, especially when accompanied by acidosis
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and administration of other K+ containing drugs or
intravenous fluids. Use of washed, extracellular volume-
reduced or fresh (<5 to 7 days old) RBC products may
be necessary. Such products may require an additional
20 to 30 minutes preparation in the blood bank.
Resuscitation with crystalloid or colloid solutions 
may be advisable in lieu of rapid infusion of high K+
containing RBCs. See Chapters 10 and 12 for detailed
discussions.

2,3 Diphosphoglycerate

During several weeks of storage 2,3 diphosphoglyc-
erate (2,3 DPG) is completely depleted from RBC units.
The corresponding reduction in the P50 of hemoglobin
results in a level of oxygen offloading similar to RBCs
rich in fetal hemoglobin, as occurs in premature infants.
Transfused RBC 2,3 DPG levels normalize within hours
of transfusion in adults and probably also in children.
Generally the effect of temporarily low levels of 2,3
DPG in vivo is insignificant; however, in massive
exchange transfusion impaired oxygen offloading can
occur. Although studies have not shown a clear advan-
tage, fresh RBCs are sometimes used (Strauss 2002).

RED BLOOD CELL TRANSFUSION

Widely observed guidelines for transfusion triggers
in pediatric populations have not been established. Both
the extreme clinical variability of patients and the
increasing knowledge of potential adverse physiological
effects of RBC transfusion contribute to the lack of 
consensus.

Small Volume Booster Transfusions

One of the most controversial issues in pediatric
transfusion is the appropriate use of small volume trans-
fusions of RBCs to replace blood lost from laboratory
testing or for other insidious causes of anemia. In
general, the trend over several decades has been toward
less use of RBC transfusions in neonatal nurseries. In
critically ill adults a liberal transfusion threshold has
been clearly shown to offer no survival advantage and
in some patient subsets is disadvantageous compared to
more restrictive transfusion practices (Hébert et al.
1999). Even in preterm and low birth weight infants in
whom physical signs suggestive of anemia are common,
physiology does not correlate well with hematocrit.

Transfusion may be necessary to maintain adequate
oxygen-carrying capacity in critically ill neonates, espe-
cially those with cardiopulmonary compromise. In these
patients a target hematocrit of 30% in children and 40%

in neonates is common. Measurements of arterial 
oxygenation, mixed venous oxygen tension, and cardiac
output may be helpful in guiding transfusion decisions
(Kevy and Gorlin 1998).

Overall, it is recommended that RBC transfusions
for routine boosting of hematocrit levels be used 
judiciously and that the transfusion decision be based
on demonstrable physiological benefit and not strictly
on laboratory tests.

Erythropoietin

Comparatively low erythropoietin levels in critically
ill low birth weight neonates and infants with anemia of
prematurity have prompted exploration of the use of
pharmaceutical erythropoietin. Although the ability 
of erythropoietin to enhance RBC production in
neonates is well established, most studies of erythro-
poietin use in neonatal nurseries have not demonstrated
a significant reduction in requirements for RBC 
transfusions.

Severely ill, low birth weight infants often do not
respond to erythropoietin sufficiently to avoid transfu-
sions altogether. Therefore, if a program of limited
donor blood is used, the benefit of erythropoietin in
reducing transfusion exposure risk is minimal. Larger,
more stable infants are more likely to respond to ery-
thropoietin, but they are also less likely to require trans-
fusions.Therefore, clinical studies offer little support for
the generalized use of erythropoietin in neonates and
infants. Nevertheless, in individual cases of severely ill
neonates with ongoing needs for RBC transfusions,
pharmaceutical erythropoietin may be a consideration
(Goodstein 2002). The availability of limited donor
blood and input from parents as well as physicians
should be considered in making a decision to use ery-
thropoietin. In clinical trials, doses of 200 to 400 U/kg
per week were required to affect RBC utilization. In our
institution, erythropoietin is sometimes used to support
pediatric patients who are unable to receive transfu-
sions for religious reasons.

Acute Blood Loss

Volume Replacement

A fundamental tenet of both pediatric and adult
transfusion medicine is that, in the event of acute 
hemorrhage, replacement of intravascular volume and
measures to stop bleeding are the highest priority.
Above hemoglobin levels of 3 to 4 g/dL, maintaining
intravascular volume in acute blood loss is more im-
portant than measures to increase oxygen-carrying
capacity with RBC transfusions.
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Both crystalloid solutions, such as normal saline or
lactated Ringer’s solution, and colloid solutions, usually
5% or 25% albumin, are used to expand intravascular
volume. Crystalloid solutions redistribute up to 80%
into the extravascular space and require quantities
three to four times the actual blood loss to maintain
intravascular volume.

Transfusion Trigger

Oxygen transport during massive hemorrhage
becomes inadequate despite maintenance of intravas-
cular volume at hematocrit levels below about 10%.
Decisions to transfuse acutely bleeding patients must be
made individually in consideration of ongoing and
anticipated rates of blood loss, individual oxygen
requirements, and status of tissue perfusion.

In children, signs of circulatory compromise and
impending shock may not be apparent until 25% to
30% of blood volume is lost (Box 13.1). In some 
individuals, transfusion may be indicated after 10% to
15% of blood volume is lost. It is important to 
recognize that during massive blood loss, depending 
on the adequacy of volume replacement, measured
hematocrit and hemoglobin levels may overestimate
RBC mass.

Transfusion Target

Animal studies indicate that optimal oxygen trans-
port occurs at hematocrit levels between 30% and 40%.
Higher values offer more oxygen-carrying capacity but
less favorable fluid dynamics. Although appropriate
transfusion target hematocrit levels are not established,
some practitioners consider a hematocrit of >30% as a
reasonable target in resuscitation following massive
blood loss. In this setting, as in others, overtransfusion
should be avoided.

Pulmonary and Cardiac Failure

Neonates with acute respiratory distress syndrome
being supported with mechanical ventilation often
require RBC transfusion to replace blood lost from 
laboratory testing and to optimize tissue oxygenation.
Transfusion replaces fetal hemoglobin RBCs with
hemoglobin A-containing cells, providing improved
oxygen offloading. In general, patients with pulmonary
failure, cyanotic heart disease, or congestive heart fail-
ure are often transfused for hematocrit levels <40%.
See Chapters 12 and 17 for detailed discussions.

PLATELET TRANSFUSIONS

A complete discussion of platelet transfusions in
pediatric populations is presented in Chapter 22.
The following are general considerations about platelet
transfusion in acute care settings.

Massive Transfusion

The dilutional effect from massive replacement of
intravascular volume can result in thrombocytopenia.
Clinically significant thrombocytopenia usually does not
occur until one or two blood volumes have been lost. In
a setting of purely dilutional thrombocytopenia, platelet
counts above 30,000/mL to 50,000/mL are usually suffi-
cient for hemostasis. In premature infants and patients
undergoing procedures using extracorporeal circuitry,
platelet function may be impaired and transfusion of
platelet concentrates may be needed for counts below
100,000/mL.

Dosage

In surgery and most other settings a standard dosage
for platelet transfusions is 5 to 10 mL/kg. Consideration
for selection and preparation of platelet dosages,
leukocyte reduction, and irradiation are presented in
Chapter 22.

Platelet Transfusion in Extracorporeal
Membrane Oxygenation

Transfusion in ECMO is discussed in detail in
Chapter 16. One of the most common complications 
in ECMO is intracranial hemorrhage. Platelet counts in
children undergoing ECMO are often targeted at
>80,000/mL. Transfusion for platelet counts below
50,000/mL is strongly recommended. The coagulation
function of blood in the extracorporeal circuit during
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Box 13.1 Signs of Moderate-to-Severe 
Acute Blood Loss

Irritability or stupor
Pallor or mottling
Tachycardia
Tachypnea
Decreased pulse intensity
Delayed capillary refill
Cool extremities
Hypotension
Metabolic acidosis
Oliguria or anuria
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ECMO is typically monitored by the activated clotting
time (ACT). An ACT in the range of 220 to 250 seconds
is a common target for adjustment of heparin, with 
correction using fresh frozen plasma.

Platelet Transfusion in Uremic Patients

Blood urea nitrogen (BUN) levels greater than 40 to
50 mg/dL are associated with platelet function defects.
Mucocutaneous bleeding including oral mucosal bleed-
ing and epistaxis may result. Excessive surgical bleed-
ing in uremic patients may prompt consideration of
platelet transfusions, however, since transfused platelets
are rapidly impaired by uremia, their use should be con-
sidered secondary.Two primary corrective measures are
recommended to improve hemostasis in uremic patients
with excessive bleeding: transfusion of RBCs to a hema-
tocrit value >30% and administration of 1-deamino-8-
D-arginine (DDAVP). DDAVP can be administered
either by nasal aerosol or intravenous infusion (Box
13.2).

The recommended dose interval of DDAVP is once
every 24 hours. Responses of hemostatic factors to
repeated doses decrease by about 30% after the first
dose. In severely bleeding patients with uremia, platelet
transfusions together with DDAVP are sometimes used.
However, their added benefit is uncertain in the absence
of significant thrombocytopenia (Mannucci 1997).

Immune Thrombocytopenic Purpura (ITP)

Clinically significant bleeding is a relatively rare
event in patients with childhood ITP, and the appro-
priate treatment of childhood ITP is controversial.
Intracranial hemorrhage is the most worrisome compli-
cation, but excessive surgical or traumatic bleeding is

also possible. Most patients who develop intracranial
hemorrhage have platelet counts less than 10,000/mL.
Primary measures to correct very low platelet counts
include use of corticosteroids and intravenous immu-
noglobulin (IVIG). Some practitioners utilize a target
platelet count of 20,000/mL to prevent intracranial 
hemorrhage, however, supportive data are meager.

Treatment

In the case of life-threatening hemorrhage, high dose
parenteral corticosteroids (30 mg/kg/day intravenous
methylprednisolone) or high dose IVIG have been rec-
ommended. Early trials with IVIG used 0.4 g/kg/d for 5
days. A more recent trial showed success using a single
dose of 0.8 g/kg. In some cases, platelet transfusions and
emergency splenectomy may be warranted. In massive
transfusion and acute blood loss, platelet transfusion
may be the primary treatment option. It must be recog-
nized that transfused platelets are susceptible to the
same immune-mediated dysfunction affecting native
platelets. A combination of hemostatic measures that
may include platelet transfusions and other hemostatic
agents is recommended (Di Paola and Buchanan 2002).

Platelet Dysfunction

Drugs

Platelet dysfunction may result from drugs such as
aspirin, indomethacin, penicillins, and cephalosporins.
In the setting of surgical and acute blood loss, hemo-
stasis may or may not be significantly compromised. As
with uremia and ITP, circulating drugs may affect trans-
fused as well as native platelets, and platelet transfusion
should be reserved for excessive bleeding and signifi-
cant thrombocytopenia.

Congenital Defects

Rare congenital platelet function defects include the
platelet receptor defects Glanzmann’s thrombasthenia
and Bernard-Soulier syndrome, and the storage granule
defects gray syndrome, Chédiak-Higashi syndrome, and
Hermansky-Pudlak syndrome.

Treatment

The degree of hemostatic compromise varies among
syndromes and among individuals. In the acute care
setting, platelet transfusions may be required for ade-
quate hemostasis. In anticipation of surgical bleeding,
a thorough clinical assessment should consider the 
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Box 13.2 Hemostatic Measures for Uremic Bleeding

Transfuse to hematocrit >30%
Nasal aerosol DDAVP (150 mg/squirt)

• <50 kg patient—1 squirt
• >50 kg patient—2 squirts

Intravenous DDAVP Infusion

• 0.3 mg/kg in 30 to 60 mL normal saline

Precautions

• Monitor vital signs for tachycardia
• Monitor laboratory values for hyponatremia
• Risk of seizure activity in children < 2 years of age
• Repeated use may result in tachyphylaxis
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possible need for prophylactic platelet transfusions.
Initial doses of approximately 5 to 10 mL/kg of platelet
concentrates should raise transfused platelet counts to
hemostatic thresholds. It should be recognized that in
patients with platelet receptor defects, transfused
platelets may stimulate production of platelet glyco-
protein-specific alloantibodies and may cause future
refractoriness to standard platelet transfusions. In some
settings DDAVP or antifibrinolytic agents may augment
platelet-dependent hemostasis (see Box 13.2). New in
the armamentarium of hemostatic agents that shows
promise in platelet function defects is recombinant 
activated factor VII (rFVIIa).

CRYOPRECIPITATE AND FRESH
FROZEN PLASMA

Cryoprecipitate and fresh frozen plasma (FFP)
remain central components in the treatment and 
resuscitation of acutely bleeding pediatric patients.
However, the appropriate use of these products must
also consider a potential role of pharmaceutical hemo-
static agents. Effective and pathogen-safe hemostatic
agents can greatly augment the efficacy and reduce the
need for traditional blood products (DeLoughery 2002).

Cryoprecipitate

Although cryoprecipitate contains concentrated
FVIII and von Willebrand factor (vWF), these hemo-
static factors are widely available in virus-inactivated
and potentially more effective pharmaceutical forms.
With availability of these pharmaceutical products, the
primary utility of cryoprecipitate is to supply a concen-
trated form of fibrinogen.

Premature and term newborns may have normal or
modest reductions in fibrinogen levels compared to chil-
dren and adults. However, as with other coagulation
factors, reduced synthesis from immature liver function
may render them more susceptible to consumptive
depletion.

Indications

Fibrinogen levels below 80 to 100 mg/dL may be
associated with excessive bleeding and warrant consid-
eration of cryoprecipitate. The choice between cryopre-
cipitate or FFP should consider whether multiple
hemostatic factors are in need of replacement. Plasma
contains all hemostatic factors in proportion to their
concentration in blood. Cryoprecipitate is concentrated
to contain about 180 to 250 mg fibrinogen in a 15 mL
volume. Therefore, cryoprecipitate is often used to

rapidly restore fibrinogen levels, especially in the setting
of intravascular volume constraints.

Dosage

A standard dose of cryoprecipitate is 5 to 10 mL/kg
or 1 unit per 5 to 10 kg body weight. In infants, cryo-
precipitate should be ABO blood group compatible to
avoid introduction of incompatible RBC antibodies.
Clinical assessments and fibrinogen levels are used to 
evaluate the efficacy of cryoprecipitate transfusion.

Factor XIII

Both FFP and cryoprecipitate contain coagulation
factor XIII, and either can be used to treat severe factor
XIII deficiency. A pharmaceutical form of factor XIII is
available on a clinical trial basis but is not yet approved
by the Food and Drug Administration (FDA). Because
of its long half-life and minimal requirements for ade-
quate hemostasis, only small doses of cryoprecipitate or
plasma are necessary to treat severe factor XIII defi-
ciency.A cryoprecipitate or plasma dose of 1 to 5 mL/kg
is sufficient for 2 to 6 weeks of hemostatic FXIII levels.

Cryoprecipitate for Topical Administration

Historically, cryoprecipitate and bovine thrombin
combinations have been used as “fibrin glue” for 
surgical hemostasis. However, bovine thrombin 
contains small amounts of bovine FV and has been
associated with development of cross-reactive antiFV
or antithrombin antibodies that have caused life-threat-
ening bleeding. For safety reasons these formulations
are not recommended because human thrombin-
containing, virus-inactivated alternatives are available.

Fresh Frozen Plasma

FFP contains normal adult concentrations of both
procoagulant and anticoagulant hemostatic factors.
Its use is appropriate to restore hemostatic levels of
coagulation proteins resulting from multiple factor 
deficiency or to provide hemostatic levels of specific
coagulation factors, such as factor V, that are not 
available as pharmaceutical concentrates.

Historically, plasma is the most overused blood
product. The longstanding message bears repeating that
plasma transfusion is inappropriate for the sole purpose
of volume replacement or as a source of immunoglob-
ulins. For these purposes, crystalloid, colloid, and IVIG
are preferable. Overuse of plasma may occur in
attempts to correct minor elevations of prothrombin
time (PT) or activated partial thromboplastin time
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(aPTT) before surgery. Minor prolongations of clotting
times correlate poorly with surgical bleeding risk. Indi-
vidual consideration of hemostatic risk in relation to
patient age and other factors is preferable to reflexive
attempts to correct minor laboratory test abnormalities
with FFP.

Replacement

Hemostasis may be compromised by replacement of
plasma volume with crystalloid or colloid solutions in
massive transfusion. However, dilutional coagulopathy
does not usually occur until replacement of one to two
blood volumes within 24 hours. Newborns and prema-
ture neonates may be more sensitive to the effect of
dilutional coagulopathy because of lower constitutive
levels of coagulation factors. Thrombocytopenia may
accompany dilutional coagulopathy. In some settings,
attention to adequate platelet transfusion may be more
beneficial to hemostasis than empirical FFP or cryopre-
cipitate transfusion.

Indications and Dosage

Standardized guidelines for use of FFP in massive
transfusion have not been developed. Hemostatic com-
promise from multiple coagulation factor deficiency
depends on the degree of factor depletion. FFP contains
1 U/mL of all hemostatic proteins normally found in
plasma. Therefore, assuming a plasma volume of about
40 mL/kg in a neonate, infusion of 20 mL/kg of FFP pro-
vides about 50% of normal levels, which is adequate for
hemostasis. Since factor levels are not completely
depleted during massive transfusion, dosages of FFP of
10 to 15 mL/kg are usually adequate. To maintain short
half-life factors, dosing may be necessary every 6 to 8
hours.

Use of clinical bleeding assessment together with
coagulation studies is recommended to guide FFP trans-
fusion. Empirical use of both FFP and cryoprecipitate
in massive transfusion should be avoided. In cases of
persistent excessive bleeding, despite reasonable meas-
ures to correct dilutional coagulopathy and thrombocy-
topenia, consideration of pharmacological hemostatic
agents may be warranted. These agents are discussed in
Chapter 20.

Liver Failure and Coumadin Treatment

Liver failure from congenital infectious hepatitis,
sepsis, congenital hemochromatosis, or other factors is
a major cause of coagulation laboratory test abnormal-
ities and bleeding in neonatal patients. Nevertheless,
most newborns with liver failure do not experience
excessive bleeding, and empirical FFP utilization is not

recommended. Box 13.3 details hemostasis assessment
and treatment in liver failure.

Complete normalization of coagulation parameters
with FFP is often difficult or impossible to achieve, espe-
cially if there are volume constraints. Moreover, modest
elevations of coagulation parameters that persist after
adequate dosing of FFP are unreliable indicators of
bleeding risk. Therefore, unnecessary delays of invasive
procedures or excessive transfusion of FFP to normal-
ize coagulation parameters should be avoided.

Coumadin therapy in children may pose a risk of
excessive bleeding in emergent acute bleeding. Vitamin
K administration will reverse coumadin effects within
12 hours in a patient with normal liver function and is
the appropriate treatment when time permits. A dosage
of 5 to 10 mg by slow infusion (20 to 30 minutes) is rec-
ommended. Patients should be monitored carefully for
the rare complication of anaphylaxis. In cases of trauma
or emergency surgery, FFP can be used to correct the
hemostatic defect of coumadin.As in liver failure, initial
FFP doses of 10 to 15 mL/kg are recommended. Effi-
cacy should be assessed by careful clinical assessment of
bleeding and laboratory monitoring with the PT and
aPTT.

Disseminated Intravascular Coagulation

Disseminated intravascular coagulation (DIC) is 
one of the major challenges of hemostatic transfusion
therapy in acute care settings. Mortality in infants with
severe DIC approaches 80%. Infants and children with
DIC can experience very severe bleeding and often
require multiple therapeutic approaches to sustain 
adequate hemostasis.

Causes of DIC

Causes of DIC in children are similar to those in
adults (Box 13.4).

Among infectious causes of DIC are gram-negative
sepsis, pneumococcal sepsis, Hemophilus influenza
infections, systemic aspergillosis, and rickettsial infec-
tions. Identification of the cause of DIC is critical: The
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Box 13.3 Hemostasis Assessment and Treatment in
Liver Failure

• Careful analysis of clinical picture to determine causes
of bleeding

• Laboratory assessments
� PT, aPTT, fibrinogen

• FFP for active bleeding or before invasive procedure
� 10 to 15 mL/kg every 4 to 6 hours
� Follow PT, aPTT for additional dosing
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first tenet of DIC management is treatment of the
underlying disorder.

Clinical Manifestations of DIC

Clinical signs of DIC appear in many organ systems
(Box 13.5).

The extent and severity of findings depend on the
severity of DIC. Because severe DIC is associated with
high mortality, especially when accompanied by septic
shock, vigilant monitoring for early clinical signs in an
infant or child with clinical risk factors can be critical.
Identification and treatment of underlying causes and
early intervention will optimize outcome.

Coagulation Test Features of DIC

Laboratory confirmation of DIC is essential to 
differentiate DIC from other disorders with similar 
features, such as autoimmune hemolysis, ITP, and
thrombotic microangiopathy syndromes. Important lab-
oratory tests include PT, aPTT, thrombin time, fibrino-
gen concentration, and fibrinogen degradation products

(FDP) or fibrin D-dimer (Box 13.6). Accurate test
results require properly collected samples. Heparin con-
tamination from samples drawn through central venous
catheters is a frequent source of errors in PT, aPTT and
thrombin time tests.

Management of DIC

DIC represents a perturbation of the delicate
balance between procoagulant and anticoagulant
hemostatic mechanisms. The end result can be either
excessive bleeding or microvascular thrombosis. For
these reasons, treatment of the underlying causes of
DIC is the definitive intervention. Treatment of bleed-
ing or thrombosis must be considered a temporizing
measure.

Thrombosis in DIC Although bleeding is the most 
frequent complication of DIC, insidious microvascular
thrombosis can be a devastating event. Significant
microvascular thrombosis occurs most often in DIC
associated with malignancy. A notable example is acute
promyelocytic leukemia. End-organ dysfunction sec-
ondary to hypoxic and ischemic injury from widespread
microvascular thrombosis is of paramount concern.
If evidence of end-organ injury is present, especially
encephalopathy and cardiopulmonary dysfunction, anti-
coagulant treatment may be warranted. A combination
of FFP and heparin may be used with a goal of inhibit-
ing thrombin activity while providing a balance of 
procoagulant and anticoagulant hemostatic factors. A
target aPTT of about 1.5 times the upper limit of normal
and FFP doses of 10 to 15 mL/kg are reasonable.
Antithrombin III concentrates, when available, may 
be beneficial, but their use in DIC is considered 
experimental, and availability of ATIII is uncertain.

Bleeding in DIC Bleeding in DIC results primarily
from exhaustion and impaired function of procoagulant
hemostatic proteins and thrombocytopenia. Accord-
ingly, transfusion of FFP, cryoprecipitate, and platelets
may be required (Box 13.7).

Although historically there has been concern that use
of hemostatic blood products may drive DIC toward
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Box 13.4 Causes of DIC in Pediatric Patients

• Sepsis (up to 45% of patients)
• Neoplasia
• Vascular disease
• Liver disease
• Obstetric complications
• Inherited coagulation disorders
• Transfusion reactions
• Surgery
• Envenomation
• Trauma
• Respiratory distress syndrome
• Drugs

Box 13.5 Clinical Manifestations of DIC

• Hematological: thrombocytopenia, microangiopathic
hemolysis, leukocytosis

• Skin: purpura, oozing from venipuncture sites, focal
necrosis, gangrene

• Cardiovascular: shock, acidosis, thromboembolism
• Renal: oliguria, azotemia, hemoglobinurea, acute

tubular necrosis, cortical necrosis
• Pulmonary: hypoxemia, edema, hemorrhage, acute res-

piratory distress syndrome
• Hepatic: jaundice, parenchymal damage
• Gastrointestinal: hemorrhage, mucosal necrosis
• Neurological: seizure, stupor, coma, intracranial hem-

orrhage
• Endocrine: adrenal insufficiency

Box 13.6 Characteristic Coagulation Tests in DIC

• PT: ≠
• aPTT: ≠ or nl
• Thrombin time: ≠
• Fibrinogen: Ø or nl
• FDP: >10mg/dL
• D-dimer: present
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pathological thrombosis, this concern has not been 
validated by experience.

Purpura Fulminans

Purpura fulminans is a rare syndrome of widespread
microvascular thrombosis primarily effecting skin and
soft tissues. It is most often associated with acquired
deficiency of the anticoagulant protein C in the setting
of certain infections. Neisseria meningitidis and strepto-
coccal pneumonia are the most common bacterial infec-
tions; viral infections including varicella are also
sometimes associated with purpura fulminans. Rare
congenital forms are associated with loss-of-function
mutations of protein C or protein S. Widespread fibrin
thrombosis of the microvasculature can have life-threat-
ening and limb-threatening consequences. Mortality
may be as high as 50% and a third of patients may
require limb amputations.

The standard treatment for purpura fulminans is
transfusion of FFP 10 to 20 mL/kg every 12 hours. FFP
replaces deficient protein C. An investigational form of
protein C concentrate and a pharmaceutical form of
activated protein C recently approved for use in sepsis
(drotrecogin alpha-activated) have been reported to be
effective in treating purpura fulminans (Weisel et al.
2002; White et al. 2000). Consideration of activated
protein C concentrates is recommended when purpura
fulminans is encountered.

Thrombotic Microangiopathic Disorders

Childhood thrombotic thrombocytopenic purpura
(TTP) and the hemolytic uremic syndrome (HUS) are
rare disorders that may be encountered in acute care
settings and may require FFP treatment.

TTP

Most cases of infant and childhood TTP are associ-
ated with inherited loss-of-function defects of the vWF

cleaving metalloproteinase ADAMTS13 (Tsai 2003).
It was recently discovered that the childhood hemosta-
tic disorder Upshaw-Schulman syndrome has the same
functional ADAMTS13 defect. Clinical features include
severe microangiopathic hemolytic anemia, hyper-
bilirubinemia, thrombocytopenia, and bleeding. Onset
may occur at birth or later in childhood, and the 
course is often relapsing. As in all cases of TTP, defini-
tive treatment requires simple transfusion of FFP or
plasma exchange to provide a source of functional
ADAMTS13. Transfusions of whole blood, cryoprecipi-
tate, cryoprecipitate supernatant, and FVIII/vWF 
concentrates have been reported to be effective in
Upshaw-Schulman syndrome (Fujimura et al. 2002).
All the latter products probably contain ADAMTS13
activity, which may account for their reported efficacy.

FFP transfusion and plasma exchange remain as the
standard of care for TTP. In congenital deficiency of
ADAMTS13, periodic transfusion of 10 to 20 mL/kg
FFP may be sufficient to treat or prevent relapse
episodes. If ADAMTS13 deficiency results from autoan-
tibody inhibitor, as occurs more commonly in adult TTP
patients, plasma exchange is warranted to remove anti-
body and replace ADAMTS13.The availability and reli-
ability of assays for ADAMTS13 activity and inhibitor
are limited, and systematic studies of the clinical utility
of assays are lacking. Therefore when TTP is suspected,
FFP treatment, preferably plasma exchange, should
proceed without delay for ADAMTS13 activity assays.

HUS

Both diarrhea-associated and nondiarrhea-associ-
ated HUS occur in pediatric acute care settings. The
clinical and laboratory features of these thrombotic
microangiopathic syndromes can be difficult to distin-
guish from childhood TTP. A similar pattern of renal
failure and microangiopathic hematological distur-
bances occurs in both TTP and HUS. A classic history
of hemorrhagic enterocolitis followed by clinical and
laboratory features of thrombotic microangioapathy is
suggestive of shiga toxin-associated HUS. Epidemic
exposure and detection of enteropathic bacteria or
Shiga toxin in stool are supportive of the diagnosis.

In contrast to TTP, treatment of HUS with FFP is of
uncertain value. The typically normal ADAMTS13
levels in HUS do not support the use of FFP as a source
of that enzyme. Supportive care, including dialysis when
necessary, is the current standard of care. In severe 
cases with encephalopathy, or otherwise life-threatening
organ failure, many practitioners include plasma
exchange treatment. However, convincing evidence of
efficacy in Shiga’s toxin-associated HUS is lacking.
Heparin and fibrinolytic agents have not been shown to
be effective in animal models or humans.
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Box 13.7 Transfusion Management of Bleeding in DIC

FFP: 10 to 20 mL/kg as rapidly as tolerated

• Repeat every 6 to 8hours as needed

Cryoprecipitate for low fibrinogen: 10 mL/kg

• Maintain fibrinogen >100 mg/dL

Platelets for thrombocytopenia: 5 to 10 mL/kg

• Maintain platelet count >50,000/mL with active 
bleeding
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HEMOSTATIC AGENTS IN ACUTE
CARE

Recombinant Activated Factor VII

Recombinant activated human factor FVII (rFVIIa)
is approved by the Food and Drug Administration
(FDA) for treatment of hemophilia A and B patients
with inhibitor (see Chapter 20). Nonhemophilia patients
with spontaneous FVIII inhibitor have also been suc-
cessfully treated with rFVIIa. The detailed mechanisms
for the hemostatic efficacy of rFVIIa remain under 
investigation, however, it has been shown to bind to
platelets and enhance thrombin generation and to
promote platelet adherence to endothelial cell matrices.

In addition to hemophilia inhibitor patients, rFVIIa
has been explored in other challenging hemostasis set-
tings (Hedner and Erhardtsen 2002). Case reports have
shown efficacy of rFVIIa in severe thrombocytopenia
and in patients with the platelet function defects Glanz-
mann’s thrombasthenia and Bernard-Soulier syndrome.
Several small case series have reported hemostatic 
efficacy—sometimes dramatic—in heavily bleeding
surgery or trauma patients. Amid burgeoning off-label
use of rFVIIa in trauma and surgery, it must be recog-
nized that controlled trials to establish the efficacy and
safety of rFVIIa in nonhemophilia inhibitor patients
have yet to be conducted. The very high cost of rFVIIa
is a relevant issue when its use is considered.

Considerations for Use of rFVIIa in Nonhemophilia
Surgical and Trauma Patients

Potentially useful settings may include:

• Dilutional coagulopathy (massive transfusion) with
uncontrolled traumatic or surgical bleeding

• Uremic bleeding
• Bleeding in the presence of antiplatelet or anticoag-

ulant agents
• Platelet function defects (Glanzmann’s thrombas-

thenia, Bernard-Soulier syndrome, and others)
• Idiopathic (immune) thrombocytopenia (reported

efficacy with counts <5000/mL)
• Alloimmune platelet refractoriness (matched

platelet support may be appropriate)
• Liver dysfunction with coagulopathy and uncon-

trolled bleeding, or preparation for liver biopsy
• Patients with high bleeding risk and volume restric-

tions undergoing invasive procedures

At this time most institutional guidelines for use of
rFVIIa in nonhemophilia patients restrict use primarily
to patients with active, usually severe bleeding. At our

institution the following guidelines were devised.
Before consideration of rFVIIa:

1. Transfusion support should be optimized. Attempts
should be made to achieve blood levels of:
• Fibrinogen >100 mg/dL
• Platelet count >30,000/mL
• INR <2.5

2. Other hemostatic agents should be considered:
• DDAVP
• Alpha aminocaproic acid (Amicar)
• Tranexamic acid
• Aprotinin

3. Consider rFVIIa for ongoing uncontrolled bleeding
with potential for hemorrhagic shock and organ
damage. We recommend administration of rFVIIa
before substantial hemorrhage-related morbidity
develops.

4. Dosage and administration:
Firm guidelines have not been developed. Com-
monly used dosages are:
• 90 mg/kg
• Repeat dosage if needed every 2 hours up to three 

total doses—dosages beyond three may warrant
hematology consultation

5. Overall complication rate is about 1/11,000 doses.
Possible reported complications include:
• Arterial or deep venous thrombosis
• Pulmonary embolism
• Catheter-associated thrombosis
• Acute myocardial infarction

Complications are more common in elderly and 
cardiovascular disease patients.

rFVIIa in FVII-Deficient Patients

Patients with the rare condition of severe congenital
FVII deficiency have been successfully treated with
rFVIIa in lieu of FFP. In these patients a significantly
lower dosage of rFVIIa has been used. Kinetic model-
ing of thrombin generation indicates that in the absence
of endogenous FVII competition for substrate binding
sites, markedly less FVIIa is required for equivalent
thrombin generation.

Experience in a small number of patients indicates
that dosages of 20 to 30 mg/kg are effective. FVII
inhibitors have developed in a few patients, in one case
after an exceedingly high dose.

Aprotinin

Aprotinin is a proteinase inhibitor with significant
antifibrinolytic activity that has been shown to reduce
surgical bleeding and RBC transfusion requirements in
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adults. Results of clinical studies in pediatric patients
have been variable, however, overall evidence suggests
that patients undergoing extensive procedures includ-
ing cardiac reoperation, arterial switch, and heart and
lung transplantation have less bleeding and blood loss
with use of aprotinin (Pouard 1998).

Aprotinin is derived from a bovine source and has
been associated with an allergic response following 
re-exposure in up to 6% of cases. The highest risk of
allergic reactions occurs when re-exposure occurs within
6 to 8 months. Premedication with antihistamines or 
corticosteroids may be warranted in this setting.

Tranexamic Acid

The fibrinolytic inhibitor tranexamic acid has been
demonstrated to reduce blood loss in adult surgery
patients. Like aprotinin, results are more equivocal in
pediatric patients. Doses larger than 50 mg/kg or con-
tinuous infusion may be required to optimize efficacy.

Alpha Aminocaproic Acid (Amicar)

Alpha aminocaproic acid (Amicar) is an antifibri-
nolytic agent widely used for promoting hemostasis in
settings of oral mucosal or gastrointestinal mucosal
bleeding. Dosages are the same for oral and intravenous
administration (Box 13.8).

In the setting of massive hematuria Amicar has been
associated with development of urethral clots. If Amicar
is deemed necessary in a patient with significant hema-
turia, a urinary catheter should be placed and flushed
frequently with normal saline.

Topical Hemostatic Agents

Several topical hemostatic agents are available as
adjuncts to surgical hemostasis (Jackson 2002). Topical
fibrin and thrombin combinations are most appropriate
for minor and diffuse surgical bleeding not amenable to
suturing. Application to larger vascular wounds may be
disappointing, as the fibrin polymer may be washed
away by hemorrhage (Jackson 2002).

The fibrin sealant Tisseel VH Kit (Baxter Health-
care) was recently approved by the FDA. The product
is a ready-made application kit containing purified
human fibrinogen and human thrombin, as well as 
aprotinin, to facilitate hemostasis. For topical hemo-
stasis this product offers compelling benefits over
homemade “fibrin glue,” including viral inactivation,
controlled concentrations of reagents, and use of human
thrombin, which should avoid stimulation of potentially
dangerous antiFV and antithrombin antibodies.

Other topical hemostatic products are available that
contain bovine-derived thrombin. Antibovine FV and
antibovine thrombin antibodies have been associated
with some of these products.
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Box 13.8 Dosage of Alpha Aminocaproic Acid (Amicar)
for Oral or GI Mucosal Bleeding

• Oral or IV: 100 mg/kg initial dose then 50 mg/kg every
6 hours as needed

• 18g total dose maximum per day
• Side effects of nausea and vomiting are common
• Potential thrombotic risk in DIC
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INTRODUCTION

This chapter discusses the practice of transfusion
medicine in developing countries, so as to illustrate the
considerable differences between the practice there and
the practice in developed nations of the world. Perhaps
the greatest differences are in the amount of material
resources available to operate blood transfusion
systems and in the distribution of diseases and their
treatment. In some developing countries, the lack of
reliable sources of electricity and refrigeration, coupled
with the expenses of blood-bank equipment, testing kits,
and reagents have hindered the establishment of good-
quality blood banks.This is particularly the case in coun-
tries that have been compromised by poverty, political
instability, and armed conflict. Restraints on material
and financial resources have also hindered the develop-
ment of a body of persons that are well trained in trans-
fusion practice and blood-banking technology. As a
result of these challenges, blood transfusion services
among resource-restricted countries vary considerably
in their levels of development, safety, and quality.

In many developing countries, the primary indication
for transfusion is anemia in childhood or pregnancy.
Such anemias would not likely occur in most developed
countries, and if they did occur, they would not be
treated with blood transfusion. Pediatric blood transfu-
sions make up a large percentage of transfused patients
in developing countries and represent over half of all
transfusions in some regions, particularly in subSaharan
Africa.

Effective and safe donor recruitment, reliable labo-
ratory screening, avoidance of unnecessary transfusions,
and proper storage and transport of blood are signifi-

cant problems in many developing countries. A source
of safe and reliable voluntary blood donors is the 
cornerstone of high-quality blood services worldwide.
However, most of the developing world, because of lack
of effective mobilization, cultural attitudes, and lack of
education, can rely on volunteer donors for less than
half of its blood supply. Laboratory screening of donor
blood is a serious problem in developing countries. In
the year 2000, there were a total of about 90 million
blood transfusions worldwide. According to the World
Health Organization (WHO), 31% of all the blood units
donated for these transfusions were not screened for
one or more of the three most serious transfusion-
transmitted viruses, human immunodeficiency virus
(HIV), hepatitis B virus (HBV), and hepatitis C virus
(HCV) (Rapiti et al. 2003). Almost all of these screen-
ing lapses occurred in the world’s developing countries.

SPECIAL TRANSFUSION ISSUES IN
RESOURCE-RESTRICTED COUNTRIES

Organization of Blood-Transfusion Systems

In most developing countries, blood-transfusion
systems and services are much less fully established and
organized than in developed countries. Most developing
countries now have adopted a national approach to
blood-transfusion systems in an attempt to centrally
regulate and coordinate national safe-blood programs.
These systems are still in development in most of these
nations.

Many developing countries have at least some
regional blood collection and processing centers.
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However, these centers are often unable to supply the
system’s total blood need. Additionally, difficulties in
transportation and distribution have led to the forma-
tion of numerous hospital-based collection centers.
These hospital-based facilities vary considerably in 
their donor-recruitment methods and in the quality of
their testing and processing. In some countries, small
hospital-based collection centers represent a significant 
percentage of the total blood collected, tested, and
processed.

Populations Requiring Transfusions

The patient groups at highest risk for needing blood
transfusion in most resource-restricted countries
include children with severe anemia, women with 
pregnancy-related hemorrhage or anemia, accident vic-
tims, and patients with hemoglobinopathies and tha-
lassemias. Hemophiliacs are not, as a group, major users
of blood products in most developing countries.

Anemia is a common problem in children in parts of
Asia, Central and South America, and subSaharan
Africa. In severe cases, it is commonly treated with
blood transfusions. Studies have shown that over 50%
of all hospitalized pediatric patients in subSaharan
Africa receive blood transfusions for severe anemia
during their admission (Greenberg et al. 1988). The
majority of these transfused children are very young, as
exemplified by data from Uganda, where 65% of all
transfusions are given to children younger than 5 years
of age (Coulter et al. 1993).

Conditions Requiring Transfusions

Childhood anemia in developing countries is fre-
quently due to multiple underlying conditions. Very
young children are particularly at risk due to a combi-
nation of high rate of red cell volume expansion during
growth and a high frequency of underlying illnesses.
The major causes of pediatric anemia in developing
countries are listed in Box 14-1.

The prevalence and causes of pediatric anemia vary
considerably among developing countries in different
parts of the world. In regions where malaria, nutritional
deficiencies, helminth infections, and thalassemia are
common, children are at increased risk for developing
severe anemia.

Malaria

Malaria causes anemia primarily through repeated
episodes of hemolysis. In areas of high malaria endemi-
city, many adults have chronic mild anemia, having
achieved some level of natural immunity as a result of

frequent bouts of malaria. In young children who have
not yet achieved a degree of natural immunity, anemia
can become quite severe, particularly during the peak
malaria season when children are exposed to repeated
infectious mosquito bites. Malarial anemia can be espe-
cially severe when it is superimposed on an existing
chronic anemia.Acutely ill patients typically have either
Plasmodium vivax or P. falciparum infection, although
a small percentage of infections are due to more than
one species. P. falciparum infection, in particular, can be
extremely severe, infecting as many as half of the host’s
red cells. P. vivax and P. ovale, which only infect reticu-
locytes, and P. malaria are not usually associated with
such high levels of parasitemia.

In developing countries of subSaharan Africa and
parts of Asia, malaria is a primary cause or a significant
contributing factor for pediatric hospitalization due to
severe anemia. In malaria-endemic regions, children
form the largest group receiving blood transfusions
(Greenberg et al. 1988). One study in a highly endemic
area of western Kenya found that 25% of hospitalized
children had Hgb levels less than 5 g/dL, 30% of whom
died from their anemia (Lackritz et al. 1997).

Nutritional Anemia

Iron deficiency anemia is highly prevalent in many
developing countries. The WHO estimates that as many
as 50% of children in developing countries have iron-
deficiency anemia (WHO 2001). Rural populations with
more restricted resources and lower educational levels
may be more severely affected than urban populations.
Infants who have been breast-fed for more than 4 to 6
months are particularly susceptible if their diets are not
supplemented with foods rich in iron or dietary supple-
ments. In some areas, the use of iron supplements is
limited by resources.

Inadequate dietary intake of vitamin B12 or folate
also contributes to pediatric anemia. Dietary insuffi-
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Box 14.1 Major Causes of Pediatric Anemia in 
Developing Countries

• Malaria infection
• Nutritional anemia due to inadequate dietary iron, B12,

or folate
• Hookworm infection
• Thalassemia
• Hemoglobinopathy
• HIV infection
• Chronic or recurrent infections
• Accidents

Ch14.qxd  12/19/05  6:57 PM  Page 150



ciencies are often compounded by additional illnesses
such as diarrheal diseases that further impair intestinal
absorption.

Thalassemia

Thalassemia is an important public-health problem
in resource-restricted countries in Southeast Asia,
Africa, and the Middle East. Its treatment places major
demands on the blood supply in these regions. Good
data on the transfusion needs of children with tha-
lassemia are not available for most resource-restricted
countries. However, in India alone, it is estimated that
50,000 to 100,000 children with thalassemia receive
blood transfusions each year (Konstenius 2003).

In many developing countries, more stringent indica-
tions for repeated transfusions should be implemented,
as the risk of adverse events outweighs the benefits.
Some authorities feel that there is little indication for
repeated transfusions as long as the hemoglobin level
remains stable (Wake et al. 1998).

Hemoglobinopathy

Sickle-cell disease is one of the most common hemo-
globinopathies, with over 150,000 persons born with the
disease each year. Most of the world’s population with
sickle-cell disease is born in developing countries. Over
80% is born in Africa, with most of the remainder born
in the Middle East and India (WHO 2001).

Unfortunately, the regions of Africa where the hemo-
globin gene is most common coincide with those where
the HIV pandemic is greatest. Patients with sickle-cell
disease are recognized as a group at risk of acquiring
HIV infection, the risk being dependent on both the
seroprevalence of HIV in the blood donor population
and the patient-management plans (Fleming 1997).

In developing countries, transfusions in pediatric
sickle-cell disease patients are reserved for those with
severe anemia (Hgb <5 g/dL) in aplastic or sequestra-
tion crises and for severe anemia brought on by super-
imposed illnesses such as malaria and malnutrition.
Management of sickle-cell disease with regular transfu-
sions is discouraged in developing countries due to the
shortage of available blood and the risk of HIV or 
hepatitis infection.

Other

A number of other illnesses may contribute to
chronic anemia in children. Hookworm and other intes-
tinal parasitic infections cause anemia through chronic
blood loss. Chronic or recurrent bacterial or viral infec-
tions may decrease the rate of red cell production.

HIV infection, in particular, can result in anemia or 
pancytopenia.

Accidents are very common in many developing
countries, due to inadequate resources for public-safety
measures. Such accidents are a frequent cause of acute
blood-loss anemia, often resulting in the need for blood
transfusion.

Availability of Blood Products

Throughout the developing world there is a chronic
shortage of blood products, which particularly affects
the two groups most in need of transfusion services, chil-
dren and pregnant women. This shortage has been com-
pounded by the problem of inappropriate transfusion
practice and the failure to use sound medical guidelines
for transfusion. Inappropriate transfusion serves to put
additional stress on an already short blood supply.
Studies in Africa have estimated that from 13% to 47%
of all pediatric transfusions are given unnecessarily
(Jager et al. 1990; Lackritz et al. 1993). The blood inven-
tory in many developing countries consists of, at most,
only 1 or 2 days’ supply. Often, there is no blood in
inventory and the patient’s family must locate a suitable
donor to supply the blood on an as-needed basis
(Greenberg 1988). Such donors are referred to as
family/replacement donors.

Whole blood, usually collected in CPDA-1 anticoag-
ulant, is the most commonly available blood product.
Packed red blood cells (PRBCs) are frequently unavail-
able in many developing countries and are only rarely
available in the least-developed countries. Fresh-frozen
plasma and platelets are similarly scarce in many
resource-restricted countries. In many regions, they are
only available at private hospitals and at major teach-
ing hospitals and then in short supply. Leukocyte-
reduced blood products, washed red-cell products, and
irradiated or CMV-screened blood products are usually
beyond the resource restrictions of most developing
countries.

BLOOD COLLECTION AND
PROCESSING IN DEVELOPING

COUNTRIES

Donor Recruitment, Selection, and Screening

In 1975, the World Health Assembly (WHA)
adopted Resolution WHA 28.72 requiring all of its
members to promote the development of national
transfusion services based on the use of nonremuner-
ated volunteer blood donors (WHO 2001). As in the
developed world, such donors represent the safest blood
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donors from the lowest risk populations. A number of
studies has shown that family/replacement donors and
paid donor groups have a higher incidence and preva-
lence of transfusion-transmitted infectious diseases than
volunteer donor groups.

Unfortunately, the WHA resolution has not been
realized in many resource-restricted countries, despite
its adoption more than a quarter century ago. In fact,
as of 1999, less than 40% of the 30.2 million total 
blood donations in resource-restricted countries were
collected from lower-risk volunteer donors. Sixty 
to seventy percent of the donations were given by
family/replacement and paid donors, often in countries
with relatively high prevalence rates of HIV, HBV, and
HCV infection (WHO 2001).

The health status of the blood donor population is a
major factor in most developing countries. The rate of
donor deferral after laboratory screening may exceed
10%. This not only compounds the risk to the recipient
but increases the overall cost of the transfusion product
(Beal 1993).

In much of the developed world, the major transfu-
sion-transmitted infectious diseases are localized in
populations with certain risk behaviors such as intra-
venous drug use, sex with commercial sex workers,
male-male sex, or travel to certain regions of the world.
Persons with these risk behaviors represent a minority
of all potential donors in the developed world and are
usually readily identifiable by screening questionnaires;
therefore, finding and targeting a group of lower-risk
volunteer donors is not difficult. However, in areas with
high HIV prevalence, such as many African countries, it
is difficult to identify and target such a low-risk popu-
lation for blood donation without eliminating most of
the potential donors.

In spite of inherent difficulties in donor selection and
deferral in high prevalence areas, recruiters in develop-
ing countries have attempted to identify effective risk
factor deferral criteria using medical history, demo-
graphic information, and social history. One factor that
has been used in subSaharan Africa as a surrogate
marker for risk is age. The peak seroprevalence of HIV,
while somewhat variable among different regions and
populations, is typically 15 to 29 years of age in women
and 25 to 39 years of age in men (Fleming 1997). There-
fore, recruitment of donors has typically centered on
students at secondary schools and on older adults.

Another factor that has been used as a surrogate
marker for risk is demographic status. In general the
HIV prevalence in rural populations is lower than that
in urban centers (Barongo et al. 1992). However,
recruitment of rural donors is sometimes difficult and is
more expensive due to the poor conditions of roads in
many developing countries. Also, the rural population

has a generally lower level of nutritional health, result-
ing in a higher rate of anemia and a proportionally
lower rate of potentially acceptable donors (Jacobs
1994). To partially circumvent the problem of identify-
ing a suitable low-risk donor population by risk-
deferral screening, donor recruitment activity often
includes targeted recruitment at secondary schools,
selected businesses, churches, and repeat-donor clubs.
As funding and resources for mobile donor recruitment
are limited, there is often a forced reliance on family/
replacement and directed donors to fill the supply
deficit.

Laboratory Testing

Screening of Donated Blood for Transfusion-
Transmitted Infections

The WHO strategy for laboratory screening of blood
recommends HIV, HBV, and syphilis screening of all
donated blood. Where appropriate, donated blood
should also be screened for HCV, malaria, and Chagas’
disease (WHO 2001). However, resource restrictions
preclude implementation of 100% donor screening in
many or most resource-restricted regions.

According to the WHO’s Global Database on Blood
Safety, less than 60% of developing countries fully
screen their blood for HIV, and even fewer screen their
blood for HBV or HCV infections (WHO 2001). Such
lack of screening in countries with high HIV prevalence
rates explains why transfusions are identified as the
cause of 5% to 10% of HIV infections in developing
countries (WHO 2002). In subSaharan Africa, blood
transfusion is the third most important mode of HIV
transmission, predominantly affecting children under
age 5 (Jager et al. 1991).

Malaria screening is generally recommended in
malaria-endemic areas. In some developing countries
with very high prevalence rates of malaria, such as sub-
Saharan Africa, screening is not practical. There, much
of the donor population may have a low-level of chronic
parasitemia due to repeated exposure to infectious 
mosquito bites and the subsequent development of
some degree of natural immunity. In areas of lower
malaria prevalence, such as Southeast Asia, screening
for malaria with Giemsa-stained blood films is common
but not universal.

Screening tests for HIV antibodies and HBsAg or
HCV antibodies are usually performed with test kits
using enzyme immunoassay (EIA) methodology. In
rural areas, HIV screening is sometimes performed with
rapid tests. Polymerase chain reaction (PCR) testing is
not generally available or affordable in most develop-
ing countries, nor is HIV p24 antigen screening. Blood
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donor screening for Chagas’ disease is usually per-
formed in endemic areas using EIA methods to detect
T. cruzi antibodies.

Pretransfusion Compatibility Testing

In many developing countries, there is limited ability
to perform laboratory tests to ensure immunological
compatibility. Many blood banks are able to perform
only ABO grouping and Rh typing and to perform
crossmatching. More extensive testing such as addi-
tional alloantibody or autoantibody identification is
beyond the current capabilities of many developing-
country blood banks due to lack of reagents and 
training. The laboratory methods are largely manual,
as automated equipment is not readily available or
affordable.

RISKS OF INFECTIOUS DISEASE
TRANSMISSION BY TRANSFUSION

HIV

Transfusion-transmitted HIV infection is one of the
most serious adverse consequences of blood transfusion
in children in developing countries. Despite require-
ments of government legislation, routine testing for
many infectious agents, including HIV, is not carried out
in many developing countries. In the 1990s, most blood
banks in one Southeast Asian country claimed to be uni-
versally screening blood donors for HIV antibodies.
However, it was subsequently learned that testing was
not being done on all donors, and when it was done, it
was carried out with methods less sensitive than the
third generation EIAs available elsewhere (Wake et al.
1998). The primary reason given by blood banks in
many developing countries for not testing is lack of
financial resources. EIA testing for HIV and hepatitis
can double the basic processing costs for a unit of blood.
The lack of knowledge about HIV and hepatitis in
developing countries, combined with widespread
poverty, prompt the practice taking chances with less
expensive blood rather than paying the increased costs
of testing (Wake et al. 1998).

Although many countries have national policies on
blood-donor testing, the extent of testing actually
carried out is somewhat variable. Exact figures are not
available for many countries, and the surveillance data
are not always reliable. In the Democratic Republic of
the Congo (DRC), it has been estimated that as many
as 25% of pediatric AIDS cases have resulted from
transfusions (Heymann et al. 1992). With an estimated
10% to 15% of HIV transmissions in subSaharan Africa

being attributed to transfusions (WHO 2002), the pro-
portion of infections attributable to transfusions in the
pediatric populations is actually much higher, as over
half of transfusions are administered to children. In
India, nearly 7% of AIDS patients reported acquiring
infection following transfusion of infected blood.

A retrospective study of blood transfusion was con-
ducted in the pediatric population of Kinshasa, DRC, in
1988. Although this study took place over a decade ago,
circumstances of transfusion practices may not be sig-
nificantly different today in some least-developed 
countries. Sixty-nine percent of blood transfusions were
administered to children with malaria. Thirteen percent
of the hospitalized children were later found to be HIV
positive, with the likelihood of seropositive status being
closely related to receipt of transfusion. It was estimated
that 561 HIV-infected transfusions had been given to
children in a single year in a single large public hospi-
tal (Greenberg et al. 1988).

Implementation of HIV testing alone without pro-
viding proper education for technologists and without
establishing quality-assurance programs is not effective
in these countries. A study was conducted in the largest
public hospital in Kinshasa, DRC, 1 year after uni-
versal HIV screening of blood donors was imple-
mented. It was estimated that even with universal HIV
screening, 25% of new pediatric HIV infections and
40% of new HIV infections occurring in children over
age 1 were due to blood transfusion (Shaffer et al.
1990).

Little research has been performed in recent years to
assess the exact risk of HIV infection by blood transfu-
sion in developing countries. In 1994, the Kenya 
Ministry of Health performed a collaborative multicen-
ter study to assess the risk of HIV transmission in
screened blood and to identify ways to improve blood
safety. During the study period, the overall prevalence
of HIV among blood donors was 6.4%, ranging from
2% to 20% among the hospital blood banks in the study.
Using donor-recipient pairs, investigators found that
even after HIV antibody screening, there was a 2.0%
residual risk of transfusion-transmitted HIV infection.
The residual risk of transmission was thought to be the
result of erroneous testing practices (Moore et al. 2001).
Although Kenya has since undertaken a number of cor-
rective interventions and has moved to create regional
transfusion centers, this study serves to show that
similar problems may exist in other resource-restricted
countries, even with universal HIV antibody testing.

The risk of HIV infection from transfusion in most
countries in Central and South America is generally
lower than in resource-restricted countries from other
continents.The lower rate is due to the lower prevalence
rates of HIV infection in the donor population and the
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higher rates of HIV testing in most Central and South
American countries. The probability of transmitting
HIV infection by blood transfusion is generally much
lower than the risk for transmitting hepatitis or try-
panosomiasis (Schmunis et al. 1998).

Hepatitis

The issues of transmission of HBV and HCV are
similar to HIV. The WHO recommends HBV screening
on all donated blood, yet such screening is not univer-
sally performed. As of 2002, developing countries in
subSaharan Africa report that only 55% of donated
blood is screened for HBV, despite relatively high
prevalence rates (Tapko 2003). The prevalence of
chronic carriage of HBV in blood donors in subSaha-
ran Africa ranges from 2% to 22%. Yet, the WHO esti-
mates that no more than 50% of the blood donations in
subSaharan Africa are screened for HBsAg. The low
screening rate is due to both the lack of funds and to
the low perceived utility (Allain et al. 2003).

HCV screening is performed on only 40% of donated
blood units in Africa (Tapko 2003). The main barrier to
implementation of hepatitis testing is the cost of test
kits, which is currently prohibitive for many resource-
restricted countries. The WHO estimates that unsafe
blood transfusions contribute to at least 10% of the
global burden of HCV (Rapiti et al. 2003).

The risk of HBV transmission by blood transfusion
in developing countries is not currently well known, but
in areas of high prevalence and lack of universal screen-
ing, it is most likely significant. In Central and South
America the risk of acquiring HBV infection from
blood transfusions is 1 to 17 per 10,000 transfused units
and for HCV is 4 to 75 per 10,000 transfused units
(Schmunis et al. 1998). In Southeast Asia, it has been
estimated that there are 85 million carriers of HBV and
25 million carriers of HCV, making for an enormous
potential for transfusion transmission (Kumari 2003).

Other

Malaria

Malaria screening of donated blood is recommended
by WHO when considered appropriate. Such screening
usually occurs in areas of low malaria endemicity. In
highly endemic areas, such as most of subSaharan
Africa, much of the donor population has a low level 
of chronic parasitemia, making donor screening for
malaria impractical. In such highly endemic areas, the
pediatric transfusion-recipient population is often being
treated for acute malarial anemia, including treatment
with antimalarial drugs. If the transfusion recipients in

these regions are being treated for conditions other than
malarial anemia, malaria prophylaxis should then be
considered for the recipients.

There are few data on the risk of transfusion-trans-
mitted malaria in developing countries. Until recently, it
has been difficult to attribute the source of a patient’s
malaria infection to transfusion, as the potential for
acquiring malaria from environmental exposure is
great. Newer genetic sequencing techniques will allow
such studies in the future.

Chagas’ Disease

Trypanosoma cruzi, the causative agent of Chagas’
disease, is endemic in Central and South American
countries. It is transmitted primarily by insect vectors;
however, transfusion of infected blood is the second
most important cause of transmission (WHO 2001).

Despite the implementation of screening efforts by
most countries in these endemic regions, T. cruzi
remains the infectious agent with the highest transfu-
sion-transmission rate in Central and South America.
The risk of transmission by blood transfusion ranges
from 2/10,000 to 219/10,000 transfusions. The risk
appears to be primarily due to the incomplete screen-
ing practices in some countries (Schmunis et al. 1998).

Crystal violet has been used as an additive to stored
blood to inactivate T. cruzi. It is effective in amounts of
125 mg/unit of blood. However, additive crystal violet
causes staining of skin and mucous membranes in trans-
fusion recipients. Also, the additive process can lead to
bacterial contamination if not done properly (WHO
2001).

Bacterial Contamination and Sepsis

Bacterial contamination and sepsis have not been
widely studied in most resource-restricted countries.
Even in developed countries, bacterial contamination is
one of the more common transfusion-related adverse
events. The lack of commonly available standard-
operating-procedure manuals in many resource-
restricted countries, the shortage of laboratory refriger-
ation and cold-transportation equipment, and the lack
of rigorous quality-assurance systems raise the concern
that bacterial contamination of blood products may be
an even more significant problem.

Syphilis

Syphilis has the potential for transmission by blood
transfusion. Studies have shown that treponemal spiro-
chete survival is significantly decreased in blood that has
been stored for at least 72 hours at 4°C (Chambers
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1969). Therefore, the risk of transfusion-transmitted
syphilis is greatest for blood transfused soon after col-
lection or for platelets stored at room temperature.
Most of the blood transfused in developing countries is
given soon after collection, allowing for the possibility
of syphilis transmission. The risk of transmission by
transfusion in developing countries has not been well
studied. Most laboratories in developing countries 
do perform syphilis screening serological tests on all
blood donations. However, the quality of testing can 
be of concern, particularly when done in emergency 
situations.

CURRENT TRANSFUSION PRACTICES

Overview

As has been stated, transfusion practices in resource-
restricted countries differ significantly from those in
developed countries, in both the types of illnesses and
their treatments. The majority of transfusions are given
for basic, usually urgent or life-threatening conditions,
rather than for support of tertiary care needs, such as
the complex types of surgery or chemotherapy seen in
developed countries.

Therefore, the greatest transfusion need is for RBC
products, along with volume expanders. The need for
platelet concentrates and for fresh frozen plasma or cry-
oprecipitate is much less than in developed countries.
More specialized coagulation products are usually not
available. The product most readily available in least-
developed countries is whole blood, with PRBCs being
only occasionally available. Even whole blood is often
in short supply. Pediatric blood units are largely unavail-
able in least developed countries, due to cost restric-
tions. Leukocyte-reduced units or CMV-screened units
are also scarce in most resource-restricted countries.

Transfusion Decision Issues

In many parts of the developing world, blood is in
very short supply and may not be readily available for
urgent transfusion needs. Family donors or other
directed donors are often called to supply the needed
blood. Under such circumstances, laboratory infectious
disease testing may be incomplete before a transfusion
is given, or may be performed under less than ideal 
circumstances. Therefore, clinicians are often faced 
with the difficult decision of ordering a transfusion to
increase the chances of patient survival, or choosing a
more conservative transfusion approach in order to
prevent possible transfusion-transmitted infectious
disease. In hospitals with ineffective or incomplete

screening of blood for HIV antibodies or hepatitis virus,
the risk of transfusion of HIV or hepatitis may be 
considerable, determined largely by the prevalence 
of transfusion-transmissible infectious disease among
blood donors.

Because of the combined problems of high risk of
transfusion-transmitted infectious disease and acute
blood-product shortage, prudent clinicians in develop-
ing countries are often more reluctant to transfuse than
are their counterparts in developed countries.

Guidelines for pediatric transfusion are similar to
those in developed countries but tend to be more con-
servative, due to the increased risk of adverse events.
For example, in developing countries, a transfusion may
not be recommended except for severe anemia (Hgb 
<5 g/dL), combined with signs of cardiac failure or 
respiratory distress. Typical guidelines for pediatric
transfusion used in developing countries are shown in
Box 14.2 below.

Transfusions to small children and neonates need to
be administered slowly when whole blood is used.
Otherwise, there is a risk of volume overload. Whole
blood transfusions are often administered at a dose of
20 mL/kg over 2 to 4 hours. When PRBCs are available,
they are typically given at a dose of 15 mL/kg. In cases
of profound anemia and very high malaria parasitemia
(>20% of red cells infected), a higher amount of red cell
product may be needed. The rapid transfusion of whole
blood has actually been shown to increase the death
rate of small children and neonates with severe malaria
with Hgb levels greater than 5 g/dL, perhaps due to
volume overload (Lackritz et al. 1992).

Because of the high risk of transfusion-transmitted
disease in developing countries, avoidance of unneces-
sary transfusions is critically important. As has already
been mentioned, it has been found that as many as 47%
of transfusions in developing countries may be per-
formed unnecessarily (Lackritz et al. 1993). This high
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Box 14.2 Typical Guidelines for Pediatric Transfusion in
Developing Countries

If Hgb <4 g/dL, transfuse.*
If Hgb <5 g/dL, transfuse when signs of respiratory distress

or cardiac failure are present.
If Hgb <5 g/dL and patient is clinically stable, monitor

closely and treat the cause of the anemia.
If Hgb ≥5 g/dL, transfusion is usually not necessary.

Consider transfusion in cases of shock or severe burns.
Otherwise, treat the cause of the underlying anemia.

*20 mL/kg of whole blood or 15 mL/kg of PRBCs. In the
presence of profound anemia or very high malaria par-
asitemia (>20% parasitemia), a larger amount may be
needed.
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rate is an indicator of the variability in the quality of
transfusion practices in developing countries, which can
be significant (Holzer et al. 1993).

Perhaps the best method to reduce inappropriate
transfusions is to limit their use to only the most urgent
conditions. Studies in Africa have documented that
pediatric blood transfusions are associated with
improved survival only when they are provided to 
children with severe anemia (Hgb <5 g/dL) and signs of
cardiorespiratory failure such as forced respiration
(grunting), intercostal retraction, or nasal flaring 
(Lackritz et al. 1992). In another study of children with
profound anemia and malaria, prostration, along with
respiratory distress, was found to be an additional
strong indicator of transfusion need (English et al.
2002).

To be beneficial, the transfusions must be made avail-
able as soon as possible (English et al. 2002; Lackritz et
al. 1992). The speed of response in providing blood for
transfusion has been found to be critical in at least one
study in a malaria-endemic region. In at least 40% of
the cases where severe anemia contributed to a child’s
death, blood transfusion was either not possible or was
incomplete before death occurred (English et al. 2002).
In developing countries, obtaining blood for transfusion
may take significantly longer than in the developed
world, due to frequent lack of availability of blood and
the need to collect and test blood from family
member–directed donors (English et al. 2002). Since
blood units are not usually available, a compatible
donor must be found for every child requiring a trans-
fusion. Due to the urgent nature of the conditions
requiring treatment, the transfusion must be adminis-
tered within hours of donation. HIV-antibody and
HBsAg screening may not be routinely available under
such conditions; therefore, the risk of disease transmis-
sion by transfusion is directly linked to the disease
prevalence (Greenberg et al. 1988).

The attempts to minimize transfusion in developing
countries perhaps place a greater emphasis on the use
of volume expanders and intravenous (IV) replacement
fluids than in developed countries. The very high rate of
accidents in developing countries frequently leads to
pediatric patients being treated for acute blood loss and
hypovolemia. IV replacement fluids are the first line of
treatment in such patients.The use of replacement fluids
to stabilize a hypovolemic patient may decrease the
need for a red cell transfusion. Guidelines for their use
are similar to those in developed countries.

Administration of Transfusions

The use of pediatric blood units is recommended
whenever they are available. However, since pediatric

units are not commonly available, blood for transfusion
is usually taken from adult blood units through a trans-
fer pack. Removal of aliquots from the primary collec-
tion bag for small volume transfusion is sometimes
performed in small volume bags, sterile syringe sets, or
buret sets when available. Infusion pumps are not
widely available, so infusion rates are determined by
drip-rate methods. In this system, rates are calculated by
counting drops per minute in the drip chamber and
dividing this by the drops/mL rating of the infusion
system.

Blood warming devices are not widely available.
However, in tropical developing countries a short expo-
sure time to the relatively high temperature of the
ambient air quickly raises the temperature of the blood
in the transfusion set. Neonatal exchange transfusions
are uncommon in many resource-restricted countries;
therefore, the lack of blood-warming devices is not
usually of concern.

PREVENTION MEASURES TO REDUCE
NEED FOR TRANSFUSION

Nutrition

The most effective way to eliminate the need for
pediatric blood transfusion is through interventions to
prevent anemia. Such interventions include the admin-
istration of oral iron supplements during pregnancy and
the provision of maternal nutritional education. Small
children should be given diets supplemented with iron.
Health care workers should make efforts to detect
childhood anemia at an early stage. Early identification
and treatment of the cause of mild anemia will help
reduce the number of cases of severe anemia and sub-
sequently reduce the number of pediatric transfusions.

Malaria Prevention

In regions highly endemic for malaria, children 
may receive hundreds of infectious bites per year. In
such areas, bed nets should be used to prevent exposure
to mosquitoes. Children should have routine screening
for anemia, followed by appropriate antimalarial
therapy.
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INTRODUCTION

Exchange transfusion in neonates is performed pri-
marily to avoid kernicterus, a consequence of hyper-
bilirubinemia. In this chapter, the rationale and
indications for exchange transfusion in the infant and
the procedure itself will be reviewed. Recommenda-
tions for the choice of blood components will be dis-
cussed, with particular reference to blood types,
preservative solutions, length of storage, gamma irradi-
ation, and the cytomegalovirus (CMV) status of the
blood products. Finally, potential complications associ-
ated with exchange transfusion will be briefly reviewed.

RATIONALE AND INDICATIONS

Exchange transfusion involves the replacement of
the total blood volume with compatible donor red blood
cells (RBCs) and plasma. The principal indication for
exchange transfusion in newborns is severe unconju-
gated hyperbilirubinemia that is not controlled by pho-
totherapy and places the infant at risk for developing
kernicterus. The list of etiologies of neonatal unconju-
gated hyperbilirubinemia includes: prematurity, infec-
tions, disorders of conjugation (Gilbert syndrome and
Crigler-Najjar syndrome types I and II), birth trauma,
breast-feeding, and hemolysis due to either hemolytic
disease of the newborn (HDN), or erythrocyte struc-
tural defect or enzymatic defects (Dennery et al. 2001).
Kernicterus refers to the finding on autopsy of neuronal
injury due to the accumulation of bilirubin at the levels
of the basal ganglia, brainstem nuclei, and auditory
nuclei (Volpe 1995). The clinical expression of ker-

nicterus is an acute phase characterized by hypertonia,
opisthotonos, and a high pitched cry, evolving slowly 
in the majority of patients to the chronic form domi-
nated by choreoathetosis, gaze abnormalities, and sen-
sorineural hearing loss in children that usually conserve
a normal intelligence thus “giving the appearance of 
a normal mind trapped in an uncontrolled body”
(Bhutani and Johnson 2003). Based on different studies,
it is estimated that about 1 in 650 healthy newborns can
develop dangerous hyperbilirubinemia and be at signif-
icant risk of developing kernicterus (Bhutani and
Johnson 2003). Bilirubin neurotoxicity depends mainly
on unconjugated and free bilirubin levels. However,
other factors also affect this neurotoxicity.These include
the albumin level and its affinity to bind bilirubin, the
presence of endogenous or exogenous competitors to
the albumin binding sites for bilirubin, the state and per-
meability of the blood-brain barrier, and the metabo-
lism of bilirubin in the central nervous system. It
appears therefore that it is impossible to define a single
bilirubin level that is safe for every infant (Hansen
2002). The kernicterus registry inaugurated by Brown 
et al. in 1990a and b identified the most frequent causes
of excessive unconjugated hyperbilirubinemia leading
to kernicterus in term infants. Glucose-6-phosphate
dehydrogenase deficiency (G6PD) was found in 31.5%
of cases, hemolysis (excluding sepsis and G6PD defi-
ciency) in 14.7%, cephalhematoma and bruising in
9.9%, systemic infection in 6.6%, and Crigler-Najjar
syndrome in 3.2%. In 31.5% of cases, the unconjugated
hyperbilirubinemia was considered as idiopathic and
only related to an excessive weight loss (>10% of total
body weight) (Johnson et al. 2002). Risk factors for
excessive unconjugated hyperbilirubinemia are prema-
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turity, exclusive breast-feeding, family history of a pre-
vious newborn with jaundice, cephalhematoma and
bruising, Asian race, and advanced maternal age
(Newman et al. 2000).

HDN is the most common indication for exchange
transfusion; ABO incompatibility and RhD HDN being
the entities most frequently encountered (Brecher 2002;
Herman and Manno 2002). In our institution, a tertiary
level neonatal intensive care unit (NICU) with approx-
imately 1200 admissions per year, 41 exchange transfu-
sions have been performed from 1997 to 2002. Rhesus
alloimmunization was the most common indication.
Indications for all 41 exchange transfusions are shown
in Table 15.1.

In addition to the treatment of hyperbilirubinemia,
exchange transfusion is also indicated to remove toxic
agents such as boric acid, methyl salicylate, and naph-
thalene in infants showing signs of poisoning
(Panagopoulos, Valaes, and Doxiadis 1969; Boggs and
Westphal 1960).

Due to the morbidity and mortality associated with
exchange transfusion and the recent developments in
the management of neonatal hyperbilirubinemia,
exchange transfusion is now used only when other treat-
ment modalities have failed to control the rise in biliru-
bin. Phototherapy has become the standard of care.
Intravenous gamma globulins (IVIGs), albumin, proto-
porphyrins, phenobarbital, and clofibrate protopor-
phyrins are potential alternatives to exchange
transfusion (Hammerman and Kaplan 2000). IVIGs are
used routinely in Europe for the treatment of neonatal
jaundice due to Rh and ABO incompatibility. It has
been postulated that IVIGs work by blocking Fc recep-
tor, thereby inhibiting hemolysis and reducing the for-
mation of bilirubin. It has also been proposed that
IVIGs could accelerate the rate of immunoglobulin G
catabolism (Hammerman and Kaplan 2000). Doses
used vary between 0.5 and 1 g/kg (Rübo et al. 1992;
Alpay et al. 1999; Sato et al. 1991). In two randomized

studies, IVIG therapy combined with phototherapy
reduced the need for exchange transfusion and no side
effects were observed (Rübo et al. 1992; Alpay et al.
1999).

Some earlier studies have shown that albumin infu-
sion might increase the efficiency of exchange transfu-
sion if given shortly before or during the procedure
(Tsao and Yu 1972; Comley and Wood 1968). No study,
however, has demonstrated the efficacy of albumin infu-
sion for preventing exchange transfusion. The infusion
of albumin during phototherapy has resulted in a more
rapid decline in unconjugated, unbound bilirubin 
levels although it did not seem to result in a durable
effect (Caldera et al. 1993; Hosono et al. 2001).
Therefore the use of albumin in cases of dangerous
unconjugated hyperbilirubinemia cannot be routinely
recommended.

Metalloporphyrins act by competitively inhibiting
the enzyme heme oxygenase, thereby reducing bilirubin
production. They are administered by intramuscular
injections. Prospective randomized clinical trials
demonstrated that tin-mesoporphyrin reduced the
requirement for phototherapy, and its only side effect
was a transient erythema due to phototherapy (Kappas,
Drummond, and Valaes 2001; Kappas et al. 1988;
Martinez et al. 1999; Valaes, Drummond, and Kappas
1998). Although promising, metalloporphyrins remain
experimental therapy. Phenobarbital is used to increase
the conjugation and excretion of bilirubin by enhancing
the action of the enzyme glucoronyl transferase, but it
takes several days before being effective (Dennery et al.
2001; Hammerman and Kaplan 2000). Clofibrate is an
experimental therapy. Its mechanism of action is similar
to that of phenobarbital, but it is effective in a few hours
(Hammerman and Kaplan, 2000).

Optimal timing for exchange transfusion varies
according to gestational age, birth weight, the degree of
anemia, the clinical status of the infant, and the etiology
of the hyperbilirubinemia. Guidelines for the bilirubin
threshold level at which exchange transfusion should be
performed differ in the literature (AAP 1994; Canadian
Paediatric Society [CPS] 1999).The American Academy
of Pediatrics (AAP) recommends exchange transfusion
in an otherwise healthy term newborn (≥37 weeks of
gestation) with nonhemolytic hyperbilirubinemia when
bilirubin levels are higher than 20 mg/dL before 48
hours of age and higher than 25 mg/dL thereafter and
phototherapy has failed to lower these levels (AAP
1994). Phototherapy should produce a decline in serum
bilirubin level of 1 to 2 mg/dL within 4 to 6 hours, and
levels should continue to fall thereafter (AAP 1994;
1999). Guidelines for exchange transfusion suggested by
the CPS are slightly different from the recommenda-
tions of the AAP. For term infants without risk factors,
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TABLE 15.1 Indications for Exchange Transfusion from 1997
to 2002, Sainte-Justine Hospital, Montreal, Canada

Number Performed 
Indications for Exchange Transfusion (1997–2003)

Rhesus alloimmunization 12
ABO alloimmunization 5
Immune hemolysis (other than Rh or ABO) 3
Prematurity 10
Hereditary hemolytic anemia 3
Inborn error of metabolism 1
Congenital leukemia 1
Hyperbilirubinemia of undetermined etiology 4
Other (unknown) 2
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the CPS recommends that exchange transfusion be 
considered at bilirubin levels of 25 mg/dL; for term
infants with risk factors, the recommended level is 
20 mg/dL. Risk factors include gestational age younger
than 37 weeks, birth weight less than 2500 g, hemolysis,
jaundice at less than 24 hours of age, sepsis, and the 
need for resuscitation at birth (CPS 1999). Lower 
bilirubin levels are suggested for exchange transfusion
in premature and low birth weight infants (Peterec
1995).

PROCEDURE

Two techniques for exchange transfusion have been
described. The discontinuous method was described by
Diamond et al. in 1951; it involves the removal and then
replacement of small aliquots of blood through a venous
umbilical catheter. In the continuous isovolumetric
method described by Wallerstein in 1946, recipient
blood is withdrawn through an arterial umbilical
catheter while donor blood is infused simultaneously
via the umbilical vein. The former method is the most
commonly used. It appears to be the safer method
because the quantities of blood removed and in-
fused can be more reliably controlled, monitored, and
recorded.

The infant should be fasting for 4 hours before 
beginning the exchange transfusion (otherwise, the
gastric content must be aspirated before the exchange
to prevent inhalation). The infant is placed in a supine
position under a radiant warmer. Heart rate, blood pres-
sure, respiratory rate, pulse oximetry, and temperature
must be monitored throughout the procedure. Equip-
ment for respiratory support and resuscitation must be
immediately available. The venous umbilical catheter
should be as large as possible (8 French for a term
infant) and be inserted just far enough to permit a good
blood return. If an arterial umbilical catheter is used,
the tip should reside between T6 and T9 or at L3-L4. A
3,5 or 5 French catheter is the usual size for a term
infant.

Twice the total blood volume is usually exchanged 
(2 ¥ 85 mL/kg). A two-volume exchange transfusion 
is effective in controlling the hyperbilirubinemia by
removing about 50% of the bilirubin, 75% to 90% of
circulating RBCs and, in cases of hyperbilirubinemia
due to HDN, 75% to 90% of the antibodies to erythro-
cytes (Brecher 2002). The exchange transfusion should
be completed within 2 hours. Using the discontinuous
method, a maximum of 5 mL/kg is replaced over 2 to 
4 minutes during each cycle of the exchange. One 
should avoid performing the procedure too rapidly
since an acute depletion of the infant’s blood volume

could cause a detrimental decrease in cardiac output
and blood pressure. A nurse should record exactly how
much blood has been exchanged. If too much recipient
blood is removed, anemia will ensue; conversely, if too
much donor blood is infused, it will lead to congestive
heart failure.

Donor blood is warmed to 37°C to prevent hypother-
mia. The blood may be warmed using in-line blood
warmers or in a temperature-controlled waterbath.
Some clinicians allow the blood to warm under the
infant’s radiant warmer. However, this method is not
recommended as the temperature of the blood cannot
be controlled, and there is a risk of overheating, which
can result in the hemolysis of the RBCs to be infused.
During the procedure, donor blood is gently agitated
every 15 minutes to prevent red cell sedimentation in
the bag.

Precautions must be taken to avoid metabolic and
hematologic disturbances. A complete blood count
(CBC), blood gas, and blood chemistry, including elec-
trolytes, glucose, calcium, and magnesium, should be
performed before and after the exchange transfusion.
During the procedure, glucose and ionized calcium
levels should be verified every 30 minutes or after every
100 mL of blood exchanged. Administration of calcium
gluconate (1 mL of 10% calcium gluconate after every
100 mL of blood exchanged) to prevent a fall in ionized
calcium due to the binding effect of citrate present in
anticoagulants of blood components has been recom-
mended (Maisels et al. 1974). However, there is not con-
sensus concerning its routine use; for example, Maisels
et al. (1974) demonstrated that calcium gluconate is 
not effective in preventing the fall in ionized calcium,
which occurs during exchange transfusion with ACD-
anticoagulated blood. Furthermore, episodes of brady-
cardia have been associated with calcium infusion
(Keenan et al. 1985). If administered, calcium should be
infused slowly via a peripheral vein; infusion through
the catheter used for the exchange transfusion should
be avoided as there is a risk of clot formation in the
blood being infused.

Serum bilirubin levels are monitored at 2, 4, and 6
hours after the exchange transfusion and at every 6-
hour interval thereafter. Since there is re-equilibration
of the bilirubin between the intravascular and the
extravascular spaces after the exchange transfusion, a
rebound bilirubin level is to be expected (Valaes 1963).
Phototherapy should be resumed immediately after the
exchange transfusion.

Due to the high glucose concentration contained in
some preservative/anticoagulant and additive solutions,
a rebound hypoglycemia can occur after the procedure.
Therefore glucose levels should also be monitored 
postexchange.
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SELECTION OF DONOR BLOOD

Once the decision to perform an exchange transfu-
sion is made, blood should be available as soon as pos-
sible. Whole blood (WB) or reconstituted WB (that is,
a RBC unit mixed with a unit of fresh frozen plasma
[FFP]) are the usual choices. Since exchange transfusion
does constitute a massive transfusion (that is, transfu-
sion of more than one blood volume in less than 24
hours) and some coagulation factors (for example,
factor IX) are physiologically low in neonates, FFP is
preferable to albumin as the reconstituting solution
(Hume 1999). The reconstituted WB should have a
hematocrit between 40% and 50%. The volumes of
RBCs and FFP to be used can be calculated using the
following formula (reproduced, with permission, from
Herman and Manno, 2002).

Total volume (in mL)
= Infant’s weight in kg ¥ 85* mL/kg ¥ 2

Absolute volume of RBCs required (in mL)
= Total volume ¥ 0.45 (the desired hematocrit)

Actual volume of RBCs required (in mL)
= Absolute volume/hematocrit of unit after
any manipulation

Necessary volume of FFP = Total volume required
- Actual volume of RBCs required

*85 to 100 mL/kg, depending on the estimated blood
volume according to gestational age (that is, 85 mL/kg
at term, 100 mL/kg for preterm infants)

Pretransfusional analyses include ABO and Rh
typing, a direct antiglobulin test (DAT) and a screen for
(and if positive an identification of) clinically significant
unexpected red cell antibodies. For blood grouping it is
preferable to use a specimen collected from the infant’s
peripheral blood; for antibody detection a peripheral
blood or a cord blood specimen may be used. If an ade-
quate blood specimen from the infant is not available,
the antibody detection tests may be performed on
maternal blood, and in the case of HDN, if at all possi-
ble blood grouping and antibody identification should
be performed on maternal blood. If the DAT is positive,
an elution should be performed and antibody detec-
tion/identification done on the eluate.

Special considerations need be taken with respect to
blood group choices when hyperbilirubinemia is a con-
sequence of HDN. In cases of ABO incompatibility, the
recipient plasma must not contain antibodies (antiA/B)
corresponding to antigens (A and/or B) found on donor
RBCs, and the ABO group of the FFP should be com-
patible with the infant’s RBCs. RBCs from group O
donors and FFP from group AB donors are acceptable

choices for every recipient blood group. For RhD
incompatibility, RhD-negative blood RBC components
must be used. When HDN is due to other clinically sig-
nificant unexpected red cell antibodies, we recommend,
if at all possible, using only RBC units negative for the
corresponding antigen(s). However, the American
Association of Blood Banks (AABB) standards do
allow that such units be either negative for the corre-
sponding antigen(s) or compatible by antiglobulin
crossmatch (AABB 2002).

A screening test for hemoglobin S should be per-
formed and found to be negative on all RBC or WB
units in order to avoid the risk of intravascular hemol-
ysis (Murohy, Malhorta, and Sweet 1980).

The safety of RBCs stored in additive solution has
been evaluated for small-volume transfusions (£15
mL/kg) in neonates (Luban, Strauss, and Hume 1991;
Strauss et al. 1996; Strauss et al. 2000; Goldstein 1993).
There are no such data for massive transfusion, and
therefore questions as to the safety of additive solutions
for large-volume transfusions in neonates remain unan-
swered. In that context, RBCs stored in CPDA1 solu-
tion remain a simple choice for exchange transfusion.
However, they may not always be available. If RBCs
stored in additive solution are used, it is recommended
that the additive solution be removed either by washing
the RBCs or by centrifuging the unit and removing the
supernatant fluid (Luban, Strauss, and Hume 1991).

Due to the increased potassium content in stored WB
or RBC units, fresh WB or RBCs (that is, units stored
for less than 5 to 7 days) should be used. While the
potassium content does not pose a problem in the
setting of small-volume neonatal transfusions (£15
mL/kg) administered slowly over 3 to 4 hours (Luban,
Strauss, and Hume 1991; Strauss et al. 1996; Strauss 
et al. 2000), the potassium content of stored blood, when
infused rapidly and in large volumes, may be lethal 
for an infant (Hall et al. 1993; Scanlon and Krakaur
1980; Brown et al. 1990a; Brown et al. 1990b). If RBCs
stored for more than 5 to 7 days must be used, the unit
should be centrifuged and the supernatant fluid
removed.

Another potential disadvantage of RBCs stored for
extended periods is the drop in 2,3 diphosphoglycerate
(2,3-DPG) that occurs during storage. Intraerythrocyte
2,3-DPG plays a major role in the red cell capacity to
release oxygen to the tissues (as reflected by the p50
level, the blood oxygen tension at which hemoglobin is
50% saturated with oxygen) (Benesch and Benesch
1967). 2,3-DPG is almost totally depleted from RBCs
by 21 days of storage: at collection the p50 value of
RBCs is 27 mmHg (approximately the normal value for
adults), and this falls to 18 mmHg at outdate (Strauss
1999). In adults this decline in 2,3-DPG and p50 appears
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to have little significance in most clinical situations since
the 2,3-DPG level increases to more than 50% of
normal within several hours following transfusion
(Heaton, Keegan, and Holme 1989). Even in the setting
of massive transfusion, detrimental effects of the low
level of 2,3-DPG in stored RBCs have not been demon-
strated in adults (Falchry, Messick, and Sheldon 1996).
Although these observations may not be generalizable
to massive transfusions in the neonate, it should be
remembered that the newborn has a physiologically 
low p50 value comparable to the p50 of stored RBCs
(because of the effects of high fetal hemolgobin levels)
and, assuming sufficient glucose and phosphate levels in
the neonate’s bloodstream, the p50 of stored transfused
blood likely increases following transfusion.

Transfusion-associated graft-versus-host disease
(TA-GVHD) has been reported following exchange
transfusion in neonates (Przepiorka et al. 1996; Voak et
al. 1996). TA-GVHD results from the engraftment of
transfused immunocompetent donor T lymphocytes in
a blood transfusion recipient whose immune system is
unable to reject them. Clinical manifestations are char-
acterised by fever, rash, pancytopenia, and, in some
patients, diarrhea and/or liver dysfunction. Death occurs
in more than 90% of reported cases and is usually due
to the complications of bone marrow failure (Sanders
and Graeber 1990). Gamma irradiation prevents TA-
GVHD by prohibiting T-lymphocyte proliferation. Both
the American Society of Clinical Pathology and the
British Council for Standards in Haematology consider
exchange transfusion an indication for the use of irra-
diated blood components (Ohto and Anderson 1996;
Hume and Preiksaitis 1999). However, there is an
increase in potassium concentration in stored irradiated
RBC units as compared to unirradiated units (Hillyer,
Tiegerman, and Berkman 1991). In order to avoid
hyperkalemia, for neonatal transfusions it is recom-
mended to perform irradiation of the blood compo-
nents as close to the time as transfusion as possible. If
irradiation of RBC units is performed more than 24
hours before an exchange transfusion, it would be
prudent to centrifuge the unit and remove the super-
natant fluid.

A final consideration in the choice of blood compo-
nents is the necessity of providing components at
reduced risk for transmitting CMV. CMV is transmitted
by leukocytes in cellular blood components collected
from (a not well-defined subset of) CMV seropositive
donors. CMV antibody prevalence in blood donors in
industrialized countries varies from 30% to 80% 
(Preiksaitis 1991). Two types of blood components 
are considered to be CMV “safe” or at reduced risk 
of CMV transmission, namely blood collected from
CMV-seronegative donors or blood components that

have been processed to have a residual leukocyte count
below 5 ¥ 106 (AABB 1997; Napier et al. 1998). Most
guidelines do recommend the provision of CMV-
reduced risk blood components for low birth weight
infants, particularly if the mother is CMV seronegative
or of unknown CMV serostatus (AABB 1997; Napier
et al. 1998; CPS 2002). However the question of the
necessity of providing CMV-reduced risk cellular blood
components to term or near-term neonates undergoing
massive transfusion is more controversial. A presump-
tive case of transfusion-transmitted CMV infection
resulting in the death of a full-term infant undergoing
massive transfusion has been reported (Preiksaitis
1991). Given the modest quantities of blood that are
used for exchange transfusions and the relative ease of
providing CMV-reduced risk components, it would
seem reasonable in most cases to do so.

Other than the reduced risk for CMV transmission
there is no evidence to suggest that the use of leukore-
duced components reduces morbidity or mortality asso-
ciated with exchange transfusion (Strauss 2000). A
recent study did show a small decrease in neonatal mor-
bidity in preterm infants who received prestorage
leukoreduced cellular components for all transfusions
as opposed to those who did not (Fergusson et al. 2003).
One could therefore opt to use prestorage leukore-
duced components to provide a CMV-reduced risk com-
ponent and this may, in preterm infants at least, offer
additional advantages.

COMPLICATIONS

Complications include those related to blood trans-
fusion as well as those related to the procedure itself.
Hypocalcemia, hyperkalemia, and bleeding from
thrombocytopenia are potential complications related
to massive transfusion. The former two can be life-
threatening since they can lead to cardiac arrythmias
and cardiac arrest. Prevention of these complications is
discussed above. TA-GVHD has been reported follow-
ing exchange transfusion but, as also discussed previ-
ously, can be prevented by gamma irradiation of cellular
blood products. Anemia, hypothermia, apnea, bradycar-
dia, hypoglycemia, and necrotizing enterocolitis have all
been associated with exchange transfusion. Air
embolus, portal vein thrombosis, and sepsis are inherent
complications of an umbilical catheter. Vascular insuffi-
ciency of the lower limbs and thrombi in the abdominal
aorta are potential complications when the exchange is
done through an arterial umbilical catheter (Keenan 
et al. 1985).

Early studies defined mortality rate of exchange
transfusion according to the definition suggested by
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Boggs and colleagues, which refers to the number of
infants who died during or within six hours following an
exchange transfusion (1960). The mortality rate was
between 0.79% and 3.2% per patient and between 0.6%
and 1.9% per procedure (Panagopoulos, Valaes, and
Doxiadis 1969; Boggs and Westphal 1960; Weldon and
Odel 1968). These studies also demonstrated that the
mortality rate appeared to be more closely related to
the infant’s clinical status at the beginning of the pro-
cedure than the procedure itself (Panagopoulos, Valaes,
and Doxiadis 1969; Boggs and Westphal 1960; Weldon
and Odel 1968). More recent studies show similar
results. Keenan et al. (1985) reported a 0.53% mortality
rate per patient and 0.3% per procedure using Bogg’s
definition (Keenan et al. 1985). Jackson (1997) demon-
strated an overall mortality rate of 2%, with all the
deaths occurring in ill infants (Jackson 1997). Consider-
ing the potential morbidity and mortality associated
with exchange transfusion, this procedure should be
used only after other modalities have failed and should
be performed only by or under the supervision of expe-
rienced nurses and physicians.
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ABSTRACT

Unmobilized allogeneic granulocyte transfusions in
neonates, children, and adults with severe neutropenia
and sepsis have been associated with mixed success. A
major limitation in the past with administering unmo-
bilized allogeneic granulocyte transfusions has been the
inability to collect a larger number of neutrophils during
apheresis of allogeneic donors. The subgroups where
the most success in reducing mortality has been demon-
strated have been in neonates with severe neutropenia
and sepsis because of the use of a higher dose of gran-
ulocytes per size of the recipient (neonate) and the use
of repetitive transfusions over a minimum of 5 days.
Recently, it has been demonstrated that the mobiliza-
tion of allogeneic donors with dexamethasone and 
granulocyte-colony stimulating factor (G-CSF) before
apheresis has significantly increased the yield of neu-
trophils by five- to tenfold. The use of dexamethasone
and G-CSF to mobilize allogeneic donors induces a 
neutrophil collection in the range of 3 to 10 ¥ 1010 neu-
trophils. The use of mobilized allogeneic granulocytes is
associated with a significant increase in the patients’ cir-
culating absolute neutrophil count. It remains to be seen
whether the use of higher doses of mobilized allogeneic
donor granulocytes will significantly increase the sur-
vival rate of neutropenic septic neonates and children.
Future prospective multicenter randomized trials will
be required to accurately assess whether an increased
granulocyte dose following mobilization of granulocyte
donors will significantly improve survival compared to
unmobilized granulocyte transfusions in severely neu-
tropenic and septic children.

INTRODUCTION

The use of allogeneic granulocyte transfusions to
treat patients with either severe neutropenia and/or
neutrophil dysfunction with presumed or documented
severe systemic infections has been limited in large 
part by the small quantity of granulocytes collected 
by leukopheresis from unstimulated donors and the
minimal increment in the circulating absolute neu-
trophil count (ANC), especially in large recipients
(Klein et al. 1996; Strauss 1998). Over 25 years ago,
several investigators demonstrated some success in the
use of unmobilized allogeneic granulocyte transfusions
for adults with presumed or documented severe sys-
temic infections (Alavi et al. 1977; Herzig et al. 1977;
Vogler and Winton 1977). However, over the next 20
years there were few investigations demonstrating the
benefit of unmobilized allogeneic granulocyte transfu-
sions in adult recipients with presumed or documented
severe systemic infection. However, Dale et al. more
recently began to pursue methods of mobilization of
allogeneic granulocytes and significantly renewed the
interest in this potential therapeutic modality (Dale 
et al. 1997). Price et al. recently demonstrated the ability
of mobilizing and collecting five- to tenfold more gran-
ulocytes by leukopheresis from allogeneic donors after
mobilization with dexamethasone and G-CSF (Price 
et al. 2000). Neonates, who weigh approximately 1/25 
of an average adult recipient, require significantly 
less granulocytes and therefore may benefit significantly
more from allogeneic granulocyte transfusions from
unmobilized allogeneic donors than larger adult recipi-
ents (Cairo et al. 1992). In this chapter we review the
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normal physiology of myelopoiesis; definitions of 
neutropenia in the neonate and child; indications for 
granulocyte transfusions in the child; methods of mobi-
lization, collection, and functionality of allogeneic gran-
ulocytes for transfusion; and dosing administration and
side effects of allogeneic granulocyte transfusions.

MYELOPOIESIS

The pluripotent stem cell in the bone marrow can 
self-replicate or ultimately differentiate into either a
myeloid or lymphoid stem cell. The myeloid committed
precursor cell proceeds to either self-replicate or dif-
ferentiate into more committed precursor cells called
colony-forming units (CFU). The myeloid stem cell can
differentiate into either a CFU for the eosinophil devel-
opment or into a CFU for the development of red cells,
phagocytes, basophils, and megakaryocytes (CFU-
GEMM, colony forming unit-granulocyte, erythrocyte,
megakaryocyte, monocyte). Under the stimulus of
several hematopoietic growth factors (HGF), the CFU-
GEMM continues to differentiate into more mature
and committed precursors. Colony forming unit-
granulocyte (CFU-G) progenitor cells differentiate
sequentially into myeloblasts, promyelocytes, myelo-
cytes, metamyelocytes, and bands. Morphologically, the
stages of maturation are characterized by a progressive
decrease of the nuclear size, disappearance of nucleoli,
and subsequent appearance of three different popula-
tions of granules containing various proteins and
enzymes.

The large neutrophil pool in the bone marrow has
been classified into a proliferating and a maturating
compartment. The bone marrow neutrophil reserve is
manyfold larger than the peripheral pool. The develop-
mental time of myelopoiesis, from the more primitive
myeloblast to the more mature neutrophil, is about 
8 to 14 days, after which the mature granulocyte is
released into the circulation. In the periphery, the gran-
ulocyte pool has been classified into two compartments:
the circulating and the marginating pool.The neutrophil
pool is under the influence of various specific chemo-
tactic signals that induce neutrophils to migrate to sites
of inflammation and infection. The life span of the gran-
ulocyte in the peripheral blood is approximately 6 to 10
hours and about 1 to 2 days in the tissues.

The proliferation and differentiation steps that lead to
the formation of a mature neutrophil are regulated by
HGFs. Among the various HGFs, the most important for
these physiological processes include G-CSF and granu-
locyte and macrophage colony stimulating factor (GM-
CSF). G-CSF is produced by monocytes, fibroblasts, and
endothelial cells and appears to act on a more mature

and committed precursor cell, the CFU-G, regulating its
growth and differentiation into the mature neutrophil.
Initial in vitro studies showed that when human bone
marrow cells were cultured in the presence of G-CSF,
colonies of mature neutrophils and precursors would
arise within 7 to 8 days of stimulation. Studies in 
primates confirmed the effect of G-CSF as an important
stimulus for the production of granulocytes and opened
the way for trials of rhG-CSF in humans. Initial studies 
in the late 1980s showed a dose-related increase in the
number of circulating mature neutrophils following five
to 6 days of administration of G-CSF to healthy sub-
jects. Administration of G-CSF for 14 days following
chemotherapy reduced the length of profound neutrope-
nia, the number of infectious episodes, and the use of
antibiotics. On the basis of these and other studies, the
use of G-CSF following myelosuppressive chemother-
apy that is associated with a high incidence of febrile neu-
tropenia has become common medical practice. G-CSF
also enhances granulocyte function by increasing the
production of superoxide radicals, phagocytosis, and
antibody-dependent cytotoxicity.

GM-CSF is produced by T lymphocytes, endothelial
cells, fibroblasts, and monocytes. GM-CSF is not as
lineage specific as G-CSF and affects both early and late
myeloid progenitor cells. CFU-GEMM as well as the
more committed CFU-GM and CFU-G require the
activity of GM-CSF for growth and differentiation.
Compared with G-CSF, bone marrow cells cultured in
the presence of GM-CSF are able to induce mature 
neutrophil and monocyte development. GM-CSF also
enhances neutrophil effective function in a similar 
way as G-CSF, but in addition it inhibits neutrophil
migration.

NEONATAL NEUTROPENIA AND
DYSFUNCTION

Bacterial sepsis is a significant cause of neonatal 
morbidity and mortality and is associated with a mor-
tality rate that ranges between 25% to 75% (Siegel and
McCracken 1981). The increased incidence and severity
of bacterial sepsis in the neonate is in large part sec-
ondary to impaired neonatal host defense, specifically
quantitative and qualitative abnormalities of phagocytic
cellular immunity (Cairo 1989a). Preclinical studies 
in neonatal animals have demonstrated significantly
decreased myeloid progenitor cells, an already high
myeloid progenitor rate, a significant decrease in the
bone marrow neutrophil storage pool of mature neu-
trophil effector cells, and a high propensity to develop
peripheral blood neutropenia during experimental
sepsis (Christensen et al. 1982a,b). In addition to
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reduced number of myeloid progenitor cells and mature 
neutrophil effector cells, neonates exhibit impaired neu-
trophil functional capacity at baseline and particularly
during times of stress especially with respect to oxida-
tive metabolism, chemotaxis, phagocytosis, bacterial
killing, and impaired surface membrane expression of
adhesion proteins (Cairo 1989b). Santos et al. demon-
strated with the use of granulocyte transfusions versus
placebo a significant reduction in the mortality rate
(100% to 25%) in neonatal rats during experimental
Group B streptococcal sepsis (1980). Subsequently,
Christensen et al., utilizing a neonatal canine model
infected with Stapholococcus aureus, also demonstrated
a significant benefit of granulocyte transfusions with 
five of six neonatal pups surviving with granulocyte
transfusions versus zero of six pups that did not receive
granulocyte transfusions (1982a).

CHILDHOOD NEUTROPENIA

Neutropenia is, by definition, a decrease of neu-
trophils and bands in the peripheral blood below 1500
cells/mL in children older than 1 year of age and below
1000/mL between 2 months and 1 year of age. In the
African-American population, childhood neutropenia
is defined by a decrease in neutrophils and bands in the
peripheral blood to values of about 200 to 600 cells/mL
fewer when compared to Caucasians.

Neutropenia can be classified as mild (neutrophil and
band count between 1500 and 1000 cells/mL), moderate
(1000 to 500 neutrophils and bands/mL), or severe (less
than 500 cells/mL). The degree of neutropenia is impor-
tant in estimating the risk of developing severe bacter-
ial and fungal infections, although factors other than 
the sole number of neutrophils are also important in
assessing this risk (etiology of neutropenia, length of
neutropenia, and so on). The most common infections
encountered in neutropenic patients include bacterial
cutaneous infections (cellulitis, furunculosis, abscess),
pneumonia, otitis media, stomatitis, perirectal infec-
tion, and septicemia. Viral infections, however, are 
not increased in neutropenic patients. The most 
common infectious agents are Staphylococcus aureus,
Escherichia coli, Pseudomonas species, and other gram-
negative bacteria. In the following paragraph we 
classify neutropenia according to whether the defect is
intrinsic or extrinsic to the myeloid cell (Table 16.1).

Neutropenia Secondary to Intrinsic Defects
of the Myeloid Cell

The molecular mechanism responsible for this class
of neutropenia is in most cases unknown. Bone marrow

studies as well as peripheral blood findings can, in some
cases, suggest the underlying defect. For example, in
reticular dysgenesis, severe neutropenia together with
lymphopenia and the absence of tonsil, lymph node, and
splenic follicles suggest a defect in the stem cell before
myeloid and lymphoid stem cell development. Bone
marrow studies in the more benign cyclic neutropenia
show a maturational arrest or hypoplasia at the myelo-
cytic stage. A defect in the G-CSF receptor has been
identified in some cases of severe congenital neutrope-
nia (Kostmann syndrome). This subgroup of patients
appears to be at greater risk of developing acute
leukemia; it is still unclear whether the treatment with
G-CSF has an additional role in the development of this
malignancy. Generally, the symptomatology of severe
neutropenia manifests in infancy or early childhood
with a spectrum of severity according to the different
entities, but having as a common feature recurrent
infections. Severe, fatal bacterial infections, usually
starting as cellulitis, cutaneous and perirectal abscesses,
or stomatitis, frequently evolve into sepsis in patients
with reticular dysgenesis or severe congenital neu-
tropenia. However, in patients with cyclic neutropenia,
dyskeratosis congenita, or Shwachman syndrome, the
infectious episodes are frequent but rarely fatal.
Laboratory studies usually reveal moderate to severe
neutropenia with varying abnormalities in the red cell
and platelet counts. Monocytosis and eosinophilia are
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TABLE 16.1 Classification of Neutropenia

Neutropenia Secondary to Intrinsic Defects of the Myeloid
Precursors

Cyclic neutropenia
Familial benign neutropenia
Severe congenital neutropenia (Kostmann’s syndrome)
Reticular dysgenesis
Dyskeratosis congenita 
Shwachman syndrome
Aplastic anemia
Myelodysplastic syndrome
Fanconi’s anemia

Neutropenia Secondary to Extrinsic Factors

Viral infections (Hepatitis A, B, C; influenza; RSV; EBV; CMV; HIV;
measles; mumps)
Bacterial infections
Drug-induced causes
Radiation therapy
Immune neutropenia
Bone marrow malignant infiltration
Nutritional deficiencies

RSV = Respiratory syncytial virus, EBV = Epstein-Barr virus,
CMV = cytomegalovirus, HIV = human immunodeficiency virus.
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common in severe congenital neutropenia. Anemia 
and thrombocytopenia are common in Shwachman 
syndrome, while fluctuations in reticulocyte and platelet
counts accompany the change in the neutrophil count
during the alternating phases of cyclic neutropenia. Sup-
portive care is the standard treatment for these patients
and G-CSF has been used successfully in the majority
of these syndromes.

Neutropenia Secondary to Extrinsic Factors

A large variety of factors and conditions are respon-
sible for secondary neutropenia secondary to extrinsic
factors. Neutropenia that accompanies viral infection or
autoimmune neutropenia is usually benign with mild
and infrequent infections. On the contrary, neutropenia
secondary to sepsis or following cytotoxic chemother-
apy and/or radiation or secondary to infiltration of the
bone marrow by malignant diseases is a very serious
condition that places the patient at risk of severe, life-
threatening infections. The risk of severe infections in
this population is related to the degree of neutropenia,
the length of severe neutropenia following therapy, and
the impairment of granulocyte function due to “envi-
ronmental” factors such as drugs or active cancer,
inflammation, cell death, and so on.

Neutropenia Secondary to Infections

Viral infections are the most common cause of 
neutropenia in children. Typically, hepatitis A and B,
respiratory syncytial virus (RSV), influenza A and 
B, Epstein-Barr virus (EBV), cytomegalovirus (CMV)
infection, measles, mumps, and rubella cause neutrope-
nia. This viral effect appears to be due to inhibition of
proliferation of bone marrow myeloid precursors, redis-
tribution of neutrophils from the circulating to the mar-
ginating pool, consumption in damaged tissues, and/or
neutrophil immune destruction. The onset of neutrope-
nia usually corresponds to the appearance of viremia
but usually tends to last only a few days. Neutropenia
can also occur following bacterial infection, usually
typhoid, tuberculosis, brucellosis, and rickettsial infec-
tions, but is most frequently associated with sepsis. Neu-
tropenia secondary to infection results from neutrophil
destruction from endotoxins and neutrophil aggrega-
tion (mostly in the lungs) secondary to complement
activation.

Neutropenia Secondary to Drugs

Numerous medications have previously been identi-
fied as causing neutropenia, however, the pathogenetic
mechanism is frequently unknown. Possible mecha-
nisms, however, include impaired drug metabolism with

generation of toxic metabolites (for example, sul-
fasalazine) and immune destruction (for example, peni-
cillin, phenytoin, quinidine). In this latter event, the drug
may function as hapten or may promote the formation
of an immune complex. In the majority of cases, espe-
cially when an immunologic mechanism is responsible,
neutropenia tends to occur early on and lasts a few days
or up to a week. Since drug-induced neutropenia can be
a very serious disorder with frequent reports of fatal
infections, discontinuation of the suspected drug is the
most important therapeutic intervention.

Immune Neutropenia

This group of neutropenias comprises both autoim-
mune- and alloimmune-induced neutropenias. Neu-
trophils carry antigens common to other blood cells,
such as the ABO blood antigen group, the I/i antigen,
the Kx antigen of the McLeod group, and the antigens
of the HLA-A and -B group, class I. Antigens specific
to neutrophils and probably involved in the pathogen-
esis of immune neutropenias include the NA 1 and 2,
the NB 1 and 2, the NC, the ND, and the NE 1. Anti-
bodies against neutrophil antigens can be detected by
immunofluorescence and agglutination tests, although
their demonstration is not required for the diagnosis of
immune-induced neutropenia.

Autoimmune neutropenia (AIN) can be idiopathic
or secondary to infections, medications, or part of other
generalized autoimmune disorders.The idiopathic form,
also called chronic benign neutropenia or autoimmune
neutropenia of childhood, tends to occur in the first 2 
to 3 years of life. The neutrophil count is usually quite
low (150 to 250 cells/mL) and is often associated with
monocytosis and eosinophilia. Bacterial infections are
common, typically manifested as skin infection, otitis
media, and upper respiratory infection, but they are
usually mild and easily treated. AIN is a benign 
disorder with spontaneous resolution in virtually all
patients. Treatment with G-CSF (1–2 mg/kg), steroids,
and/or immunoglobulins is indicated only in cases of
severe and recurrent infections.

Alloimmune neutropenia occurs in newborn infants
either following maternal sensitization with previous
exposure to paternal disparate neutrophil antigen 
neutrophils or secondary to maternal AIN. Alloimmune
neutropenia is usually severe and associated with
serious, recurrent infections. Aggressive parenteral
antibiotic therapy should be instituted as in any case 
of neonatal neutropenia and consideration should be
given to the use of G-CSF (5 mg/kg/day until recovery)
during episodes of severe infections.

In today’s pediatric practice, the largest population
of neutropenic patients at risk for developing severe
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infections is comprised of children receiving chemo-
therapy for treatment of malignancies or following 
myeloablative therapy before stem cell transplant.
There has been marked improvement in supportive care
offered to these patients, including routine use of red
cell and platelet transfusions. However, despite the uti-
lization of a variety of new and more potent antibiotic,
antifungal, and antiviral medications and the advent 
of hematopoietic growth factors, bacterial and fungal
infections remain a frequent cause of morbidity and
mortality. The most important factor in determining a
favorable outcome of severe infections in neutropenic
patients is rapid myeloid reconstitution.A seminal study
by Bodey et al. (1966) showed that the incidence of
severe infection increased from 10% when the granulo-
cyte count was above 1000/mL3 to 19% and 28% for
granulocyte counts below 500 and 100/mL3, respectively.
A similar correlation was found between duration of
neutropenia and incidence and mortality from severe
infection.

Following the Bodey et al. (1966) study and other
studies and given the benefit observed from the routine
use of platelet transfusions, several groups have investi-
gated the use of granulocyte transfusions as prophylac-
tic and/or therapeutic measures in severely neutropenic
patients. Enthusiasm over the use of granulocyte 
transfusions has waxed and waned over the past three
decades; however, major advances in the mobilization
and collection strategies as well as results from several
randomized trials have urged physicians to reconsider
this treatment option as described below.

MOBILIZATION OF DONOR
GRANULOCYTES

The most common reason for unsatisfactory results
of granulocyte transfusions in severely neutropenic
patients has been the very low dose of polymorphonu-
clear neutrophil leukocytes (PMNs) administered.
Experimental studies done in the 1970s showed that the
ability to clear Pseudomonas sepsis in neutropenic dogs
was dependent on the number of granulocytes trans-
fused (Applebaum et al. 1978). Considering that the
normal human circulatory pool of PMNs is 3 ¥ 108/kg
and the short life span of granulocytes, it is clear that
the ability to collect large amounts of granulocytes is a
major challenge. Granulocytes collected from unstimu-
lated donors usually yield only 4 to 6 ¥ 109 PMNs from
each collection.

By the early 1970s, the introduction of the continuous
flow centrifugation as a new collecting method and the
administration of corticosteroids to donors as a mobiliz-
ing agent increased the collection to 10 to 20 ¥ 109 gran-

ulocytes from a single donor. Corticosteroids increase
the release of granulocytes from the bone marrow and
increase the circulating neutrophil pool by decreasing
neutrophil margination. Different types of corticos-
teroids have been used as mobilizing agents, although
dexamethasone has been used more frequently in more
recent studies.The most commonly used regimen of dex-
amethasone is 8 mg po given 12 hours before the collec-
tion of granulocytes (Dale et al. 1998; Price et al. 2000).
A recent study showed that 8 mg of dexamethasone
given 12 hours before the collection in concomitance
with G-CSF was as effective as a 12-mg dose. Currently,
8 mg remains the recommended dose of dexametha-
sone, either alone or in combination with G-CSF, for
neutrophil mobilization (Liles et al. 2000).

The addition of G-CSF has had a major impact in
improving the yield of leukapheresis and the efficacy of
granulocyte transfusions. A study by Bensinger et al.
showed that administration of G-CSF at 5 mg/kg
increased the yield of collected PMN from 6.8 ¥ 109 in
unstimulated donors to 41.6 ¥ 109 (Bensinger et al.
1993). Lymphocyte counts increased slightly, monocytes
remained unchanged, and a small number of immature
granulocytes appeared in the peripheral blood. The
platelet count decreased more markedly in the G-
CSF-stimulated donors compared to controls (150 to
200,000/mm3 versus 200 to 250,000/mm3). The decrease
in the hematocrit to 30% to 35% was similar in both
treatment groups. The increase in the peripheral blood
neutrophil count 24 hours after a neutrophil transfusion
was significantly higher when G-CSF-mobilized granu-
locytes were used rather than unstimulated products
(954 PMN/mL versus 50 PMN/mL). More patients
receiving neutrophil transfusions had severe infections
in the control group compared to the group receiving
G-CSF-mobilized neutrophils.

The efficacy of several granulocyte mobilization
methods has been investigated and is reported in Table
16.2. Regardless of the mobilization method, mild, tran-
sient anemia and thrombocytopenia were observed in
the donors. Several different doses of G-CSF have been
used in different trials, however, results from two studies
comparing the mobilizing effect of 450 mg versus 600 mg
and 600 mg versus 300 mg of G-CSF showed no signifi-
cant difference in granulocyte yield (Liles et al. 2000).
Similarly, the route of administration (intravenous or
subcutaneous) of G-CSF did not appear to affect the
neutrophil collection yield.

Dexamethasone and G-CSF mobilization as well as
the apheresis procedure are well tolerated overall by
healthy donors. Side effects experienced by donors 
secondary to G-CSF have included mild bone pain,
myalgia, arthralgia, and headache. Despite the fre-
quency with which these side effects were reported (up
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to 75% to 85% of patients), no donors in any of the
studies had to discontinue G-CSF because of toxicity.
Increased sodium, lactate dehydrogenase (LDH) uric
acid, decreased potassium, phosphorus, and magnesium
have also been attributed to the use of dexamethasone
and G-CSF. Hyperglycemia has been attributed to cor-
ticosteroid administration, and hypocalcemia to the use
of citrate as an anticoagulant. Weight gain and anemia,
at least in part, seem to be due to hydroxyethyl starch
(HES) that is used for red cell sedimentation. Although
all the laboratory changes tended to return to normal
values in the following weeks, it is clear that donors
should be chosen cautiously and questioned about con-
ditions that may represent contraindications to the use
of steroids or volume expanders (that is, hypertension,
diabetes, peptic ulcer).

Granulocyte Kinetics Following Donor
Mobilization and Apheresis

One of the concerns in the use of granulocyte trans-
fusions is whether the use of corticosteroids and G-CSF
as mobilizing agents together with the process of
apheresis would impair granulocyte function. Several
studies have analyzed granulocytic function, including
bactericidal activity, respiratory burst, chemotaxis, and
so on, following donor mobilization and apheresis. Most
studies have concluded that mobilized granulocytes
tend to maintain their original functional activity. G-
CSF/steroid-stimulated neutrophils exhibit increased
expression of CD11b/CD18 and CD14, CD32, and
CD64 surface adherence proteins while L-selectin
expression is slightly diminished. The increased expres-
sion of these adhesion molecules is probably responsi-
ble for increased margination and decreased recovery
of neutrophils following reinfusion into the allogeneic
recipient (Dale et al. 1998). PMN respiratory burst of
G-CSF/steroid-stimulated granulocytes as assessed with
chemiluminescence is usually increased compared to
unstimulated granulocytes but appeared to reach base-
line levels following apheresis.These results suggest that

apheresis, probably from exposure to plastics or other
substances, affects neutrophil activity (Dale et al. 1998).
However, some procedures used to collect and separate
granulocytes may impact on granulocytic function. The
use of nylon columns to collect granulocytes is associ-
ated with decreased neutrophil recovery and half-life.
Phagocytosis of E. coli and S. aureus was not signifi-
cantly changed in apheresed, stimulated neutrophils
compared to normal neutrophils, although increased
activity was shown in mobilized granulocytes before
apheresis. Normal neutrophil activity is maintained
even after several doses of G-CSF are administered to
the allogeneic donors.

A consistent finding in several studies is the pro-
longed survival, up to 20 hours, of mobilized granulo-
cytes postinfusion compared to the half-life of normal
granulocytes. These findings could be related to 
multiple factors: mobilization of relative immature cells,
increased expression of adhesion molecules, and/or
anti-apoptotic effects of both G-CSF and corticos-
teroids. It is also possible that G-CSF-stimulated 
neutrophils tend to accumulate in different tissues and
redistribute at a later time point.

Methods of Granulocyte Collection

Based on different densities, granulocytes can be sep-
arated from other blood cells by centrifugation. Sepa-
ration of granulocytes from red cells has been poor in
the past because granulocytes and red cells have similar
densities. Several agents can be used to sediment red
cells in vitro, but the most commonly used agent in the
United States is HES. HES promotes rouleaux forma-
tion and increased red cell density and is most effective
in the separation of granulocytes. Granulocyte recovery
doubled when HES was added to the leukapheresis
system. HES, however, can cause blood volume 
overload that requires clinical management during the
procedure.

Currently, granulocytes are collected by continuous
flow centrifugation. The leukapheresis procedure takes
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TABLE 16.2 PMN Collection Yield Following Different Mobilization Strategies

Study G-CSF Dose G-CSF Schedule Steroid Dose Steroid Schedule PMN Mobilized ¥109

Bensinger et al. 1993 5 mg/kg Daily — — 41.6
Jendiroba et al. 1998 5 mg/kg Daily — — 42

5 mg/kg Every other day — — 46
— — Prednisone 60 mg Daily 28.7

Dale et al. 1998 600 mg Daily Dexamethasone 8 mg Daily 77.4
Stroncek et al. 2001 5 mg/kg Daily — — 41.1

5 mg/kg Daily Dexamethasone 8 mg Daily 67.1
— — Dexamethasone 8 mg Daily 21
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2 to 3 hours to process 6 to 8 liters of donor blood and
extract about 20% to 40% of granulocytes. The final
granulocyte concentrate is commonly about 200 mL but
contains different amounts of granulocytes depending
on whether mobilization has been used and what agents
have been administered to the donors (see the previous
section).

Granulocyte Concentrate

The granulocyte concentrate is a suspension of gran-
ulocytes in plasma. The number of granulocytes is vari-
able in each concentrate, however, each concentrate
(75% of the units) commonly contains at least 1 ¥ 1010

granulocytes. Because granulocytes cannot be com-
pletely separated from red cells, a certain number of red
cells (up to a hematocrit of 10%) are usually present in
each granulocyte concentrate. Therefore, crossmatching
is required before granulocyte concentration infusion.
A small amount of platelets may also be present in the
granulocyte concentrate, especially if continuous flow
centrifugation is used as the separation method.

Given the short half-life of granulocytes, storage is a
critical issue. Granulocytes can maintain bactericidal
activity for 1 to 3 days if refrigerated, but chemotaxis
decreases after 24 hours. Storage at room temperature
for up to 8 hours seems to be safe, as recovery, survival,
migration, and activity are maintained. Even so, there 
is some impairment of in vitro and in vivo PMN func-
tion. It is therefore recommended that granulocytes be
transfused as soon as possible after collection. The
American Association of Blood Banks (AABB) rec-
ommends storage of granulocytes for up to 24 hours at
20° to 24°C.

THERAPEUTIC GRANULOCYTE
TRANSFUSIONS IN CHILDREN AND

ADULTS

Following the study by Bodey et al. (1966) demon-
strating a relationship between the degree of neutrope-
nia and risk of infection, it appeared hypothetical that
the transfusion of normal granulocytes would be bene-
ficial for specific subsets of neutropenic patients. Initial
studies both in animals and humans seem to support the
use of granulocyte transfusions in specific settings such
as bacterial sepsis and severe neutropenia. Most of the
studies on the efficacy of granulocyte transfusions were
conducted in the 1980s and early 1990s (Menitove and
Abrams 1987; Strauss 1993; Vamvakas and Pineda
1996), and despite much criticism, their results still 
constitute the basis for the design of new trials today. It
must be kept in mind though that many variables have

changed in the past 20 years. Granulocytes were previ-
ously collected from donors without any mobilization,
therefore with limited yield. A frequently used col-
lection method was filtration leukapheresis, which was
later shown to impair much of the granulocytic function
as well as to be responsible for several side effects.Addi-
tionally, supportive care available in the past for 
neutropenic patients was significantly inferior to what is
currently available today. The utilization of HGF limits
the degree, duration, and incidence of neutropenia. The
broader choices of antimicrobials and antifungals 
certainly have contributed to the improved overall
outcome of infected neutropenic patients, making the
use of granulocyte transfusion less critical. However,
fungal infections and some severe bacterial infections
still remain a major risk in neutropenic patients, partic-
ularly following myeloablative therapy. The ability to
mobilize a large number of granulocytes with steroids
and G-CSF and the improved methods of neutrophil
collection have generated new enthusiasm for the use
of neutrophil transfusions in septic neutropenic
patients.

From 1972 to 1982, seven controlled studies have
been published that are worth considering in more
detail (Graw et al. 1972; Fortuny et al. 1975; Higby 
et al. 1975; Alavi et al. 1977; Herzig et al. 1977; Vogler
and Winton 1977; Winston et al. 1980a,b) (Table 16.3).
Some of these trials included pediatric patients. In these
studies, the outcomes of infected neutropenic patients
who received antibiotic treatment and granulocyte
transfusions were compared to matched patients who
were treated with antibiotics only.Three studies showed
a definite benefit from the use of neutrophil transfu-
sions, two studies did not confirm these results, and two
studies showed a benefit only in a subgroup of neu-
tropenic patients. In the study by Graw et al. (1972), the
advantageous effect of granulocyte transfusions was
demonstrated in patients who had received at least
three to four neutrophil transfusions. In the study by
Alavi et al. (1977), the benefit was shown in patients
who had persistent severe neutropenia.

Several conclusions can be obtained from these
studies. The dose of granulocytes transfused is a funda-
mental and perhaps the most important factor in deter-
mining the success of granulocyte transfusions. In all of
the studies that showed a benefit, a larger number of
granulocytes were transfused.The method of collection,
with preference for continuous flow filtration leuka-
pheresis, is important for the preservation of neutrophil
functional activity. Finally, if the antibiotic therapy is
successful and the duration of neutropenia is short,
there is no advantage in using granulocyte transfusions.
The importance of leukocyte compatibility is still con-
troversial, but at least in the seven mentioned controlled
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studies, the success of neutrophil transfusion has been
shown in the cases of leukocyte compatibility.

A recent study by Price et al. investigated the 
feasibility of transfusing neutropenic patients who had
undergone myeloablative therapy and stem cell trans-
plantation and had developed severe bacterial or fungal
infection, with granulocytes obtained from community
donors mobilized with dexamethasone and G-CSF
(2000). This study demonstrated that there was no clear
correlation between the dose of granulocytes transfused
and the increment of neutrophil count in the recipients.
However, in patients who had received >2.0 ¥ 109/kg, the
increment in the peripheral neutrophil count was >2 ¥
103/mL the morning following the transfusion. Although
clinical outcome was not the objective of the study, it
did report that all the patients with invasive bacterial
infections and four out of seven patients with candidia-
sis cleared their infections versus none of the patients
with invasive aspergillosis and mold infections.

The feasibility and benefit of transfusing granulo-
cytes obtained from stimulated related or unrelated
donors to septic neutropenic patients following mye-
loablative therapy and stem cell transplantation has also
been investigated (Hubel et al. 2002). Despite a higher
increment in the circulating neutrophil count in patients
transfused with unrelated granulocytes, the number of
fatal fungal infections and the survival was not different
between the neutrophil transfused and untransfused
patients.

Some useful advice can be offered to physicians con-
sidering the use of granulocyte transfusions. Granulo-
cyte transfusions should probably be considered in:

• Severely neutropenic patients (ANC <500 ¥ 109)
with bacterial sepsis or infection with yeast and
fungi, in whom antimicrobials or antifungals have

failed and in whom bone marrow recovery is
expected to be delayed at least 3 weeks. It is 
important therefore that physicians are aware of the
outcome of bacterial, yeast, and fungal infections in
this population in their medical center. Clearly, if
the response to antibiotics and antifungals is very
high, there is no need to transfuse granulocytes,
given the potential risks associated with it.

• Allogeneic granulocyte donors should be mobilized
with G-CSF (5 mg/kg/day) and dexamethasone 
(8 mg po), 12 hours before the scheduled collection.

• Granulocytes should be collected by continuous
flow centrifugation techniques.

• At least 2 to 3 ¥ 1010 granulocytes (not less than 1 ¥
1010) should be transfused daily for a minimum of 5
days.

• Granulocytes should be transfused as soon as possi-
ble after the collection.

• Granulocytes should be obtained from compatible
donors if possible (by HLA match and/or leukocyte
crossmatching).

Fungal infections have become increasingly common
in neutropenic patients and a major challenge for 
physicians. Prolonged periods of myelosuppression fol-
lowing intense chemotherapy regimens delivered today
in the settings of bone marrow transplantation or
salvage chemotherapy represent a major risk factor in
the development of these infections. Not enough data
supports the use of granulocyte transfusions in the
setting of fungal or yeast infection in neutropenic
patients. However, there is definite evidence of their
benefit in treating these infections in patients with
chronic granulomatous disease. The few recent studies
that have been conducted to analyze the benefit of
transfusing granulocytes to patients with fungal infec-
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TABLE 16.3 Summary of Controlled Studies of Therapeutic Granulocyte Transfusion in Neutropenic Patients 
(Excluding Neonates)

Collection PMN % Survival % Survival
Study Randomized Technique ¥1010 Study Group Control Group Infection

Graw et al. 1972 No CFC/FL 0.6/2 46 40 Gram-negative
sepsis

Fortuny et al. 1975 No CFC 0.4 78 80 Clinical sepsis
Higby et al. 1975 Yes FL 2.2 76 26 Clinical sepsis
Herzig et al. 1977 Yes CFC/FL 0.4/1.7 75 36 Gram-negative

sepsis
Vogler et al. 1977 Yes CFC 2.7 59 15 Culture

positive
Alavi et al. 1977 Yes FL 5.9 82 62 Clinical sepsis
Winston et al. 1980 Yes IFC 0.5 63 73 Culture

positive

CFC = Continuous flow centrifugation, FL = Filtration leukapheresis, IFC = Intermittent flow centrifugation
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tions not responsive to standard antifungal treatment
have not been concordant. Few studies that involved
patients who developed fungal infections post bone
marrow transplant did not show any benefit of the use
of granulocytes, although the doses transfused were
quite low. On the contrary, the study by Dignani et al.
reported favorable responses in patients who had both
shorter duration of neutropenia and known active infec-
tion (1997). Larger controlled randomized studies are
needed to assess the potential benefit of granulocyte
transfusions in these settings.

Prophylactic Granulocyte Transfusions

Learning from the success of prophylactic platelet
transfusions in the prevention of hemorrhage, several
controlled, randomized studies evaluated the use of
granulocyte transfusions as a means to prevent infections
in neutropenic patients. These studies were performed
mostly in the setting of myeloablative therapy and 
bone marrow transplantation or remission induction
chemotherapy for acute myelogenous leukemia. Gran-
ulocytes were transfused when the patients’ ANC 
was below 500 or 200/mL. Granulocytes were obtained
through either filtration or centrifugation leukapheresis
from G-CSF stimulated donors and given daily or on an
every-other-day schedule. In most of the studies, >1 ¥
1010 granulocytes were transfused. Several studies
reported a decreased incidence of infection or sep-
ticemia in transfused patients compared to controls;
however, none of these studies showed any effect on the
overall survival (Table 16.4). Moreover, it appeared that
recipients of prophylactic PMN transfusions had a 
higher incidence of cytomegalovirus infections as well 
as pulmonary infiltrates (Winston et al. 1980a). A 
meta-analysis of studies of prophylactic granulocyte

transfusion indicated dose of granulocytes transfused,
assessment of leukocyte compatibility, and shorter dura-
tion of neutropenia as major determinants for preven-
tion of bacterial infection in neutropenic recipients
(Vamvakas and Pineda 1996). In conclusion, based on 
the available data and considering the improved sup-
portive care delivered to neutropenic patients, granulo-
cyte transfusions cannot be generally recommended as 
a prophylactic intervention.

Alloimmunization Following Granulocyte
Transfusion

The antigens present on granulocytes can be broadly
divided into two categories: antigens common to other
blood cells and antigens restricted to the granulocytes.
The first group includes HLA antigens, Ii, Jk, and Kx
that are all present on other blood cells. Antigens such
as NA1 and 2, NB 1 and 2, NC, ND, and NE 1 are more
unique to granulocytes. Several methods are used to
detect these antigens: granulocyte agglutination test
(GAT), the lymphocytotoxicity assay (LCA), and the
lymphocyte and granulocyte immunofluorescence test
(GIFT, LIFT). None of these tests is 100% accurate, so
usually a combination of them is used (Menitove and
Abrams 1987).

The incidence of alloimmunization following granu-
locyte transfusion in neutropenic patients varies from
12% to 88% in different studies; part of the reason for
the wide range in incidence relies in the difference in
assays used and their limited accuracy, as stated pre-
viously. Moreover, the effect of alloimmunization on
recovery and functionality of transfused granulocytes is
still unclear. The majority of studies tend to support a
decreased effect following transfusion of noncompati-
ble granulocytes. Initial studies conducted in the 1970s
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TABLE 16.4 Summary of Controlled Studies of Prophylactic Granulocyte Transfusion in Neutropenic Patients 
(Excluding Neonates)

Collection PMN % Infections % Infections % Survival % Survival
Study Randomized Diagnosis Technique ¥1010 Study Group Control Group Study Group Control Group

Clift et al. 1978 Yes BMT CL/FL 1.6–2.2 6.9 43 100 98
Schiffer et al. 1979 Yes AML CL 1.2 22 67 100 78
Mannoni et al. 1979 Yes AML CL 1 4.5 39 100 91
Winston et al. 1980 Yes BMT FL 1.2 37 47 95 89
Strauss et al. 1981 Yes AML CL 0.34 52 65 78 88
Winston et al. 1981 Yes AML CL 0.56 76 62 84 90
Ford et al. 1982 Yes AML CL 1.5 30 44 70 78
Gomez-Villagran Yes AML CL 1.24 58 81.3 100 75

et al. 1984

CL = Centrifugation leukapheresis, FL = filtration leukapheresis, BMT = bone marrow transplantation, AML = acute myelogenous leukemia.
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demonstrated that transfused granulocytes obtained
from patients with chronic myeloid leukemia had
decreased white blood cell recoveries in the setting of
HLA incompatibility or positive leukoagglutination
and/or lymphocytotoxic assays. Studies using 111In-
labeled granulocytes showed failure of these cells to
localize to sites of inflammation when transfused 
in patients with granulocyte-agglutinating antibodies
(McCullough et al. 1981; Dutcher et al. 1983;
McCullough et al. 1986). These results were recently
confirmed by Adkins et al. (2000). In the Adkins study,
patients received G-CSF-mobilized granulocytes on
days two, four, six, and eight following myeloablative
therapy and autologous peripheral blood stem cell
transplantation. The ANC increment and the clinical
outcome were compared between patients with positive
or negative screening LCA. Patients with positive s-
LCA had a lower ANC increment on days six and eight
compared with patients with negative s-LCA. Despite
comparable amounts of granulocytes transfused,
delayed neutrophil engraftment and higher number of
febrile days were reported in patients with a positive s-
LCA. These results are in disagreement with a recent
report by Price et al., who showed that the existence or
development of leukocyte antibodies had no significant
effect in the recovery of granulocytes transfused to
infected neutropenic patients (2000).

Considering that granulocytes should be transfused
as soon as possible after collection, it is frequently
impractical for the blood bank to perform a panel of
tests to accurately assess leukocyte compatibility. A
practical approach has been to periodically screen 
the patients’ serum for alloimmunization, especially if
adverse reactions or refractoriness to platelet transfu-
sion occur. It is clear that granulocyte concentrates must
be ABO compatible with the recipient, given the sig-
nificant presence of red blood cells in the granulocyte
concentrate.

Adverse Reactions to Granulocyte
Transfusions

Frequent adverse reactions are one of the reasons 
for the decreased use of granulocyte transfusions. The
majority of episodes of adverse reactions are actually
mild, consisting of fever occasionally associated with
chills. The incidence of fever and chills varies in differ-
ent studies and was probably higher in earlier studies. It
has been reported that up to 72% of patients receiving
prophylactic granulocytes transfusions have at least one
adverse reaction, mostly fever and chills. In more recent
studies (Adkins et al. 2000; Price et al. 2000), the inci-
dence of adverse reactions ranged from 5.7% to 13%.
Mild febrile reactions can be prevented by premedica-

tion with antipyretics, antihistamines, or corticosteroids.
It is possible that the higher incidence of adverse effects
in earlier studies was due to the collection method.
Filtration leukapheresis was associated with the most
frequent adverse reactions, likely due to activation 
and damage of neutrophils. No clear association exists
between development of leukocyte antibodies and
adverse reactions.

Pulmonary Complications Following
Granulocyte Transfusions

One of the most severe reactions that may occur 
after granulocyte transfusion is respiratory distress with
development of pulmonary infiltrates. The incidence of
pulmonary infiltrates has been reported to be as high as
57% in neutropenic patients receiving prophylactic
granulocyte transfusions, compared to 27% in the non-
transfused group (Strauss et al. 1981). It is generally 
difficult to assess the incidence of pulmonary reactions
solely related to granulocyte transfusions because other
factors such as pulmonary infections or interaction
between transfused neutrophils and amphotericin B can
mimic these reactions.

Several mechanisms are potentially responsible for
the development of pulmonary reactions: fluid overload
due to high oncotic volume, especially in patients with
congestive heart failure; sequestration of granulocytes
in infected areas; leukoagglutination; and formation of
intravascular aggregates and/or microembolization of
granulocyte aggregates formed during collection.

It is well known that the use of amphotericin B 
and granulocyte transfusions in neutropenic patients is
potentially associated with severe pulmonary reactions.
Wright et al. in 1981 presented a review of 22 neu-
tropenic, infected patients who had received ampho-
tericin B and transfused granulocytes in a short time
interval. 65% of the patients had respiratory compro-
mise compared to only 6% in patients who had received
only granulocytes transfused (Wright et al. 1981). It
appeared that the worst reactions occurred when
amphotericin B was administered within 4 hours from
the granulocyte infusion and the transfusions were 
initiated before amphotericin B. In vivo animal studies
have demonstrated that amphotericin B can induce
granulocyte aggregation and enhance pulmonary
leukostasis, and in vitro studies showed that ampho-
tericin B can cause marked aggregation of granulocytes
at concentrations achievable in vivo. Toxicity of ampho-
tericin B in general is due to its ability to bind to mem-
brane sterols, causing potassium leakage and cell lysis;
in the case of neutrophils, this would lead to the release
of proteases that would damage the pulmonary tissue
(Wright et al. 1981).
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The results by Wright et al. (1981) have not been con-
sistently confirmed; several investigators have suggested
that the respiratory compromise following concomitant
administration of amphotericin B and granulocytes 
is probably due to underlying presence of pulmonary
infections or to bacteremia or fungemia. In the absence
of clear data, it is recommended that amphotericin B be
administered at least 8 hours apart from the infusion 
of granulocytes. Newer formulations of amphotericin 
B such as the liposomal amphotericin B, which are 
associated with significantly lower incidence of side
effects, are now available. We recently demonstrated
that liposomal amphotericin B (AmBisome), compared
with amphotericin B, induced less in vitro aggregation
of neutrophils obtained from G-CSF and dexametha-
sone-mobilized donors. These findings were also
observed following the addition of FMLP. Randomized
clinical trials investigating the incidence of pulmonary
reactions following administration of granulocytes 
and amphotericin B or liposomal amphotericin B are
needed to confirm our findings in vivo (Sulis et al. 2002).

CMV Infection Associated with Granulocyte
Transfusion

Transmission of CMV infection through blood 
transfusion can result in severe and fatal outcome. This
is particularly true for severely immunocompromised
patients such as those undergoing myeloablative
therapy and stem cell transplantation or receiving 
high dose chemotherapy regimens. Several studies 
conducted in the early 1980s in recipients of bone
marrow transplantation as well as in patients receiving 
treatment for acute myelogenous leukemia showed a
significantly higher incidence of CMV infection in
CMV-seronegative patients who had received granulo-
cytes from seropositive donors compared to CMV-
seropositive recipients or nontransfused controls. The
mortality related to CMV interstitial pneumonitis in the
transplanted population was also higher in the seroneg-
ative group compared to the untransfused controls
(Winston et al. 1980a; Hersman et al. 1982).

Transfusion-related CMV infection is usually pre-
vented by transfusing products obtained from CMV-
seronegative donors or by leukodepletion. This latter
option is obviously not possible when considering gran-
ulocyte transfusion, therefore, the use of CMV-seroneg-
ative donors becomes necessary in this setting. In the
case where granulocyte transfusion is considered indica-
tive but no CMV-seronegative donor is available, it
would be prudent to closely monitor high-risk recipients
for CMV infection in order to intervene early in the
treatment.

GRANULOCYTE TRANSFUSIONS IN
THE NEONATE

Granulocyte Transfusions in Neonates

We previously demonstrated a significant increase 
in survival in septic neonates with unmobilized leuko-
pheresed granulocyte transfusions versus supportive
therapy (Cairo et al. 1987). Neonates with presumed or
proven sepsis were randomized to receive supportive
therapy alone or supportive therapy plus granulocyte
transfusions. Granulocytes were obtained by continu-
ous-flow centrifugation leukopheresis, with a median
dose of 0.5 ¥ 109 PMNs per transfusion, and neonates
received a total of five transfusions, two on the first day,
two on the second day, and one on the third day. Survival
was significantly improved in the unmobilized granulo-
cyte transfusion group (95% versus 64%, P < 0.05) in the
21 treated neonates compared to the 14 neonates
treated with only supportive care (Table 16.5) (Cairo 
et al. 1987). In a subsequent study we further demon-
strated a significant increased survival in septic neonates
treated with a similar regimen of unmobilized leuko-
pheresed granulocyte transfusions versus supportive
therapy plus intravenous gamma globulin (Cairo et al.
1992). Presumed or proven septic neonates received
supportive therapy plus five unmobilized continuous-
flow centrifugated leukopheresed granulocytes as men-
tioned previously with five granulocyte transfusions
over a period of 3 days compared to supportive 
care plus intravenous gamma globulin (1.0 g/kg/day) 
for 3 consecutive days (Cairo et al. 1992). Septic
neonates treated with unmobilized granulocyte transfu-
sions had a 100% survival compared to only 64% sur-
vival in the intravenous gamma globulin treated group
(P < 0.03) (see Table 16.5) (Cairo et al. 1992).

In a previous study, Laurenti et al. retrospectively
analyzed 20 neonates with sepsis who received 
anywhere between two and 15 continuous-flow cen-
trifugated leukopheresed granulocyte transfusions 
compared to 18 untransfused septic neonates and
demonstrated a significant improvement in survival in
the neonatal group receiving unmobilized granulocyte
transfusions (90% versus 28%) (see Table 16.5) (1981).
Additionally, Christensen et al. (1982a,b,c) reported 
on the results of a randomized controlled study in
neonates with overwhelming sepsis, neutropenia, and
neutrophil storage pool depletion who either received
continuous-flow centrifugated leukopheresed granulo-
cytes versus supportive care and demonstrated a signif-
icant improvement in survival in the subgroup of
neonates receiving unmobilized granulocytes versus the
subgroup receiving supportive care only (100% versus
11%) (see Table 16.5).
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Whole Blood Buffy Coat Transfusions in
Neonates

Baley et al. alternatively reported the results of a 
randomized study administering cryopreserved whole
blood buffy coat transfusions in neonates with neu-
tropenia and documented neutrophil storage pool
depletion (1987). In this study Baley et al. (1987) admin-
istered an average of 0.35 ¥ 109 PMN from cryopre-
served stored buffy coat in the range of one to three
buffy coat transfusions to 12 septic neonates and
demonstrated a 58% survival rate compared to 13
similar septic neonates who had a survival rate of 69%
with supportive care only (see Table 16.5). Similarly,
Wheeler et al. (1987) also administered cryopreserved
buffy coats (one transfusion only) in four septic
neonates compared to five similar septic neonates who
received supportive care only. The average PMN trans-
fusion dose in this study was 0.4 ¥ 109 PMNs. In this
small number of patients, Wheeler et al. was unable to
demonstrate a significant improvement in overall sur-
vival between the buffy coat-treated and the supportive
care only-treated subgroups (50% versus 40% survival)
(see Table 16.5) (1987).

SUMMARY AND
RECOMMENDATIONS OF

GRANULOCYTE TRANSFUSIONS

The previously mentioned studies utilized unmobi-
lized allogeneic granulocytes either obtained following
continuous-flow centriguation leukopheresis (four
studies) or cryopreserved whole blood buffy coat (two
studies). In none of these studies in neonates with 

presumed or proven sepsis with or without neutropenia
were mobilized allogeneic granulocytes administered.
Furthermore, these studies suggested that PMN cell
dose may be a critically important factor in the efficacy
of allogeneic granulocyte transfusions in the neonate.
In the studies in which allogeneic granulocytes were
obtained by continuous-flow centrifugation leuko-
pheresis, the cell dose ranged between 0.5 and 1.0 ¥ 109

PMN per transfusion. In those studies in which this dose
of PMN was administered, there appears to be a sig-
nificant improvement in overall survival in the small
number of randomized studies published to date.
However, in those small studies in which the cell dose
was less than 0.5 ¥ 109 PMN per transfusion and the cells
were obtained by cryopreserved whole blood buffy
coat, there was no significant improvement in survival.
These findings suggest that with the current ability to
mobilize allogeneic granulocytes with G-CSF and dex-
amethasone stimulation of the allogeneic granulocyte
donor, a significant number of granulocytes would likely
be obtained.

Future studies are required to determine what is the
critical PMN cell dose required for treatment in septic
neonates and children, the number of transfusions
required to significantly improve survival without
increasing toxicity and/or morbidity from transfused
allogeneic granulocytes, and the subgroups of neonates
and children that would most likely benefit from this
transfusion cell therapy. The current published litera-
ture suggests that neonates and children with severe
neutropenia (ANC £ 200/mm3), especially those with
bone marrow neutrophil storage depletion with pre-
sumed or proven sepsis, are the subgroups that would
most likely benefit from allogeneic granulocyte transfu-
sions. Furthermore, a minimum PMN transfusion dose
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TABLE 16.5 Granulocyte Transfusions in Neonates

Dose PMN per Survival
Author Randomized Source # of GTX GTX GTX versus Other

Cairo et al. 1987 N = 21—GTX CFCL 5 0.75 ¥ 109 95% versus 64%
N = 14—Supportive care

Cairo et al. 1992 N = 21—GTX CFCL 5 0.75–1.0 ¥ 109 100% versus 64%
N = 14—IVIG

Laurenti et al. 1981 N = 20—GTX CFCL 2–15 0.5–1.0 ¥ 109 90% versus 28%
N = 18—Supportive Care

Christensen et al. 1982a,b,c N = 20—GTX CFCL 1 0.7 ¥ 109 100% versus 11%
N = 18—Supportive Care

Baley et al. 1987 N = 12—BC BC 1–3 0.35 ¥ 109 88% versus 69%
N = 13—Supportive Care

Wheeler et al. 1987 N = 4—BC BC 1 0.4 ¥ 109 50% versus 40%
N = 5—Supportive Care

GTX = Granulocyte transfusions, CFCL = continuous flow centrifigation leukopheresis, BC = whole blood buffy coat, IVIG = intravenous 
gammaglobulin.
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of between 0.75 and 1.0 ¥ 1010 PMNs is likely to be the
required dose for improvement in survival. Granulocyte
transfusions, if administered to neonates and children
with presumed or proven sepsis, should likely be con-
tinued until recovery of neutropenia and/or presumed
neutrophil functional defect to be most effective. Lastly,
allogeneic granulocyte transfusions should contain no
more than 10 to 15 mL/kg per transfusion and include
premedication therapy with appropriate doses of
diphenyhydramine and hydrocortisone.
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INTRODUCTION

The technology to provide artificial oxygenation of
the blood to supplement or entirely take over the gas
exchange functions of the lungs was conceived and
developed in animals in the 1930s and 1940s, first used
in humans in the 1950s, and has been available for 
clinical use since the 1960s. When coupled with a blood
pump to support cardiac output, this technology has two
major medical applications: cardiopulmonary by-
pass (CPB) and extracorporeal membrane oxygenation
(ECMO). CPB is fundamentally a technique in anes-
thesiology to take over blood circulation and oxygena-
tion so that surgery can be performed on a nonbeating,
bloodless heart and great vessels. In pediatrics, CPB is
required to perform surgical repairs of a wide range of
congenital heart disease, malformations of the great
vessels, transplantation of thoracic organs, and other
thoracic surgery. On the other hand, ECMO is an
aggressive supportive care intervention used in the
intensive care unit to support critically ill patients 
when conventional ventilatory support, circulatory sup-
port, or both have failed. In pediatrics, ECMO has 
applications in the neonatal intensive care unit for 
newborns with severe lung disease, in the cardiac inten-
sive care unit for patients with severe heart failure,
including complications after cardiothoracic surgery,
and in the general pediatric intensive care unit for 
other causes of very severe circulatory or pulmonary
failure.

Since both techniques involve large extracorporeal
circulatory volumes in critically ill patients, CPB and
ECMO programs depend heavily on support from the

blood bank to provide blood products both at the time
the extracorporeal circuits are first established, through
the duration of the “run,” and during the recovery
period. This chapter will first review the basic layout of
CPB and ECMO circuits. Then, because CPB and
ECMO are used in different clinical situations, it will
review the uses and outcomes of the two techniques
separately. Their impact on the blood bank will be dis-
cussed at the end of each section.

CIRCUIT FOR ECMO AND CPB

The fundamental elements of the extracorporeal
circuit for CPB or ECMO are cannulae, the pump, a
blood reservoir, the oxygenator, and a heat exchanger.
There are many additional components that provide for
safety and monitoring. The cannulae are the connec-
tions of the patient’s circulation to the extracorporeal
circulation, drawing deoxygenated blood from the
patient’s venous circulation and returning oxygenated
blood to either the arterial or venous side of the
patient’s circulation.The pump drives the blood through
the components of the extracorporeal circuit, and if the
blood return is to the arterial side of the circulation, the
pump also delivers systemic arterial blood flow to sup-
plement or replace the cardiac output. The oxygenator
provides a large surface area over which gas exchange
between the blood and an exogenous mixture of
oxygen, air, carbon dioxide, and possibly anesthetic
agents can occur. The heat exchanger permits manipu-
lation of the temperature of the blood returned to the
patient.
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Cannulae

Access to the patient’s circulation for CPB or ECMO
must be large enough to support blood flow equivalent
to the patient’s entire cardiac output, as much as 
5 L/min in an adult. A cannula is placed in a jugular or
femoral vein by direct surgical cut down or within the
superior vena cava or right atrium when placed for CPB
during cardiothoracic surgery. To return oxygenated
blood, the common carotid is used most commonly for
arterial access for veno-arterial (VA) ECMO and an
aortic cannula is placed at surgery most commonly for
CPB. ECMO support can be delivered entirely through
venous access (veno-venous [VV] ECMO is described
further), in which case the return cannula may be in the
femoral vein, the contralateral jugular vein, or in the
second lumen of a double lumen venous cannula (Foley
2000). In many cases, the jugular vein and carotid arter-
ies used for ECMO access are sacrificed (ligated) when
ECMO support is discontinued.

Pump

A roller pump is most commonly used to move blood
through the extracorporeal circuit and to provide arte-
rial pressure for the patient. An alternate technology is
a centrifugal pump. The roller pump consists of a disk
that rotates within a semicircular raceway and moves
rollers, which compress the flexible tubing against 
the inside wall of the raceway, propelling the blood
forward. The adjustable rate of rotation of the pump
determines the flow rate of blood through the pump and
ultimately the amount of arterial flow contributed by
the circuit. This flow is not pulsatile. The pump must
have a mechanism to detect elevated pressure related
to occlusion anywhere in the return side of the circuit
downstream of the pump and to reduce or stop flow
before the elevated pressure leads to a catastrophic dis-
connection in the circuit.

Blood Reservoir

Blood is drawn through the venous cannula into the
extracorporeal circuit by gravity, entering a collection
reservoir located well below the level of the access
cannula. The reservoir provides a volume of blood that
acts as a buffer to allow for discrepancies between the
rate of blood coming from the patient and the pump
rate. The reservoir must be equipped with a sensor to
detect emptying. This sensor is part of a servo control
mechanism that will slow or stop the pump to ensure
that the pump flow rate does not exceed the rate at
which blood comes from the patient. This helps prevent
introduction of air in the circuit by cavitation and air
embolism in the patient.

In an ECMO circuit, this reservoir is small, typically
30 mL, while in a CPB circuit the reservoir is larger with
a capacity of a liter or more of blood. The reservoir in
the CPB circuit serves other functions, including collec-
tion of the large volume of blood that is in the heart and
vessels after CPB flow is established and salvaging
blood removed from the surgical field by suction. The
large blood reservoir provides a margin of safety (10 to
15 seconds of blood flow) in case the return side of the
CPB circuit should leak or become dislodged. However,
returning the red cells in the large volume of blood from
the reservoir to the patient at the end of the CPB run
presents a problem, as will be discussed.

Oxygenator

The oxygenator is the central component of the CPB
or ECMO circuit since it performs the function of the
lungs, which is to saturate the hemoglobin of the venous
blood with oxygen. The oxygenator provides a large
surface area for an interface between blood and the gas
phase, either with hollow fibers or a folded silicone
membrane. An oxygen rich gas mixture is passed
through the oxygenator in the direction opposite to
blood flow, establishing a countercurrent that promotes
diffusion of oxygen into the blood. The total surface
area, and therefore the capacity of the oxygenator, is
selected based on the size of the patient and the blood
flow that must be fully oxygenated. Exposure of blood
to this large artificial surface is also thought to be
responsible for many of the coagulation and inflamma-
tory abnormalities associated with ECMO and CPB.

Heat Exchanger

Since flow rates equivalent to the entire cardiac
output are involved, the infusion of blood at a temper-
ature below normal body temperature would rapidly
result in hypothermia. Thus, a heat exchanger is a nec-
essary component of an ECMO circuit to ensure that
the temperature of the blood returning to the patient is
at 37°C. In some cardiothoracic surgery, controlled
hypothermia is used to reduce the metabolic demands
of the brain and other organs, especially if a period of
circulatory arrest is planned. The heat exchanger can be
used to cool the body temperature and, at the end of
the procedure, to restore it to normal.

Extracorporeal Volume and Priming

The components of the ECMO or CPB circuit and
the filters and tubing that connect them combine to
form a large extracorporeal volume. The extracorporeal
volume of the smallest circuit is 400 to 500 mL, about
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twice the blood volume of a neonate for whom it could
be used. For larger patients, the extracorporeal volume
of the circuit may be larger, principally because a larger
oxygenator is required. However, the ratio of circuit
volume to patient blood volume is greatest for neonates
and generally decreases with larger patients.

The large extracorporeal volume of ECMO or CPB
circuits means that, for many pediatric patients, these
circuits must be primed with red cells before they are
connected to the patient. A “bloodless” prime may be
used if the patient is large enough and the hemoglobin
high enough to tolerate a dilution effect. The red cells
are typically combined with a buffer solution and may
also be combined with 5% albumin solution or fresh
frozen plasma (FFP), and the pH and electrolyte con-
centrations of the circuit prime are checked before ini-
tiation of support. In some situations, whole blood may
be used as the priming fluid. Several considerations go
into the decision for how the extracorporeal circuit 
will be primed, as listed in Table 17.1. These considera-
tions are among the major determinants of how blood
bank support for the ECMO or CPB program will be
organized.

Anticoagulation

Because of the large area of artificial surface in
contact with the blood in the oxygenator, patients on
ECMO and CPB circuits experience activation of coag-
ulation factors and platelets, and therefore must receive
aggressive anticoagulation. This is usually accomplished
using infusions of unfractionated heparin with dose
adjustments based on whole blood activated clotting
time (ACT) measurements. The typical target value for
the ACT is 180 to 200 seconds for a patient on ECMO
support, and >500 seconds for a patient on CPB. The
typical protocol calls for hourly monitoring using a
“point of care” instrument, at the bedside or in the
operating room. Since the ACT is a less sensitive assay
than the activated partial thromboplastin time (aPTT),
the doses of heparin and level of anticoagulation for
ECMO and CPB are typically higher than for medical

anticoagulation therapy. For this reason, patients on
ECMO support are at risk for hemorrhagic complica-
tions (ELSO Registry 1995). At the end of a surgical
procedure using CPB, the heparinization is reversed 
using protamine, in order to promote postoperative
hemostasis.

ECMO

Indications

ECMO is a complex, risky, and expensive life-
support measure that is usually reserved for patients
whose underlying disease process is associated with a
mortality of >80%, which has not responded to con-
ventional ventilatory support and medical therapies,
but that is still potentially reversible (Bartlett et al.
2000). Among term neonates, respiratory failure due to
severe meconium aspiration syndrome or persistent
pulmonary hypertension and among premature infants,
severe respiratory distress syndrome are the most
common indications for initiation of ECMO support
(Table 17.2). In the ELSO database, these three indi-
cations accounted for 60% of reported ECMO for
neonates (ELSO Registry 1995; Shanley et al. 1994).
ECMO support limits the barotrauma associated with
aggressive conventional or high frequency ventilation
and provides a period of “lung rest” during which
inflammatory processes in the lung may subside. Respi-
ratory failure from lung hypoplasia with congenital
diaphragmatic hernia (CDH) accounts for another 20%
of ECMO utilization in neonates, but it is less clear that
“lung rest” provided by ECMO has a net beneficial
effect on the outcome of CDH.
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TABLE 17.1 Physiological and Medical Considerations in
Priming of ECMO and CPB Circuits

Level of urgency
Ratio of patient blood volume to circuit volume
“Cardiac stun”—related to pH, potassium, calcium, electrolytes
Desired hematocrit—degree of hemodilution
Pre-existing coagulopathy
Renal function
Number of blood donor exposures

TABLE 17.2 Indications for ECMO support

Neonatal Pediatric

Meconium aspiration Bacterial pneumonia
Respiratory distress syndrome Viral pneumonia
Persistent pulmonary Acute respiraton distress syndrome

hyptertension (ARDS)
Congenital diaphragmatic Burns

hernia
Sepsis Inhalation injuries

Near drowning
Sepsis
Myocarditis—bridge to 

transplantation
Failure to wean from CPB after 

surgery
Arrest or heart failure after cardiac 

surgery
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The decision to place a patient on ECMO support is
a complex medical and ethical judgment. The ELSO
guidelines for neonatal ECMO listed in Table 17.3
demonstrate that the patient must be both ill enough to
warrant the risks of ECMO, including heparinization,
and also free of irreversible complications and lethal
disease processes so that the potential benefit of ECMO
may be realized. There are calculated indices of sever-
ity of lung disease (Kim and Stolar 2000), which can be
used to predict mortality and eligibility for ECMO
support.The criterion that places a limit on the duration
of conventional ventilation is intended to exclude
patients who have already been exposed to prolonged
barotrauma and have already developed bronchopul-
monary dysplasia.

Beyond the neonatal period, in the pediatric inten-
sive care unit, the indications for ECMO are more
varied and include respiratory failure associated with
sepsis, pneumonia, acute respiratory distress syndrome
(ARDS) or systemic inflammatory response syndrome
(SIRS), burns, inhalation injury, drowning, complica-
tions of bone marrow transplantation, and complica-
tions of cardiothoracic surgery, as listed in Table 17.2
(Bartlett et al. 2000; Montgomery et al. 2000; Green 
et al. 1996). Overall survival to hospital discharge is
dependent on the initial diagnosis (ELSO Registry
1995) and is better if respiratory failure is not compli-
cated by multiorgan system failure or infection or a pro-
tracted period of conventional ventilation (Masiakos et
al. 1999). In cardiothoracic surgery, survival from post-
operative ECMO is also better if the course is not pro-
longed and not complicated by infection (Montgomery
et al. 2000;Aharon et al. 2001). ECMO support has been
successfully used in patients with sickle cell disease with
severe acute chest syndrome (Trant et al. 1996; Pelidis
et al. 1997).

Veno-arterial Versus Venovenous ECMO

When the primary indication for ECMO support is
respiratory failure and the patient’s cardiovascular
function is preserved, it may be preferable to use VV

ECMO support rather than VA ECMO.The VV ECMO
circuit returns oxygenated blood to the venous circula-
tion rather than the arterial side and relies on the heart
to provide all systemic arterial blood flow. This strategy
has the advantages of not sacrificing a carotid artery;
avoiding the risk of arterial embolization, of air or par-
ticulates; providing better perfusion to the lungs and
coronary arteries; and providing pulsatile blood flow
from the heart, which improves renal function. Since VV
ECMO relies on the native cardiac function, there is no
ready mechanism to compensate for loss of cardiac
function by “turning up” the level of support from the
ECMO circuit pump.This feature of VV ECMO is espe-
cially critical for the startup phase if there is an acute
reduction of cardiac output related to pH or electrolyte
abnormalities in the priming fluid, a phenomenon
referred to as “cardiac stun.”

VA ECMO is required when both pulmonary and
cardiac function must be supported by the ECMO
circuit. This applies when the underlying indication for
ECMO support is primary heart disease or when car-
diovascular failure is a prominent feature of the disease
process, as in septic shock.

Course and Outcomes

Once initiated, a course of ECMO support can be
continued for days to weeks although the chance of sur-
vival from prolonged courses is diminished (Masiakos
et al. 1999). ECMO support is weaned by incremental
reduction of the pump flow rate while monitoring oxy-
genation, acidosis, and lung compliance (Kim and Stolar
2000; Hirschl 2002). Survival rates for patients on
ECMO vary from 40% for adults to 80% for neonates
(ELSO Registry 1995). The survival rates for neonatal
ECMO for meconium aspiration syndrome (MAS),
respiratory distress syndrome (RDS), persistent pul-
monary hypertension (PPH) are in the range of 83% to
94%. For CDH, there was no difference in survival rates
before and after ECMO support became available in
one institution (Keshen et al. 1997) and no difference 
in survival in a study that compared two institutions
caring for CDH patients, one with ECMO and one
without. The overall survival rates of 53% with no
ECMO support and 44% survival with ECMO (Wilson
et al. 1997; Azarow et al. 1997) are similar to the 58%
survival rate noted in the ELSO registry for infants with
CDH. In older children, one study demonstrated a mor-
tality of 28.6% in pediatric intensive care unit patients
with a predicted mortality of 50% to 75% when sup-
ported with ECMO as compared to 71.4% in similarly
high-risk patients who were not treated with ECMO
(Green et al. 1996).
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TABLE 17.3 ELSO Guidelines for Neonatal ECMO (1997)

Gestational age ≥34 weeks and birth weight ≥2000 g
No significant coagulopathy or bleeding complications
No major intracranial hemorrhage
Mechanical ventilation less than 10–14 days and reversible lung

disease
No uncorrectable cardiac lesions
No lethal congenital anomalies
No evidence of irreversible brain damage
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Blood Bank Support for ECMO Programs

The blood bank plays two roles in supporting the
needs of ECMO patients: providing blood products for
the initiation of ECMO support and providing blood
products for the ongoing needs of a patient on ECMO.
As discussed previously, the initiation of ECMO
support for a pediatric patient usually requires red
blood cells (RBCs) for priming the circuit and often
plasma. Patients on ECMO support also have ongoing
consumption of coagulation factors and plasma and
may have ongoing bleeding and thus require frequent
transfusions of FFP, cryoprecipitate, platelets, and
booster transfusions of packed red blood cells (PRBCs).

Blood Products for Priming

Under ideal circumstances, the typical ECMO
priming protocol would use one to two units of ABO
and Rh group-specific and crossmatch-compatible
PRBCs, depending on the extracorporeal volume
(ECV) of the ECMO circuit, and possibly one unit of
group-specific FFP. PRBCs should also be negative for
sickle hemoglobin, since the red cells may be exposed
to hypoxia and severely abnormal metabolic conditions.
Since the ECV of an ECMO circuit is often a significant
fraction of the total blood volume of the pediatric
patient, the red cells used for the prime would ideally
conform to guidelines for massive transfusion, including
avoidance of PRBC units in additive solutions and 
use of relatively fresh red cells (Luban et al. 1991).
Additional considerations include provision of
cytomegalovirus (CMV)—safe blood products for low
birth weight neonates and for thoracic organ transplant
candidates who will be immunosuppressed.

In practical application, the single most important
determinant in providing blood product support for
ECMO is the level of urgency or the amount of time
available for preparation. Extreme urgency may require
compromise of the ideal blood product preparation as
previously described. Examples of clinical scenarios for
which ECMO circuits might be started are shown in
Table 17.4. Provisions for the most extreme degrees of
urgency require storage of group O, Rh(D)-negative
PRBCs in a monitored refrigerator in the intensive care
unit. These units may be somewhat older than ideal and
will be transfused uncrossmatched. For a neonate trans-
ferred to a tertiary care center for consideration of
ECMO support, there may be several hours of fore-
warning before the arrival of the patient, permitting
time to find fresher PRBCs. However, the ABO/Rh
blood group of the patient may not be established, and
the PRBCs may not be crossmatched before the circuit
is initiated. For the least urgent scenario in which a
patient is electively transferred to ECMO support,
preparation of the ideal blood product may be possible.

Blood Products for Coagulopathy and
Ongoing Needs

The coagulation complications of ECMO are signif-
icant: since the patient is heparinized, a prolongation of
the aPTT and a tendency to bleeding are expected com-
plications of ECMO support. The Extracorporeal Life
Support Organization (ELSO) registry gives an inci-
dence of 15% intracranial hemorrhage and 7% other
bleeding for neonates on ECMO (ELSO Registry
1995). Patients on ECMO circuits who also have chest
tubes or recent surgery may have significant ongoing
blood loss from those sites. Despite this aggressive 
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TABLE 17.4 Examples of Blood Product Protocols for ECMO Startup

Clinical Scenario Urgency Products Blood Group Storage* Crossmatch

Cardiac arrest in 5–10 minutes 2 units PRBCs O-neg PRBCs Additive solution, Retrospective
cardiac ICU stored in ICU, <14 days

Disruption of ECMO 5–10 minutes 2 units PRBCs O-neg PRBCs Additive solution, Retrospective
circuit stored in ICU, <14 days

Progressive septic 30 minutes 2 units PRBCs O-neg PRBCs <10 days old, any Immediate spin
shock, not neonatal preservative

Neonate transferred 1–2 hours 2 units PRBCs O-neg PRBCs <10 days, CPD or Retrospective
for ECMO 1 unit FFP AB plasma CPDA

and platelets
Cardiac ICU 30–60 minutes 2 units PRBCs Type specific <7 days old, additive Immediate spin

solution or full
Gradual respiratory or Hours to days 2 units PRBCs Type specific <10 days, CPD or Full

cardiac failure on CPDA for neonate,
conventional support otherwise any

*Based on the protocols of The Children’s Hospital of Philadelphia.
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anticoagulation, there is activation and consumption of
platelets and procoagulant factors related to exposure
of blood to artificial surfaces. Clotting within the ECMO
circuit occurs frequently, with an incidence of 25% of
ECMO circuits for neonates. Fibrin deposition within
the oxygenator and other parts of the circuit may reduce
its efficiency for gas exchange and may obstruct flow.
During prolonged ECMO “runs,” fibrin may accumu-
late within an ECMO circuit to a level that requires
transferring the patient to a new, freshly primed circuit.
The rate at which fibrin accumulates may be influenced
by the materials used in the circuit (Grossi 2000) as well
as the patient’s underlying disease process.

Surveys of blood product utilization for pediatric
patients on ECMO support generally report more 
frequent transfusion of platelet concentrates than pla-
sma or PRBCs and also a wide range of transfusion
requirements for individual patients. The number of
transfusions will vary significantly with the transfusion
trigger employed in the ECMO support protocol
(Minifee et al. 1990). For example, the transfusion
trigger for platelets for patients on ECMO is reported
from 50,000 to 110,000/mL (Minifee et al. 1990;
Chevuru et al. 2002). One survey of 91 neonates on
ECMO support for a mean of 4.6 days found that these
patients received 0.6 to 1.0 red cell transfusions, 0.1 to
0.3 FFP transfusions, and 1.8 platelet transfusions per
day on ECMO (McCoy-Pardington et al. 1990).
However, the range of numbers of transfusions per
ECMO patient was wide: 0 to 17 transfusions for red
cells, 0 to 8 for FFP, and 1 to 32 for platelets. Another
survey reported a mean of 1.3 platelet transfusions per
day on ECMO, with variation related to institution and
ECMO technique (VV versus VA) (Chevuru et al.
2002). Sepsis while on ECMO clearly increases the
platelet requirements (Chevuru et al. 2002; Zavadil et
al. 1998). For comparison, mean daily blood product
requirements for adults on ECMO were 4.6 units of red
cells, 0.5 units of FFP, 15 units of random donor platelet
concentrates, and 1.0 units of cryoprecipitate (Butch 
et al. 1996).The numbers of blood products required for
an ECMO program for adults are predictably greater
than for pediatric patients.

Although not described in these surveys, cryoprecip-
itate is commonly used to supplement the fibrinogen
level in pediatric patients on ECMO circuits, with a
transfusion trigger to maintain the fibrinogen above 
100 mg/dL.

CPB

CPB is used to facilitate heart surgery by supporting
the systemic blood flow and oxygenation artificially,

permitting the heart to be asystolic and drained of
blood. In pediatric cardiothoracic surgery, CPB is nec-
essary for surgical correction of congenital heart disease
that requires opening the ventricles or great vessels.This
includes lesions of low complexity such as atrial septal
defect and ventricular septal defect, as well as more
complex lesions such as tetralogy of Fallot, transposition
of the great vessels, single ventricles, hypoplastic left
heart syndrome, and cardiac or pulmonany transplan-
tation.The patient population varies widely in age, phys-
iology, and complexity and includes cyanotic newborns
undergoing arterial switch procedures and stage 1
Norwood procedures to school-age children undergoing
elective repairs. In some centers, the patient population
may also include young adults who have developed late
complications of cardiac operations in childhood and
adults with symptoms related to long-standing unre-
paired congenital heart disease. In some cases, cardiac
malformations are corrected in stages, with a palliative
procedure first and a definitive correction later. In addi-
tion, there are patients who require surgical revision 
of previous repairs because of incompetent valves or
vascular stenosis. Patients in the latter two categories
will undergo second or third cardiac operations with
CPB.

Overview of CPB Run

The CPB circuit is typically primed with red cells
shortly before the start of surgery and the pH, hemat-
ocrit, potassium, and calcium levels of the circuit prime
checked. The circuit is also heparinized. The cannulae
for CPB are placed in the vena cava and aorta by the
surgeon and handed from the surgical field to the bypass
perfusionist to be connected to the CPB circuit. CPB
support is initiated after the surgical field is exposed,
just as the intracardiac portion of the surgical procedure
is begun. A cardioplegia solution containing a high 
concentration of potassium is administered. Time on
CPB is kept to a minimum because risk of bleeding and
neurological complications are correlated with the
duration of the CPB run (Menache et al. 2002). The
actual time may vary from 20 minutes to over 60
minutes depending on the complexity of the repair and
the patient’s anatomy. Additional anesthesia techniques
such as hypothermia, cooling of the head, and periods
of circulatory arrest may also be used. Transfusions,
fluids, and medications may be administered via the
CPB circuit, depending on the amount of blood loss, and
red cell salvage techniques can also be incorporated into
CPB. CPB is discontinued when the repair is complete,
cardiac function has been re-established, and surgical
hemostasis is obtained. Before the patient leaves the
operating room, the CPB circuit may be used for addi-
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tional manipulations as discussed later. After the use of
the CPB circuit is complete and the cannulae have been
removed, the patient receives a dose of protamine 
calculated to reverse the heparin received during 
CPB.

Postoperative Hemorrhage

Transient mediastinal bleeding is an expected result
of cardiac surgery, and chest tubes are routinely left in
place to decompress the mediastinum and facilitate
measurement of blood loss. Chest tube drainage varies
widely from 16 to 110 mL/kg/24 hours (Manno et al.
1991) but is a cause for re-exploration of the surgical
site in about 4% to 9% of cases (Williams, Bratton, and
Ramamoorthy 1999; Chambers et al. 1996). CPB has
multiple effects on the coagulation proteins, platelets,
and inflammatory cytokines, causing both activation and
consumption, which may contribute to postoperative
bleeding (Williams, Bratton, and Ramamoorthy 1999;
Williams et al. 1999; Williams et al. 1998; Despotis and
Hogue 1999; Dietrich 1996). The factors associated with
bleeding following cardiothoracic surgery with CPB are
many and include the patient’s age, preoperative condi-
tion, the type of procedure, whether the procedure is a
first or repeat sternotomy, the length and number of
suture lines, the duration of CPB, type of blood product
support, anesthesia techniques used, adequacy of rever-
sal of heparin, adequacy of surgical hemostasis, platelet
counts, platelet function, coagulation tests for procoag-
ulants and fibrinolysis, and thromboelastogram param-
eters (Williams, Bratton, and Ramamoorthy 1999).
Because of this complexity, controlled studies of bleed-
ing after CPB are difficult to perform in order to isolate,
for example, the relative effect of blood product support
on postoperative bleeding.

Blood Bank Support for CPB Programs

Fresh Whole Blood

A well-controlled, although not strictly randomized
study of the effect of using fresh whole blood in the
immediate post-bypass care of children undergoing car-
diothoracic surgery with CPB was conducted by Manno
et al. (1991). This study compared three blood products:
very fresh whole blood, stored at room temperature for
less than 6 hours after donation; fresh whole blood,
stored refrigerated for 24 to 48 hours; and reconstituted
whole blood, consisting of one unit each of PRBCs
stored less than 5 days, plasma, and whole blood-
derived platelets. These blood products were adminis-
tered following the CPB run. The study found a signifi-
cant reduction in postoperative blood loss for very fresh

and fresh whole blood versus reconstituted whole blood
for the entire group of 161 patients. The mean postop-
erative blood loss was approximately doubled for
patients younger than 2 years and for patients under-
going complex procedures who received reconstituted
blood versus fresh whole blood. No hemostatic advan-
tage was noted for patients older than 2 years or for
simple procedures. There was no advantage of the 6-
hour fresh whole blood versus the 24- to 48-hour fresh
whole blood. The most significant laboratory finding
correlated with the use of fresh whole blood compared
to reconstituted whole blood was an improvement in
platelet function, and the overall superiority of fresh
whole blood was attributed primarily to better preser-
vation of platelet function in the fresher product and
therefore better restitution of platelet function in vivo
after CPB.

Fresh whole blood has advantages beyond improved
hemostasis in the care of children after surgery with
CPB. Using whole blood to replace acute blood loss as
measured by chest tube drainage is logistically simpler
than component therapy and may therefore be safer in
a busy intensive care unit. The leak of potassium from
red cells into plasma during storage is primarily a func-
tion of storage age, and the potassium concentration in
the supernatant of whole blood is lower than in packed
cells of the same storage age (Michael et al. 1975).
These features of fresh whole blood may also be safety
advantages for patients who have recently undergone
cardiac surgery and whose transfusions may be admin-
istered rapidly through the CPB cannulae or other
central lines.

Providing fresh whole blood less than 48-hours old is
a logistic challenge for blood centers, transfusion serv-
ices, and the cardiac anesthesia and surgery services, and
it is not universally available. Since it contains both red
cells and plasma, whole blood must be type specific—
there is no “universal donor” type. A reliable supply of
fresh whole blood requires a commitment from the
blood supplier to retain a portion of the daily collections
of at least the common ABO and Rh blood groups types
as whole blood, to perform the infectious disease testing
of those units on an expedited schedule, and to facili-
tate delivery of those units to the transfusion service
such that they can be crossmatched and made available
within 48 hours of collection.The blood center must also
be willing to recruit blood donations for less common
blood types. Family members of the patient may be
valuable committed donors for this program (Manno et
al. 1991). The transfusion service must be in frequent
contact with both the cardiothoracic surgery service and
the blood center with updates on changes in the surgery
schedule, adequacy of specimens for crossmatch,
unanticipated serologic findings such as maternal 
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isohemaglutinins in newborns, and difficulties with
blood availability. The costs associated with the use of
fresh whole blood include the loss of plasma and
platelet components that would otherwise have been
made from units retained as whole blood, the labor costs
of expedited processing, and the cost of repeated blood
ordering for the same patient because of inevitable last-
minute changes in the operating room schedule for this
critically ill patient population. The transfusion service
must also develop mechanisms to manage the untrans-
fused whole blood in its inventory. Despite these diffi-
culties, providing fresh whole blood for pediatric
cardiothoracic surgery is feasible (Kwiatkowski and
Manno 1999), and the costs associated with it may be
viewed as a part of the total cost of caring for this group
of patients.

Ultrafiltration and Aprotinin

Two recent developments in cardiac anesthesia offer
the possibility of reducing complications after cardiac
surgery with CPB. Conventional ultrafiltration (CUF)
involves the incorporation of a device with a permeable
membrane with a defined pore size into the CPB circuit,
allowing removal of water and solutes, and small mole-
cules from the CPB circuit with retention of the cellu-
lar elements of the blood. This technique serves as a
hemoconcentration step, removing fluid introduced
during priming and raising the hematocrit of the bypass
circuit, but may have additional benefits in reducing
postoperative edema, improving immediate post-
operative cardiac function, improving cerebral me-
tabolic recovery after CPB, and possibly removing
soluble inflammatory mediators generated during 
CPB (Ramamoorthy and Lynn 1998; Montenegro and
Greeley 1998; Gaynor 2001). Modified ultrafiltration
(MUF) (Friesen et al. 1997; Quattro et al. 2002) is a vari-
ation of this technique in which the ultrafiltration is per-
formed after discontinuation of CPB rather than during,
with blood flow through the CPB circuit reversed, that
is, drawing from the arterial side and returning to the
venous side. MUF prolongs the duration of the surgical
procedure by 5 to 20 minutes (Ungerleider 1998) but
may be more efficient in removing fluid. MUF also
permits concentration and return of blood in the CPB
reservoir to the patient. One study comparing CUF and
MUF in pediatric cardiothoracic surgery patients found
no difference in a variety of outcomes including post-
operative hematocrit, hemodynamics, and blood pro-
duct use (Thompson et al. 2001), but the study design
may not have employed MUF to its fullest advantage.
The value of MUF in CPB for pediatric cardiac surgery
is still under debate (Ramamoorthy and Lynn 1998;
Gaynor 2001).

Aprotinin is a nonspecific serine protease inhibitor
that has effects both in blocking fibrinolysis and atten-
uating contact inhibition as measured by inhibition of
kallikrein (Mossinger and Dietrich 1998). These actions
of aprotinin might serve to counteract the activation of
coagulation proteins and inflammatory mediators gen-
erated during CPB (Dietrich 1996).The use of aprotinin
during and/or immediately following CPB has beneficial
effect in adults undergoing coronary bypass surgery, and
some studies have suggested that aprotinin may
improve surgical closure time, blood product utilization,
and postoperative hemostasis in pediatric patients
(Costello et al. 2003; Mossinger et al. 2003), while others
have not (Davies et al. 1997).

Blood Product Utilization

The overall blood product requirements for pediatric
cardiothoracic surgery patients are difficult to estimate
because of the many factors that come into play, includ-
ing age of patients and complexity of procedures
attempted (Manno et al. 1991; Chambers et al. 1996),
priming volume of the equipment in use, CPB technique
(Friesen et al. 1997; Davies et al. 1997), availability of
fresh whole blood, target hematocrit for the end of CPB,
and the multiple factors that affect postoperative bleed-
ing and the algorithms that are used to manage it (Despo-
tis and Hogue 1999). One survey from an institution that
used whole blood less than 48-hours old and intraopera-
tive cell salvage but not CUF, MUF, or aprotinin and that
had defined transfusion guidelines, which were not mon-
itored for the study, reported that pediatric cardiotho-
racic surgery patients received a mean of 3.1 whole blood
or red cell units, 1.4 platelet units, and 1.1 plasma units,
for a total of 5.6 +/- 5.1 donor exposures (Chambers et al.
1996).Total blood product utilization may be reduced by
practices such as dividing whole blood units when the
CPB circuit can be primed with half of a unit.

SUMMARY

Blood support for CPB and ECMO programs places
special demands on a pediatric transfusion service
because of the variety and critical nature of the disease
processes involved, the time-sensitive demands for spe-
cialized blood products, and the absolute requirement
for blood products to initiate these therapies in small
children.
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INTRODUCTION

The average life span of red cells in full term neonates
is 60 to 90 days, decreasing to 35 days with decreasing
maturity. Hemolytic disease of the newborn (HDN),
characterized by decreased life span of red blood cells
(RBCs) due to accelerated destruction, may be due to
many causes (Table 18.1). All these conditions share
common features that point to a hemolytic process.
These include anemia in the absence of hemorrhage or
other evidence of blood loss, jaundice with predomi-
nantly unconjugated hyperbilirubinemia, and increased
excretion of endogenous carbon monoxide, a byproduct
of heme breakdown (Herschel et al. 2002a).

A remarkable interaction of the fetomaternal unit
gives rise to alloimmune HDN, with no ongoing hemoly-
sis after early infancy. However, other conditions, such
as hereditary disorders of the red cell membrane or dis-
orders of hemoglobin synthesis, with onset in fetal life,
may have lifelong implications.

Apart from the anemia, which may be severe and
life-threatening in many of the conditions associated
with HDN, the immaturity of the neonatal liver in han-
dling the bilirubin load from breakdown of RBCs, and
the unique susceptibility of the neonatal brain to toxic
effects of unconjugated bilirubin make hemolytic
disease a therapeutic emergency in newborn infants.

Deposition of free, lipid-soluble, unconjugated biliru-
bin in the basal ganglia and cerebellum of the neonatal
brain causes neuronal necrosis and gives rise to a 
clinical syndrome known as bilirubin encephalopathy 
or kernicterus. The acute phase is characterized by
lethargy, progressing to hypertonia, opisthotonus, irreg-
ular respiration, and death.The hypertonia becomes less

pronounced in surviving infants, who then develop any
or all of the classic sequelae of choreoathetoid cerebral
palsy, upward gaze palsy, and sensorineural hearing loss.
The clinical features in the acute stage are often less 
distinct in preterm infants, who nevertheless are at
increased risk from this complication, due to immatu-
rity of both the liver and the blood-brain barrier.

The pathogenesis, clinical features, and laboratory
diagnosis of the different entities causing HDN are dis-
cussed in the first part of this chapter; therapeutic inter-
ventions are discussed later.

IMMUNE-MEDIATED HEMOLYTIC
DISEASE

Alloimmune Hemolytic Disease of 
the Newborn

Alloimmune HDN is due to the action of transpla-
centally transmitted maternal IgG antibodies on pater-
nally inherited antigens present on fetal red cells, but
absent on the maternal red cells. The antigen-negative
mother may have naturally occuring antibodies or may
have developed antibodies to fetal red cell antigens by
exposure to the antigens by blood transfusion or, more
often, by silent fetomaternal hemorrhage during preg-
nancy (iso- or alloimmunization).

There are three main classes of alloimmune HDN
based on the antigen responsible: Rh, ABO, and
hemolytic disease due to other red cell antigens
(Ramasethu and Luban 2001). The incidence of severe
Rh hemolytic disease has decreased significantly in
countries with immunoprophylaxis programs, but the
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condition is an excellent prototype to understand the
pathogenesis of alloimmune HDN. It will be discussed
in greater detail, and the distinguishing features of the
other classes of HDN will be emphasized.

Rh HEMOLYTIC DISEASE

Genetics

The inheritance of Rh antigens is determined by two
genes, one encoding the protein carrying the D antigen
and the other encoding the protein carrying the C or c
and E or e antigens (Moise 2002). There is no “d”
antigen; the letter “d” is commonly used to designate
the absence of D. The presence or absence of D deter-
mines the Rh-positive or Rh-negative status of the indi-
vidual. In Caucasian D-negative individuals, the RHD
gene is deleted, whereas the D-negative phenotype in
other populations is associated with an inactive or
partial RHD gene at the locus. There is significant racial
variation in the prevalence of Rh-negativity.About 15%
of Caucasians are Rh-negative, compared to 7% to 8%
of American blacks, 5% of Asian Indians, and 0.3% of
the Chinese. Rh-positive individuals may be homozy-
gous for D (DD), having inherited the D antigen from
both parents, or heterozygous for D (Dd), having inher-

ited a D-containing set from one parent and a non–
D-containing set of Rh antigens from the other parent.
All the offspring of a homozygous Rh-positive (DD)
man and an Rh-negative (dd) woman will be Rh or D 
positive (Dd), whereas a fetus produced by a heterozy-
gous Rh-positive (Dd) father with an Rh-negative
mother (dd) could be either Rh-positive (Dd) or Rh-
negative (dd).

Pathogenesis

Alloimmunization of Rh-negative women occurs
most often by exposure to Rh-positive fetal red cells,
secondary to fetomaternal hemorrhage. Alloimmuniza-
tion by transfusion of Rh-positive cells is now rare.
However, the repetitive exposure to minute amounts 
of Rh-positive cells, by the sharing of contaminated
needles between Rh-negative intravenous drug-abusing
women with Rh-positive partners has been reported to
lead to severe Rh sensitization.

Fetomaternal Hemorrhage

Asymptomatic transplacental passage of fetal red
cells occurs in 75% of pregnant women at some time
during pregnancy or during labor and delivery. The 
incidence of fetomaternal transfusion increases with
advancing gestation: from 3% in the first trimester, 12%
in the second trimester, 45% in the third trimester, to
64% at the time of delivery (Bowman et al. 1986). The
average volume of fetal blood in the maternal circula-
tion following delivery is less than 1 mL in 96% of
women. Intrapartum fetomaternal hemorrhage of more
than 30 mL may occur in up to 1% of pregnancies.
However, even minute amounts of antigen-positive
blood may cause sensitization in the antigen-negative
mother. Fetomaternal transfusion can also result from
invasive obstetrical procedures such as chorionic 
villus sampling, amniocentesis, funipuncture, thera-
peutic abortion, cesarean section, manual removal of 
the placenta, and from pathological conditions such as
abdominal trauma, spontaneous abortion, or ectopic
pregnancy (Sebring and Polesky 1990).

Maternal Alloimmunization

The presence of D-positive red cells in the D-
negative mother initially provokes a primary immune
response that initially consists of IgM antibodies, which
do not cross the placenta, followed by the production 
of anti-D IgG antibodies capable of crossing the pla-
centa. Repeated exposure to Rh-positive fetal RBCs, as
in a second Rh-positive pregnancy in a sensitized 
Rh-negative woman produces a secondary immune

192 Ramasethu

TABLE 18.1 Causes of Hemolytic Disease in the Newborn

Immune Mediated

Alloimmune—Rh, ABO, other red cell antigens
T activation
Maternal autoimmune hemolytic disease

Red Cell Enzyme Deficiencies

Glucose-6-phosphate dehydrogenase deficiency
Pyruvate kinase deficiency
Other red cell enzyme deficiencies

Red Cell Membrane Defects

Hereditary spherocytosis
Hereditary elliptocytosis
Hereditary pyropoikilocytosis

Disorders of Hemoglobin Synthesis

Homozygous alpha thalassemia
Hemoglobin H disease

Other Causes of Hemolytic Disease

Infections—malaria, bacterial, congenital viral infections
Microangiopathic—DIC, hemangiomas
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response, which is marked by the rapid production of
large amounts of anti-D IgG antibody. Primary sensiti-
zation has been reported in 80% of individuals injected
with 0.5 mL of Rh-positive cells; secondary immune res-
ponses may occur with as little as 0.03 mL of Rh-
positive cells. In the absence of Rh immunoglobulin
prophylaxis, sensitization occurs in 7% to 16% of
women at risk within 6 months after delivery of the 
first Rh-positive ABO-compatible fetus and in 2% after
delivery of an ABO-incompatible fetus. Fetomaternal
ABO incompatibility offers some protection against
primary Rh immunization because incompatible fetal
red cells are destroyed rapidly by maternal anti-A and
anti-B antibodies, reducing the maternal exposure to 
Rh D antigenic sites. However, ABO incompatibility
confers no protection against the secondary immune
response once sensitization has occurred. It is not clear
why many women at risk for sensitization do not appear
to become alloimmunized.

Hemolysis

Although Rh antigens are found on fetal cells as
early as the seventh week of gestation, the active trans-
port of IgG across the placenta is slow until 24 weeks
of gestation. The binding of transplacentally transferred
maternal anti-D IgG antibodies to D-antigen sites on
the fetal red cell membrane is followed by adherence of
the coated red cells to the Fc receptors of macrophages
with rosette formation, leading to extravascular non–
complement-mediated phagocytosis and lysis, predomi-
nantly in the spleen. The degree of hemolysis may be
influenced by the functional immaturity of the fetal
reticuloendothelial system before 20 weeks of gestation,
maternal IgG levels, the IgG subclass, and the rate of
transplacental transfer. Antibodies of the IgG1 and
IgG3 subclasses, often produced in Rh alloimmuniza-
tion, have a high affinity for Fcg receptors and are asso-
ciated with severe disease.

Fetal anemia secondary to hemolysis results in
increased fetal erythropoietin levels and a striking
increase in erythropoiesis, associated with marked
extramedullary hematopoiesis in the liver, spleen,
adrenal glands, and placenta. Down-modulation of
platelet and neutrophil production may occur. Exten-
sive extramedullary hemopoiesis in the liver and spleen
leads to portal and umbilical venous hypertension, and
this may result in ascites and pleural effusions, with
compression of the developing lung and ensuing 
pulmonary hypoplasia. Trophoblastic hypertrophy 
and placental edema cause impaired placental func-
tion. Hypoproteinemia due to liver dysfunction results
in generalized edema. “Hydrops fetalis,” a state of
anasarca, is the end result of a combination of anemia,

cardiac failure, hypoproteinemia, increased capillary
permeability, and impaired lymphatic clearance (Phibbs
1998). Before the institution of intrauterine transfu-
sions, most of these fetuses died in utero or soon after
birth.

Although fetal bilirubin levels are elevated second-
ary to hemolysis, the placenta effectively transports
most of the lipid soluble unconjugated fetal bilirubin, so
the infant is not clinically jaundiced at birth. At birth,
the newborn infant’s immature liver is incapable of 
handling the large bilirubin load that results from the
ongoing destruction of antibody-coated neonatal red
cells and unconjugated bilirubin levels rise.

Some infants with hemolytic disease develop anemia
beyond the immediate neonatal period lasting up to 
8 to 12 weeks of age. Delayed anemia is partly due 
to continuing hemolysis because of persistence of
maternal antibodies and partly due to the natural
decline in red cell production after birth.

Clinical Features

Anemia, jaundice, and hepatosplenomegaly are the
hallmarks of alloimmune HDN, but there may be wide
variation in the clinical spectrum. The severity of Rh
HDN either remains the same or worsens in subsequent
affected pregnancies.

Half of the infants with Rh HDN have very mild
disease, with cord blood hemoglobin levels only slightly
lower than normal; about 25% of affected infants are
born at term with moderate anemia and develop severe
jaundice. In the days before intrauterine intervention,
hydrops developed in utero in the remaining one-
quarter with half becoming hydropic before 34 weeks
gestation. Hydrops recurs in 90% of affected pregnan-
cies, often at an earlier gestation. Hemoglobin values
may continue to fall after birth in all affected infants,
with hemolysis continuing until all incompatible red
cells and/or circulating maternal alloantibody are elim-
inated from the circulation.

Most infants with hemolytic disease are not jaun-
diced at birth. The umbilical cord and vernix caseosa
may be stained with bilirubin from the amniotic fluid in
severely affected infants. Clinical icterus usually devel-
ops during the first day of life, often in the first few hours
of life in such infants, progressing in a cephalopedal
direction with rising bilirubin levels. In patients with
mild disease, the serum indirect bilirubin parallels phys-
iological jaundice in the newborn, peaking by the fourth
or fifth day and then declining slowly. Premature infants
may have greater levels of serum bilirubin due to lower
activity of hepatic glucuronyl transferase activity.

Hepatosplenomegaly is usually present, with marked
enlargement being seen in newborn infants with hy-
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drops. Infants with hydrops fetalis also have peripheral
edema, ascites, pleural and pericardial effusions often
complicating respiratory distress due to surfactant 
deficiency. Purpura associated with thrombocytopenia is
sometimes seen in severely affected infants and may 
be a bad prognostic sign. The placenta is thickened,
enlarged, and pale.

Infants who have received intrauterine transfusions
may still have significant hepatosplenomegaly and
anemia and may develop hyperbilirubinemia. In a ret-
rospective review of the outcome of 75 newborn infants
born alive after fetal intravascular transfusions for
severe blood group antagonism, Janssens et al. (1997)
found that all 75 needed exchange transfusions after
birth, 72 of the 75 neonates needed erythrocyte trans-
fusions (range 1 to 9), and 73 required photother-
apy (range 1 to 8 days) for hyperbilirubinemia. A 
positive correlation was noted between the number of
intrauterine transfusions and the number of erythrocyte
transfusions required after delivery, probably secondary
to the sustained suppression of fetal erythropoiesis 
by the fetal intrauterine transfusions, but intrauterine
transfusions led to a decrease in the number of
exchange transfusions.

Laboratory Diagnosis

See Laboratory Diagnosis in Alloimmune Hemolytic
Disease.

ABO HEMOLYTIC DISEASE

ABO HDN is limited to mothers who are blood
group type O and whose babies are group A or B. ABO
HDN is much more common than Rh HDN but is
usually milder and rarely responsible for fetal deaths
(Table 18.2). A higher incidence and greater severity is
reported in Southeast Asians, Latin Americans, Arabs,
South African and American Blacks.

Pathogenesis

Unlike Rh disease, ABO HDN may affect the first-
born ABO-incompatible infant since anti-A and anti-B
antibodies are present normally in Group O adults.
These naturally occuring antibodies are probably sec-
ondary to sensitization against A or B antigens in food
or bacteria. Although ABO incompatibilty is estimated
to be present in about 15% of O group pregnancies,
ABO hemolytic disease occurs only in about 3% of all
births. The low incidence of ABO HDN may be due to
the fact that most anti-A and anti-B antibodies are of
the IgM type and do not cross the placenta, with only a
a small proportion of Group O individuals producing
anti-A and anti-B antibodies of the IgG type capable of
crossing the placenta. The severity of the disease in the
infant may relate in part to the level of anti-A or anti-
B IgG in the mother and the IgG subclass. IgG2, a sig-
nificant component of anti-A and anti-B antibody, is
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TABLE 18.2 Comparison of Rh and ABO Incompatibility

Rh ABO

Blood Groups
Mother Negative O
Infant Positive A or B
Type of antibody IgG1 and /or IgG3 IgG2
Clinical aspects
Occurence in first-born child <5% 40% to 50%
Predictable severity in subsequent Usually No

pregnancies
Stillbirth and/or hydrops Frequent Rare
Severe anemia Frequent Rare
Degree of jaundice +++ +
Hepatosplenomegaly +++ +
Laboratory Findings
Maternal antibodies Always present Not clear cut
Direct antiglobulin test infant ++ +
Peripheral blood picture Nucleated red blood cells Microspherocytes

Treatment
Antenatal measures Yes Not indicated
Exchange transfusion frequency Approximately two-thirds Rare
Donor blood type Rh-negative, group specific Group O only

when possible

Incidence of late anemia Common Rare

Modified from Ramasethu 2002, with permission.
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transported less readily across the placenta compared
to IgG1 or IgG3, and is a less-efficient mediator of
macrophage-induced red cell clerance. In addition,
there are only a small number of fully developed A or
B antigen sites on fetal and neonatal RBCs. The effect
of anti-A and anti-B antibodies on red cells is also
diluted by other tissues bearing these surface antigens.
The incidence and severity of hyperbilirubinemia in
ABO incompatible neonates in certain populations may
be increased by the presence of a variant UDP glu-
curonyltransferase gene promoter (Kaplan et al. 2000).

Clinical Features

Early neonatal jaundice, becoming clinically visible
before 36 hours of age, is usually seen, but milder cases
may be indistinguishable from physiological jaundice.
Hepatosplenomegaly is not marked but may be detected
on careful examination in neonates with moderate and
severe disease. Severe fetal anemia and hydrops is very
rare (McDonell et al. 1998). ABO hemolytic disease has
been reported to recur in subsequent pregnancies, but
the recurrence is not as predictable in its severity as is Rh
HDN. A recurrence rate of 88% has been reported in
subsequent pregnancies (with the same blood type as the
index baby), with 62% of the affected infants requiring
therapy (Katz et al. 1982).

Laboratory Diagnosis

See Laboratory Diagnosis in Alloimmune Hemolytic
Disease.

HEMOLYTIC DISEASE DUE TO
OTHER RED CELL ANTIBODIES

Antenatal screening programs detect clinically sig-
nificant antibodies in 0.24% to 1% of pregnant women.
When D and ABO are excluded, non-D Rh antibodies
and those belonging to the Kell, Duffy, Kidd, and MNS
systems are most frequently involved. Anti-c, anti-Kell,
and anti-E may cause HDN as severe as that seen in
anti-D HDN.

Kell hemolytic disease accounts for 10% of the cases
of antibody-mediated severe fetal anemia. The Kell
blood group system is composed of at least 24 discrete
antigens. The Kell antigen (also called KEL1 or K1) is
expressed in only about 10% of individuals. Alloimmu-
nization in Kell-negative women is more often the result
of blood transfusion rather than sensitization by 
fetomaternal hemorrhage from a Kell-positive fetus
(Bowman et al. 1992). Kell hemolytic disease is rare in
alloimmunized pregnancies because fetal anemia due to

transplacentally transmitted antibodies can occur only
in a Kell-positive fetus. The partners of Kell-negative
women are likely to be Kell-positive only in 10% of
pregnancies, and only half of these pregnancies are
likely to be incompatible because of paternal heterozy-
gosity. Therefore, only 2.5% to 10% of Kell immunized
pregnancies end in the delivery of affected infants, with
about half the infants requiring intervention. However,
anemia in infants with Kell HDN may be more severe
than expected and disproportionate to the degree of
hemolysis, because of suppression of erythropoiesis at
the progenitor cell level by anti-Kell antibodies
(Vaughan et al. 1998). Frank hydrops has been
described with Kell HDN.

Laboratory Diagnosis in Alloimmune
Hemolytic Disease

Maternal Testing 

Antenatal Serology

The aim of antenatal serological testing is to identify
maternal alloimmunization and to determine the risk to
the fetus from alloimmune hemolytic disease. Antena-
tal testing is not usually indicated for ABO hemolytic
disease.

Every obstetrical patient should have ABO and
Rh(D) typing and be tested for irregular serum anti-
bodies, irrespective of Rh type, at the initial prenatal
visit, preferably by 12 to 16 weeks gestation. Women
who initially test as Rh-negative should be tested for the
weak-D phenotype, also termed as Du or D+w. Screen-
ing tests should include a 37°C incubation phase and the
use of anti-IgG (Coombs’ reagent, indirect antiglobulin
test). Tests with enzyme-treated red cells or polyspecific
antiglobulin sera are not recommended since they 
may detect clinically insignificant antibodies. Antibody
screening is repeated at 28 to 30 weeks gestation in 
Rh-negative women before the administration of Rh
immunoglobulin.

Identification of positive red cell antibody screens in
pregant women should be followed by determination of
the specific antibody and the clinical significance of the
identified antibody. The presence of an irregular anti-
body does not always connote that HDN will occur.
The fetus may not have the antigen corresponding to
the maternal antibody and not all antibodies cross the
placenta.

Once identified, antibody quantification is usually
performed by titration using the indirect antiglobulin
test, with different laboratories establishing “critical
titers.” These vary from eight to 32 for Rh-D antibod-
ies. A weakly reactive anti-D (titer of four or less) 
may be demonstrated in women who have received 
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antenatal Rh Immunoglobulin and should not be mis-
taken for sensitization.The trend in sequential antibody
levels, together with the previous obstetrical history, is
considered more important than any isolated level in
predicting disease severity. Serological tests in alloim-
munized women may be measured every 2 to 4 weeks
from 18 weeks gestation, with rapidly rising levels or a
critical titer or level dictating further investigation.
Specimens are frozen and successive titrations per-
formed using the same methods (AABB 2002). The sig-
nificance of titer levels for antibodies other than D have
not been defined. Maternal anti-Kell titers in particular
correlate poorly with fetal outcome.

Quantification of the concentration of anti-D is
carried out in some countries using an AutoAnalyzer;
anti-D concentrations below 4 IU/mL are considered 
to be benign whereas concentrations exceeding 15 IU/
mL are associated with moderate to severe hemoly-
tic disease. AutoAnalyzer quantification of anti-c anti-
bodies is also available. Enzyme-linked immunosorbent
assays and flow cytometric methods with the additional
advantage of measuring IgG subclasses may be per-
formed in serological reference laboratories but are not
yet widely used in clinical practice (Engelfriet and
Reesink 1995).

Functional cellular assays measure the ability of
maternal antibodies to cause red cell destruction and
may be useful in predicting the severity of HDN or in
special circumstances, for example, if in a previous 
pregnancy the severity of HDN was much worse than
expected from the anti-D titre. In these assays, RBCs
sensitized with maternal antibodies are incubated with
effector cells carrying Fcg receptors, such as lympho-
cytes or monocytes. Cellular interaction such as binding,
phagocytosis, or cytotoxic lysis may be measured by
monocyte monolayer assay, chemiluminescence tests or
by antibody-dependent cellular cytotoxicity assay.

Testing for Fetomaternal Hemorrhage

Testing for fetomaternal hemorrhage is performed in
all unsensitized Rh-negative women approximately one
hour after delivery of an Rh-positive baby to determine
the dose of Rh immunoglobulin necessary to prevent
isoimmunization. The standard 300 mg dose of RhIG
affords protection against 30 mL of Rh-positive blood.
However, fetomaternal hemorrhage in excess of 30 mL
may occur in women without predisposing risk factors.
Testing for fetomaternal hemorrhage is also indicated
during the antenatal period, after 20 weeks gestation, if
clinical circumstances suggest the possibility of exces-
sive transplacental hemorrhage, for example, abdominal
trauma or abruptio placentae. A rosette test or an
enzyme-linked antiglobulin test may be used as a

screening test for excessive fetomaternal hemorrhage 
at delivery (AABB 2002). If the rosette test is positive,
the number of fetal red cells should be determined. The
Kleihauer-Betke test, the standard test in use in most
laboratories, permits quantification of fetal hemoglobin-
containing red cells in a maternal blood sample.The test
is based on the resistance of fetal hemoglobin to acid
elution, unlike adult hemoglobin. A smear of a sample
of maternal blood is exposed to acid buffer and then
counterstained to expose the dark red fetal RBCs
against the light pink to white nonstained maternal
“ghost” cells. The volume of fetomaternal hemorrhage
is calculated by counting the ratio of fetal to adult cells.
The manual performance and interpretation of the test
make the reliability of the Kleihauer-Betke test subject
to the experience of the personnel performing the test.
False-positive results may be obtained in conditions that
are associated with increased fetal hemoglobin such as
hereditary persistance of fetal hemoglobin, sickle cell
disease and trait, and other hemoglobinopathies. Flow
cytometric methods offer increased accuracy and relia-
bility (Bromilow and Duguid 1997).

Fetal Testing

Determination of Fetal Blood Type

The child of an Rh-negative mother and a heterozy-
gous Rh-positive father has a 50% chance of being Rh-
negative, and thus being unaffected by prior maternal
Rh alloimmunization. When the father is heterozygous,
or when paternal zygosity is unknown, the determina-
tion of fetal blood type early in pregnancy allows the
early institution of monitoring and therapy in RhD-
positive fetuses who are at risk, and the avoidance of
invasive procedures if the fetus is Rh-negative. Fetal
blood sampling for serological blood typing is asssoci-
ated with a 40% risk of fetomaternal hemorrhage and
worsening maternal sensitization and up to 2% risk of
fetal loss. RhD-positive fetal cells may be detected
rapidly in chorionic villus samples by flow cytometry,
but chorionic villus sampling may also increase sensiti-
zation. The fetal RhD genotype may be determined
from fetal cells obtained by chorionic villus sampling or
amniocentesis. Recently noninvasive methods of prena-
tal diagnosis have been refined to the extent that the
fetal Rh-D status may be determined from fetal cells
isolated from the maternal blood and even by using
fetal DNA extracted from maternal plasma early in the
second trimester of pregnancy.

Testing for fetal genotype may rarely not be concor-
dant with fetal phenotype (expression of the RhD
antigen on the fetal red cells as determined by serol-
ogy). These inconsistencies may be due to rearrange-
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ment in the paternal RhD gene locus or the presence of
an RhD pseudogene, which would test positive by geno-
type, but negative by serology. Testing of paternal and
maternal samples will help rule out potential errors
(Moise 2002).

Prenatal determination of the Kell genotype, neces-
sary for analyzing the possible risk to the fetus in Kell
alloimmunization, may be performed either by flow
cytometry or by DNA amplification of fetal tissue
obtained by chorionic villus sampling or from amnio-
cytes. Antenatal testing is not indicated for ABO HDN.

Amniotic Fluid Spectrophotometry

Elevations of optical density at 450 nm (DOD450) on
spectrophotometric analysis of amniotic fluid reflect the
concentration of amniotic fluid bilirubin derived from
fetal tracheal and pulmonary secretions. The change in
optical density is quantified by measuring the elevation
of the optical density at 450 nm above a line connecting
the optical density values obtained at 375 and 550 nm,
and then plotted against gestational age. Contamination
of amniotic fluid samples with blood or meconium make
DOD450 readings impossible. Liley, in 1965, defined three
zones, with readings in zone one, the lowest zone indi-
cating mild or no hemolytic disease with a 10% risk of
needing a postnatal exchange transfusion, zone two
indicating moderate disease and zone three, the upper
zone, indicating severe fetal disease with hydrops or
impending fetal death. Serial determinations of DOD450

can achieve a sensitivity of 95% in detecting the sever-
ity of fetal anemia in the third trimester of pregnancy
but are unreliable during the second trimester. Modifi-
cations of the Liley zones before 27 weeks gestation
may help to determine if fetal blood sampling is indi-
cated for definitive diagnosis and treatment (Queenan
et al. 1993).

Ultrasonography

Ultrasonography is noninvasive, can be performed
serially, and may be combined with other diagnostic
studies to assess the fetal condition, estimate the need
for further aggressive management, and obtain a bio-
physical profle of the fetus to determine fetal well-
being. Hepatosplenomegaly, ascites, edema, or frank
hydrops can be detected. In the absence of hydrops,
ultrasonographical parameters such as intra- and extra-
hepatic vein diameters, abdominal and head circum-
ference, head/abdominal circumference ratio, and
intraperitoneal volume have been unreliable in distin-
guishing mild from severe fetal anemia. Doppler moni-
toring of flow velocity indices in the fetal middle
cerebral artery is more accurate in predicting fetal

anemia up to 35 weeks gestation and is replacing
DOD450 determinations for fetal surveillance (Mari et al.
2002).

Percutaneous Umbilical Blood Sampling

Percutaneous umbilical blood sampling (PUBS)
allows direct measurement of blood indices to evaluate
the severity of fetal hemolytic disease as early as 17 to
18 weeks gestation. Indications for PUBS in alloimmu-
nized pregnancies include fetal Rh typing, DOD450 meas-
urement in Liley zone three or rising through zone two,
when an anterior placenta precludes amniocentesis in a
fetus where maternal history or antibody titers indicate
high fetal risk or ultasonographical evidence of severe
anemia or early or frank hydrops (Moise 2002). High-
resolution, real-time ultrasound scanning with a linear
or curvilinear transducer is used to locate the umbilical
cord insertion site on the placenta, and the umbilical
vein (umbilical artery occasionally) is punctured 1 to 
2 cm from the placental insertion using a 20- to 25-gauge
10- to 16-cm spinal needle. Temporary fetal muscle
relaxation may be induced to prevent displacement of
the needle by intravenous or intramuscular pancuro-
nium or vecuronium. Specimens of fetal blood are
obtained for direct measurement of complete blood
count, reticulocyte count, red cell antigen phenotyping,
direct antiglobulin test, bilirubin, blood gases, and
lactate to assess acid-base status. To exclude maternal
blood contamination, fetal blood should be examined
using a number of fetal-specific markers, such as red cell
size, hemoglobin F, and/or expression of the “i” red cell
antigen (Forestier et al. 1988).

For a woman with a previous alloimmunized preg-
nancy, umbilical blood sampling with transfusion should
be timed 10 weeks before the time of the earliest pre-
vious fetal or neonatal death, fetal transfusion, or birth
of a severely affected baby, but not before 18 weeks ges-
tation unless hydrops is evident. Defined management
protocols can reduce the need for multiple invasive pro-
cedures while providing specific information about fetal
status. Fetal blood samples with reticulocyte counts
>97.5 percentile for gestation, a strongly positive direct
antiglobulin test, or anemia predict fetuses at high risk
of having significant antenatal anemia, thus requiring
frequent ultasonographical monitoring and repeated
cordocentesis at 1- to 2-week intervals to determine 
if intrauterine transfusion is warranted. Complica-
tions of fetal blood sampling include fetal loss with 
procedure-related rates ranging from 0% to 4.9%,
umbilical cord bleeding, fetal bradycardia, chorioam-
nionitis, and a significant risk of fetomaternal hemor-
rhage with anamnestic maternal sensitization (Ghidini
et al. 1993).
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Neonatal Testing

A sample of cord blood should be collected at the
time of delivery from all newborns. However, specific
testing of cord blood samples is performed only if the
mother is Rh-negative, or when the maternal serum
contains red cell alloantibodies of potential clinical sig-
nificance, or if the neonate develops signs of hemolytic
disease. Tests should include ABO and Rh typing and a
direct antiglobulin test (DAT). Occasionally, high titers
of maternal antibody may block Rh antigenic sites on
the neonatal red cells, leading to false-negative Rh
typing.

Although the DAT is usually positive in all forms of
alloimmune HDN, it cannot reliably predict the degree
of clinical severity. This is especially true for cases due
to ABO sensitization. The cord blood DAT may be only
weakly positive in ABO disease, because the A and B
antigenic sites are weak on neonatal RBC membranes
and very little anti-A or anti-B antibody is attached to
the cells. Gel tests are more sensitive than formerly used
procedures. In ABO incompatible infants who are
DAT-negative, other causes of hemolysis may be
present and should be pursued (Herschel et al. 2002a
and b).The DAT may be negative in neonates who have
received multiple intrauterine transfusions, since most
of their circulating red cells are transfused antigen-
negative cells, but the indirect antiglobulin test will be
strongly positive. A weakly positive DAT may be
present at birth in infants of mothers who have received
antepartum RhIG. Contamination of the cord blood
sample with Wharton’s jelly during collection can also
result in a false-positive DAT result. If the DAT is pos-
itive and the maternal antibody screen is negative, HDN
may be caused by ABO incompatibility, or by antibody
directed against a low incidence antigen, not present on
reagent cells (AABB, 2002).

Antibody elution tests to determine the specificity of
maternal antibody attached to the infants red cells may
be useful when several antibodies are present in the
maternal serum, or when the maternal antibody screen
is negative.

Measurements of cord blood hemoglobin and indi-
rect bilirubin reflect disease severity in Rh HDN. Cord
hemoglobin levels of less than 11 g/dL and/or a cord
indirect bilirubin levels greater than 4.5 to 5 mg/dL indi-
cate severe HDN, which often necessitates an early
exchange transfusion. Early exchange transfusion may
also be indicated if the rate of rise of serum bilirubin,
measured every 4 to 6 hours, exceeds 0.5 mg/dL per
hour.

The reticulocyte count is usually more than 6% and
may approach 30% to 40% in severe Rh disease. Low
reticulocyte counts, disproportionate to the low hemat-

ocrit, may be noted in Kell HDN. Neonates who have
received multiple intrauterine transfusions also have
very low reticulocyte counts at birth.

The peripheral blood smear in Rh HDN is charac-
terized by increased nucleated RBC counts, polychro-
masia, and anisocytosis. Severely affected infants may
develop thrombocytopenia with platelet counts below
30,000/mL. The peripheral blood smear in ABO HDN
is marked by the presence of microspherocytes.
Increased osmotic fragility and autohemolysis, similar
to herditary spherocytosis, may be demonstrated in
ABO HDN, but unlike hereditary spherocytosis, the
autohemolysis in ABO HDN is not corrected by the
addition of glucose. These tests are usually not neces-
sary to diagnose ABO HDN.

Hypoglycemia, secondary to hyperinsulinemia, is
also seen in severely affected infants. Arterial blood gas
analysis may reveal metabolic acidosis and/or respira-
tory decompensation. Hypoalbuminemia is often
present. Cardiomegaly and pleural and pericardial effu-
sions may be evident on radiological investigation.
Cardiac hypertrophy with disproportionate septal
hypertrophy has been noted by echocardiography in
severely affected infants.

Infants who have received intrauterine transfusions
may have mild or moderate anemia at birth with rela-
tive reticulocytopenia.

T ACTIVATION

T activation is a form of polyagglutination charac-
terized by alteration of the red cell membrane in certain
pathological states, resulting in agglutination and
hemolysis of such altered cells in the presence of most
ABO-compatible adult plasma (Ramasethu and Luban
2001). T activation is reported in 11% to 27% of infants
with necrotizing enterocolitis (NEC), a serious gas-
trointestinal condition afflicting preterm neonates in the
intensive care unit.

Pathogenesis

The enzymatic action of bacterial neuraminidases
alters red cell membrane structure by removal of N-
acetyl neuraminic acid residues from the normally disia-
lylated tetrasaccharides of the MN, Ss, and other RBC
membrane sialoglycoproteins. This exposes the nor-
mally masked beta-linked galactosyl residue, the T
cryptantigen. The unmasked antigen binds to anti-T
IgM antibodies normally present in adult sera but
absent in neonatal blood, leading to intravascular
hemolysis that is sometimes severe and occasionally
fatal. It is postulated that in preterm infants with NEC,
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T activation is caused by exposure of neonatal red cells
to bacterial neuraminidases released locally from devi-
talized bowel. Although there are reports of anerobic
infection, particularly clostridial infection, associated
with NEC and T activation, this is not always clearly
established. In some patients, bacterial hemolysins and
disseminated intravascular coagulation (DIC) may also
contribute to hemolysis.

Clinical Features

T activation has been reported mainly in newborn
infants with NEC but may also be seen in clinically
septic infants with other surgical problems. The clinical
signs of NEC are abdominal distension, feeding intol-
erance, occult or gross blood in the stools, together with
systemic signs ranging from temperature instability and
lethargy to shock and collapse. Many authors have
noted a strong association between T activation and the
severity of NEC, particularly with intestinal perforation
and gangrene.

T activation should be suspected in neonates at risk
who have evidence of intravascular hemolysis with
hemoglobinuria and hemoglobinemia following trans-
fusion of blood products, or unexplained failure to
achieve the expected posttransfusion hematocrit 
increment.

Laboratory Diagnosis

There is substantial variation in the management of
T activation in centers around the world, with some
centers screening all infants with NEC for this condi-
tion, others testing only in cases with hemolysis, and
others not testing for T activation at all. Polyagglutina-
tion will not be detected by routine crossmatching 
techniques when monoclonal ABO antiserum is used.
Discrepancies in forward and reverse blood grouping
and evidence of hemolysis on smear may indicate T
antigen activation in infants at risk.The diagnosis is con-
firmed by specific agglutination tests using peanut lectin
Arachis hypogea and Glycine soja.

AUTOIMMUNE HEMOLYTIC DISEASE

IgG antibodies may cross the placenta in women with
autoimmune hemolytic disease and occasionally cause
hemolytic jaundice in the neonate, similar to allo-
immune HDN. Maternal systemic lupus erythematosus
is often implicated. Autoantibodies developing de novo
in newborn infants and causing hemolysis are extremely
rare.

RED CELL ENZYME DEFICIENCIES

Glucose-6-Phosphate Dehydrogenase
Deficiency

Glucose-6-phosphate dehydrogenase (G6PD) defi-
ciency is the most common inherited enzyme defect 
and may be responsible for almost half the morbidity
and mortality associated with neonatal jaundice 
globally (Kaplan and Hammerman 2002). Although
G6PD deficiency is most prevalent in Africa, Southeast
Asia, and the Mediterranean region, immigration 
making this condition universal. There are numerous
variants of the enzyme, but only few (A-, Mediter-
ranean) are associated with acute hemolysis and neona-
tal jaundice.

Genetics

The G6PD gene has been localized to Xq28. G6PD
deficiency is an X-linked disorder predominantly affect-
ing male children. Heterozygotic females may have a
normal or a deficient enzyme in a cell, since only one X
chromosome is active in any given cell (Lyon hypothe-
sis), and hence, the overall G6PD activity may be
normal or reduced to a greater or lesser extent, depend-
ing on the degree of lyonization.

Pathogenesis

The major function of G6PD is to protect the cell
from oxidative damage. G6PD catalyses the first step of
the hexose monophosphate shunt (HMP) that converts
nicotinamide adenine dinucleotide phosphate (NADP)
to its reduced form NADPH, which is necessary for the
regeneration of reduced glutathione, which has a criti-
cal role in neutralizing oxidizing agents. G6PD is
present in all cells in the body, but red cells are the most
vulnerable to oxidative damage because the HMP shunt
is their only source of NADPH. Oxidation of sulfhydryl
groups of hemoglobin produces intracellular precipi-
tates called Heinz bodies, which attach to and damage
the red cell membrane, making it more susceptible to
opsonization by the reticuloendothelial system. In addi-
tion, G6PD-deficient red cells undergo peroxidation of
membrane phospholipids and oxidative crosslinking of
spectrin, decreasing RBC deformability, resulting in
splenic trapping and destruction.

Clinical Features

There is a higher incidence of neonatal hyperbiliru-
binemia in populations with G6PD deficiency than in
populations with normal G6PD levels. There are two
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common clinical presentations of G6PD deficiency in
neonates, a severe acute hemolytic anemia accompa-
nied by severe jaundice, or a more gradual onset of 
significant jaundice without severe anemia. The acute
hemolytic anemia syndrome has been associated with
hydrops fetalis or severe neonatal anemia. An oxidant
stress such as maternal ingestion of fava beans, ascorbic
acid, or sulpha drugs may be elicited, but in many cases
there appears to be no definite trigger. Serum bilirubin
levels may rise rapidly despite phototherapy. In other
G6PD-deficient infants, jaundice appears on the second
or third day and rises more gradually to peak on the
fourth or fifth day, sometimes at extremely high and
dangerous levels. Jaundice in these cases may be out of
proportion to the anemia, suggesting a hepatic compo-
nent to the illness.

Laboratory Diagnosis

Erythrocyte morphology is relatively normal. Aniso-
cytosis, reticulocytosis, poikilocytosis, and bite cells may
be present. Heinz bodies may be detected by supravital
staining but are often cleared rapidly from the circula-
tion. The definitive diagnosis is made by quantitating
G6PD activity in red cells using spectrophotometric
measurement of the reduction of NADP to NADPH.
Semiquantitative methods used in neonatal screening
indirectly measure G6PD activity by changes in color or
fluoresence resulting from the activity of NADPH.
False-negative results may be obtained in heterozygous
females or in infants with acute hemolysis in whom
older, more G6PD-deficient cells have been destroyed,
and younger reticulocytes with adequate enzyme levels
are in circulation.

Pyruvate Kinase Deficiency

Pyruvate kinase (PK) deficiency is the most frequent
enzyme abnormality of the Embden-Meyerhof
pathway, causing hereditary nonspherocytic hemolytic
anemia.

Genetics

The gene encoding for PK (PK-LR) has been local-
ized to the long arm of chromosome 1. More than 130
different mutations have been described; 1529A and
1456T are the most common mutations in Caucasians.
The condition has a worldwide geographical distribu-
tion, most commonly in Northern European popula-
tions. PK deficiency is inherited in an autosomal
recessive manner; affected individuals are homozygous
or compound heterozygotes with two mutant alleles
(Zanella and Bianchi 2000).

Pathogenesis

PK catalyses the conversion of phosphoenolpyruvate
to pyruvate with the generation of ATP. The mechanism
of hemolysis in PK deficiency has been postulated to be
ATP depletion leading to potassium and water loss from
erythrocytes, making them less deformable, with result-
ing early destruction in the reticuloendothelial system.

Clinical Features

The degree of hemolysis varies widely, ranging from
barely detectable to life-threatening fetal and neonatal
anemia and jaundice. Hydrops fetalis has been reported.
Slight to moderate splenomegaly may be noted. Early
onset of symptoms often predicts a severe course, with
those requiring exchange transfusions in the neonatal
period often needing chronic transfusion therapy and
ultimately splenectomy.

Laboratory Diagnosis

Anemia, reticulocytosis, and unconjugated jaundice
are evident. The red cell morphology is characterized 
by normochromic, normocytic erythrocytes, with some
poikilocytosis, anisocytosis, and a variable proportion of
small densely staining spiculated cells called echino-
cytes. Definitive diagnosis is by quantitative enzymatic
assay or by identification of the gene mutation.

Other Red Cell Enzyme Deficiencies

Deficiencies of hexokinase, glucose phosphate iso-
merase, triose phosphate isomerase, phosphoglycerate
kinase, and other enzymes in red cells have been asso-
ciated with varying degrees of hemolytic aemia in the
newborn. These deficiencies are uncommon with few
case reports.

RED CELL MEMBRANE DEFECTS

Hereditary Spherocytosis

Hereditary spherocytosis (HS) is the most common
cause of nonimmune hemolytic anemia in people of
Northern European ancestry, with a prevalence of one
in 2000.

Genetics

Inheritance is autosomal dominant in 75% of cases;
25% are sporadic, and about half of these are thought
to be caused by a recessive form and the rest by spon-
taneous mutations.
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Pathogenesis

Family-specific mutations lead to combined spectrin
and ankyrin deficiency in almost half the patients; 30%
have isolated spectrin deficiency, and 20% have band 3
deficiency, with a small number of patients exhibiting
protein 4.2 deficiency. These protein defects lead to
defective vertical interactions between the red cell
protein complex membrane and lipid bilayer, leading to
increased fragility of the red cell membrane, microvesic-
ulation, loss of membrane surface area, spherocytosis,
and trapping and destruction of red cells in the reticu-
lendothelial system (Tse and Lux 1999). The clinical
severity is determined not only by the underlying
defect, but also by evolving splenic function and com-
pensatory increase in erythropoiesis, which compen-
sates for the ongoing hemolysis. It has been proposed
that anemia is aggravated soon after birth because of
increased splenic microvascular filtration combined
with the expected decrease in erythropoiesis that occurs
at birth.

Clinical Features

Most newborn infants with HS have normal hemo-
globin levels at birth, which then decreases sharply over
the next 20 days, leading to transient and sometimes
severe anemia (Delhommeau et al. 2000). Pallor,
dyspnea, or both may be seen. Significant hyperbiliru-
binemia develops in most infants. Splenomegaly may be
noted within the first 6 weeks. Very severe cases,
including hydrops fetalis, have been reported. A family
history of anemia, jaundice, splenectomy, or gall stones
may be present.

Laboratory Diagnosis

Spherocytes lacking central pallor are pathogno-
monic for HS, but the numbers of spherocytes may vary.
Increased osmotic fragility may be detected in most, but
not all patients. Incubation at 37°C for 24 hours inten-
sifies osmotic fragility, and the incubated osmotic
fragility test is the procedure of choice in neonates. The
autohemolysis test and acidified glycerol lysis test are
unreliable in the newborn. Structural and functional
studies of red cell membrane proteins or DNA analysis
may be performed, if necessary.

Hereditary Elliptocytosis/Ovalocytosis/
Pyropoikilocytosis

Hereditary elliptocytosis (HE) is common in
African-Americans and in persons of Mediterranean
ancestry. HE and hereditary pyropoikilocytosis (HPP)

are caused by mutations, which lead to failure of spec-
trin heterodimers to self associate into heterotetramers,
the basic building blocks of the RBC membrane skele-
ton network. Defects in protein 4.1 and glycophorin C
have also been described (Tse and Lux 1999).

The clinical manifestations of HE vary from asymp-
tomatic carrier status to severe hemolytic disease, with
occasional reports of hydrops fetalis.A variable number
of cigar-shaped elliptocytes may be seen in the periph-
eral circulation but are not often seen in the neonatal
period. Southeast Asian ovalocytosis is a unique form
of HE, with similar clinical presentation, and 20% to
50% of characteristic oval-shaped cells in circulation.
HPP is rare but strongly associated with HE. Parents
and siblings of children with HPP are found to have HE,
and HPP appears to evolve into HE in many children
later in life. Erythrocyte morphology in HPP is charac-
terized by microspherocytosis, pyknocytes, elliptocytes,
fragmented red cells.

DISORDERS OF HEMOGLOBIN
SYNTHESIS

Alpha Thalassemia

The alpha thalassemia (aTH) syndromes are the
most common inherited disorders of hemoglobin 
synthesis in Southeast Asia and are common in regions
of the United States with large Southeast Asian 
populations.

Genetics

aTH results from deletions or point mutations (or
both) in the one or more of the four a globin genes, nor-
mally present in pairs on chromosome 16. Individuals
with three intact alleles are clinically silent carriers,
those with two normal alleles have the aTH trait,
whereas those with one normal allele develop HbH
disease. Patients with deletion of all four alleles have
homozygous aTH also known as Bart’s hemoglo-
binopathy.When a couple are both heterozygous for the
aTH gene deletion, each pregnancy carries a 25% risk
of homozygous aTH.

Pathogenesis

Early in gestation, the production of embryonic
hemoglobins Gower and Portland protects the fetus, but
later, the absence of a-globin expression in homozygous
aTH prevents the synthesis of hemoglobin F (a2,g2) or
hemoglobin A (a2b2). Unstable Bart’s hemoglobin (g4
tetramers) produced instead has a very high oxygen
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affinity and is ineffective in oxygen transport, resulting
in tissue hypoxia, edema, congestive heart failure, and
hydrops fetalis. Destruction of abnormal red cells in the
marrow and peripheral circulation contributes to the
anemia.

Deletion of three a genes leads to HbH disease,
which is characterized by tetramers of b chains. HbH
precipitates in red cells and is cleared from the circula-
tion, leading to microcytic hemolytic anemia in the
neonatal period. The level of Hb Barts in such patients
may vary from 15% to 25%. When the switch from g to
b chains occurs at about 3 months of age, Hb Barts 
disappears and is replaced by HbH.

Clinical Features

Hydropic changes may occur as early as 12 weeks of
pregnancy but are usually detected at approximately 20
weeks in fetuses with homozygous aTH. The affected
fetus often dies in utero between 23 and 38 weeks or
soon after birth, despite resuscitative efforts. Homozy-
gous aTH was thought to be uniformly lethal in the
past, but advances in antenatal diagnosis, intrauterine
transfusions, and postnatal interventions in recent years
have led to a few survivors (Singer et al. 2000). Con-
genital urogenital and limb defects have been associ-
ated with homozygous aTH.

Infants with hemoglobin H disease may present with
significant hemolytic anemia at birth, but infants with
aTH trait are usually asymptomatic in the neonatal
period.

Laboratory Diagnosis

The hemoglobin level ranges between 3 to 10 g/dL.
The peripheral blood smear shows marked hypochro-
mia and microcytosis. DNA analysis can confirm dele-
tion of a globin genes. Hemoglobin electrophoresis
reveals very high levels of hemoglobin Barts (usually
80% to 90%) with varying levels of hemoglobin Port-
land in homozygous aTH. Neonates with HbH disease
have 25% or more of hemoglobin Barts.

OTHER CAUSES OF HEMOLYTIC
DISEASE IN NEONATES

Infections in the newborn may cause significant
hemolysis and anemia by a number of mechanisms.
Congenital malaria causes hemolysis by direct invasion
of RBCs and presents as anemia, fever, and
hepatosplenomegaly in the newborn. Severe intravas-
cular hemolysis has been decribed with clostridial 
infections, secondary to the release of hemolysins.

Bacterial neuraminidases may cause T activation and
immune-mediated hemolysis (see section on T activa-
tion). Hemolytic anemia may be seen in newborn
infants with congenital syphilis, cytomegalovirus infec-
tion, rubella, and toxoplasmosis. Microangiopathic
hemolytic anemia may be associated with DIC, a serious
complication of sepsis in neonates. Microangiopathic
hemolysis may also be seen in neonates with heman-
giomatous malformations. Kasabach-Merritt syndrome
is the association of giant hemangiomas, often located
in the gastrointestinal system, with DIC and microan-
giopathic hemolytic anemia.

Vitamin E deficiency was a common cause of
hemolytic anemia in premature infants, because of iron-
induced lipid peroxidation of red cell membranes, but
this complication is rarely seen now with adequate
nutritional support. However, infants with cystic fibro-
sis continue to be vulnerable to vitamin E deficiency,
and there are numerous case reports of hemolytic
anemia associated with vitamin E deficiency in these
infants.

THERAPY

Therapy in HDN is directed at correcting anemia in
the fetus and/or the newborn and potentially neurotoxic
hyperbilirubinemia in the newborn infant. Communica-
tion between the mother’s obstetrician, the neonatolo-
gist, and the blood bank is crucial in the care of the
infant with severe HDN since fetal interventions, early
delivery, and intensive care for the newborn may be nec-
essary. Results of antenatal monitoring and obstetrical
interventions during pregnancy, together with the
history of the outcome of previous pregnancies allow
the neonatal team to anticipate the needs of the infant
born with HDN. The management of hydrops fetalis is
particularly challenging.

Intrauterine Fetal Transfusion

Intrauterine fetal transfusions initially used to treat
severe fetal anemia associated with Rh HDN are now
also used to correct severe fetal anemia from other
causes, such as Kell HDN, or alpha thalassemia (Liley
1965; Schumacher and Moise 1996; Carr et al. 1995).
Intraperitoneal fetal transfusion was first introduced by
Liley in 1963. Absorption of red cells from the peri-
toneal cavity occurs through lymphatic channels, but
this may be ineffective in hydropic fetuses. Direct
intravascular fetal transfusion by funipuncture is the
procedure of choice at present, but intraperitoneal
transfusions may still be necessary when intravascular
access is difficult, as in early pregnancy when the umbil-
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ical vessels are narrow, or later when increased fetal size
prevents access to the umbilical cord. Other techniques
of fetal transfusion reported include intrahepatic
venous puncture, combinations of intravascular with
intraperitoneal transfusions, and even intracardiac
transfusion as a last resort.

The intravascular technique also offers precise diag-
nostic evaluation of the fetal status (see section on per-
cutaneous umbilical blood sampling).The first umbilical
blood sampling with transfusion ideally should be per-
formed when the fetus is anemic, but before hydrops has
developed. Transfusions are performed at hematocrits
of 25% to 30% or less. Generally, the hematocrit drops
by 1% to 2% per day in the transfused hydropic fetus;
the fall in hematocrit is rapid in fetuses with severe
hemolytic disease, necessitating a second transfusion
within 7 to 14 days; the interval between subse-
quent transfusions is usually 21 to 28 days.Very low pre-
transfusion fetal hematocrits, rapid large increases in
posttransfusion hematocrits, and increases in umbilical
venous pressure during intravascular transfusion are
associated with fetal death posttransfusion. Blood may
be transfused either as a direct simple intravascular
transfusion or as an intravascular exchange transfusion,
but most centers find the shorter procedure time and
technical ease of direct transfusions expedient.

The red cells selected for intrauterine transfusion
should be Group O, D-negative or negative for the
antigen corresponding to any identified maternal anti-
body. The blood should be cytomegalovirus seronega-
tive or leukodepleted, irradiated, and crossmatched
against the mother’s blood. Some centers use washed
maternal blood for repeated intrauterine transfusions,
supporting maternal erythropoiesis with iron and folate
supplemention. Blood that is washed free of the antico-
agulant citrate and other additives is recommended.The
blood should be as fresh as possible for maximal in vivo
survival, warmed, and packed to a hematocrit of 70% to
85% in a volume calculated to increase the fetal hema-
tocrit to between 40% to 45%, based on estimated fetal
placental blood volume, fetal hematocrit, and hemat-
ocrit of donor blood. A dramatic increase in hematocrit
is to be avoided in the extremely anemic fetus, since this
may be associated with changes in viscosity and cardio-
vascular decompensation. In such cases, two smaller
transfusions, 48 hours apart, may allow better fetal
adaptation. The volume of red cells to be transfused to
achieve a hematocrit increment of 10% may be roughly
estimated by multiplying estimated fetal weight in
grams (determined by ultrasound evaluation) by a
factor of 0.02 (Moise 2002). Other formulas for deter-
mining the volume have been published (AABB 2002).

The decision about the ideal time to deliver the fetus
is based on gestational age, fetal weight and lung matu-

rity, fetal response to the transfusions, and the ease of
performing the transfusion combined with the antena-
tal ultrasound and Doppler studies. Intrauterine trans-
fusions are provided up to 33 to 34 weeks, with delivery
as soon as lung maturity is achieved by antenatal steroid
therapy. Less severely affected fetuses may be allowed
to proceed to term before delivery.

Infants who have received multiple intrauterine
transfusions are delivered closer to term and usually
need fewer exchange transfusions in the neonatal
period. However, some still have significant hemolytic
anemia at birth requiring exchange transfusions and
phototherapy, and many require additional simple
transfusions for severe and prolonged hyporegenerative
anemia secondary to suppression of fetal erythropiesis
(Janssens et al. 1997). Perinatal survival rates of over
90% have been achieved with intrauterine transfusions
in nonhydropic fetuses with severe Rh hemolytic
disease. The survival rate for hydropic fetuses is lower
at 74%, despite intrauterine transfusions.

Hydrops Fetalis

In infants with hydrops, severe anemia is frequently
accompanied by perinatal asphyxia, surfactant defi-
ciency, hypoglycemia, acidosis, and thrombocytopenia.
The resuscitation and stabilization of hydropic infants is
complicated and often difficult. Prompt endotracheal
intubation, positive-pressure ventilation with oxygen,
and surfactant therapy at birth is usually essential.
Drainage of pleural effusions and ascites may be
required to facilitate gas exchange. Inotropic support is
frequently necessary. Metabolic acidosis and hypo-
glycemia require correction. A partial exchange trans-
fusion using packed cells may be performed to improve
hemoglobin levels and oxygenation; a double-volume
exchange transfusion is considered only after the initial
stabilization.

Exchange Transfusion

Indications

Exchange transfusions correct severe anemia and
decrease serum levels of potentially neurotoxic uncon-
jugated bilirubin. In addition to correcting anemia and
jaundice, in alloimmune HDN, exchange transfusions
remove free maternal antibody in the plasma and
replace a large proportion of sensitized RBCs with
antigen-negative RBCs that should have normal in vivo
survival. In infants with severe hyperbilirubinemia sec-
ondary to T activation-induced hemolysis, exchange
transfusion has been recommended to decrease biliru-
bin levels and prevent further hemolysis by replacing T-
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activated RBCs with donor cells not expressing the
cryptantigen.

“Early” exchange transfusions are performed within
9 to 12 hours of birth in infants with severe HDN.
Cord hemoglobin levels £10 g/L, cord bilirubin levels
≥5.5 mg/dL, and rapidly rising bilirubin levels ≥0.5 mg/
dL/h despite phototherapy are commonly used cri-
teria for early exchange transfusions. “Late” exchange
transfusions are performed when serum bilirubin levels
threaten to exceed 20 mg/dL in term infants with severe
HDN, the level at which the risk of kernicterus is
approximately 10%. Exchange transfusions are per-
formed at lower bilirubin levels in premature infants,
particularly those with hypoxemia, acidosis, and
hypothermia.

A partial exchange transfusion is often performed in
hydropic infants or those with severe anemia associated
with cardiac failure or volume overload. The volume of
blood required for the exchange transfusion may be cal-
culated by the following formula:

A double volume exchange transfusion

(calculated as 2 ¥ 80 - 85 mL/kg in a term newborn,
and 2 ¥ 90 - 100 mL/kg in preterm newborn)

replaces approximately 85% to 90% of the infant’s
blood volume. A single-volume exchange transfusion
replaces approximately 60% of the infant’s blood
volume. There is no advantage to performing an
exchange transfusion exceeding two blood volumes, and
similarly there is no major disadvantage in exchanging
slightly less than two blood volumes (an issue that
sometimes arises when arranging blood for exchange
transfusions in large term neonates), since it may avoid
the addition of another unit of blood and consequently
an extra donor exposure.

Although a double volume exchange transfusion
replaces 85% to 90% of the blood volume, when the
exchange transfusion is performed for severe hyper-
bilirubinemia, the drop in serum bilirubin is often 
less than 50%, because of equilibration from a tissue-
bound pool. The use of albumin before exchange 
transfusion in an effort to mobilize tissue bilirubin 
is controversial. Equilibration of extravascular and
intravascular bilirubin and continued breakdown of
sensitized and newly formed red cells by persisting
maternal antibodies results in a rebound of bilirubin fol-
lowing initial exchange transfusion, often necessitating
repeated exchange transfusions in severe hemolytic
disease.

Infants blood volume mL Desired HCT Observed HCT

HCT of donor blood Observed HCT

      

    

( ) ( )

)(

¥ -

-

Selection of Blood for Exchange Transfusion

Group O Rh-negative blood is typically used for
exchange transfusions. Blood chosen for the exchange
should be ABO compatible and negative for the antigen
responsible for the hemolytic disease in case of alloim-
mune HDN (AABB 2002). Maternal serum/plasma is
preferred for crossmatching blood for exchange transfu-
sions in alloimmune HDN because the larger volume
available for testing permits accurate determination of
the antibody,and it facilitates the crossmatching of blood
for potential exchange transfusion before the birth of a
severely affected fetus. Use of maternal serum/plasma
for crossmatching may be perplexing if the mother has
antibodies directed against antigens not present on the
infants red cells or when there are IgM antibodies. If
maternal blood is unavailable for crossmatching, the
infant’s serum/plasma or an eluate from the infant’s red
cells may be used instead. In ABO disease, the red cells
for exchange transfusion must be Group O, but may be
Rh-positive if the infant is Rh-positive.Group O red cells
resuspended in AB plasma are often used but this results
in exposure to two donors. Group O blood with low anti-
A or anti-B titers may be used instead. In Rh HDN, the
red cells must be Rh-negative but may be either Group O
or group specific. Donor blood should be screened for
hemoglobin S and G6PD deficiency in populations
endemic for these conditions.

Irradiated blood is recommended for all exchange
transfusions to prevent graft versus host disease, partic-
ularly if the neonate has received intrauterine transfu-
sions.The blood should be as fresh as possible (<7 days)
to maximize the in vivo survival of the transfused red
cells. Additive solution anticoagulants are avoided.
Citrate-phosphate-dextrose (CPD or CPDAI) blood is
used as whole blood or reconstituted whole blood (red
cells suspended in saline, albumin, or plasma). Frozen
deglycerolized red cells may be reconstituted with FFP
for rare blood types. Heparinized fresh whole blood
supplies platelets but is not readily available (Petaja et
al. 2000).

The hematocrit of the donor blood is adjusted within
the range of 45% to 60% percent, depending on the
desired end result, with the higher ranges being used for
partial exchange transfusions for correction of severe
anemia in hydropic infants.

Procedure of Exchange Transfusion

The newborn infant should be stabilized adequately
before the exchange transfusion, with appropriate cor-
rection of respiratory or metabolic complications.
Continuous cardiorespiratory monitoring during the
procedure is essential.
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Access for the exchange transfusion is usually
through umbilical arterial and venous lines, although
peripheral lines may be used if central access cannot be
obtained. Blood is warmed through a temperature-
controlled in-line blood warmer, and the exchange
transfusion performed by either a traditional push-pull
method with a single vascular access, usually the umbil-
ical vein, or by an isovolumetric method with simultane-
ous infusion of donor blood through a venous line and
removal of the infant’s blood though a central or periph-
eral arterial line (Ramasethu 2002). The isovolumetric
technique may be better tolerated in small sick preterm
neonates because there is less fluctuation of blood pres-
sure and cerebral hemodynamics. This technique is also
preferable when only peripheral access is available.

In the push-pull method, aliquots of 5 to 20 mL with
a maximum of 5 mL/kg are withdrawn and infused in
turn.The stages of withdrawing and infusing blood from
and into the infant should be done slowly, taking at least
a minute each, to avoid rapid fluctuations in arterial
pressure, which are accompanied by changes in intra-
cranial pressure. Rapid withdrawal of blood from the
umbilical vein induces a negative pressure, which may
be transmitted to the mesenteric veins and contribute
to ischemic bowel complications. When an isovolu-
metric exchange is being done, volumes to be removed/
infused should not exceed 2 mL/kg/min.

The duration of the exchange is usually one to two
hours. The blood bag should be agitated gently every 10
to 15 minutes during the procedure to prevent red cell
sedimentation, which may lead to exchange with blood
with a lower hematocrit towards the end of the trans-
fusion. Calcium supplementation during the exchange
transfusion is recommended only if there is documented
hypocalcemia or there are changes in the Q-Tc interval.
A dose of 1 mL/kg body weight of 10% calcium glu-
conate is recommended. Care should be taken to flush
the umbilical venous line with normal saline if calcium
gluconate is administered through the line, since it will
reverse the effect of anticoagulant citrate in the donor
blood and may cause clotting of the line.

Following the exchange transfusion, vital signs
should be closely monitored for at least 4 to 6 hours.
Serum ionized calcium and platelet levels should be
monitored closely in preterm or sick neonates. Serum
glucose levels should be monitored every 2 to 4 
hours for 24 hours. Intravenous drug dosages may need
to be adjusted to compensate for removal by the
exchange.

Complications of Exchange Transfusion

Potential complications of exchange transfusion are
enumerated in Table 18.3. Complications may be related

to the blood as well as to complications of vascular
access. The most common adverse effects noted during
or soon after exchange transfusions, and usually seen in
infants who are preterm and/or sick are apnea, brady-
cardia, hypocalcemia, thrombocytopenia, and vascular
spasm. Rebound hypoglycemia may occur after the
exchange in infants with severe Rh HDN who often
have hyperinsulinemia. The risk of death or permanant
serious sequelae has been estimated less than 1% in
healthy infants, but as high as 12% in sick infants,
although there may be difficulty in ascribing adverse
events to this particular procedure in infants who are
already critically ill (Jackson 1997).
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TABLE 18.3 Potential Complications of Exchange 
Transfusions in the Newborn

Cardiorespiratory

Apnea
Bradycardia
Cardiac arrhythmias
Hypotension
Hypertension

Metabolic

Hypoglycemia
Hyperglycemia
Hypocalcemia
Hyperkalemia

Hematologic

Dilutional coagulopathy
Thrombocytopenia
Neutropenia
Disseminated intravascular coagulation
Graft-versus-host disease

Vascular Catheter-Related Complications

Vasospasm
Thrombosis
Embolization
Malposition of catheter
Perforation of blood vessel

Gastrointestinal

Feeding intolerance
Necrotizing enterocolitis
Portal hypertension
Hepatic infarction/necrosis

Infection

Blood related infections—hepatitis B, C; HIV; CMV
Omphalitis
Septicemia
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Other Transfusion Support

Platelet transfusions may be required after exchange
transfusions in infants with severe HDN.

Packed red blood cell (PRBC) transfusions may be
required to correct anemia in the first few weeks of life
in infants with significant hemolysis. Most infants who
have received intrauterine transfusions for alloimmune
HDN require postnatal transfusions in early infancy,
because of persistent hemolysis and suppression of ery-
thropoiesis (Janssens et al. 1997). Care should be taken
in choosing appropriate blood even for these transfu-
sions in alloimmune HDN because of persisting mater-
nal antibodies in the neonatal circulation.

In a series of 34 infants with hereditary spherocyto-
sis, 26 (76%) required transfusions during the first year
of life, with 24 of the 26 needing the first transfusion
during the initial 2 months of life, and 14 needing 
multiple transfusions in early infancy (Delhommeau 
et al. 2000). Transfusion requirements decreased as 
compensatory erythropoiesis improved, but six of 
the infants remained transfusion dependent beyond 2 
years of age and underwent subtotal splenectomy.

Special transfusion protocols have been recom-
mended to prevent further hemolysis in infants with T
activation (Ramasethu and Luban 2001). These include
the use of washed or plasma-reduced RBCs and
platelets and the use of low anti-T titer plasma if fresh
frozen plasma is essential, although there is no clear def-
inition of what constitutes a “low titer.” Low titer has
been defined as not greater than 1 in saline, agglutina-
tion titers less than 8, or an optical density value of 0.300
at 405 nm using a hemolysis test. Donor plasma units
may be selected by using a minor crossmatch.

Phototherapy

Phototherapy decreases bilirubin levels and the risk
of bilirubin toxicity by converting lipid-soluble uncon-
jugated bilirubin to less toxic water-soluble structural
and configurational isomers, which are easily excreted,
without hepatic conjugation. Bilirubin adsorbs visible
light in the blue wavelength range of 400 to 500 nm, with
peak absorption between 450 to 460 nm. The effective-
ness of phototherapy may be influenced by the wave-
length and irradiance of light, the surface area of
exposed skin, and the duration of exposure. A number
of devices are available to deliver phototherapy (Bagchi
2002).

Intensive phototherapy has been found to effectively
reduce bilirubin levels and decrease the need for
exchange transfusions for hyperbilirubinemia in ABO
and Rh HDN. The early institution of phototherapy in
all infants with hemolytic disease may result in the

unnecessary treatment of large numbers of infants with
mild hemolytic disease whose bilirubin levels would not
have risen to nonphysiological levels even without
treatment. The American Academy of Pediatrics guide-
lines (1994) for management of hyperbilirubinemia in
healthy term newborns do not apply to neonates with
hemolytic disease who need close monitoring and initi-
ation of phototherapy at lower bilirubin levels. Early
and intensive phototherapy should be instituted in
infants with moderate or severe hemolysis or in infants
with rapidly rising bilirubin levels (>0.5 mg/dL/h). Pho-
totherapy is indicated at lower levels for preterm or sick
infants.

Erythropoietin

Recombinant human erythropoietin has been shown
to decrease the need for postnatal transfusions in 
infants with late hyporegenerative anemia of Rh
hemolytic disease, the hyporegenerative anemia noted
in neonates with Kell HDN (Dhodapkar and Blei 2001),
and even in infants with anemia due to hereditary spher-
ocytosis (Tchernia et al. 2000).

Other Treatment

Intravenous immunoglobulin has been shown in a
meta-analysis to reduce the need for exchange transfu-
sions in term and preterm infants with Rh and ABO
hemolytic disease (Alcock and Liley 2002). Selection 
of patients for intravenous immunoglobulin (IVIG)
therapy, protocols for administration, and criteria for
institution of exchange transfusions have varied among
the different studies limiting generalizability of the
results.

Sn-protoporphyrin, a potent heme oxygenase
inhibitor, has been shown to blunt the postnatal rise and
peak bilirubin levels in term newborns with ABO
hemolytic disease and in G6PD deficiency. Further doc-
umentation of safety and effectiveness of this form of
treatment is required, particularly since the relatively
benign option of phototherapy for the treatment of
neonatal hyperbilirubinemia is widely available.

In infants with alloimmune hemolytic disease, active
hemolysis ceases with the disappearance of maternal
antibody from the circulation, usually by 1 to 3 months
of age, even in the most severely affected infants. Infants
with hereditary spherocytosis may need occasionally
prolonged transfusion support and ultimately require
splenectomy to prevent further hemolysis. Homozygous
alpha thalassemia was thought to be lethal and incom-
patible with extrauterine life in the past, but intrauter-
ine transfusions have improved survival in some of 
of these infants. The survivors of such interventions 
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continue to need transfusion support, chelation therapy,
and eventual bone marrow transplantation (Singer et al.
2000).

Prevention

Transfusion of blood compatible with not only the D-
antigen but also Kell and other Rh antigens has been
advocated for premenopausal women to prevent
alloimmunization.

The use of Rh immunoglobulin (RhIg) has dramati-
caly decreased the incidence of Rh HDN. RhIg is
derived from plasma pools and is produced by immu-
nizing male plasma donors with repeated injections of
RhD-positive red cells. RhIg is postulated to prevent
sensitization to the D-antigen by attaching to D-antigen
sites on Rh-positive RBCs in the circulation and inter-
fering with the host’s primary immune response to the
foreign antigen. RhIg may also inhibit antigen induced
B-cell responsiveness by stimulating an increase in sup-
pressor T cells.

The postpartum administration of RhIg to all unsen-
sitized Rh-negative women who deliver an Rh-positive
infant decreases the incidence of Rh isoimmunization
from 12% to 13% to approximately 2%. However about
1.8% of Rh-negative women are apparently sensitized
during pregnancy from small asymptomatic transpla-
cental hemorrhages. Further reduction in the incidence
of Rh-isoimmunization to 0.1% has been achieved by
additional antepartum RhIg prophylaxis at 28 to 30
weeks gestation. Despite appropriate Rh prophylaxis,
about 0.1% of Rh-negative women may be sensitized
before 28 weeks gestation. The recommended dose of
RhIg should be administered within 72 hours of deliv-
ery of an Rh-positive fetus. If RhIg is accidentally
omitted, some protection may still be obtained with
administration up to 13 days and possibly up to 28 days
after delivery. Once alloimmunization to RhD antigen
has occurred, RhIG is ineffective.

The standard dose in the United States, 300 mg RhIg
(1500 IU), affords protection against 15 mL of Rh-
positive RBCs or 30 mL of Rh-positive whole blood
(Hartwell 1998). A smaller dose of 50 mg of RhIg is
effective until 12 weeks gestation because of the small
volume of red cells in the fetoplacental circulation. Rec-
ommendations for the routine prophylactic dose vary
around the world. Kleihauer-Betke test (to determine
the presence of fetal cells in the maternal circulation) is
recommended as routine in the postpartum period, and
antenatally if clinical circumstances suggest the possi-
bility of excessive fetomaternal hemorrhage, to deter-
mine if additional doses of RhIg are indicated. If testing
indicates the need for a large dose of RhIG (more than
five units), the entire calculated dose may be given intra-

venously using a new FDA-approved form of RhIG
(WinRhoSDF, Cangene Corp., Winnipeg, Manitoba,
Canada).

Prophylaxis similar to RhIg does not yet exist for
alloimmunization to antigens other than D. Predis-
charge bilirubin screening may help to predict which
neonates may be at risk of developing hyperbilirubine-
mia, even when no blood group incompatibility is iden-
tified. In addition, screening programs help identify
infants with G6PD deficiency, so that medications and
substances that may lead to serious hemolysis may be
avoided.
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INTRODUCTION

This chapter outlines the role of and methods for
transfusion in children with sickle cell disease (SCD)
and thalassemia. For both categories of hemoglo-
binopathies, the goals of transfusion are reviewed. A
thorough listing of appropriate indications for transfu-
sion in children with SCD is provided, and controver-
sial and nonindications for transfusion in children with
SCD are also mentioned. Methods of transfusion
therapy, including acute simple transfusion, chronic
simple transfusion, and both manual and automated red
blood cell (RBC) exchange therapy, are explained, and
formulae are provided for calculating the appropriate
transfusion and exchange RBC volumes. For both SCD
and thalassemia patients, adverse effects of transfusion
and strategies for their prevention and management are
also discussed.

SICKLE CELL DISEASE

Pathogenesis

As 8% of African-Americans are heterozygous car-
riers of hemoglobin S (HbS), one in every 300 African-
Americans has SCD. The homozygous state (HbSS),
also known as sickle cell anemia, is the most common
type of SCD in the United States; one in 600 African-
Americans has HbSS. Compound heterozygote states,
such as sickle cell/hemoglobin C (HbSC) disease,
together with the combination of HbS and b-
thalassemia (sickle cell/b-thalassemia), account for most

of the remaining African-American cases of SCD (Lane
1996; Bunn 1997).

Clinical Pathology

Patients with SCD typically have HbS levels >50%
of their total hemoglobin concentrations.This abnormal
sickle hemoglobin, when deoxygenated, forms polymers
within the erythrocyte that distort its shape and
decrease its deformability, leading to vaso-occlusion.
The vaso-occlusive events and other factors, resulting
from the polymerization of HbS, cause hemolytic
anemia in these patients and increased susceptibility to
infection, organ damage, and recurrent episodes of pain
(Lane 1996; Bunn 1997).

Role of Transfusion in Therapy

Many of the complications of SCD can be limited or
prevented by transfusion of normal, donor RBCs.
Because of the proven clinical benefits from transfusion,
there are many goals, indications, and methods for trans-
fusion in pediatric patients with SCD.

Goals of Transfusion Therapy

The goals of RBC transfusion in SCD patients are (1)
to improve oxygen-carrying capacity by increasing 
the total hemoglobin concentration; (2) to decrease
blood viscosity and improve blood flow by diluting
RBCs that contain sickle hemoglobin; and (3) to sup-
press endogenous erythropoiesis by increasing tissue
oxygenation.
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Indications for Particular Types of 
Transfusion Therapy

RBCs may be transfused to patients with SCD by
simple RBC infusion or by RBC (or partial RBC)
exchange (termed “erythrocytapheresis,” when per-
formed in an automated manner). These types of trans-
fusion may be performed either episodically (for the
relief of acute symptoms of SCD), or chronically (for
the prevention of long-term complications of SCD). See
Table 19.1 for a summary of the major clinical indica-
tions for RBC transfusion in children with SCD.

Indications for Episodic Transfusion

Acute Symptomatic Anemia

Because children with SCD have chronic anemia,
they are often asymptomatic from this anemia, despite
having very low hemoglobin levels. However, SCD
patients may become acutely symptomatic, making
simple transfusion necessary, if they experience a rapid
decrease in hemoglobin, hypoxia, or acute cardiac
decompensation.

Acute symptomatic anemia can result from bleeding,
suppression of erythropoiesis, RBC sequestration, or
increased destruction of RBCs. Pulmonary or cardiac
disease may cause acute decompensation, requiring
acute episodic RBC transfusion to increase the patient’s
hemoglobin level above his or her stable baseline
(Eckman 2001).

Acute Chest Syndrome

According to a report by the Cooperative Study of
Sickle Cell Disease (Vichinsky 2001), acute chest syn-

drome (ACS) occurs at least once in approximately
30% of patients with SCD, and half of these patients will
experience one or more recurrent episodes in their life-
times. ACS is responsible for 25% of all SCD patient
deaths. RBC transfusion therapy is critically important
in the treatment of ACS early in its course, and
exchange transfusion has been shown to result in rapid
improvement of ACS, if instituted within 48 hours after
its diagnosis.

Simple transfusion often causes improvement of
symptoms in children with ACS, especially when begun
soon after diagnosis. Therefore, in patients with less
serious pulmonary compromise, simple transfusion is
preferred.

However, for those pediatric patients with either (1)
a progressive decline in arterial oxygen pressure (PaO2

< 70 mm Hg), or (2) rapid clinical deterioration, RBC
exchange transfusion is recommended, by some 
authorities.

Cerebrovascular Accident (Stroke)

Approximately 10% of patients with SCD each year
will experience one or more cerebrovascular accidents
(strokes) (Adams 2000). The occurrence of infarctive
stroke, rather than hemorrhagic stroke, is greatest in
children with SCD. RBC exchange transfusion is often
indicated upon diagnosis of stroke, as the neurological
sequelae of strokes may be devastating. Dramatic
recovery of neurological function has been documented
after RBC exchange therapy in SCD pediatric patients
following an acute stroke.

Aplastic Crisis

Aplastic crisis, typically defined as a decrease in
hemoglobin of more than 3.0 g/dL from baseline with
concomitant reticulocytopenia, is a relatively common
occurrence in children with SCD. Aplastic crisis occurs
in SCD pediatric patients after marked suppression of
erythropoiesis for 7 to 10 days. This erythropoietic 
suppression is typically a result of infection of RBC pre-
cursors in the bone marrow by human parvovirus B19
(Wierenga et al. 2001). Because mean RBC survival
time in most SCD patients is only 12 to 15 days, the
acute and life-threatening anemia caused by human
parvovirus B19 infection necessitates acute RBC 
transfusion, in order to sustain oxygen delivery to the
tissues, until the infection subsides and the bone marrow
recovers.

In the case of aplastic crisis, simple RBC transfusion
is usually administered slowly (1 mL/kg/hr), because
these children have expanded plasma volumes due to
chronic anemia, and care must be taken to avoid volume
overload and subsequent congestive heart failure.
Partial exchange transfusion, which is performed by

210 Hillyer

TABLE 19.1 Clinical Indications for RBC Transfusion in 
Children with SCD

Type of
Transfusion Indication

Episodic Acute symptomatic anemia
Acute chest syndrome
Cerebrovascular accident (stroke)
Aplastic crisis
Acute splenic sequestration
Acute multi-organ system failure
Surgery requiring general anesthesia
Eye surgery
Bacterial or malarial infections with severe anemia

Chronic Prevention of recurrent strokes
Prevention of first stroke
Complicated pregnancy
Chronic organ failure
Frequent pain episodes

Modified from Hillyer and Hillyer 2001.
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manually removing whole blood and returning RBCs to
the patient (without replacing the plasma), is a method
that may be preferred, if congestive heart failure from
acute volume overload is of significant concern
(Eckman 2001).

Acute Splenic Sequestration

When sickled RBCs are trapped within splenic sinu-
soids, the spleen enlarges and traps circulating RBCs,
leading to increased anemia and subsequent circulatory
failure. The fatality rate from acute splenic sequestra-
tion is £10%. Simple RBC transfusion immediately
upon diagnosis has been shown to produce rapid reso-
lution of acute splenic sequestration (Emond et al.
1985).

Acute Multi-Organ System Failure

Acute multi-organ failure syndrome (AMOFS)
occurs can following episodes of severe pain crisis in
pediatric patients with SCD. AMOFS may affect the
lungs, liver, and/or kidneys. Immediate RBC transfusion
has been recommended for the treatment of AMOFS.
Clinical improvement and rapid reversal of organ dys-
function has been seen after prompt, aggressive RBC
transfusion therapy (Hassell et al. 1994).

Alternatively, simple transfusion may be ordered for
pediatric SCD patients with AMOFS who have severe
anemia and rapidly falling hemoglobin levels. RBC
exchange transfusion offers another option for those
patients with higher hemoglobin levels or more severe
manifestations of AMOFS.

Transfusion in the Peri-Operative Period

Hypoxia, volume depletion, hypotension, hypother-
mia, and acidosis are all complications surrounding the
peri-operative period that can lead to intravascular 
sickling and vascular occlusion, resulting in high rates 
of morbidity and mortality among SCD patients who
receive general anesthesia.

For pediatric patients with SCD who are to undergo
general anesthesia, simple transfusion to increase the
preoperative hemoglobin level to 10 g/dL, together 
with intra-operative or postoperative RBC transfusion
is apprapriate and appears appropriate, based on the
studies published to date (Vichinsky et al. 1995).

Although eye surgery is typically performed under
local anesthesia, the microvascular nature of the surgery
and the importance of avoiding damage to the eye
justify the use of blood transfusion in children with SCD
who undergo eye surgery. It is reasonable to follow
transfusion guidelines similar to those used for SCD
patients undergoing surgical procedures performed
under general anesthesia.

Bacterial or Malarial Infections with Severe Anemia

Bacterial and malarial infections are common
throughout the world and create life-threatening com-
plications in SCD patients. Some experts do consider it
acceptable medical practice to transfuse SCD patients
with severe anemia who have serious infections.
However, infection without concomitant anemia is not
a widely accepted indication for RBC transfusion in
SCD patients (Ohene-Frempong 2001).

Indications for Chronic Transfusion

Prevention of Recurrent Strokes

Approximately 10% of SCD patients will experience
one or more cerebrovascular accidents (strokes).
Without therapeutic intervention, strokes will recur in
more than two-thirds of these patients within 2 to 3
years. Chronic RBC transfusions provide a reduction 
of up to 90% in the risk of recurrent stroke in these
children with SCD (Adams 2000; Riddington and Wang
2002).

The chronic transfusion regimen (Cohen and Martin
2001; Ohene-Frempong et al. 1998) most often recom-
mended for prevention of recurrent stroke is as follows:

• Simple RBC transfusion every 3 to 4 weeks
• Maintain HbS at <30%
• Maintain hematocrit at £30%

The optimal duration of chronic transfusion, for pedi-
atric patients with SCD, to prevent recurrent stroke is
not known. Wang and coworkers (1991) reported that
five of 10 patients had recurrent strokes within 1 year
after discontinuation of chronic transfusions, after a
median period without recurrence (since first stroke) of
9.5 years. This rate is significantly greater than the 10%
estimated risk of recurrent stroke among patients
receiving chronic transfusion therapy (Riddington and
Wang 2002). Therefore, most centers recommend con-
tinuation of chronic transfusion therapy indefinitely to
prevent recurrent stroke.

Prevention of First Stroke

High blood flow velocity in the internal carotid and
middle cerebral arteries, detected by transcranial
Doppler ultrasonography, has been found to be predic-
tive of subsequent stroke in children with SCD (Adams
et al. 1992; Adams et al. 1997). Chronic transfusion
greatly reduced the risk of first stroke in children with
SCD who have abnormal transcranial Doppler ultra-
sonography results in the STOP trial. Because this diag-
nostic method is safe, and the prevention of stroke in
these patients can greatly reduce the morbidity and
mortality of this complication, many sickle cell centers
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have implemented regular transcranial Doppler screen-
ing and subsequent chronic transfusion in children with
SCD who have repeated high Doppler flow rates, in
order to prevent first strokes (Vichinsky et al. 2001;
Ohene-Frempong 2001).

Complicated Pregnancy

Although normal pregnancy in SCD patients is not
an indication for prophylactic transfusion (Koshy et al.
1989; Koshy 1995), certain complications of either the
pregnancy itself or the underlying disease process are
indications for simple or exchange transfusion (includ-
ing pre-eclampsia/eclampsia, twin pregnancy, previous
perinatal mortality, acute renal failure, sepsis, bac-
teremia, severe acute anemia, ACS, hypoxemia, antici-
pated surgery, and preparation for infusion of
angiographic dye). For each of these indications, simple
transfusion is most often utilized, if the patient’s hemo-
globin concentration is <5 g/dL and the reticulocyte
count is <3%.

If the patient’s hemoglobin is ≥8 to 10 g/dL, then
RBC exchange transfusion is indicated, with the goal of
a posttransfusion hemoglobin concentration of 10 g/dL
and a posttransfusion HbS of £50%.

Chronic Organ Failure

SCD patients who have renal failure develop pro-
gressive anemia, due to the resultant loss of erythro-
poietin production by the kidney (Morgan et al. 1982).
Many of these patients need regular RBC transfusions
to avoid severe symptomatic anemia. Older children
(and adults) with severe pulmonary disease may also
benefit from chronic RBC transfusion to prevent symp-
toms (Weil et al. 1993).

Frequent Pain Episodes

Patients with frequent episodes of severe pain who
are unable to engage in activities of normal daily living
may benefit from chronic RBC transfusion. The trans-
fusion programs used for stroke prevention will usually
prevent recurrent pain episodes (Miller et al. 2001).

Controversial Indications for Acute or 
Chronic Transfusion

Recurrent Acute Chest Syndrome

Recurrent episodes of ACS in SCD patients have
been associated with worsening pulmonary function
and eventually restrictive lung disease. These pul-
monary abnormalities can lead to severe pulmonary
fibrosis, pulmonary hypertension, and cor pulmonale by
the time the child reaches adulthood (Weil et al. 1993).
Some evidence suggests that the use of chronic RBC

transfusion protocols may be beneficial for certain pul-
monary and cardiac complications (Nifong and Domen
2002; Miller et al. 2001), but the use of chronic transfu-
sion to prevent recurrent episodes of ACS is still 
controversial.

Priapism

In some patients with acute priapism after RBC
exchange or simple transfusion therapy, improvement
of the priapism has been described (Walker et al. 1983;
Seeler 1971). However, no controlled trial has been per-
formed to establish the effectiveness of transfusion
therapy for the treatment of acute priapism. Some
centers will consider RBC exchange if simple transfu-
sion or surgery fail. In fact, an association among SCD,
priapism, exchange transfusion, and subsequent neuro-
logical events has been described in several patients;
this constellation of events and symptoms has been
given the acronym “ASPEN” syndrome (Miller et al.
1995). As a result of the recognition of ASPEN syn-
drome, many centers conservatively manage priapism,
using hydration and analgesia, and do not transfuse
RBCs until a single episode has persisted for longer
than 24 to 48 hours.

Acute Pain Crises

Episodes of severe pain, also known as pain crises,
are the most common reason for hospital admission of
SCD patients. Platt and colleagues (1991) showed that
occurrences of pain crises have a direct correlation with
hematocrit levels. There is evidence that chronic trans-
fusion regimens reduce the frequency of acute pain
episodes (Miller et al. 2001). However, simple transfu-
sion is not routinely recommended for the treatment of
acute pain crises.

Nonindications for Transfusion

Normal Pregnancy

Due to a randomized, controlled trial (Koshy 
et al. 1988), which concluded that prophylactic transfu-
sion of the pregnant SCD patient could be omitted
without harm to mother or fetus, normal pregnancy is
not considered an indication for prophylactic RBC
transfusion.

Leg Ulcers

Statistical analysis of various methods for the treat-
ment of leg ulcers in SCD patients (including transfu-
sion) detected no differences in rate of ulcer healing
(Koshy et al. 1989). Therefore, the routine use of trans-
fusion for the treatment of leg ulcers in SCD patients is
not recommended.
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Methods of Transfusion Therapy

Several methods of RBC transfusion therapy are
used for SCD patients. Limitations exist for the admin-
istration of acute simple transfusions, including the risks
of acute volume overload and increased blood viscosity.

Children with SCD have normal or increased total
blood volume, because the plasma volume is increased
in response to their chronic anemic states. Acute
increases in total blood volume after transfusion of
RBCs may increase cardiac work to the point of pre-
cipitating congestive heart failure (Schmalzer et al.
1987).

RBC transfusion significantly increases blood viscos-
ity in studies where there are ≥60% HbS-containing
cells present (Davies and Roberts-Harewood 1997).
When the proportion of HbS-containing cells is £40%,
the increase in blood viscosity is minimal. Clinically 
relevant reductions in tissue oxygenation occur in SCD
pediatric patients who are transfused to a hematocrit
>30%, forming the rationale for the use of acute RBC
exchange transfusion for many SCD complications
(Eckman 2001).

Acute Simple Transfusion

In simple transfusion, normal donor RBCs are
infused into the child with SCD, without removal of his
or her own sickled RBCs. In general, acute simple 
transfusion is indicated when the immediate need for
oxygen-carrying capacity is increased, but no dramatic
decrease in the percentage of HbS in the patient’s blood
is necessary. The volume of RBCs to be transfused can
be calculated by the following formula:

Volume of RBCs to be transfused (mL) 
= [(desired % hct - starting % hct) ¥ total blood 
volume] / % hct of RBCs units transfused

This is the formula for calculation of the volume of
RBCs to be transfused to children with sickle cell
disease, using the method of acute simple transfusion
(Hillyer and Eckman 2002).

When transfusing children with SCD, it is desirable
to maintain the hematocrit at £30% (see previous dis-
cussion). Once the patient’s hematocrit rises above
30%, oxygen delivery to the tissues decreases, owing to
increases in viscosity. Because the primary goal of RBC
transfusion is to rapidly improve oxygen delivery to
tissues, in order to prevent ongoing ischemia, the
maximum beneficial hematocrit to be achieved by RBC
transfusion is 30%.

For simple transfusion, donor RBCs may be infused
through an 18- to 23-gauge needle or catheter, depend-
ing on the size of the child and the accessibility of his

or her peripheral veins, using a standard blood infusion
set (Brecher et al. 2002).

Chronic Simple Transfusion

Chronic simple transfusion is indicated when it is
desirable to increase oxygen-carrying capacity and to
simultaneously chronically depress the percentage of
HbS in the patient’s blood (Wayne et al. 1993). When a
specific decrease in HbS percentage is desired, the 
following calculation estimates the dilutional effects of
normal RBC transfusion on % HbS.

Final % HbS desired = [1 - (transfused RBC volume 
in mL ¥ % hct of RBC units transfused)] / [(total 
blood volume ¥ starting % hct) + (transfused RBC 
volume in mL ¥ % hct of RBC units transfused)] 
¥ starting % HbS

This is the formula for calculation of the volume of
RBCs to be transfused to children with SCD, using the
method of chronic simple transfusion, when a specific
decrease in HbS percentage is desired (Hillyer and
Eckman 2002).

As is the case for acute simple transfusion, the typical
goal of chronic RBC transfusion therapy is to maintain
the % HbS at <30% of the total hemoglobin concentra-
tion. For children, the amount of RBC to be transfused
may be calculated from the Figure 19.2 formula above.
The total volume of RBCs to be transfused at each
regular interval in a chronic simple transfusion protocol
is determined by the pretransfusion level of hemoglobin
A (HbA). If the HbA percentage is too low (in most
cases,≥70% HbA is the goal),either the volume of RBCs
to be transfused should be increased, or the time interval
in weeks between transfusions should be decreased.

In the case of chronic simple RBC transfusion
therapy, peripheral catheters may be surgically im-
planted and used for multiple transfusion events.
Catheter placement allows for improved venous access
and less discomfort for the child. Peripheral veins may
also be used for chronic transfusion, depending on the
size of the child and the accessibility of his or her veins.

Blood Cell Exchange Transfusion

In RBC exchange therapy, donor RBCs are infused
while the patient’s own RBCs are simultaneously
removed. The major benefits of RBC exchange 
are rapid adjustments that may be achieved in the
patient’s hematocrit and HbS levels. This ability to 
make rapid adjustments to hematocrit and % HbS 
is a critically important factor during acute sickling
episodes, the major set of indications for RBC exchange
therapy.
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During certain acute ischemic crises, the replacement
of sickled RBCs with nonsickle trait donor RBCs
(improving oxygen delivery to ischemic tissues) must be
accomplished quickly, to prevent further tissue damage.
Importantly, unlike simple transfusion, RBC exchange
allows for removal of the same volume of RBCs as is
replaced, decreasing the risk of iron overload associated
with chronic simple transfusion (Danielson 2002;
Ohene-Frempong, 2001).

The usual measurable endpoints of RBC exchange
therapy are:

• HbA level ≥70%
• HbS level <30%
• Overall hematocrit £30%

RBC exchange transfusion is typically performed 
with the use of an automated apheresis instrument (ery-
throcytapheresis). This instrument removes the patient’s
blood, separates the RBCs from the platelet-rich plasma
by centrifugation, returns the plasma to the patient, and
discards the patient’s sickled RBCs. At the same time,
normal donor RBCs are infused, maintaining a stable
blood volume throughout the procedure (Pepkowitz
1997).

In the past, RBC exchange transfusion could only be
performed manually,and a variety of formulae were used
to estimate the appropriate RBC exchange volumes.
Indications still exist for manual RBC exchange (includ-
ing its use in infants whose blood volumes are too small
to be placed on the automated apheresis machine), but
erythrocytapheresis is currently the most common
method of performing RBC exchange therapy for 
children with SCD.

The automated apheresis instrument has an internal
programmable computer that calculates both the
volume of the patient’s RBCs to be removed and the
volume of the donor’s RBCs to be infused. The follow-
ing formula provides a general, practical estimate of the
number of RBC units to be used in automated RBC
exchange transfusion:

Volume of RBCs to be exchanged (mL) 
= desired % hct ¥ total blood volume

This is the formula for the calculation of a practical
estimate of the volume of RBCs to be transfused to
children with SCD using the erythrocytapheresis
method (Hillyer and Eckman 2002).

Having a preliminary estimate of the number of RBC
units to be exchanged before initiation of the procedure
is helpful, because the blood bank may need extra time
to procure the appropriate RBC units.

In most cases of RBC exchange, central venous
access must be established using a hemodialysis-grade,
rigid-wall, large-lumen, double-bore catheter that can
withstand high flow rates. In larger children with easily

accessible peripheral veins, the antecubital veins may be
acceptable for use, with 16- to 18-gauge needles being
used for blood removal and 18- to 20-gauge catheters
for blood return.

The apheresis instrument, after being programmed
with the appropriate patient data and the desired end-
points for therapy, is used to remove the patient’s RBCs
and replace them with donor RBCs. Of note, it is desir-
able to replace the patient’s sickled RBCs with HbS-
negative (sickle trait–negative) donor RBCs, primarily
to appropriately calculate and achieve the desired per-
centages of HbS and HbA.

In infants and very small children, the amount of
blood in the extracorporeal circuit of the automated
apheresis machine represents a significant percentage of
the child’s total blood volume, which may lead to
hypotension, or a critically low hematocrit, or both, if
the machine is primed with saline.

Instead, the automated apheresis instrument should
be primed with RBCs if: (1) the extracorporeal circuit
represents 12% or more of the child’s blood volume, (2)
the child weighs less than 20 kg, or (3) the child is
anemic or unstable.

Occasionally, certain patients require manual RBC
exchange transfusions. Indications for manual exchange
include those infants who have very small total blood
volumes and in emergency situations involving patients
for whom the additional time required to establish
appropriate venous access or mobilize the apheresis
team would be deleterious to the patient’s health.

A rapid manual partial RBC exchange may be per-
formed by withdrawing blood from a peripheral
(usually antecubital) vein and infusing RBCs via a 
stopcock into the same vein (or directly into a different
peripheral vein), using the methods outlined in the fol-
lowing formula:

(1) Calculate RBC exchange volume, using 60–
75 mL/kg (to calculate total blood volume) as a
practical estimate.

(2) Divide the calculated RBC exchange volume into
four equal aliquots of RBCs.

(3) Withdraw whole blood from the child, equal to
one exchange aliquot.

(4) Infuse normal saline to the child, equal to one
exchange aliquot.

(5) Withdraw whole blood from the child, equal to
one exchange aliquot. In the cases of very small
children/infants, or when emergent situations
arise, understanding the procedure for manual
RBC exchange is critically important for the
appropriate treatment of these patients.

(6) Transfuse a volume of RBCs to the child, equal to
two exchange aliquots.
Repeat steps three through six.
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This is the method for manual RBC exchange trans-
fusion of children with sickle cell disease (Hillyer and
Eckman 2002).

In the past, CDPA-1 RBC units were reported to
have average hematocrits of 80% or more, and it was
recommended that RBCs be “reconstituted” to the
volume and hematocrit of whole blood (30% to 40%),
by adding albumin or saline to the blood bag or syringe
before manual exchange transfusion to the SCD patient
(Piomelli et al. 1990). However, the current average
hematocrit of an RBC unit is approximately 50% to
65% (Hillyer et al. 2001), and the alternating adminis-
tration to an SCD patient of RBCs and saline in equal
volumes (see previous formula) should theoretically
deliver a product essentially identical to “reconstituted”
whole blood, as described previously.

The requirements that must be honored to ensure a
safe and effective manual exchange transfusion for the
child with SCD include the following: (1) marked
increases in blood viscosity should be avoided; (2) blood
volume should be maintained throughout the exchange;
and (3) the rate should be determined through 
consultation.

Chronic RBC Exchange Transfusion

Iron overload is one of the serious, long-term com-
plications of chronic transfusion in SCD patients
(Harmatz et al. 2000; Ballas 2001). As a result, many
investigators have suggested that chronic erythrocyta-
pheresis should be used in place of chronic simple trans-
fusion for the prevention of complications of SCD, in
order to decrease long-term iron accumulation in these
patients (Hilliard et al. 1998; Singer et al. 1999; Lawson
et al. 1999).

The procedure for chronic erythrocytapheresis is the
same as that used for acute erythrocytapheresis. Simi-
larly, target postpheresis HbS levels are <30%, with
desirable postpheresis hematocrits of £30%. Currently,
chronic erythrocytapheresis is not universally used in
the United States for the routine management of SCD
patients, although recent reports suggest that the poten-
tial benefits of this method may outweigh its risks and
costs. A detailed discussion of the risks and benefits of
chronic erythrocytapheresis in the treatment of children
with SCD follows later in the chapter.

Adverse Effects of Transfusion Therapy 
and Strategies for Their Prevention 

and Management

Although transfusion is in many ways beneficial and
is most often necessary for treatment of SCD in chil-
dren, adverse effects resulting from transfusion of donor

blood can lead to serious long- and short-term compli-
cations in SCD patients. Both immune and nonimmune
complications of RBC transfusion may occur.

Immune-Related Adverse Effects

Febrile Nonhemolytic Transfusion Reactions

White blood cells (WBCs) synthesize and release
cytokines during the storage of cellular blood products.
These cytokines may cause fever and chills (febrile non-
hemolytic transfusion reactions, or FNHTRs) in the
transfusion recipient. Current technologies in leukore-
duction filtration reduce the leukocyte counts in cellu-
lar blood products (for example, RBCs) to less than 5 ¥
106 WBCs/unit, effectively preventing the development
of FNHTRs in recipients of leukoreduced blood prod-
ucts (Brecher et al. 2002).

Because SCD patients typically receive large
numbers of transfusions, and FNHTRs occur in associ-
ation with 0.5% to 1% of all transfusions, most experts
recommend the use of leukoreduced blood products for
all SCD patients.

In addition, an acute infection or a pain crisis in an
SCD patient can manifest with the same symptoms (that
is, fever, chills, malaise) as an FNHTR, confounding 
the clinical picture and possibly delaying appropriate
treatment of underlying disorders in these patients,
illustrating an additional important reason to transfuse
leukoreduced blood components to children with SCD.

Alloimmunization to RBC Antigens

Alloimmunization to RBC antigens is a common
problem in transfused SCD patients, leading to difficulty
in obtaining compatible RBC units and the develop-
ment of delayed hemolytic transfusion reactions
(DHTRs) (Talano et al. 2003). DHTRs are especially
problematic in SCD patients, in that the symptoms of a
DHTR can mimic those of a pain crisis and can even
lead to a pain crisis, complicating the clinical diagnosis
and thus the appropriate treatment of these patients.

The most comprehensive study of the frequency of
and risk factors associated with alloimmunization in
SCD patients was published by Vichinsky and col-
leagues in 1990. These authors prospectively deter-
mined the transfusion history of, RBC antigen
phenotype of, and alloantibody development in
African-American patients with SCD. These results
were compared with those from similar studies in two
other groups: (1) nontransfused African-American SCD
patients, and (2) Caucasian patients who had undergone
multiple RBC transfusions for other forms of chronic
anemia.

Vichinsky’s results showed that the average alloim-
munization rate for transfused SCD patients was 30%,
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compared with only 5% for the multiply transfused
Caucasian patients who had other forms of anemia (p <
0.001). The alloimmunization rate observed in individ-
ual SCD patients increased exponentially with increas-
ing numbers of RBC transfusions.

After conducting an RBC phenotyping study of local
blood bank donors and comparing those phenotypes
with the phenotypes of SCD patients and of Caucasian
patients who had other forms of chronic anemia, the
authors of this study suggested that the increased
alloimmunization rate in SCD patients most likely
resulted from RBC antigenic differences between the
SCD patients (primarily African-Americans) and the
volunteer blood donors (the majority of whom were
Caucasian). Other authors confirmed these findings
(Luban 1989; Rosse et al. 1990).

Because of this lack of phenotypical compatibility
between the majority of available donor RBCs and
SCD patients, many centers have suggested that SCD
patients receive RBC units matched for those antigens
most commonly associated with alloimmunization
(Table 19.2). In a recent study of SCD patients who
were transfused with nonantigen matched RBCs, the
alloimmunization rate in children was 29% (Auygun 
et al. 2002), confirming Vichinsky’s findings of more
than a decade ago.

Currently, in many centers, all children with SCD
undergo extensive RBC antigen phenotyping at the
time of diagnosis, a policy supported by most experts
(Rosse et al. 1990). When and if RBC transfusion is
required, these SCD patients routinely receive RBC
units phenotypically matched for (at least) C, E, and K
antigens.

Once an SCD patient has made an RBC alloanti-
body, he or she may benefit from RBC units matched

for C, E, K, Fya, and Jkb antigens, the five most common
and most clinically significant antibodies made by SCD
patients (see Table 19.2) (Vichinsky et al. 1990). The
antigen of the newly formed antibody also must be
respected.

These concepts are supported by many experts, and
antigen-matched RBC transfusion results in an alloim-
munization rate of only 1% to 5%, a significant decrease
compared with the rates observed among SCD patients
transfused with RBCs not matched for these common
RBC antigens (29% to 30%) (Vichinsky et al. 2001).

Autoimmunization to RBC Antigens

Development of autoantibodies to RBC antigens in
association with transfusions in SCD patients has been
described in multiple case reports and in small series of
patients. The rate of warm-reactive RBC autoantibody
formation in transfused children with SCD is 8%, and
29% of patients with erythrocyte autoantibodies have
clinically significant hemolysis thought to be caused by
the RBC autoantibody (Castellino et al. 1999). There is
also a strong association between autoantibody forma-
tion and the prior presence of RBC alloantibodies.

Whatever the cause, physicians should be aware that
a syndrome of clinically significant posttransfusion
hemolysis may occur in SCD patients in which both
autologous and transfused RBCs are destroyed (also
known as “bystander hemolysis”) and that hemolysis
may be exacerbated by further transfusions (Win et al.
2001). Serological findings may be negative or not
helpful in identification of the autoantibody. In most
cases, corticosteroids with or without intravenous
immunoglobulin (IVIG) are beneficial in slowing
hemolysis and allowing for successful continuation of
necessary transfusions (Cullis et al. 1995).

Alloimmunization to Human Leukocyte Antigens or
Platelet-Specific Antigens

As bone marrow/stem cell transplantation (BMT)
and cord blood transplantation become viable options
for selected patients with SCD, alloimmunization to
platelets will present more serious problems for this
group (Walters et al. 1996; Gore et al. 2000; Vermylen et
al. 1998). Friedman and coworkers (1996) reported that
85% of SCD patients receiving 50 or more transfusions,
48% of SCD patients receiving one to 49 transfusions
and demonstrated alloimmunization to human leuko-
cyte antigen (HLA) or platelet-specific antigens.

Because platelet refractoriness is a serious complica-
tion following BMT, prevention of platelet alloimmu-
nization appears prudent in this group of children with
SCD. The authors support the use of leukoreduction of
cellular blood products to prevent or reduce platelet
alloimmunization and refractoriness in SCD patients, a
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TABLE 19.2 Most Common RBC Alloantibodies Produced
by Transfused Children with SCD

Alloantibody Average frequency (%)

E 21
K 18
C 14
Lea 8
Fya 7
Jkb 7
D 7
Leb 7
S 6
Fyb 5
M 4
e 2
c 2

From Luban 1989; Vichinsky et al. 1990; and Rosse et al. 1990.
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practice employed for a variety of multiply transfused
patient groups (Sniecinski et al. 1988).

Nonimmune-Related Adverse Effects

Iron Overload

Iron overload resulting in hemosiderosis is a serious
long-term complication of chronic transfusion in chil-
dren with SCD (Files et al. 2002). Patients who develop
iron overload may be treated with long-term chelation
therapy in the form of deferoxamine (DFO) (Silliman
et al. 1993). However, DFO therapy is expensive
(Wayne et al. 2000), and due to multiple side effects, the
compliance rate is poor (Cohen and Martin 2001).

One potential transfusion methodology for the pre-
vention of iron overload in children with SCD that is
currently being investigated is chronic erythrocyta-
pheresis. Chronic erythrocytapheresis procedures may
be performed at 3- to 4-week intervals. In contrast to
simple (additive) transfusions, the child’s own sickled
RBCs are removed, while an equal volume of normal
donor RBCs is infused. The obvious potential benefit 
of chronic erythrocytapheresis compared with simple
transfusion is the prevention of long-term iron accumu-
lation and hemosiderosis.

Although it has not been universally implemented,
chronic erythrocytapheresis may be clinically effective
in reducing iron overload in chronically transfused SCD
pediatric patients. Some reports suggest that erythrocy-
tapheresis does limit iron accumulation in SCD patients.
In addition, at-risk patients who were started on ery-
throcytapheresis without a long history of previous
transfusions maintained very low serum ferritin levels
and did not require chelation therapy (Hilliard et al.
1998; Singer et al. 1999).

Therefore, it appears that chronic erythrocytaphere-
sis may be most beneficial when it is initiated early in
the course of chronic transfusion therapy, before signif-
icant iron accumulation occurs. However, chronic ery-
throcytapheresis does appear to stabilize or decrease
serum ferritin levels in patients who have already devel-
oped significant iron overload and also continue on
chelation therapy.

The primary potential problems with the chronic ery-
throcytapheresis transfusion protocol (compared with
chronic simple transfusion protocols) are: increased
blood product exposure (with concomitant increased
risks of alloimmunization to RBCs and platelets and of
transfusion-transmitted infection), issues related to
venous access and increased cost.

Published reports indicate that SCD patients’ blood-
product exposures do increase when chronic erythrocy-
tapheresis protocols are performed, with reported

increases in blood-utilization rates ranging from 52% to
100%. However, since the majority of SCD patients
studied did receive RBC units matched for at least the
C, E, and K RBC antigens, alloimmunization rates for
these protocols have remained very low (£1%) (Lawson
et al. 1999).

The high cost of erythrocytapheresis is also an impor-
tant issue. Hilliard and colleagues (1998) compared the
total cost of erythrocytapheresis with the total cost for
simple transfusion, and found an economically signifi-
cant difference. However, these authors suggested that
the added cost of chelation therapy when using simple
transfusion (calculated to be approximately $400,000
per patient decade by Wayne and associates in 2000)
makes erythrocytapheresis without chelation therapy 
a much less expensive alternative. This cost compar-
ison provides further evidence that, if it is techni-
cally feasible, early initiation of chronic erythrocyta-
pheresis in SCD patients, before significant iron 
accumulation occurs, may be preferable to long-term
chronic simple transfusion and the subsequent compli-
cations of iron overload (and the necessity of chelation
therapy).

Transfusion-Transmitted Infections

The risk of transmission (via transfusion) of infec-
tious agents, particularly viruses, has become substan-
tially reduced since the 1990s (Schrieber et al. 1996),
largely owing to improved screening tests for donated
blood products. Because the risk of contracting a trans-
fusion-transmitted disease is quite low (Dodd et al.
2002), blood products should not be withheld (if an
appropriate clinical indication for transfusion exists) for
the sole purpose of preventing a transfusion-transmit-
ted disease. However, the risks of all adverse effects of
transfusion should be balanced against the clinical need
for transfusion, on a case-by-case basis.

THALASSEMIAS

Pathogenesis

Thalassemias are among the most prevalent genetic
disorders caused by a single gene (Weatherall and Clegg
1996). a-thalassemias are caused by mutations that
reduce the synthesis of the a-globin chain of hemoglo-
bin, and b-thalassemias from mutations that reduce b-
globin synthesis (Olivieri 1999).

Clinical Pathology

One of the many serious clinical manifestations of
severe b-thalassemia is transfusion-dependent anemia
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(Olivieri 1999), resulting from severely ineffective ery-
thropoiesis and RBC hemolysis.

Complications

Two major consequences of this ineffective erythro-
poiesis in children with thalassemia are (1) increased
iron absorption and (2) progressive accumulation of
iron in body tissues. Anemia, increased erythropoiesis,
and hypersplenism also cause marked expansion of the
plasma volume and blood volume in children with 
thalassemia.

Role of Transfusion in Therapy

Chronic RBC transfusion is required for those
patients with homozygous thalassemia and in com-
pound heterozygotes with b-thalassemia major. Indi-
viduals with b-thalassemia intermedia may have severe
anemia requiring episodic transfusion.

Individuals with b-thalassemia major are transfusion-
dependent from infancy. Chronic transfusion support
has markedly improved the prognosis of these children.
However, transfused thalassemic children routinely
develop iron overload from increased iron absorption
caused by repeated RBC transfusions. Cardiac, hepatic,
and endocrine failure from iron overload often results
in death in the patient’s teens or 20s, in the absence of
effective therapy to remove excess iron.

Although no ideal approach to treatment of transfu-
sion-related iron overload exists in children with tha-
lassemia, subcutaneous infusion of DFO over 8 to 12
hours, 5 to 7 days a week, appears to control iron accu-
mulation and prevent cardiac and liver damage, thereby
improving life expectancy. Bone marrow transplantation
has cured many children with b-thalassemia major. Bone
marrow transplant may be considered in thalassemic
children who meet criteria and have a suitable bone
marrow or stem cell donor (Lo and Singer 2002).

Other patients with variant forms of thalassemia may
require transfusion therapy for specific reasons during
their lifetimes. Hemoglobin H disease is caused by loss
of globin synthesis from three of the normal four a-
globin genes; these individuals are not transfusion-
dependent in most cases, but they may require
transfusion support for complications of the disease.
Compound heterozygotes with b-thalassemia and
hemoglobin E disease can have clinical manifestations,
ranging from mild microcytic anemia to severe transfu-
sion-dependent b-thalassemia major (Weatherall 1998).

Goals of Transfusion Therapy

The goals of transfusion therapy in children with b-
thalassemia major are to (1) increase oxygen-carrying

capacity by correcting the anemia, (2) prevent progres-
sive hypersplenism, (3) suppress erythropoiesis, and (4)
reduce increased gastrointestinal absorption of iron
(Olivieri 1999). Transfusion therapy is begun in early
childhood, to ameliorate the symptoms and signs of
anemia, to reduce hypersplenism, to support normal
growth and development, to prevent skeletal changes
and complications of extramedullary hematopoiesis,
and to reduce pathological fractures and other compli-
cations from osteopenia (Fosberg and Nathan 1990).

Indications for Transfusion

Symptoms and signs of anemia in children with tha-
lassemia include growth retardation and failure to
thrive, and RBC transfusion is initiated when these
symptoms and signs present themselves, typically in
early childhood. Transfusions are occasionally initiated
in b-thalassemia intermedia and hemoglobin H disease
patients to prevent facial and skull deformities from
expansion of the medullary bone space. Progressive
hypersplenism may require transfusion, in order to
postpone splenectomy in b-thalassemia intermedia
patients (Cazzola et al. 1997).

Methods of Transfusion

Simple Transfusion

Simple transfusion of leukoreduced RBCs, to main-
tain a hemoglobin level >9.5 g/dL, is the standard
approach to transfusion in thalassemic children
(Olivieri 1999). Splenectomy is recommended when
hypersplenism increases the transfusion requirement
>200 to 250 mL/kg/yr (Olivieri and Brittenham 1997).

Erythrocytapheresis

Chronic RBC exchange has also been applied to the
transfusion therapy of children with thalassemia 
(Valbonesi and Bruni 2000). The use of automated
chronic RBC exchange (erythrocytapheresis) resulted
in a 30% reduction in RBC transfusion requirement and
a 43% increase in transfusion intervals (Berdoukas and
Moore 1986).A more detailed discussion of chronic ery-
throcytapheresis and its beneficial effects on iron over-
load are described in the previous section.
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ABSTRACT

This chapter provides an overview of inherited and
acquired hemorrhagic disorders that do not involve
abnormalities of platelets, their diagnosis, and treat-
ment. Diagnostic approaches and laboratory investiga-
tion of these disorders are featured, with specific
attention to the treatment of hemophilia, von Wille-
brand’s disease, and other inherited disorders. Discus-
sion includes the choice of clotting factor concentrates
and adjunctive therapies. Acquired coagulation abnor-
malities reviewed include disseminated intravascular
coagulation (DIC), hepatic failure, renal disorders,
vitamin K deficiency, and acquired inhibitors of 
coagulation.

INTRODUCTION

The intent of this chapter is to review the causes of
bleeding in infants and children that are related to
defects in circulating coagulation factors, their diagno-
sis, and treatment. Platelet disorders will be covered in
Chapter 22.

COAGULATION OVERVIEW

The coagulation or hemostatic system arrests bleed-
ing from injured blood vessels via a system of proteins,
platelets, and blood vessels. This serves to amplify the
stimulus that activated the coagulation system and acts
rapidly to stop the loss of blood from an injured vessel.
The initial stimulus to the formation of clot comes from

tissue injury that disrupts endothelial cells, exposing col-
lagen and subendothelial tissues. Platelets adhere to the
exposed endothelium mediated by platelet glycoprotein
Ib and von Willebrand factor (vWF), release their gran-
ular contents and expose platelet surface glycoprotein
IIb/IIIa. This glycoprotein in combination with fibrino-
gen and vWF recruits more platelets and binds them
into a primary hemostatic plug (Colman et al. 2001).

Secondary hemostasis occurs in concert with the
primary hemostatic plug, with the injury to the vessel
wall producing tissue factor, which activates factor VII
to factor VIIa. The tissue factor/factor VIIa complex
then activates both factor X and factor IX. The direct
activation of factor X by the extrinsic pathway serves to
initiate the activation of the common pathway, with pro-
duction of small amounts of factor Xa and then throm-
bin. The activation of factor IX by the factor VIIa/tissue
factor complex then amplifies the amount of factor Xa
produced to activate the common pathway, which forms
the major proportion of the thrombin that is produced.
Thrombin cleaves fibrinogen to form fibrin, which is
crosslinked by factor XIII to form a stable fibrin clot.
This process of secondary hemostasis serves to lay down
an insoluble fibrin mesh that stabilizes the mass of
platelets and prevents it from disaggregating (Esmon
2003).

The fibrinolytic system is activated by the release 
of tissue plasminogen activator from the injured vessel
wall. Fibrinolysis deals with excess hemostatic material
formed by the coagulation system and, once healing has
taken place, begins the process of resolution of formed
clot so that vascular patency can be restored. Defects
that result in excessive fibrinolysis can cause bleeding.
Inhibitors exist to control the amount and the location
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of activated clotting factors. These controlling systems
include antithrombin, protein C, protein S, heparin
cofactor II, and alpha-2-macroglobulin.

Developmental issues influence the functions of the
coagulation system and some of the presentations of
bleeding disorders. The levels of vitamin K-dependent
clotting factors (factors II, VII, IX, and X) are low at
birth and increase over the first 6 months of life. Factor
VIII and vWF levels are elevated at birth and decrease
over the first few months of life. Interpretation of factor
levels must take into account the child’s age, with the
use of age-adjusted normal ranges. Reference ranges for
preterm infants, gestational ages 28 to 31 weeks, and for
term infants show the prothrombin (PT) normal range
to be 14.6 to 16.9 seconds for the preterm infant and
10.1 to 15.9 seconds for the term infant. The activated
partial thromboplastin time (aPTT) normal range for
the preterm infant is 80 to 168 seconds and for the term
infant is 31.3 to 54.5 seconds. PT normal range for the
preterm infant is 19% to 54%, increases to 26% to 70%
at birth, and is 34% to 102% at 1 month of age. Factor
IX normal range for the preterm infant is 17% to 20%,
for the term infant is 15% to 91%, and at 1 month of
age is 21% to 81%. Factor VIII normal range for the
preterm infant is 37% to 126%, increases to 50% to
178% at term, and drops to 50% to 157% at 1 month
(Andrew et al. 1990).

Defects in the coagulation and fibrinolytic systems
can be associated with bleeding disorders. Defects in 
the formation of the initial platelet plug give imme-
diate bleeding. An example is the bleeding seen in von
Willebrand’s disease, with poor formation of the
primary hemostatic plug causing bruising and mucous
membrane bleeding. Defects in the secondary phase of
coagulation cause delayed bleeding, such as is seen in
hemophilia. There, the coagulation factor defect causes
poor creation of the fibrin mesh leading to hemarthro-
sis and deep muscle bleeding. If there is excessive fibri-
nolysis, then bleeding results. If there is a defect in the
strength of the clot that is formed by the coagulation
system, such as when factor XIII fails to crosslink and
stabilize fibrin clot, then delayed bleeding also occurs.

CLINICAL EVALUATION OF
BLEEDING PROBLEMS

A careful history, including a full family history, is 
the best means of uncovering bleeding problems in a
patient. These disorders may easily escape standard
laboratory screening procedures, such as PT, aPTT, fib-
rinogen, and platelet count. However, patients with mild
hemophilia without previous surgical procedures may
have no history of bleeding problems. It is very impor-

tant to consider the history as the most sensitive of the
testing procedures and to thoroughly investigate any
story of unusual bleeding, even if the screening tests are
normal. However, pre-operative coagulation testing
done in the absence of a suggestive history can result 
in false-positive results (Roher et al. 1988). There are
several studies in patients undergoing tonsillectomy and
adenoidectomy of the utility of the pre-operative PT
and PTT, and based on those studies, routine screening
with a PT and aPTT of all patients cannot be recom-
mended (Zwack and Derkay 1997; Close et al. 1994).

In obtaining a history from a patient and parents,
positive answers to any of the following questions
should indicate the need for further evaluation 
(Rappaport 1983; Sramek et al. 1995).

Is there:

• History of easy bruising, bleeding problems, or an
established bleeding disorder in either the patient
or any family members?

• Excessive bleeding following any previous surgical
or dental procedures in the patient, parents, or 
siblings; specifically tonsillectomy and/or 
adenoidectomy?

• Frequent nosebleeds and/or has nasal packing or
cautery been needed due to bleeding?

• Bleeding without trauma into any joint or muscle?
• Bleeding or bruising after aspirin ingestion?
• Gingival bleeding following tooth brushing?
• Any medication that might affect platelets or the

coagulation system?
• History of bleeding or prolonged oozing after cir-

cumcision or when the umbilical cord separated?
• History of excessive menstrual flow?
• Need for previous transfusions of blood or blood

products; reason for the transfusion?

If there is a history of abnormal bleeding, the fol-
lowing points need to be established. The type of 
bleeding (petechiae, purpura, ecchymosis, and single or
generalized bleeding sites) can give an indication of the
underlying defect. Petechiae and purpura are most fre-
quently associated with platelet abnormalities, either of
function or numbers. Von Willebrand’s disease is most
frequently associated with mucosal bleeding, including
epistaxis, whereas hemophilia is most often associated
with bleeding into joints and or soft-tissue ecchymosis.
Bleeding when the umbilical cord separates is most
often associated with factor XIII deficiency (Lorand et
al. 1980). A single bleeding site, such as repeated epis-
taxis from the same nostril is frequently indicative of a
localized anatomical problem and not a system-wide
coagulation defect.

The course or pattern of the bleeding (spontaneous
or posttrauma), its frequency, duration of problems, and
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severity can provide clues to the etiology of the
problem. A family history of bleeding is important to
define, and the pattern of inheritance (X-linked, auto-
somal recessive, or dominant) can help in narrowing the
differential diagnosis. Hemophilia A and B are X-linked
recessive diseases, while von Willebrand’s disease is an
autosomal dominant trait.Any previous or current drug
therapy must be fully documented, and a search made
for any over-the-counter medications that the patient
might be taking but does not consider “medicine” and
therefore has not mentioned. Repeated doses of ibupro-
fen, cough medications containing guaifenesin, and anti-
histamines can uncover a pre-existing bleeding disorder
such as von Willebrand’s disease, when they would not
cause sufficient platelet dysfunction by themselves to
result in clinically apparent bleeding (George and
Shattil 1991). The presence of other medical problems
is important to establish, because problems such as
renal failure with uremia, hepatic failure, malignancies,
or collagen vascular diseases may have associated coag-
ulation dysfunctions.

The physical examination is used to help narrow the
differential diagnosis and guide the laboratory investi-
gation of hemostatic disorders. Certain physical findings
may be associated with a specific coagulation abnor-
mality, while others may be indicative of an underly-
ing systemic disease with an associated coagulopathy.
Petechiae and purpuric bleeding occur with platelet and
vascular abnormalities. If the petechiae are raised, a vas-
culitis is likely, while petechiae due to thrombocytope-
nia are not elevated and initially occur on extremities
or mucosa. Acquired coagulation defects usually result
in widespread ecchymotic bleeding with or without gas-
trointestinal (GI) or urinary tract bleeding. Bleeding
into joints and bleeding that stops and restarts are char-
acteristic of congenital coagulation factor deficiencies.
Hemophilia patients often have bruises with a raised
central nodule, called palpable purpura. Findings com-
patible with a collagen vascular disorder include the
body habitus of Marfan syndrome, blue sclera, skeletal
deformities, hyperextensible joints and skin, poor “cig-
arette paper” scar formation, and nodular, spiderlike or
pinpoint telangiectasias. Hepatosplenomegaly and lym-
phadenopathy may suggest an underlying malignancy,
and jaundice plus hepatomegaly may indicate hepatic
dysfunction (Lusher 2003).

LABORATORY EVALUATION

At the present time, the frequently used tests for
screening the hemostatic system are the platelet count,
PT, aPTT, and fibrinogen. Additional tests can be 
done to assess the thrombin clotting time, screen for

inhibitors of specific coagulation factors, and measure
specific factor levels. Evaluation for evidence of dis-
seminated intravascular coagulation (DIC) can also be
done using multiple assays to test for the presence of
various fibrinopeptides, depletion of anticoagulation
factors, and the presence of products from the break-
down of fibrin or fibrinogen.

Platelet Count

The platelet count is obtained as part of a complete
blood count and measures the adequacy of platelet
numbers to provide initial hemostasis. Platelet counts
are usually done using an automated hematology
counter. The normal range is between 150,000 and
450,000/mL.

Bleeding Time and PFA-100

The bleeding time is the length of time a standard-
ized incision takes to stop oozing blood that can be
absorbed onto filter paper.A variety of procedures have
been used, including the Duke method with a stab 
incision of the earlobe and the Ivy method with a 
standardized cut on the forearm, but both have been 
difficult to reproduce accurately. At present, standard-
ized tests use a spring-loaded blade to make a con-
trolled cut of a specific length and depth on the volar
surface of the forearm after application of a blood pres-
sure cuff. The normal values vary, depending on the 
procedure used and the individual laboratory, but are
usually less than 9 minutes. Questions regarding the 
sensitivity, specificity, reliability, and predictability of the
bleeding time have resulted in much less use of this test
(Rodgers and Levin 1990).

The PFA-100 platelet function screen (Dade
Behring) is a potential replacement for the bleeding
time and is becoming available in many standard 
coagulation laboratories. It is an automated device 
that aspirates a small amount of citrated whole blood
through an aperture in a membrane coated with colla-
gen and epinephrine or adenosine diphosphate (ADP).
This simulates a high shear condition and results in 
the vWF-dependent attachment, activation, and aggre-
gation of platelets, resulting in a closure time that is
dependent on occlusion of the aperture by a stable
platelet plug. Studies show that the closure time is supe-
rior to the bleeding time in screening for most cases of
von Willebrand’s disease, aspirin effect, and for some
causes of platelet dysfunction, giving a very high nega-
tive predictive value. Test results can be influenced by
the sample’s hematocrit (Kundu et al. 1995; Mammen 
et al. 1998).
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Prothrombin Time

The PT screens the function of the extrinsic and
common coagulation pathways. It is the time required 
to clot platelet-poor plasma after the addition of tissue
factor, calcium, and phospholipid, the tissue factor being
the material that is “extrinsic” to the plasma-based co-
agulation system. Isolated prolongations of the PT are
seen in factor VII deficiency, fibrinogen defects, and in
patients on warfarin anticoagulation. It is also consid-
ered the most sensitive screening test for liver dysfunc-
tion coagulopathies (Lusher 2003). The thromboplastin
reagents used in the PT assay vary in their sensitivity to
warfarin-induced reductions in clotting factor activity.
Consequently, a patient could receive substantially 
different doses of warfarin depending on the thrombo-
plastin used in the PT test. To control for this, the Inter-
national Normalized Ratio (INR) was developed. Each
thromboplastin reagent is assigned an International 
Sensitivity Index (ISI), which is used to adjust the PT
ratio (patient PT divided by the mean normal PT for the
lab) to correct for the sensitivity of the thromboplastin.
Normal value for an INR is 1 and therapeutic values for
warfarin anticoagulation are 2 to 3 (DeLoughery 2001).

Partial Thromboplastin Time

The aPTT screens the function of the intrinsic and
common coagulation pathways. Platelet-poor plasma is
incubated with kaolin, Celite, or ellagic acid to form
activated factor XII.Then calcium and phospholipid are
added, and the time to formation of clot is measured.
Factor deficiencies of <30% to 40% of normal levels are
needed to produce an abnormal test result, and the level
at which the test becomes abnormal depends on the
reagents and testing equipment used. The aPTT will
detect deficiencies in factors XII, XI, IX, and VIII and
the common pathway, but it is important to remember
that mild factor deficiencies may be missed. The aPTT
is also used to monitor anticoagulation with heparin
(Thompson and Poller 1985). Several inherited disor-
ders of coagulation will not be detected by the preced-
ing tests. Factor XIII deficiency is detected by a urea 
clot solubility test (Lorand et al. 1980). Patients with 
von Willebrand’s disease may have either normal or
prolonged aPTTs, and patients with alpha 2-plasmin
inhibitor deficiency have a normal aPTT. Both the PT
and aPTT will be prolonged in patients with deficien-
cies of factors X, V, prothrombin, and fibrinogen, and in
patients with DIC or severe liver disease (Lusher 2003;
Goodnight and Hathaway 2001).

Thrombin Time (Thrombin Clotting Time)

The thrombin time, also called the thrombin clotting
time (TCT), is a measure of fibrin formation, the final

reaction of the clotting cascade.It is performed by adding
thrombin to platelet-poor plasma and measuring the
time to the formation of a fibrin gel.The thrombin time is
normal in patients with defects in the intrinsic or extrin-
sic pathway but is prolonged with low levels of fibrino-
gen, with a dysfunctional fibrinogen, or when inhibitors
of thrombin are present, such as heparin or fibrin-split
products. This test is extremely sensitive to the presence
of heparin (Greaves and Preston 2001).

Fibrinogen

The standard method for fibrinogen determination
measures clottable fibrinogen using a kinetic assay.
Normal levels of fibrinogen are 150 to 400 mg/dL. Since
fibrinogen is the substrate for the final reaction in the
formation of a clot, and all plasma-based screening tests
depend on the formation of a clot as the endpoint of the
reaction, fibrinogen levels below 100 mg/dL prolong the
PT, aPTT, and thrombin time and make the results unin-
terpretable. Large amounts of fibrin degradation prod-
ucts will interfere with the formation of fibrin and cause
an artificially low level of fibrinogen to be measured.Par-
tially clotted samples will also cause a low level of fib-
rinogen to be assayed. An immunological-based assay
for fibrinogen is available and is used to measure both
clottable and nonclottable fibrinogen. This is most often
used in identifying patients with a dysfibrinogenemia,
where the functional level of fibrinogen is low and the
immunological level is normal (Goodnight and 
Hathaway 2001).

Inhibitor Screening Tests

Repeating the PT or aPTT using a 1 : 1 mix of patient
plasma with normal plasma is a useful procedure to do
in the investigation of a prolonged PT or aPTT. Normal
plasma has, by definition, 100% levels of all factors.
When mixed with an equal volume of patient plasma,
there will be a minimum of 50% of any given factor
present, which should normalize the PT or aPTT. If the
test normalizes, it suggests the presence of a factor defi-
ciency, while lack of normalization suggests the pres-
ence of an inhibitor that interferes with either thrombin
or fibrin formation.

Two types of acquired inhibitors prolong the aPTT.
One blocks or inactivates one of the factors in the intrin-
sic pathway while the other is an antiphospholipid anti-
body, such as a lupus anticoagulant, that interferes with
phospholipid-based clotting reactions. The first type 
of inhibitor occurs in 5% to 15% of hemophiliacs and
can occur spontaneously but is extremely rare in non-
hemophiliac children (DiMichele 2001). The strength of
a specific factor inhibitor is measured with the Bethesda
assay. This measures the amount of antibody that will
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inactivate 50% of the normal factor VIII or factor IX in
2 hours, and the dilution of normal plasma with test
plasma that inhibits this amount of factor is determined.
If the 1 : 10 dilution has this effect, then the inhibitor
plasma has 10 Bethesda units of activity (Montgomery
et al. 2003). The lupus anticoagulant or the “lupuslike”
inhibitor is not associated with bleeding problems,
but with an increased risk of thrombosis. Lupuslike
inhibitors are mentioned because they commonly cause
prolongations of the aPTT in children (Thiagarjan and
Shapiro 1982). Specific investigation of either of these
situations should be referred to a skilled coagulation
specialty center.

SPECIFIC FACTOR ASSAYS

Specific factor assays are available for all known
coagulation, fibrinolysis, and anticoagulation factors to
quantitate their levels in plasma. These tests are not
indicated unless a screening test result is abnormal. The
only exceptions involve the patient with a history that
is suspicious for von Willebrand’s disease, factor XIII
deficiency, or dysfibrinogenemia when the PT, aPTT,
and fibrinogen activity measurement may not detect the
decreased level or activity of von Willebrand’s factor,
factor XIII, or of the dysfunctional fibrinogen. Further
testing may be justified by clinical suspicion based on
the patient’s history.

Tests for Disseminated Intravascular
Coagulation

The usually available tests in most hospital labor-
atories for identification of DIC are semiquantitative
fibrin/fibrinogen degradation product assays. Finding an
increased amount of these degradation products pro-
vides evidence that either plasmin has circulated to lyse
fibrin and fibrinogen or the patient’s hepatic function is
insufficient to clear the amounts of regularly produced
degradation products. The D-dimer test is also a slide
agglutination procedure that tests for the presence of
two D subunits of fibrin crosslinked by factor XIII.

This test provides specific evidence that plasmin has
digested fibrin clot and not fibrinogen. It is positive in
patients with DIC, in patients resolving large intravas-
cular clots, and in patients with hepatic insufficiency.
Specific assays to demonstrate the presence of soluble
fibrin monomer complexes or fibrinopeptides produced
by the conversion of prothrombin to thrombin are avail-
able in specialized coagulation laboratories (Levi and
Cate 1999).

INHERITED COAGULATION
DISORDERS

Hemophilia A and B

Hemophilia is a congential bleeding disorder caused
by the deficiency or absence of factor VIII activity for
hemophilia A (classical hemophilia) and factor IX activ-
ity for hemophilia B (Christmas disease). These factors
are zymogens that when activated, accelerate the acti-
vation of factor X, which results in the formation of
thrombin. Deficiency of either of these factors causes
hemorrhage because of delayed clot formation and an
abnormally friable clot. The gene responsible for hemo-
philia A resides on the long arm of the X chromosome
at Xq28, and the gene for hemophilia B resides near 
the terminus of the long arm of the X chromosome
(Antonarakis 1998; Lillecrap 1998). This disorder pre-
dominantly affects males but can also cause bleeding in
carrier females with low factor levels. It affects one in
5000 males (Soucie et al. 1998) and causes a spectrum
of bleeding symptoms including hemarthrosis, deep
muscle hemorrhages, easy bruising, oral bleeding,
intracranial hemorrhage, and gastrointestinal and renal
bleeding. Approximately one-third of all hemophilia
cases represent new mutations, where there is no family
history of a bleeding disorder (Forbes 1997).

The level of circulating factor VIII or IX determines
the severity of the hemophilia. Table 20.1 gives the
details of the factor levels associated with each level of
severity. Moderate hemophiliacs have less frequent
bleeding than severe hemophiliacs but still have joint
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TABLE 20.1 Clinical Manifestations of Hemophilia by Severity

Factor Level Severity Bleeding Manifestations Age at Diagnosis

1% or less Severe Spontaneous hemarthrosis and muscle bleeds, “target” joints, mucosal Infancy
bleeding, CNS bleeding, GI bleeding, hematuria, trauma, or surgical
induced bleeding

2% to 5% Moderate Trauma-induced hemarthrosis and muscle bleeding, “target” joints, Toddler to young child
CNS bleeding, mucosal bleeding, GI bleeding, hematuria, trauma,
or surgical-induced bleeding

More than 5% Mild Unusual, except with severe trauma or surgery Late childhood to early adulthood
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and muscle bleeding and can develop “target joints” as
well as bleeding from other sites. Mild hemophiliacs
may not be diagnosed until they are in their teens or
early 20s, because of the lack of bleeding symptoms
(Montgomery et al. 2003).

Treatment of Hemophilia A and B

Modern management of hemophilia started in the
1970s. Before that, no efficacious therapy was available,
and the average life expectancy of a severe hemophilia
patient was less than two decades. Cryoprecipitate pro-
vided the first therapeutic material that could provide
sufficient factor VIII to treat or prevent bleeding in
hemophilia A patients. However, use of cryoprecipitate
tied the hemophilia patient to the hospital. In the mid-
1970s, coagulation factor concentrates were developed
for factors VIII and IX, which could be stored in a stan-
dard refrigerator. This development allowed the estab-
lishment of home infusion programs, so the hemophilia
patient, his or her parents, or a home care nurse could
do the infusion of the factor concentrates to control
bleeding. Emergency room, clinic, or in-patient hospital
time was markedly reduced. This self-infusion system,
combined with multispecialty comprehensive hemo-
philia centers has decreased the mortality and morbid-
ity from hemophilia and allowed the patient with
hemophilia to better integrate into society (Mannucci
and Tuddenham 2001).

Treating bleeding episodes in hemophilia is done by
the prompt intravenous replacement of the deficient
clotting factor to a sufficient level and then maintaining
that replacement for the length of time needed for the
overt bleeding to resolve or for the threat of bleeding
to pass. The earlier bleeding can be treated, the less
damage occurs to the involved joint or tissue. The type
of bleeding episode dictates the necessary level of clot-
ting factor replacement and the recommended doses
and schedules of factor replacement are shown in Table
20.2. Prophylactic infusions of factor may be needed in
central nervous system (CNS), GI, and retroperitoneal
bleeding episodes after the overt bleeding has resolved,
due to the risk of repeat bleeding at the same site
(DiMichele 2001; Montgomery et al. 2003).

Surgery in Hemophilia

Management of surgery in patients with hemophilia
should be done in specialty centers with experienced
medical and nursing staff and with the necessary labo-
ratory and pharmacy support. The patients must be
screened for the presence of an inhibitor just before
surgery, recovery and survival studies may need to be
done to ensure that an appropriate dosing regimen is

used, and an adequate supply of the necessary clotting
factor concentrate must be available before the proce-
dure starts. On the morning of surgery, a 100% correc-
tion of clotting factor is given, and the factor level is
maintained with scheduled infusions or a continuous
infusion of clotting factor at greater than 50% to 60%
for the next 5 to 7 days. After that, factor levels can be
allowed to decrease to a 30% trough level for the period
of time needed for postsurgical healing and rehabilita-
tion to take place. Using a bolus-dosing regimen may be
simpler than a continuous infusion of factor, but daily
monitoring of trough factor levels is needed to ensure
that adequate hemostatic levels are being maintained
(Kobrinsky and Stegman 1997; Montgomery et al. 2003).

Continuous infusions of clotting factor have been
used for surgical coverage and treatment of life-
threatening hemorrhages in hemophilia A patients since
the early 1980s.After the infusion of a 100% bolus dose,
a 2 to 3 unit/kg/hour infusion of factor is given to main-
tain circulating levels of 50% to 60% (Hathaway et al.
1984; Montgomery et al. 2003). Advantages to using this
over bolus dosing of factor include avoidance of the
peaks and valleys of bolus dose factor replacement, up
to a 30% reduction in the amount of factor needed to
maintain a given factor level if the infusion extends for
more than 3 to 4 days, and flexibility in scheduling 
the drawing of factor levels (Martinowitz et al. 1992).
With the advent of low thrombogenicity factor IX 
concentrates, continuous infusion of factor has become
possible for hemophilia B patients, although the 24-hour
half-life of factor IX makes the bolus-dosing regimen
easier to accomplish (Hoots et al. 2003). Previous pro-
thrombin complex concentrates used for factor IX
replacement had thrombosis risks, and their use is not
recommended for surgery or other risky situations
(Montgomery et al. 2003).

Prophylaxis in Hemophilia

Based on the experience of Swedish physicians in
giving scheduled doses of factor VIII or IX concen-
trate to patients with moderate or severe hemophilia 
to prevent joint bleeding from occurring (Nilsson et al.
1992), the Medical and Scientific Advisory Council of
the National Hemophilia Foundation recommended in
1994 that as optimal therapy, primary prophylaxis begin
at age 1 to 2 years for all children with moderate 
or severe hemophilia. This was because of the proven
ability of this treatment to prevent the long-term devel-
opment of hemophilic arthropathy (DiMichele 2001).
As practiced in North America, most centers institute
prophylaxis as soon as joint bleeding occurs, and give 25
to 40 units/kg of factor VIII between three times per
week to every other day. The dose and infusion sched-
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ule are adjusted to maintain a nadir of greater than 1%
factor activity. Hemophilia B patients are given a 30 to
60 unit/kg dose twice per week, due to the 24-hour half-
life of factor IX in circulation. Barriers to the imple-
mentation of this treatment program include the cost of
the factor, which may result in a fourfold increase in
factor usage over on-demand therapy and the frequent
need for central venous access devices in young chil-
dren, with risks of infection and thrombosis (Aledort
and Bohn 1996).

Inhibitors in Hemophilia

A complication of the treatment of hemophilia is the
development of inhibitory antibodies (inhibitors) that
block procoagulant function, which is one of the most

serious complications of hemophilia treatment. Up to
46% of all hemophilia A patients develop some level of
inhibitor at some point in their life, with 15% to 20% of
severe hemophilia A patients developing high titer
inhibitors (Briet et al. 1994).The low titer inhibitors, less
than 5 Bethesda units in activity, are often transient,
rarely have anamnestic responses to repeated exposure
to factor, and can be treated with higher doses of factor.
The high-titer inhibitors, more than 5 Bethesda units of
inhibitor activity, rarely transient, have an anamnestic
response to repeated exposure to factor, and bleeding
cannot be treated with increased doses of factor. An
additional complication exists for hemophilia B patients,
who have a 5% rate of inhibitor development, and may
exhibit anaphylaxis to factor IX infusions as a part of the
development of the inhibitor (Warrier et al. 1997).
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TABLE 20.2 Guidelines for Factor Replacement Therapy in Hemophilia

Location of Bleed Recommended Factor Dosing Comments

Hemarthrosis, general 50% correction every 12 to 24 hours as needed. RICE (rest, ice, compression, immobilization) may be 
used, in addition to factor. If target joint present, use
100% correction first day, 50% correction second 
day, and 50% correction on fourth day.

Intracapsular shoulder 100% correction then 50% every 12 to 24 hours Extremely painful bleeding, may require narcotic pain 
or hip as needed. medications and up to 7 days of factor 

replacement.
Muscles or large 50% to 100% correction every 12 to 24 hours as Check carefully for compartment syndrome on 

hematoma needed. 30% correction daily with physical bleeding involving calf and forearm. Fasciotomy may
therapy to prevent rebleeding. be needed.

Psoas or other 100% correction then 50% every 12 hours till Significant blood loss possible, frequent recurrence of
retroperitoneal resolution, then 40% prophylaxis dosing for bleeding. Consider use of prophylaxis two or three 
location up to 2 weeks. times per week for several months to avoid recurrence.

CNS documented 100% correction then 50% every 12 to 24 hours May need continuous infusion of factor, prophylactic 
bleed for 14 to 21 days. Consider 30% to 40% use of anticonvulsants. Watch for repeat bleeding at 

prophylaxis dosing for 2 to 3 months. 2 to 3 weeks from initial injury. Recurrence of
of bleeding possible.

CNS preventive 100% correction, then observation. Factor must be infused before any evaluation. CT scan 
treatment may or may not be needed, based on clinical situation.
following trauma

Gastrointestinal 100% correction, then 30% to 50% daily till Antifibrinolytic therapy for 3 to 5 days.
healing. Consider 30% to 40% prophylaxis Endoscopy may identify bleeding point and is 
dosing for 2 to 3 months based on recommended.
severity of bleed.

Genitourinary 100% correction, then 30% daily till resolution. Evaluate for stones or urinary tract infection (UTI).
Lesion usually not found. Prednisone 1 to 2 mg/kg/
day for 5 to 7 days may help stop recurrent 
bleeding, if HIV-negative. Antifibrinolytic therapy is
contraindicated.

Oral mucosa or 50% to 100% correction depending on severity, Antifibrinolytic therapy may be all that is needed to 
epistaxis then 30% to 50% daily to every other day prevent recurrence, if bleeding has stopped. Can be

till resolution. Antifibrinolytics for 5 to given as mouthwash for oral bleeding. Avoid using
7 days. prothrombin complex concentrates (PCCs).

Activated prothrombin complex concentrate (APPCs)
with antifibrinolytics.

Tongue, neck, or 100% to 150% correction, then 50% correction If using bolus therapy, maintain trough level >50%.
impending airway every 12 hours or continuous infusion of factor May need 7 to 14 days of therapy based on 
compromise to maintain levels at 100% for 24 hours, then severity of bleeding.

50% level till resolution of bleed.
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The treatment of hemophilia patients with inhibitors
centers on two problems: first, to immediately control
bleeding, and second, to eradicate the inhibitor, restor-
ing normal response to regular factor infusions. Control
of bleeding in inhibitor patients depends on the titer 
of the inhibitor. If it is a low-titer inhibitor, increasing
the dose of factor for regular bleeding or giving a 100
unit/kg dose of factor VIII followed by a continuous
infusion of factor VIII at 20 units/kg/hr frequently con-
trols serious or life-threatening bleeding. Kasper has
suggested that the low-titer inhibitor patients receive 40
units of factor VIII /kg body weight for each Bethesda
unit of inhibitor (1989). If it is a high-titer inhibitor, then
use of very high (100 to 200 units/kg/hour) continuous
infusions of factor VIII may control the bleeding, but
anamnestic responses may drive the inhibitor titer
beyond control with factor VIII infusions. Then alter-
native treatment with porcine factor VIII concentrate,
recombinant factor VIIa, prothrombin complex con-
centrates (PCCs), or activated prothrombin complex
concentrates (APCCs) may be needed (Hoyer 1997;
Montgomery et al. 2003).

The second part of inhibitor management is the long-
term eradication of the inhibitor by use of immune tol-
erance regimens with scheduled infusions of factor VIII
or IX to suppress production of the inhibitor and return
to a normal recovery and half-life of infused factor. If
tolerance can be achieved, then responsiveness to factor
infusions returns, and bleeding episodes can be con-
trolled with standard infusions of factor (Brackman 
and Gormsen 1977). Management of hemophilia
patients with inhibitors should be done at a Compre-
hensive Hemophilia Treatment Center with staff who
are experienced in managing these patients, as the costs
of treatment are extremely high, and the morbidity and
mortality associated with inhibitors is significant.

Types of Clotting Factor for Treating Hemophilia

Clotting factor concentrates come from two sources,
either human plasma donations or production via
recombinant methods from cell cultures. Currently pro-
duced human plasma-derived factor concentrates start
with a pool of screened donor plasma that is processed
to a combination of factor VIII and vWF called an 
intermediate purity factor concentrate, to a monoclonal
immunoaffinity column purified factor called a high
purity or monoclonal purified factor, or to a prothrom-
bin complex concentrate that contains factor IX as well
as other vitamin K-dependent proteins (Shapiro 2001;
Mannuccci 2003).

Viral safety of the clotting factor concentrates has
been a primary concern for the past two decades. The
initial pooled, plasma-derived clotting factor concen-

trates for factor VIII and IX transmitted hepatitis B,
hepatitis C, and human immunodeficiency virus (HIV).
Over 50% of the U.S. hemophilia population became
HIV-positive as a result of contaminated clotting 
factor concentrates, and the long-term effects of 
hepatitis C infection, including cirrhosis and hepatocel-
lular carcinoma, are now the leading causes of liver
transplant for hemophiliacs (Evatt and Hooper 1997;
Gordon et al. 1998). With the development of virally
inactivated, plasma-derived concentrates, and then
recombinant-produced clotting factor concentrates,
infection issues have receded but are not absent.
Parvovirus can be transmitted by virally inactivated
plasma-derived products, and there are still concerns
about possible transmission of Creutzfeldt-Jakob dis-
ease (CJD) or “new variant” CJD by human or bovine
protein-containing products, even though no cases 
have been associated with blood products or blood
transfusions in humans (Evatt and Hooper 1997; Turner
1999).

Because of concerns about possible transmission 
of “new variant” CJD by transfusion of blood or blood
products, efforts are being made to remove human or
animal-derived proteins from the production of clotting
factor concentrates. The first generation recombinant
factor VIII product has human albumin as a stabilizer,
while second generation factor VIII products do not 
use human albumin to stabilize the final preparation,
although they have human and animal-derived material
present in the manufacturing process. A third genera-
tion factor VIII product is being introduced, which uses
very little human or animal-derived material at any
stage in the production or stabilization of the concen-
trate. The present recombinant-produced factor VIIa
and factor IX products do not have human albumin as
a stabilizer in the final preparation (Mannucci 2003).

In guiding the choice of clotting factor concentrate
to treat pediatric patients, a general recommendation is
products providing the highest degree of safety and
least associated risk should be used for all patients.
Recombinant products are recommended for patients
who have not been previously transfused with blood 
or treated with a plasma-derived factor concentrate.
However, many older patients who have been treated
with the virally inactivated, plasma-derived factor con-
centrates have remained on these products for many
years without evidence of problems. Studies done by the
Centers for Disease Control and Prevention (CDC)
have not shown any evidence of transmission of infec-
tion by a clotting factor concentrate in the United States
since 1987 (Evatt and Hooper 1997). High purity factor
IX products, either monoclonally purified or recombi-
nant, do not have the thrombosis risks that were seen
with older and are the factors of choice for the treat-
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ment of hemophilia B patients. Because of the variabil-
ity of dose response with the recombinant factor IX
product, individual recovery studies may need to be
done in the young child, in patients that do not demon-
strate the expected factor level increment to factor infu-
sions, and in pre-operative patient evaluations (Shapiro
2001). Table 20.3 lists a selection of the factor concen-
trates commercially available in the United States as of
early 2003.

Desmopressin

For mild hemophilia A patients, desmopressin
(DDAVP) offers an alternative to factor concentrate
infusions for the control of bleeding symptoms. It is 
a synthetic analogue of vasopressin that when given 
in higher concentrations than used to treat diabetes
insipidus, raises factor VIII and vWF levels, with few
major side effects. The factor VIII and vWF levels are
usually raised two to three times the baseline level, but
specific testing on each patient is needed, as some fail to
raise their factor levels in response to this medication
(Mannucci et al. 1977). Dosing for intravenous use is 
0.3 mg/kg/dose of DDAVP in 50 mL of normal saline 
and infused over at least 30 minutes. A nasal high-
concentration DDAVP spray (Stimate,Aventis-Behring)
is available and simplifies dosing and administration 
for some patients. Dosing of the nasal DDAVP is 
150 mg/dose for patients weighing under 50 kg and 
300 mg/dose for patients weighing 50 kg or more. This
corresponds to one puff of desmopressin (Stimate) for
the 150 mg dose and two puffs for the 300 mg dose. Factor
VIII and vWF levels reach their peak within 30 to 60
minutes after administration, and the high levels of
factor VIII and vWF last for 6 to 8 hours. Infusions can be
repeated every 12 to 24 hours, but if they are given more
frequently than every 48 hours, tachyphylaxis with a less-
ening of response to repeated dosing occurs. Side effects
seen with DDAVP use include flushed face, headaches,
nausea and vomiting, tachycardia, hypertension, and,
rarely, hyponatremia due to the retention of free water.
Because of the free water retention, DDAVP is not rec-
ommended for use in infants younger than 11 months,
and older patients should be fluid restricted to satisfac-
tion of thirst for 24 hours after its use. Seizures due to
hyponatremia have been reported as a rare side effect of
this medication (Montgomery et al. 2003).

Antifibrinolytics in the Treatment of Hemophilia

An adjunctive treatment to control bleeding from
mucosal surfaces is antifibrinolytic therapy with either
epsilon-aminocaproic acid (EACA) or with tranexamic
acid. These have been found to be effective in control-

ling epistaxis, oral mucosal bleeding, and particularly
bleeding from dental extractions. They may also be a
significant adjunct to controlling excessive menstrual
bleeding, which can be seen in symptomatic carrier
females for hemophilia A or B or in von Willebrand’s
disease. Oral dosing for EACA is 100 mg/kg to 200
mg/kg initial dose with a maximum dose of 10 grams,
followed by 50 to 100 mg/kg/dose with a maximum dose
of 5 grams every 6 hours. The oral dose of tranexamic
acid is 25 mg/kg every 6 to 8 hours. These medications
are usually given for 7 to 10 days and can also be given
as an oral mouthwash for localized control of bleeding
(Stajcic 1985; Montgomery et al. 2003).

Dosage Calculation for Hemophilia A

To calculate the dose of factor VIII concentrate
needed to treat specific bleeding, one unit of activity 
for factor VIII is defined as the amount of coagulant
activity in 1 mL of fresh normal plasma. Infusion of 
one unit per kilogram of body weight of factor VIII
increases the circulating factor VIII level by 2%. The
following formula is used to estimate the number of
units of factor to be given to obtain a specific factor level
in circulation for hemophilia A patients:

The percentage activity levels are expressed as a
whole number, such as 100 for 100% factor activity
level. An example of the calculation to get a 100% cor-
rection for a severe hemophilia A patient who weights
50 kg and has a baseline factor VIII activity of 1% is:

Any calculation of dosing for factor products will
need to be adjusted for the available vial sizes of factor
concentrate. As a generalization, it is better to use the
entire vial of factor than to waste material to give just
the calculated number of units. Adjustment of the dose
by +/- 10% will not affect efficacy.

Dosage Calculation for Hemophilia B

Calculation of factor dosing for hemophilia B
patients is very similar to that for hemophilia A. The
only difference is that one unit per kg of factor gives an
increase in the circulating factor levels of 1% activity:
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TABLE 20.3 Factor Products Available in the United States

Viral Attenuation/
Product Manufacturer Preparation Inactivation Clinical Use/Comments

Factor VIII/vWF Concentrates

Humate-P Aventis-Behring Multiple precipitation Pasteurization 60°C, 10 hours Hemophilia A, von Willebrand’s
disease/albumin added

Koate DVI Bayer Multiple precipitation, TNBP/polysorbate 80, heat Hemophilia A, von Willebrand’s
size exclusion dry 80°C 72 hours disease/albumin added
chromatography

Alphanate Alpha Heparin ligand, TBNP/polysorbate 80, dry Hemophilia A, von Willebrand’s
chromatography heat 80°C 72 hours disease/albumin added

Immunoaffinity Purified Factor VIII Concentrates (High Purity Product)

Monoclate-P Aventis-Behring Monoclonal Ab affinity Pasteurization 60°C, 10 hours Hemophilia A/albumin added
chromatography

Hemofil M Baxter Monoclonal Ab affinity, TNBP/Triton X-100 Hemophilia A/albumin added
AHF ion exchange

chromatography
Monarc M American Red Cross Monoclonal Ab affinity, TNBP/Triton X-100 Hemophilia A/albumin added

ion exchange
chromatography

Recombinant Factor VIII Concentrates

Recombinate Baxter Recombinant, ion Viral attenuation through Hemophilia A/full-length FVIII,
exchange, purification albumin added
immunoaffinity
chromatography

Refacto Wyeth Recombinant TNBP/Triton X-100 Hemophilia A/B-domain-deleted
FVIII, no albumin

Kogenate FS Bayer Recombinant, ion TNBP/Triton X-100 Hemophilia A/full-length FVIII,
exchange, no albumin
immunoaffinity
chromatography

Helixate FS Aventis-Behring Recombinant, ion TNBP/Triton X-100 Hemophilia A/full-length FVIII,
exchange, no albumin
immunoaffinity
chromatography

Factor IX- Prothrombin Complex Concentrates (PCC)

Bebulin VH Baxter Ion exchange Vapor heat 60°C 10 hours, Hemophilia B, heparin added
adsorption 80°C 1 hour

Proplex T Baxter Tricalcium phosphate 20% ethanol, dry heat 60°C Hemophilia B, heparin added
adsorption, PEG 144 hours
fractionation

Profilnine SD Alpha DEAE cellulose TNBP/polysorbate 80 Hemophilia B, AT and heparin
absorption added, no albumin added

Coagulation Factor IX Concentrates

Alpha-Nine SD Alpha Ion exchange, TNBP/polysorbate 80, Hemophilia B, no albumin
carbohydrate ligand nanofiltration
chromatography

Mononine Aventis-Behring Immunoaffinity Sodium thiocyanate, Hemophilia B
chromatography ultrafiltration

Recombinant Factor IX Concentrates

Benefix Wyeth Recombinant Nanofiltration Hemophilia B, no albumin added
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Using the same information, a 50-kg patient with a
baseline factor level of 1%, the following is an example
of calculating the dose for a 100% correction:

When calculating dosing for recombinant factor IX,
due to differences in the volume of distribution, one unit
per kilogram of body weight will only give an increase
of 0.8% activity, and the equation is as follows:

The example calculations are as follows, using the
same baseline data:

Special attention has to be paid to the issue of dosing
for pediatric patients with recombinant factor IX, as
some patients get significantly less than a 0.8% increase
for every unit per kilogram of body weight of factor that
is infused (Shapiro 2001; Montgomery et al. 2003).
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Dosing of Factor Concentrates in Inhibitor Patients

Dosing for control of bleeding in the inhibitor patient
will initially be with increased doses of factor VIII or
factor IX, as long as there is no anaphylaxis to the infu-
sion of the factor. However, many high-titer inhibitor
patients will fail to respond, and then porcine factor
VIII, activated prothrombin complex concentrates
(APCCs), or recombinant factor VIIa is used to control
bleeding. Dosing for porcine factor VIII is similar to
dosing for human factor VIII, and it can be used as long
as the inhibitor does not crossreact with the porcine
factor VIII molecule. An initial dose is often 100 to 
150 units/kg, patients must be observed for allergic reac-
tions, and a routine factor VIII assay can be used to
monitor therapy (Hay et al. 1994). APCCs are usually
used to control routine muscle and joint hemorrhages
and are initially dosed at 75 units/kg of factor IX. If
there is no response after two to three doses given every
12 hours, then it is unlikely that further dosing will be
successful, and studies have shown only a 40% to 60%
success rate in controlling hemarthrosis when APCCs
are used (Lusher et al. 1980). APCCs contain factor IX,
so they should not be used in a hemophilia B patient
who has developed anaphylaxis along with his or her
inhibitor (Mannucci 2003). Recombinant factor VIIa is
initially dosed at 90 mg/kg every 2 hours till bleeding 
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TABLE 20.3—cont’d

Viral Attenuation/
Product Manufacturer Preparation Inactivation Clinical Use/Comments

Inhibitor Treatment Products
Activated Prothrombin Complex Concentrates (APCCs)

FEIBA VH Baxter Ethanol, DEAE- Vapor heat 60°C 10 hours, Factors VIII and IX inhibitor
Sephadex, surface- 80°C 1 hour bypassing agent-contains
activated PCC, batch factor IX, no heparin
controlled

Autoplex T NABI TriCa PO4 adsorption, 20% ethanol, dry heat 60°C Factors VIII and IX inhibitor
PEG fractionation, 144 hours bypassing agent-contains
surface-activated factor IX, heparin
PCC

Porcine Factor VIII Concentrate

HYATE:C IPSEN, Inc. Cryoprecipitation None: end product cell Factor VIII inhibitor bypassing
Polyelectrolyte culture viral screen agent
ion-exchange
Chromatography

Recombinant Factor VIIa Concentrate

NovoSeven NovoNordisk Recombinant None Factors VIII and IX inhibitor
bypassing agent, factor VII
deficiency

Modified from Kasper and Costa e Silva, 2003.
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is controlled. Subsequent doses of factor VIIa can be
increased to 180 mg/kg every 2 hours if the patient 
does not seem to be responding to the lower dose
(Montgomery et al. 2003).

von Willebrand’s Disease

von Willebrand’s disease is a highly heterogenous,
usually mild, autosomal dominant, inherited coagula-
tion disorder. Laboratory abnormalities in vWF are
found in roughly 1% of the world’s population, with
10% of these patients having bleeding problems,
making it the most prevalent inherited bleeding disor-
der (Sadler et al. 2000). vWF is a circulating plasma gly-
coprotein that is made up of high, intermediate, and low
molecular weight multimers. The high molecular weight
multimers are responsible for the vWF binding to gly-
coproteins Ib and IIb/IIIa on the surface of platelets,
which is a critical step in the adhesion and aggregation
of platelets to the injured vessel wall.A second role that
vWF plays is to act as a carrier for the factor VIII mol-
ecule in circulation. By binding factor VIII to the vWF
molecule, it protects the factor VIII from proteolytic
degradation and helps to efficiently localize the factor
VIII to the site of vascular injury.

Mucocutaneous bleeding is the hallmark of von
Willebrand’s disease, with patients showing symptoms
that include easy bruising; epistaxis; menorrhagia;
bleeding after dental extractions or ear, nose, throat
(ENT) procedures; bleeding from minor wounds;
postsurgical bleeding; postpartum bleeding; gas-
trointestinal bleeding; and rare joint hemarthrosis or 
central nervous system bleeding (Silwer 1973; Federici
et al. 2002). With an autosomal dominant pattern of
inheritance, both males and females with von 
Willebrand’s disease can have bleeding symptoms. von
Willebrand’s disease has variable penetration of the
gene, so that the offspring of a person with von Wille-
brand’s disease can inherit the gene without having
abnormal vWF levels and without having bleeding
symptoms. This person can then pass the gene on to
their offspring, who could have bleeding symptoms
(Castaman et al. 1999).

Classification of von Willebrand’s Disease

von Willebrand’s disease is divided into three sub-
types, with types 1 and 3 having quantitative defects in
the vWF levels, and type 2 having qualitative defects in
vWF structure and function (Sadler 1994). Details of the
various types of von Willebrand’s disease are summa-
rized in Table 20.4. Bleeding symptoms are usually mild
in type 1 and increase in severity in types 2 and 3.
Type 3 gives severe bleeding symptoms that are similar

to hemophilia, including spontaneous bleeding and
hemarthrosis (Sadler et al. 2000).

Diagnosis of von Willebrand’s Disease

In order to make the diagnosis of von Willebrand’s
disease, there needs to be a combination of mucocuta-
neous bleeding symptoms in the patient and abnormal
vWF laboratory tests combined with a family history 
of bleeding. The laboratory testing commonly involves
serial determinations of plasma factor VIII (FVIII : C)
level, vWF antigen (vWF : Agn) level, and ristocetin
cofactor activity (vWF : RCo). The vWF : RCo is a
measurement of the ability to agglutinate platelets in
the presence of vWF and ristocetin. The vWF : RCo is
used as a measurement of vWF activity. If the FVIIII :
C level, the vWF : Agn, and the vWF : Rco are all low
to unmeasurable, then the patient has type 3 von Wille-
brand’s disease. If the vWF : Rco to vWF : Agn ratio is
proportional, 0.7 to 1.2, then the patient has a normal 
vWF structure, and has either type 1 or type 2N von
Willebrand’s disease. If the vWF : Rco to vWF : Agn
ratio is discordant, less than 0.7, then there is an abnor-
mal vWF structure, and the patient has type 2A, type
2B, or type 2M von Willebrand’s disease (Montgomery
et al. 2003; Castaman et al. 2003).

To separate type 1 from type 2N von Willebrand’s
disease, the ratio of FVIII : C to vWF : Agn is used. If 
the ratio is greater than or equal to one, then it is con-
cordant, and the patient has type 1 von Willebrand’s
disease. If the ratio is less than one, then suspect type
2N von Willebrand’s disease, and a factor VIII binding
assay is used to confirm the diagnosis.This measures the
affinity of vWF for factor VIII, and will distinguish type
2N von Willebrand’s disease from mild hemophilia A
(Castaman et al. 2003). The PFA-100 platelet function
analyzer is sensitive to all types of von Willebrand’s
disease except type 2N, where it gives normal results
(Fressinaud et al. 1998; Dean et al. 2000).

To separate type 2A, type 2B, and type 2M von Wille-
brand’s disease, von Willebrand multimer analysis and
ristocetin-induced platelet agglutination (RIPA) at low
concentrations of ristocetin are used. The von Wille-
brand’s multimer assay is an agarose gel electrophore-
sis that separates low, intermediate, and high molecular
weight multimers of vWF. The RIPA test is used to sep-
arate type 2B von Willebrand’s disease from the other
type 2 subtypes. Most von Willebrand’s disease subtypes
show a very low response in this assay when low 
concentrations of ristocetin are used. In type 2B von
Willebrand’s disease, there is a hyperresponsiveness 
to ristocetin, and the assay shows an elevated level of
agglutination at low ristocetin concentrations (Sadler 
et al. 2000).
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A hallmark of von Willebrand’s disease is the vari-
ability in factor levels and bleeding symptoms in the
same patient from one time to the next. There can be
variability in the severity of the bleeding symptoms
between members of the same family (Abildgarrd et al.
1980). vWF levels are influenced by age, race, blood
type, exercise, pregnancy, trauma, and inflammation.
vWF levels are reduced in hypothyroidism and in-
creased in hyperthyroidism. Combination birth control
pills or estrogen therapy can elevate vWF levels. Be-
cause of this variability, serial sampling from a patient
may be necessary before a diagnosis can be made, and
two sets of abnormal laboratory tests should be found
before a definitive diagnosis of von Willebrand’s disease
is made (Federici et al. 2002).

Treatment of von Willebrand’s Disease

Treatment of patients with von Willebrand’s disease
has to address two objectives in order to control bleed-
ing: the abnormal platelet adhesion and the low factor

VIII levels.There are two treatments of choice, DDAVP
and or transfusion with a vWF/factor VIII concentrate.
Antifibrinolytic therapy is an important adjunct to
either of these therapies for bleeding that involves
mucous membranes. Estrogens raise plasma vWF levels,
but in unpredictable amounts. Oral contraceptives may
be useful in reducing the severity of menorrhagia in
women with von Willebrand’s disease (Castaman et al.
2003).

DDAVP use has been discussed in the section on
hemophilia A, and its use in patients with von Wille-
brand’s disease is the same, with the same doses, sched-
ule, and side effects. It is the treatment of choice for type
1 von Willebrand’s disease patients, but responsiveness
to this material must be established for each patient
before it is used. More than 90% of type 1 von 
Willebrand’s disease patients will respond to DDAVP.
Avoid use of the dilute form of intranasal DDAVP 
(100 mg/mL) that is intended for treatment of diabetes
insipidus or enuresis. It is impossible to achieve hemo-
static levels of DDAVP with this material. DDAVP is
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TABLE 20.4 Classification of von Willebrand’s Disease

Type 1 Type 2A Type 2B Type 2M Type 2N Type 3

Inheritance Autosomal Autosomal Autosomal dominant Autosomal Autosomal Autosomal
dominant dominant dominant dominant recessive

or recessive
Bleeding time Normal or Usually Usually prolonged Normal or Normal Prolonged

prolonged prolonged prolonged
vWF:Agn Reduced Reduced Reduced Normal or Normal Markedly

reduced reduced
vWF:RCo Reduced Reduced Reduced Reduced Normal Markedly

reduced
FVIII :C Normal or Normal or Normal or slightly Normal or Reduced Markedly

slightly slightly reduced slightly reduced
reduced reduced reduced

RIPA at low Absent Absent Increased Absent Absent Absent
concentrations
of ristocetin

vWF Normal Absence of Absence of large Normal Normal Usually
multimer large and MW multimers very low
analysis intermediate levels of

MW multimers multimers
vWF:RCo/ 0.7–1.2 <0.7 <0.7 <0.7 0.7–1.2 NA

vWF:Agn
FVIII :C/ >1 >1 >1 >1 <1 NA

vWF:Agn
Therapy Usually Variable DDAVP Variable DDAVP gives No response

responsive response to associated with response to FVIII to DDAVP,
to DDAVP DDAVP, thrombocytopenia, DDAVP, release with use FVIII/

FVIII/vWF use FVIII/vWF FVIII/vWF short survival, vWF factor
factor factor concentrate factor may need concentrate
concentrate if concentrate if FVIII/vWF
nonresponsive nonresponsive concentrate

FVIII :C = Factor VIII activity; vWF:Rco = von Willebrand factor ristocetin cofactor activity; vWF:Agn = von Willebrand factor antigen; RIPA
= ristocetin-induced platelet agglutination; FVIII = Factor VIII.
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contraindicated in type 2B von Willebrand’s disease
patients because of possible worsening of thrombocy-
topenia with increased levels of the patient’s abnormal
vWF. Type 2N patients have a good initial increase in
factor VIII levels with DDAVP, but the increased levels
are short-lived because of the lack of stabilization of the
factor VIII molecule by vWF (Castaman et al. 2003;
Montgomery et al. 2003).

Cryoprecipitate was initially used to treat patients
with von Willebrand’s disease and still represents a rea-
sonable choice, but virucidal methods cannot be applied
to cryoprecipitate, so it carries a small risk of transmis-
sion of blood borne infections. Because of this, virally
inactivated vWF/factor VIII concentrates have been
preferred for the treatment of von Willebrand’s disease
since the early 1990s for patients who are nonrespon-
sive to DDAVP (Federici and Mannucci 1998). It is
important to use the “intermediate purity” factor VIII
concentrates, as the “high purity” monoclonal purified
and recombinant factor VIII concentrates do not
contain significant amounts of vWF. Treatment recom-
mendations are summarized in Table 20.5 for patients
nonresponsive to DDAVP.

With the infusions of the vWF/factor VIII con-
centrates, high postinfusion levels are consistently
obtained, but factor VIII levels in patients rise higher
than would be predicted over the next 24 hours, as the
exogenous vWF stabilizes endogenously produced
factor VIII.This can cause very high levels of factor VIII
when multiple infusions of factor concentrate are given,
such as in surgical situations. There is concern that sus-
tained high levels of factor VIII can increase the risk of
postoperative deep vein thrombosis (Mannucci 2002;
Makris et al. 2002). Monitoring of factor VIII levels
while patients are receiving multiple infusions of
vWF/factor VIII concentrates and adjusting dose and
schedule to avoid excessively high factor VIII levels is
recommended.

Bleeding Nonresponsive to Standard Therapy

Infusion of exogenous vWF cannot replace vWF
missing from the alpha granules in the platelets in some

variants of von Willebrand’s disease. If bleeding is not
controlled by vWF/factor VIII concentrates or cryopre-
cipitate alone, then DDAVP and/or platelet concen-
trates can be given to control the bleeding. Correction
of the bleeding time helps to predict control of bleed-
ing in these situations (Castillo et al. 1991). Rare
patients with type 3 von Willebrand’s disease develop
anti-vWF alloantibodies, which not only render therapy
with endogenous vWF ineffective, but also are associ-
ated with potentially life-threatening posttransfusion
anaphylaxis. Recombinant factor VIII has been used in
a high-dose continuous infusion to control bleeding
during emergency surgery in a von Willebrand’s dis-
ease patient with alloantibodies, because recombinant
factor VIII does not contain vWF (Mannucci et al. 1987;
Bergamaschini et al. 1995).

Rare Congenital Hemorrhagic Disorders

Specific information about the rare clotting factor
deficiencies are provided in Table 20.6. All of the rare
deficiencies listed are autosomal recessive in inheri-
tance, with the exception of dysfibrinogenemia, which 
is autosomal dominant in inheritance. The autosomal
recessive disorders have both heterozygous and
homozygous presentations, where the bleeding mani-
festations in the heterozygous state are mild to asymp-
tomatic and in the homozygous state are moderate to
severe. The reader is referred to the review articles and
textbook chapters in the references for more in-depth
information on these disorders.

Factor XI Deficiency (Hemophilia C)

Hereditary factor XI deficiency is a mild, highly 
variable bleeding disorder that is often found in Jews 
of European descent, but can be found in other ethnic
groups as well. Presentation is often for evaluation of a
prolonged PTT or mild bleeding symptoms. The diag-
nosis is made by the measurement of factor XI activity
on a fresh sample, as freezing may increase the factor
XI activity in the sample (Pearson et al. 1981). Het-
erozygotes have factor XI levels of 25% to 60%, which
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TABLE 20.5 Guidelines for vWF/Factor VIII Concentrate Dosing in von Willebrand’s Disease

Type of Bleeding Dose (FVIII Units) Number of Infusions Duration of Therapy

Major surgery 40–50 Units/kg Every 24 to 48 hours Maintain FVIII >50% for at least 7 days
Minor surgery 20–40 Units/kg Every 24 to 48 hours Maintain FVIII >30% for at least 5–7 days
Dental extractions 20–40 Units/kg Single Maintain FVIII >30% for up to 6 hours, use antifibrinolytics
Spontaneous or 20–40 Units/kg Single Usually one dose is sufficient, but may repeat as necessary

posttraumatic bleed till bleed resolves
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may overlap with the lower end of factor XI levels in
normal individuals. Heterozygotes tend to have fewer
bleeding problems than homozygotes, but the frequency
and severity of bleeding disorders does not necessarily

correlate with factor XI levels (Ragni et al. 1985).
Patients with factor XI levels less than 15% or with a
significant family history of bleeding should be treated
before major surgery. Dental surgery can be done safely
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TABLE 20.6 Rare Hereditary Coagulation Factor Deficiencies

Bleeding Symptoms 
Factor Deficiency (Homozygous Patients) Treatment Comments

Factor XI Mild to moderate: epistaxis, easy 15–20 mL/kg FFP load, 7.5–10 mL/kg Maintain 40% to 60% factor level 
(hemophilia C) bruising, bleed postdental or every 12–24 hours. (Factor XI for hemostasis. Antifibrinolytics

surgical procedures, menorrhagia concentrate available in Europe) for dental procedures.
Factor XIII Moderate to severe: umbilical stump 5–10 mL/kg FFP every 3–4 weeks. Prophylactic infusions to prevent

bleeds, ICH, SQ, or muscle (Factor XIII concentrate available) bleeding. Antifibrinolytics for 
hematomas, bleeding postdental dental procedures.
or surgical procedures

Factor VII Severe: umbilical stump, 10–15 mL/kg FFP every 4–6 hours. rFVIIa dosing 20–30 mg/kg/dose,
cephalohematomas, ICH, rFVIIa for severe hemorrhage or lower than in inhibitor therapy.
mucocutaneous bleeding, surgery. Vitamin K therapy of no benefit.
hemarthrosis, GI bleeding,
menorrhagia, bleed postdental or
surgical procedures, bleeding 
postpartum

Factor X Moderate to severe: hemarthrosis, 20 mL/kg FFP load, 6 mL/kg every 12 Estrogens may help in reducing
deep hematomas, menorrhagia, hours for minor bleeding episodes. bleeding.
bleeding postsurgical procedure Prothrombin complex concentrates
or trauma, neonatal ICH for surgery

Factor V Mild to moderately severe: epistaxis, 20 mL/kg FFP load, 6 mL/kg every 12 Hemarthrosis or deep muscle bleeds
hematomas, postsurgical or hours. May need platelet are rare.
trauma, menorrhagia, postpartum, transfusions in severe bleeding.
neonatal ICH, GI, and GU

Factor II Mild to moderate: epistaxis, 10–20 mL/kg FFP load, 3 mL/kg Hemarthrosis are rare. 60 hour
(prothrombin) hematomas, GI bleeding, every 12–24 hours. Prothrombin half-life, retreatment rarely 

menorrhagia, postsurgical or complex concentrates needed.
trauma, postpartum

Afibrinogenemia Severe: ecchymosis, GI bleeding, 4 bags/10 kg (max dose 10 bags). Frequent problems with fetal loss in
hemarthrosis, bleeding postsurgery, Cryoprecipitate every other to affected females. Consider
posttrauma, or with dental every fourth day. (Fibrinogen prophylactic infusions every
procedures, severe menorrhagia, concentrate available in Europe.) 3–4 days.
neonatal ICH, recurrent abortions,
abruptio placenta

Hypofibrinogenemia Mild: menorrhagia, postsurgical or 4 bags/10 kg (max dose 10 bags). Prophylaxis based on severity of
posttraumatic, recurrent abortions, Cryoprecipitate every other to bleeding symptoms.
placental abruption every fourth day. (Fibrinogen

concentrate available in Europe.)
Dysfibrinogenemia Asymptomatic to mild: epistaxis, 4 bags/10 kg (max dose 10 bags) If fibrinogen activity is >50 mg/dL,

menorrhagia, bleeding postsurgical Cryoprecipitate every other to fewer bleeding problems.
or posttrauma every fourth day. (Fibrinogen

concentrate available in Europe.)
Alpha 2- Severe: umbilical cord stump, Antifibrinolytics-epsilon aminocaproic Differentiate from hemophilia
Antiplasmin hemarthrosis, hematomas, acid or tranexamic acid

epistaxis, posttraumatic,
postsurgical or dental procedures,
menorrhagia

PAI-1 Severe: hemarthrosis, hematomas, Antifibrinolytics-epsilon aminocaproic Differentiate from hemophilia
menorrhagia, easy bruising, severe acid or tranexamic acid
postsurgical or posttraumatic
bleeding

FFP = Fresh frozen plasma; ICH = intracranial hemorrhage; SQ = subcutaneous; rFVIIa = recombinant factor VIIa; GI = gastrointestinal;
GU = genitourinary; PAI-1 = plasminogen activator inhibitor-1.
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with only antifibrinolytic coverage (Berliner et al. 1992).
Factor XI concentrates are available in the United
Kingdom and France but have reported complications
with thrombosis and DIC, even though the concentrates
contain antithrombin or antithrombin and heparin
(Bolton-Maggs et al. 1994; Mannucci et al. 1994).

Factor XIII Deficiency

A pattern of delayed bleeding is seen in homozygous
factor XIII deficiency as clots repeatedly form and then
break down 24 hours later. Diagnosis is made with a
urea clot stability test, as standard hemostasis screening
tests are normal (Lorand et al. 1980).There is often poor
wound healing and delayed separation of the umbilical
stump beyond 3 to 4 weeks. These patients have a 
very high rate of intracranial hemorrhage with little 
or no trauma, and this can be prevented with prophy-
lactic infusions of fresh frozen plasma (FFP) or factor
XIII concentrate (Abbondanzo et al. 1988). Females
with severe factor XIII deficiency have spontaneous
abortions if they become pregnant and can only carry
to term if they are on prophylactic therapy throughout
the pregnancy (Kobayashi et al. 1990). Very low levels
of factor XIII, approximately 1% to 2%, are sufficient
to provide hemostasis, and with a long half-life of 9 
to 10 days, the every 3 to 4 week dosing intervals 
for the prophylaxis regimens are successful (Bauer 
2003). Fibrogammin P (Aventis-Behring) is a virally
inactivated plasma-derived factor XIII concentrate 
that is available in Europe and in clinical trials in the
United States.

Factor VII Deficiency

Presentation of homozygous patients is often in
infancy with bleeding symptoms, including intracranial
hemorrhage, suggestive of hemophilia, but with a pro-
longed PT and a normal aPTT. Diagnosis is made 
by measurement of factor VII activity. Heterozygous pa-
tients are usually asymptomatic, but factor VII levels 
are poorly predictive of bleeding risk (Ragni et al.
1981). Patients with less than 1% factor VII activity
have bleeding comparable to a severe hemophilia
patient. The half-life of factor VII is short, 3 to 
6 hours, so plasma infusions may control a single 
bleeding episode with factor VII levels of 15% but 
not provide sufficient coverage for severe hemor-
rhagic events or surgery. Recombinant factor VIIa
(NovoNordisk) has been used successfully for control
of bleeding (Mariani et al. 1999), and there is a virally
inactivated factor VII concentrate (Baxter-Immuno)
available in Europe and in the United States as part of
clinical trials.

Factor X Deficiency

Clinical presentation is with mucocutaneous or post-
traumatic bleeding combined with a prolonged PT and
aPTT but normal fibrinogen. The diagnosis is made by
measurement of factor X activity. There are variants
where only the PT or the PTT is prolonged. The
Russell’s viper venom (RVV) time is a test where factor
X is directly activated by the venom. It is usually pro-
longed in patients with severe deficiency but may be
normal in some variants (Cooper et al. 1997). Patients
with less than 1% activity have severe bleeding symp-
toms; if the factor level is greater than 10%, bleeding
symptoms are mild, and factor levels of 20% to 30% are
sufficient to prevent bleeding.The use of PCCs has been
recommended in place of FFP because of the viral inac-
tivation that is part of their production, however, this
must be balanced against the possible risk of thrombotic
complications. PCCs are recommended for use in 
complicated surgical procedures where higher levels 
of factor X are required (Blanchette et al. 1999).
Successful prophylactic treatment of a severe patient 
with recurrent hemarthrosis has been reported using
twice per week infusions of PCCs (Kouides and Kulzer
2001).

Factor V Deficiency

Presentation of these patients is with a mild to mod-
erately severe bleeding disorder combined with a pro-
longed PT and PTT. Occasional patients will have
prolonged bleeding times, due to low factor V content
in platelets. Specific factor assays for factor V confirm
the diagnosis, and assays for factor VIII should be done
because combined deficiencies of factor V and VIII can
occur (Ginsburg et al. 1998). The bleeding symptoms
can be variable, with some patients having marked
bleeding and others with the same factor V level having
few symptoms. Menarche is frequently associated with
severe menorrhagia (Mammen 1983). Hemostasis is
achieved with factor V levels above 10% to 20%.

Factor II (Prothrombin) Deficiency

Prothrombin deficiency may be due to a lack of pro-
duction of factor II (hypoprothrombinemia), due to a
qualitative abnormality in the prothrombin produced
(dysprothrombinemia) or to a combination of both dis-
orders. It usually presents as a mild to moderate bleed-
ing disorder with prolongation of both the PT and
aPTT. The diagnosis is made using a combination of
factor II activity and antigen measurements. Care must
be taken to look for evidence of a lupus anticoagulant
with an acquired antiprothrombin inhibitor, vitamin K
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deficiency, and liver disease (Blanchette et al. 1999).
Bleeding symptoms in the neonate can be confused with
hemorrhagic disease of the newborn. Factor II levels of
20% to 25% are sufficient to control bleeding. Use of
PCCs has been recommended due to their viral inacti-
vation, but this must be balanced against the risk PCCs
have of thrombotic complications. Monitoring of factor
II levels during replacement therapy is recommended
to avoid excessive treatment, given the 3-day half-life of
prothrombin (Roberts and White 2001).

Afibrinogenemia and Hypofibrinogenemia

Afibrinogenemia and hypofibrinogenemia are 
the homozygous and heterozygous presentations of
decreased fibrinogen synthesis (al-Mondhiry and
Ehmann 1994). The clinical presentation for afibrino-
genemia patients is with a bleeding disorder compara-
ble to moderate or severe hemophilia. Prolongations of
the PT, PTT, TCT, bleeding time, and very low fibrino-
gen levels by both functional and immunological assays
are seen. These patients may present in the neonatal
period due to the trauma of delivery. Treatment with
FFP or preferably cryoprecipitate to an initial fibrino-
gen level of 80 to 100 mg/dL controls bleeding symp-
toms, and levels are maintained above 50 to 60 mg/dL
unitl bleeding resolves. Recurrent spontaneous
intracranial hemorrhage has been reported in patients
with afibrinogenemia (Henselmans et al. 1999). Pro-
phylactic infusions every 3 to 4 days have been recom-
mended for patients with severe symptoms (Rodriguez
et al. 1988). Hypofibrinogenemia is often asymptomatic
if the plasma fibrinogen level is greater than 50 mg/dL,
but with lower plasma fibrinogen levels, patients have
mild bleeding symptoms (al-Mondhiry and Ehmann
1994; Blanchette et al. 1999).

Dysfibrinogenemia

Dysfibrinogenemia is the secretion of a functionally
abnormal fibrinogen, which has an autosomal dominant
inheritance. Patients are either asymptomatic, hemor-
rhage, or have arterial or venous thrombosis. Poor
wound healing has been reported in some patients.
Laboratory evaluation shows a combination of usually
normal PT and aPTT, prolonged TCT, and/or reptilase
time with a normal or low fibrinogen activity measure-
ment and a normal to elevated antigenetic fibrinogen.
Fibrinogen levels must be significantly lower with the
functional assay than with antigenic assay. When the
TCT is prolonged, patients are more likely to have 
hemorrhagic symptoms. Some patients with thrombotic
problems have a shortened TCT. Approximately half of
dysfibrinogenemia patients with functional fibrinogen

levels of less than 50 mg/dL have hemorrhagic symp-
toms (McDonagh 2001; Bauer 2003).

Alpha 2-antiplasmin

Severe deficiency of alpha 2-antiplasmin is associated
with a severe bleeding disorder caused by excessive 
fibrinolysis. The usual hemostatic screening tests are
normal, and the euglobulin clot lysis time, a measure of
fibrinolytic activity, is usually shortened. Testing for
alpha 2-antiplasmin is done with functional and anti-
genic assays. The heterozygous presentation of this 
disorder is asymptomatic or has mild bleeding with
menorrhagia, easy bruising, postdental or postsurgical
bleeding. FFP contains alpha 2-antiplasmin, but most
bleeding episodes can be controlled with the antifibri-
nolytics epsilon aminocaproic acid or tranexamic acid
(Griffin et al. 1993).

Plasminogen Activator Inhibitor-1 (PAI-1)

The clinical presentation is of severe bleeding in pa-
tients with severe PAI-1 deficiency caused by a lack of
regulation of plasminogen activity and excessive fibri-
nolysis. Regular hemostatic tests are normal, and the
euglobulin clot lysis time can be abnormally short. Spe-
cific testing for PAI-1 with activity and antigenic tests is
available. While FFP contains PAI-1, the recommended
therapy for bleeding episodes is with the antifibrino-
lytics epsilon aminocaproic acid or tranexamic acid
(Dieval et al. 1991).

Multiple Factor Deficiencies and 
Nonhemorrhagic Deficiencies

Most often multiple factor deficiencies are due to
acquired disease states, such as liver failure or vitamin
K deficiency. There are two congenital multiple factor
deficiencies reported, one for factors V and VIII and 
the other for factors II, VII, IX, and X. The combined
factors V and VIII deficiency is an autosomal recessive
disorder, where the homozygotes have epistaxis, men-
orrhagia, postsurgical or dental bleeding, and post-
partum hemorrhage, while the heterozygotes have mild
bleeding symptoms. Hemarthrosis is rare (Peyvandi et
al. 1998). Treatment is with DDAVP (to increase factor
VIII) and/or FFP (to replace factor V), depending on
the severity of the bleed.

The combined deficiencies of factors II, VII, IX, and
X have been associated with pseudoxanthoma elas-
ticum as well as the phenotype of warfarin embryopa-
thy. The bleeding disorder can vary from mild to severe.
Vitamin K will temporarily increase factor levels in
some patients and has been used prophylactically to
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prevent bleeding. FFP has been used to control hemor-
rhage, if the patient is nonresponsive to vitamin K
(Brenner et al. 1998).

Deficiencies of factor XII, prekallikrein, and high
molecular weight kininogen have all been shown to
prolong the aPTT, sometimes markedly, while not
having any accompanying bleeding symptoms. This is
often found as a result of pre-operative screening test-
ing in patients without bleeding symptoms. Some indi-
viduals with factor XII deficiency have a mild thrombotic
tendency, attributed to reduced plasma fibrinolytic
activity, but epidemiological studies have questioned
this finding (Bauer 2003).

ACQUIRED HEMORRHAGIC
DISORDERS

As tertiary care pediatrics has improved, more criti-
cally ill children are being cured, but acquired hemor-
rhagic problems have become a significant problem 
for tertiary care pediatrics. This section provides a brief
overview of those problems with a focus on diagnosis
and treatment. For more extensive discussions of the
specific topics, the reader is referred to the articles and
review chapters in the references.

Disseminated Intravascular Coagulation

DIC is a very heterogeneous syndrome with endoge-
nous activation of thrombin and plasmin due to multi-
ple causes and associated with a significant mortality
rate. Fibrin deposition in the microvasculature and 
consumption of coagulation factors results in both 
end-organ dysfunction and a bleeding diathesis (Levi
and Cate 1999). The consensus definition of DIC from
the Scientific Subcommittee on DIC of the Interna-
tional Society on Thrombosis and Haemostasis (ISTH)
is “an acquired syndrome characterized by the intravas-
cular activation of coagulation with loss of localization
arising from different causes. It can originate from and
cause damage to the microvasculature, which, if suffi-
ciently severe, can cause organ dysfunction” (Taylor 
et al. 2001). It is a secondary event, with a partial listing
of causes in pediatrics in Box 20.1. Chronic as well as
acute DIC has been described, with the chronic forms
seen in the examples of malignancies and giant heman-
giomas (Kasabach-Merritt syndrome). Presentation of
overt DIC is most often with bleeding from surgical or
venipuncture sites, bruising, and purpura. However,
with the intensive monitoring done in pediatric inten-
sive care units, DIC may be a laboratory diagnosis that
is not accompanied by bleeding or microvascular
thrombosis. Purpura fulminans is a very severe form of

DIC that occurs with superficial purpura followed by
bullae and hemorrhagic skin necrosis, with acquired
deficiencies of proteins C and S (Smith et al. 1999). It is
most often seen in meningococcal sepsis but can also be
seen in streptococcal infections and chickenpox and is
similar in appearance to the neonate with severe protein
C or protein S deficiency.

Acute DIC usually occurs with the laboratory 
findings of thrombocytopenia; prolonged PT, aPTT,
and TCT; low fibrinogen; positive D-dimers; fibrin
degradation products; positive fibrin monomers; and a
peripheral smear compatible with a microangiopathic
hemolytic anemia, but no single test can reliably diag-
nose DIC. Coagulation factors V and VIII, antithrom-
bin, protein C, protein S, and alpha 2-antiplasmin are
usually low due to consumption. Chronic DIC is a com-
pensated disorder, with maintenance of fibrinogen 
and factor levels, platelet count, and normal PT and
aPTT. Specific tests of thrombin activation (thrombin-
antithrombin complexes, prothrombin fragment 1 + 2,
and fibrinopeptide A) and plasmin generation (Bb
15–42 peptide) can be used to demonstrate low-grade
DIC but are usually used as research tools (Levi and
Cate 1999).

Treatment of DIC depends on resolution of the
underlying disorder. In chronic or nonovert DIC,
therapy to support the hemostatic system may not be
needed. In overt DIC, transfusion of plasma products
may help to control hemorrhage while the underlying
disorder is addressed. There is significant controversy
over management strategies, but there is general agree-
ment on the transfusion of FFP for broad-spectrum clot-
ting and inhibitor replacement, cryoprecipitate for
fibrinogen and factor VIII replacement, and platelets 
for thrombocytopenia. It is reasonable to maintain the
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BOX 20.1 Pediatric Causes of Disseminated 
Intravascular Coagulation

Bacterial infections—meningococcemia, streptococcus,
gram-negative bacteria

Viral infections—varicella, hepatitis, CMV
Rickettsial infections—Rocky Mountain spotted fever
Systemic fungal infections
Malignancy—acute promyelocytic leukemia, disseminated

neuroblastoma
Trauma—head injury, burns
Profound shock or asphyxia
Intravascular hemolysis—ABO incompatible transfusion

reaction
Hemolytic uremic syndrome
Severe collagen vascular disease
Kasabach-Merritt syndrome
Liver disease
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platelet count at more than 50,000/ml and the fibrinogen
concentration at more than 100 mg/dL (Chalmers and
Gibson 1999). The evidence to support the use of
antithrombin and protein C concentrates is growing at
present and controlled trials are needed but may be very
difficult to perform (Smith et al. 1999;Messori et al. 2002;
Lee and Downey 2000). Activated protein C has shown
the ability to reduce the mortality rate for patients with
severe sepsis, but with an increased risk of bleeding
(Bernard et al. 2001).The use of heparin to suppress the
consumption of coagulation factors continues but
remains controversial. In situations of chronic DIC or
with large vessel thrombosis, systemic heparin is gener-
ally used. Use of low dose heparin (10 units/kg/hour) or
low molecular weight heparin in patients with chronic
DIC unlikely to quickly resolve may offer an important
adjunct to the control of ongoing consumption of coagu-
lation factors (Corrigan 1977; Oguma et al. 1990). DIC 
in the newborn can also been treated with exchange
transfusion (Monagle et al. 2003).

Liver Disease

The hemostatic defects of liver disease are combina-
tions of the following pathophysiology: lack of produc-
tion of most coagulation and fibrinolytic factors due to
impaired hepatic synthesis, reduced clearance of acti-
vated coagulation factors, activation of the fibrinolytic
system, thrombocytopenia due to splenic sequestration
and other mechanisms, qualitative defects in platelet
function, chronic low-grade consumptive coagulopathy,
loss of hemostatic proteins into ascitic fluid and con-
current vitamin K deficiency (Mammen 1994; Kang
2000). Hemorrhagic problems in liver failure are vari-
able and include superficial bleeding, mucocutaneous
bleeding, and hemorrhage with invasive procedures
such as liver biopsy. Bleeding from gastric and
esophageal varices, into the abdomen, and into the CNS
can be life-threatening. Specific problems occur with 
the placement of peritoneal-venous shunts, where the
development of DIC is very common secondary to 
the infusion of procoagulants in the ascitic fluid into the
bloodstream (Gleysteen et al. 1990). Liver transplant
surgery can produce extraordinary amounts of bleeding,
due to severe portal hypertension, previous surgery, a
brisk rise in tissue plasminogen activator and fall in
plasminogen activator inhibitor-1 levels during the
anhepatic and reperfusion phases of surgery, the recip-
rocal fall in fibrinogen that occurs during the anhepatic
stage, and a coagulopathy with release of a heparin-like
substance immediately after reperfusion of the liver
(Porte et al. 1989; Harper et al. 1989).

Standard coagulation screening tests are used to
assess possible hemostatic defects in hepatic failure

patients with bleeding or requiring invasive procedures.
Initial prolongation is usually seen in the PT, due to the
short half-life of factor VII, followed by prolongation 
of both the PT and aPTT as declines in other vitamin
K-dependent clotting factors and the nonvitamin 
K-dependent factors occur with worsening hepatic syn-
thesis. The degree of prolongation of the PT correlates
with the degree of hepatocellular damage. Factor VIII
and vWF levels are increased as hepatic disease
worsens, unless concomitant DIC occurs, when factor
VIII, vWF, and antithrombin are consumed. Fibrinogen
production is maintained by the liver until late in the
course of the disease, resulting in normal or elevated fib-
rinogen levels until end stage liver disease is reached. In
advanced liver failure, a wide spectrum of disorders is
seen, with prolongation of the PT/INR, PTT, TCT, low
fibrinogen levels, shortened euglobulin clot lysis times
secondary to increased fibrinolysis, elevating levels of
D-dimers, and FDPs due to both DIC and decreased
hepatic clearance, and increased bleeding times (Joist
and George 2001).

Therapy of hepatic-induced coagulopathy is mostly
supportive, with replacement therapy given to stop
bleeding or to prepare the patient for invasive proce-
dures. This is based on the results of ongoing monitor-
ing of the hemostatic system using the PT/INR, aPTT,
TCT, fibrinogen, and D-dimer level. Oral or intravenous
vitamin K1 should be started early in the management
of liver disease, avoiding intramuscular injections due to
the risk of hematomas. Mild prolongations of the PT
(for example, 3 to 4 seconds or INR <1.5), with normal
aPTT and fibrinogen levels do not require correction
before invasive procedures (McVay and Toy 1990).

As the status of the hemostatic system worsens, with
prolongation of the PT to an INR >1.5, FFP can be used
to give a broad-spectrum replacement of both coagula-
tion factors and inhibitors normally present in circula-
tion. In practice, as liver function decreases, such large
and repeated infusions of FFP are needed to correct the
INR to <1.5 that volume overload occurs. Exchange
transfusion can be used to correct a patient with severe
coagulopathy before surgery or an invasive procedure,
but the short half-life of factor VII (approximately 6
hours) requires additional infusions of FFP every 6 to
12 hours to maintain hemostasis. Cryoprecipitate can be
used to replace low levels of fibrinogen without exces-
sive volume requirements. Prothrombin complex con-
centrates are not recommended due to increased risk 
of thromboembolic complications and DIC (Joist and
George 2001). Factor VIIa has been used in place of
FFP for correction of the PT before procedures, using a
single dose of 40 mg/kg (Shami et al. 2003). Advantages
include more consistent correction of the PT than with
FFP, very small volumes of infused material, and the
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infectious safety of a recombinant product. Concerns
continue about thrombotic risks, and there is a need for
further studies to define optimal dosing, safety, and effi-
cacy. Platelet transfusions are indicated to stop bleeding
if the platelet count is less than 50,000/ml and DDAVP
can be used to shorten the bleeding time. Heparin 
may make bleeding worse and antifibrinolytic agents
may promote thrombotic complications. In the situa-
tion of excessive fibrinolysis, replacement of alpha 2-
antiplasmin is given with FFP and antifibrinolytics are
used, even with their increased risk of thrombosis
(Bovill 2001).

Renal Disorders

End-stage renal disease causes bleeding from
mucosal surfaces secondary to uremia-induced platelet
dysfunction. Bleeding times are often extended beyond
20 minutes, and it is common for end-stage renal
patients to have mild thrombocytopenia, but with
platelet counts of greater than 100,000/mL. This cannot
explain the degree of prolongation of the bleeding time
(Enkoyan et al. 1969). Use of DDAVP or cryoprecipi-
tate to raise vWF levels can correct the bleeding time
(Mannuchi et al. 1983). Effective dialysis and mainte-
nance of the hematocrit between 30% and 40%, either
with transfusion of PRBCs or with erythropoietin, will
also correct the bleeding time (Akizawa et al. 1991).
Renal transplantation that corrects the uremia resolves
the platelet dysfunction (Monagle and Andrew 2003).
Conjugated estrogens can be given orally, subcuta-
neously, or intravenously and have been reported to
shorten the bleeding time and decrease bleeding in
patients with renal failure (Livio et al. 1986). The main
cause of hemorrhagic complications in patients on dial-
ysis therapy is excessive anticoagulation therapy with
heparin.

Vitamin K Deficiency

Vitamin K deficiency in healthy children is rare,
because intestinal bacteria produce vitamin K2. If
broad-spectrum antibiotics reduce vitamin K2 produc-
tion, a normal diet provides sufficient vitamin K.
However, the combination of inadequate vitamin K
intake with prolonged use of broad-spectrum antibiotics
can produce vitamin K deficiency. Groups of children at
high risk for this include breast-fed newborns, particu-
larly if the parents have forgone neonatal vitamin K
prophylaxis (Sutor 1995), chronically ill children with
inadequate intake of vitamin K, or with disorders that
interfere with the adsorption of vitamin K, and children
with poor nutrition who are receiving prolonged
courses of antibiotics. These include children with cystic

fibrosis, biliary atresia, celiac disease, Crohn’s disease,
and obstructive jaundice. The final group of children
who have to be considered are those on warfarin or who
have ingested long-acting coumarin “superwarfarin”
found in rodenticides (Greeff et al. 1987). Second- and
third-generation cephalosporins have a weak vitamin K
antagonism that is a risk only if other predisposing
factors are present (Lipsky 1988).

Clinical bleeding due to vitamin K deficiency is rela-
tively infrequent, given the frequent laboratory evi-
dence of this deficiency in children with predisposing
conditions. If bleeding does occur, it is usually mild to
moderate, such as bruising or bleeding from venipunc-
tures. Internal bleeding is rare although CNS hemor-
rhage can occur. The laboratory diagnosis is made with
an isolated prolonged PT in early deficiency.As the defi-
ciency increases, prolongation of both the PT and aPTT
occurs while there are normal fibrinogen levels and
TCT. A 1 : 1 mix of patient and normal plasma should
correct any prolongations of the PT or the aPTT and
rule out the presence of heparin or other inhibitor.
Demonstration of low levels of the vitamin K-depend-
ent clotting factors (usually factors VII and IX) with
normal levels of factors V and VIII rules out liver
disease and consumptive coagulopathy, confirming the
diagnosis (Monagle and Andrew 2003).

Treatment of vitamin K deficiency should be dictated
by the clinical situation. Intravenous vitamin K should
be given only in settings of high risk or where other
routes are not feasible, due to the possible anaphylactic
reactions to intravenous vitamin K. If oral absorption is
normal, then oral vitamin K replacement can be used,
although correction of the PT is slower than with other
routes. Subcutaneous dosing of vitamin K is safe and
effective. Correction of the coagulation abnormality
takes place within 6 to 8 hours with oral replace-
ment and 2 to 6 hours with subcutaneous adminis-
tration. If acute bleeding is occurring or the risk of
bleeding is high, then an infusion of 10 to 15 mL/kg of
FFP can help to rapidly correct the PT. In life-threat-
ening hemorrhage, such as an intracranial hemorrhage,
both PCCs and recombinant factor VIIa have been used
to stop bleeding. Dosing of vitamin K is 1 to 5 mg 
subcutaneously, depending on size, for asymptomatic
patients with mild deficiency; 2 to 10 mg subcutaneously
if there is bleeding; and with life-threatening bleeding,
5 to 20 mg should be given systemically in addition to
rapid intravenous factor replacement (Monagle and
Andrew 2003). If there has been ingestion of a super-
warfarin rodenticide, then vitamin K replacement may
need to continue for a prolonged period of time (Greeff
et al. 1987). Prophylactic vitamin K supplementation is
given to children on total parenteral nutrition and is rec-
ommended for patients with severe noncholestatic or
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cholestatic liver disease, major small bowel resection for
intestinal complications, pulmonary disease necessitat-
ing long-term use of antibiotics, and for patients with
pancreatic insufficiency. Oral administration of 10 mg of
daily oral vitamin K1 should be given to pregnant
females on oral anticonvulsant therapy for 2 weeks
before birth, to help prevent overt vitamin K deficiency
in their infants at birth (Morrow and Craig 2003).

Acquired Inhibitors of Coagulation

Specific inhibitors of single coagulation factors are
well-recognized complications of hemophilia treat-
ment and are discussed in the section on hemophilia.
Acquired inhibitors to von Willebrand’s disease are
described in children with Wilms’ tumor and autoim-
mune disorders (Scott et al. 1981; Michiels et al. 2001).
Resolution of the inhibitor came after treatment of the
Wilms’ tumor, but this entity is important, as surgery
may need to occur before resolution of the tumor. A
therapeutic approach is to give DDAVP and then cryo-
precipitate. If this fails, then intravenous immunoglobu-
lin, prednisolone, or platelet transfusions can be used
(Michiels et al. 2001). Acquired inhibitors to factor VIII
have been reported in nonhemophiliac children who
have severe recurrent bleeding. Some have had recent
viral infections or penicillin exposure, but others have
no clear etiology. Treatment to control bleeding is the
same as for hemophilia A patients with inhibitors, with
the addition of intravenous immunoglobulin, immuno-
suppressive agents, or extracorporeal immunoadsorp-
tion (Brodeur et al. 1980; Green and Lechner 1981;
Grunewald et al. 2001). Acquired antibodies to factor V
develop in some patients after exposure to bovine
thrombin as part of fibrin glue, most often used during
cardiac surgery. Others develop following surgery in
which no bovine thrombin was used, after exposure to
aminoglycosides, in patients with an underlying factor V
deficiency, and as an idiopathic process. Bleeding prob-
lems are variable, ranging from none to significant 
hemorrhages (Muntean et al. 1994; Knobl and Lechner
1998). While many of these antibodies appear to be
transient, re-exposure to the same sealant product can
result in the reappearance of the antibody. Treatment
has been with platelet transfusions, FFP, plasmaphere-
sis, intravenous immunoglobulin, and recombinant
factor VIIa (Chalmers and Gibson 1999). Hemorrhagic
lupus anticoagulant syndrome has been described in the
clinical setting of a previously well child who develops
bleeding symptoms of variable severity following a viral
infection. Laboratory studies show a prolonged aPTT
that does not correct on a 1 :1 mixing study, with evi-
dence of a lupus anticoagulant on specific testing and
low prothrombin levels. The antibody usually clears

spontaneously in three months and usually does not
require treatment. Steroids have been used in some
cases, and if there is significant bleeding, bypassing
agents are used in the same way as in hemophilia
patients with inhibitors (Becton and Stine 1997; Bernini
et al. 1993).
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INTRODUCTION

The autoimmune hemolytic anemias (AIHAs) are
characterized by the following two features: (1)
decreased red cell survival and (2) the presence of an
autoantibody directed against red cell antigens.

The AIHAs may be either primary (idiopathic) or
secondary. Secondary AIHA is seen in association with
autoimmune diseases, lymphoproliferative syndromes,
or infections (viral or mycoplasma). In children, AIHA
has been seen following vaccinations (Seltsam 2000)
(Johnson et al. 2002).

The overall incidence of AIHA is estimated to be one
to three cases per 100,000 per year (Gehrs 2002). In chil-
dren,AIHA has been seen in all age groups. Infants and
toddlers are more likely to have AIHA following an
infection. Teenagers with AIHA are more likely to have
an underlying disease.

CLINICAL PRESENTATION AND
LABORATORY FINDINGS

Clinical Presentation

Children with AIHA often present with signs and
symptoms of anemia. The clinical severity will differ
based on the time course of the disease. These children
may report fatigue, exercise intolerance, dyspnea on
exertion, and dizziness. On physical examination, they
may have pallor and jaundice. Fever may be present.
Cardiac examination may reveal tachycardia and a 
systolic flow murmur associated with the high output
anemic state. If the onset of anemia was gradual,

patients may appear to have compensated and they may
have relatively mild symptoms even in the presence of
severe anemia.

Laboratory Findings

Evaluation of the peripheral smear is critical to the
diagnosis of AIHA. The peripheral smear will reveal
microspherocytosis, polychromatophilia, and reticulocy-
tosis. The microspherocytes result from the splenic
ingestion of portions of the red cell, which may have had
immunoglobulin or complement attached. Polychro-
matophilia and reticulocytosis are a result of increased
bone marrow activity and compensation for the anemia.

Laboratory tests may reveal elevated total bilirubin
and increased serum lactate dehydrogenase. Decreased
haptoglobin may also be seen, but haptoglobin can be
less informative since it is also an acute phase reactant
and young children do not synthesize haptoglobin well.
Increased reticulocytes are usually present; however,
reticulocytopenia has been seen (Greenberg et al. 1980),
and this phenomenon may be prolonged in some cases
requiring transfusion support. Patients with a brisk
intravascular hemolytic process may have evidence of
hemoglobinuria and hemoglobinemia.

CLASSIFICATION

The AIHAs are classified based on the characteris-
tics of the causative antibody, including its immunoglob-
ulin class and thermal reactivity as shown in Table 21.1.
On the basis of the in vivo and in vitro characteristics
of the causative autoantibody, AIHA can be subdivided
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into those associated with warm antibodies, reacting
optimally at 37°C, and those associated with cold anti-
bodies, reacting optimally at 0–5°C. The AIHAs associ-
ated with cold antibodies can be further subdivided into
the more common cold agglutinin syndrome and the
rare paroxysmal cold hemoglobinuria. Typically, warm
AIHA is due to IgG autoantibodies, whereas cold
agglutinin syndrome is due to IgM autoantibodies.
Paroxysmal cold hemoglobinuria is due to an IgG,
biphasic hemolysin which is described in more detail
below. Numerous drugs are capable of inducing an
immune hemolytic anemia, clinically indistinguish-
able from warm AIHA. Consequently, drug-induced
hemolytic anemia is included as a separate type of
AIHA.

In a large study including 865 cases of AIHA over an
18-year time period, Sokol et al. (1981) found 41%
warm AIHA, 32% cold agglutinin syndrome, 7% mixed-
type AIHA, 18% drug-induced hemolytic anemia,
and 2% paroxysmal cold hemoglobinuria.

WARM AUTOIMMUNE 
HEMOLYTIC ANEMIA

Serologic Findings

Warm AIHA is generally due to IgG autoantibodies,
which are optimally reactive at 37°C. The serologic hall-
mark of the AIHAs is the finding of a positive direct
antiglobulin test. In warm AIHA, the direct antiglobu-
lin test usually identifies IgG with or without comple-
ment coating of the red cells. Eluate studies can further
elucidate the nature and specificity of the red cell bound
IgG. Serum studies including the indirect antiglobulin
test using either untreated or enzyme-treated allogeneic
red cells at 20°C and 37°C will demonstrate antibody
present in the serum. Often, the serum and eluate reveal
a panaglutinin with reactivity against all cells tested.

Selected cell panel studies may reveal a specificity of
the antibody. Often autoantibodies implicated in warm

AIHA have broad Rh specificity, only showing negative
reactivity with D- or Rh null red cells. Relative speci-
ficity for an Rh blood group antigen can also be seen
and must be distinguished from an alloantibody. This
often requires sophisticated adsorption tests. Specificity
for other blood group antigens occurs less commonly.

Treatment

The therapeutic approach to warm AIHA depends,
in part, on whether the disease is primary or secondary.
The endpoint of therapy is not the resolution of the
direct antiglobulin test. Patients may have positive
direct antiglobulin tests without hemolysis or anemia.

Corticosteroids

For patients with either idiopathic or secondary
forms of AIHA, corticosteroids are the initial therapy
of choice. The use of steroids can result in therapeutic
effect within 24 to 48 hours of initiation. The clinical
response to corticosteroids is felt to result primarily
from their effect on tissue macrophages, which become
less efficient in clearing IgG or C3-coated red cells
(Fries et al. 1983). A significant decrease in antibody
production may not be seen for several weeks. Approx-
imately 80% of patients will respond to corticosteroid
therapy (Collins and Newland 1992).

Intravenous Immunoglobulin G

Since intravenous IgG (IVIG) has been useful in the
therapy for immune-mediated thrombocytopenia, its
efficacy in AIHA was considered (Bussel et al. 1983;
Warrier et al. 1997). Unfortunately, it is not as effective
in treating AIHA. Only about one-third of patients with
warm AIHA will respond to IVIG therapy, although
children tend to respond somewhat better than adults
(Bussel et al. 1986; Flores et al. 1993). Consequently,
IVIG should be considered as adjunctive therapy for
warm AIHA.
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TABLE 21.1 Autoimmune Hemolytic Anemia: Classification and Serologic Features

Warm AIHA Cold Agglutinin Syndrome Paroxysmal Cold Hemoglobinuria

Direct antiglobulin test IgG, IgG, and C3 C3 only C3 only
Immunoglobulin class IgG (sometimes, IgA, rarely IgM) IgM IgG
Eluate IgG Nonreactive Nonreactive
Serum IgG agglutinating RBCs at the IgM agglutinating antibody, usually IgG biphasic hemolysin (Donath-

antihuman globulin phase titers >1000, reacting at 30°C in Landsteiner antibody)
(panagglutinin) albumin

Specificity Rh specificity common Anti-I, anti-i Anti-P
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Splenectomy

The efficacy of splenectomy in the treatment of warm
AIHA is well established. Coon (1985) found an excel-
lent response in 64% of patients and an improved status
in an additional 21% of patients. In children, the clini-
cal option of a splenectomy needs to be considered
carefully. Postsplenectomy, children are at risk of over-
whelming sepsis due to encapsulated bacterial organ-
isms. If splenectomy is performed, children should
receive immunization with a polyvalent vaccine against
Streptococcus pneumoniae as prophylactic treatment.
Additionally, children should receive lifelong penicillin
prophylaxis. Penicillin allergic children can receive
erythromycin. Patients and their families should be
instructed to seek medical attention whenever the
patient experiences a significant fever, since this may 
be the first indication of bacterial sepsis.

Immunosuppressive Therapy

Several immunosuppressive agents have been
reported to be successful in the treatment of warm
AIHA. Unfortunately, the majority of these reports
have been small series or case reports. Consequently,
the use of these immunosuppressive therapies should 
be considered only for patients who fail conventional
treatment (Petz 2001).

Azathioprine

Azathioprine can be used in the treatment of warm
AIHA, however, adverse effects can be limiting.
Although gastrointestinal intolerance can be problem-
atic, evidence of bone marrow suppression should be
closely monitored. Since this is a cytotoxic agent, there
is a potential risk of neoplasia and prolonged adminis-
tration should be avoided.

Cyclosporine

Review of the literature reveals numerous case
reports of successful use of cyclosporine in the treat-
ment of warm AIHA (Petz 2001). Unfortunately, there
are also case reports of failures with this therapy. When
cyclosporine is used, patients need to be followed for
potential nephrotoxicity.

Cyclophosphamide

Recently, high dose cyclophosphamide followed by
granulocyte colony-stimulating factor was used with
success in a small number of refractory patients; one
child was included in this report (Moyo et al. 2002).

Rituximab

This genetically engineered chimeric murine/
human monoclonal anti-CD20 antibody targets B-cell

precursors and mature B cells. Plasma cells do not carry
the CD20 antigen. Zecca et al. (2003) reported their
prospective evaluation of the use of rituximab in treat-
ing 15 children with refractory warm AIHA. With a
median follow-up of 13 months, 13 patients (87%)
responded to treatment, and two patients failed to
improve. Quartier et al. (2001) reported successful treat-
ment of five pediatric patients using rituximab. They
noted that although useful in the treatment of AIHA,
rituximab therapy was associated with prolonged B-cell
deficiency and hypogammaglobulinemia.

Additional Forms of Therapy

Danazol

Danazol is an attenuated androgen, which has
proven to be helpful in some cases of warm AIHA.Ahn
(1990) reported 28 patients treated with danazol and
77% achieved excellent or good responses with therapy.
The mechanism of its action in this clinical setting is
unknown.

Plasmapheresis

The usefulness of plasmapheresis in the long-term
treatment of warm AIHA is limited. Plasmapheresis
can, however, be used in extreme cases as a temporiz-
ing measure while waiting to achieve the therapeutic
effect of an immunosuppressive agent.

COLD AGGLUTININ SYNDROME

Cold agglutinin syndrome (CAS) can occur in either
an acute or chronic form. The acute form of this disease
is often secondary to a lymphoproliferative syndrome
or Mycoplasma pneumoniae infection. Chronic CAS 
is generally seen in elderly patients and not seen in 
children.

Serologic Findings

CAS is the AIHA associated with cold reactive, IgM
autoantibodies. In CAS, the direct antiglobulin test
reveals complement coating of the red cells. Since the
autoantibody is an IgM antibody, it will not be detected
by routine direct antiglobulin tests, and consequently,
eluate studies are rarely indicated. Serum evaluation
should include a cold agglutinin titer and thermal ampli-
tude studies; these studies are helpful in determining
and confirming the clinical significance of the cold
autoantibody. In general, the cold autoantibodies that
clinically cause CAS have a high titer (>1000) and/or
serum studies using 30% bovine albumin that show
reactivity at 30°C (Garratty et al. 1975).
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Although it is only of academic interest, the speci-
ficity of the antibody is most often directed against I
antigen. Less often, specificity for i antigen is found,
usually in patients with infectious mononucleosis.
Rarely, other antigen specificities have been reported.

Treatment

The mainstay of treatment for patients with CAS 
is avoidance of the cold. Acute hemolytic events can 
be prevented if patients keep themselves warm by 
maintaining a high temperature of their environment
and by wearing additional clothing when going out-
doors. Through diligent avoidance of the cold, many
patients with CAS can be managed without requir-
ing transfusion. Patients with mild, compensated 
anemia are often not treated for long periods of time 
or may require only episodic transfusions. If transfusion 
is required, the use of a blood warmer is generally 
recommended.

For patients with more severe, partially compensated
idiopathic CAS, medical therapy is generally unsatis-
factory. Steroids are not efficacious in most patients with
CAS. Similarly, splenectomy is not usually effective,
presumably because the liver is the dominant site of
sequestration of red cells heavily sensitized with C3.
Chlorambucil has been used with some success, but the
associated bone marrow suppression can be limiting. As
in the treatment of warm AIHA, plasmapheresis may
have a role as a temporizing measure. If plasmaphere-
sis is performed in this setting, special attention may be
necessary to maintain core body temperature during the
exchange process at 37°C. Potentially, an in-line blood
warmer will suffice, but some patients may require more
elaborate efforts.

MIXED-TYPE AUTOIMMUNE
HEMOLYTIC ANEMIA

Occasionally, unusual patients may not be classifi-
able into either warm AIHA or CAS. These patients
appear to have a combination of both warm and cold
AIHA, or mixed-type AIHA, representing approxi-
mately 7% of all cases of AIHA. Serologically, these
patients have both a warm reactive IgG autoantibody
and an IgM autoantibody with a lower titer than is
usually seen in CAS, but a high thermal amplitude.
These patients may present with severe hemolysis;
however, they frequently have a rapid response to cor-
ticosteroid therapy. It is important to accurately identify
these patients, since a patient with mixed-type AIHA
who is mistakenly diagnosed with CAS would not
receive corticosteroids.

DRUG-INDUCED HEMOLYTIC
ANEMIA

An acquired hemolytic anemia can develop in 
association with drugs. In investigating the possibility 
of a drug-induced hemolytic anemia, one must consider
not only the prescription medications that the patient 
is taking, but also over-the-counter medications and
even possible chemical exposures. Clinically, these
patients may present with severe hemolysis and life-
threatening anemia (Garratty et al. 1992). Although 
the specific use of various drugs changes over time 
as newer drugs become available, certainly the
cephalosporins are often implicated in drug-induced
hemolytic anemia and should be considered a potential
culprit when evaluating a patient with this entity (Arndt
et al. 1999).

Proposed Mechanisms

Traditionally, three mechanisms have been proposed
to explain the development of autoantibodies in associ-
ation with drugs, but it is important to note that very
little evidence supports these proposed mechanisms
(Brecher 2002). Additionally, some patients have been
found to have drug-induced hemolytic anemia with fea-
tures suggestive of multiple mechanisms (Habibi 1985).
Consequently, a unifying theory has been suggested
(Garratty 1994).

Drug Adsorption

In this mechanism, the drug binds to the surface of
the red cell. An antibody directed against the drug is
formed. The antibody-antigen interaction occurs at the
surface of the red cell, leading to destruction of the red
cell. In these cases, the antibody is generally a warm
reactive IgG antibody. The direct antiglobulin test is
positive due to IgG. Complement coating of the red 
cells may or may not be found. The prototypic drug
implicated in this mechanism is penicillin.

Immune Complex

This proposed mechanism suggests that unbound
drug stimulates the production of drug-specific anti-
body, which may be IgG, IgM, or both.The antibody and
drug form immune complexes, which are capable of
binding to red cells. It is unclear if this interaction
between the immune complexes and the red cells is 
specific or nonspecific.The direct antigobulin test is gen-
erally positive, revealing complement coating of the 
red cells. The prototypic drug demonstrating this 
mechanism is quinidine.
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Clinically, patients with this form of drug-induced
hemolytic anemia may present with acute intravas-
cular hemolysis, hemoglobinemia, and hemoglobinuria.
Renal failure may also occur.

Drug Independent Autoantibodies

In this situation, the drug induces a warm AIHA with
serologic similarities to idiopathic warm AIHA. The
direct antiglobulin test is generally positive for IgG. A
panagglutinin can be found in both the serum and the
eluate. The autoantibody may even show relative speci-
ficity for Rh blood group antigens, and it may be
detected for prolonged periods after the drug has been
discontinued. The prototypic drug is alpha-methyldopa.

Unifying Theory

Following the identification of patients with drug-
induced hemolytic anemias who had features of more
than one of the proposed mechanisms, the concept of a
unifying theory has evolved (Habibi 1985; Mueller-
Eckhardt 1990; Salama 1992; Garratty 1994). Since
drugs are capable of binding to red cells, either loosely
or firmly, the combination of drug and red cell mem-
brane invoke an antibody response. Depending on the
specific interaction of drug and red cell membrane, the
antibody may be directed against any of the following:
predominantly red cell membrane, predominantly drug,
or a part of both membrane and drug. Consequently,
antibodies directed against all of these may be 
identified, explaining the patients who appear to have
multiple traditional mechanisms simultaneously.

Treatment

In treating drug-induced hemolytic anemia, the
implicated drug should be discontinued immediately.
Although there is no supportive data available, some
advocate the empiric use of steroid therapy. Supportive
therapy is indicated in more severe cases, and transfu-
sion therapy may be required. In cases of drug inde-
pendent autoantibody formation, prolonged transfusion
support may be necessary, since the autoantibody can
persist well after the drug is discontinued.

LESS COMMON TYPES 
OF AUTOIMMUNE 

HEMOLYTIC ANEMIA

Paroxysmal Cold Hemoglobinuria

Paroxysmal cold hemoglobinuria (PCH) is an
uncommon type of AIHA, accounting for approxi-

mately 2% of all cases of AIHA. PCH is more com-
monly seen in children as compared to adults. One study
found no cases of PCH in 531 adults with AIHA, but
reported 22 cases of PCH in 68 (32%) children with
AIHA (Gottsche et al. 1990). PCH often occurs in asso-
ciation with infections. Although syphilis was the most
commonly associated infection in the past, currently
PCH is most often preceded by a viral infection, often
an upper respiratory infection.

The causative autoantibody is a biphasic, IgG anti-
body known as the Donath-Landsteiner (DL) antibody.
The DL antibody is capable of binding to red cells in
the cold causing the irreversible binding of C3 and C4.
At warmer temperatures, the antibody dissociates from
the red cell, and complement activation leads to hemol-
ysis. Consequently, routine direct antiglobulin tests
reveal the presence of complement (C3) coating of the
red cells; IgG is not found coating the red cells, and
eluate studies are generally negative. Although other
specificities have been demonstrated, the DL antibody
often has specificity for the P antigen.A DL test demon-
strates the biphasic nature of the hemolysin in vitro.
With the addition of normal serum as a source of fresh
complement, the patient’s serum and test red cells
expressing P antigen are placed in the cold and then 
at 37°C; a positive test results in the final demonstration
of hemolysis.

In the setting of severe hemolysis, transfusion
therapy may be required. Since the DL antibody does
not usually react above 4°C, it does not interfere with
routine compatibility testing. Some have suggested that
the transfusion of red blood cells with p phenotype is
indicated; however, red blood cells with this phenotype
are uncommon and difficult to obtain under urgent 
circumstances and may only be available through rare
donor registries. One may consider the transfusion of p
red blood cells when a patient with PCH fails to respond
to the transfusion of routine donor blood.

Autoimmune Hemolytic Anemia Due to
Warm IgM Antibodies

Salama and Mueller-Eckhardt (1987) reported 15
children who clinically presented with evidence of warm
AIHA. Serological evaluation of these unusual patients
revealed the presence of a noncomplement-binding
IgM autoantibody. Based on these very unusual find-
ings, the authors suggested that this may represent a
new type of warm AIHA.

In contrast, hemolytic anemia has been rarely seen in
association with warm-reacting IgM autoantibodies,
which are capable of activating complement and agglu-
tinating in vivo. Although most of the cases reported in
the literature are adult patients, it has been reported to
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occur in children (Friedmann et al. 1998; Nowak-
Wegrzyn et al. 2001). Clinical findings include marked
intravascular aggluttination leading to ischemia and
tissue infarction, in addition to severe hemolysis.
Numerous therapies have been attempted including
whole blood exchange, immunosuppressive therapy, and
cytotoxic therapy. Unfortunately, these therapeutic
interventions are usually unsuccessful, and this type 
of autoimmune hemolytic anemia is virtually uniformly
fatal.

Autoimmune Hemolytic Anemia Due to 
IgA Antibodies

In about 14% of patients with warm AIHA, IgA class
antibodies are present, usually in association with IgG
and/or IgM antibodies. Cases solely attributed to IgA
autoantibody are considered rare (0.1% to 0.2%)
(Janvier et al. 2002). Pediatric cases of AIHA due to IgA
alone have been reported. This entity should be con-
sidered when a patient clinically presents with signs and
symptoms of AIHA, and the direct antiglobulin test is
negative for IgG.

Autoimmune Hemolytic Anemia with a
Negative DAT

Patients with DAT-negative warm AIHA are uncom-
mon. These patients have all of the clinical and hema-
tological features of warm AIHA, except that they have
a negative DAT and no detectable autoantibodies in
their serum. In these cases, more sensitive testing, such
as the enzyme-linked antiglobulin test or radiolabeled
antiglobulin tests, may be necessary to identify red 
cell-bound IgG.

TRANSFUSION THERAPY 
IN AUTOIMMUNE 

HEMOLYTIC ANEMIA

Indications for Transfusion

Specific treatments for each type of AIHAs have
been discussed. Red blood cell transfusion is a signifi-
cant component of the supportive care for all patients
with AIHA. Although many patients will present with
mild to moderate anemia that does not require urgent
transfusion, an occasional patient presents with life-
threatening anemia, and the need for red blood cell
transfusions is emergent.

Careful communication between the clinician and
the transfusion service is required, since transfusion
may be required before the serologic evaluation is 

completed. Even after thorough serologic evaluation,
the optimal blood for transfusion may be serologically
incompatible. The clinician must understand that in
some cases, serologically incompatible blood is safe for
transfusion and can be expected to have in vivo survival
comparable to the patient’s own red cells. Reluctance to
transfuse these patients because of serologic incompat-
ibility or an incomplete workup can be devastating.
Patients with severe anemia may appear to be hemo-
dynamically stable, but these patients have life-
threatening anemia and should be transfused immedi-
ately regardless of the status of the serologic evaluation
or compatibility.

Selection of Blood for Transfusion

Transfusion management is complicated for patients
with AIHA, due to their serologic complexities.
Although patients with AIHA can present with an ABO
discrepancy, ABO typing can usually be performed fol-
lowing removal of IgG autoantibody in warm AIHA or
warm washing red cells to remove IgM autoantibody in
CAS. In an emergency or if results are not clear-cut,
Group O donor red cells can be used. Rh typing can also
be difficult if the patient’s cells are heavily coated with
autoantibody. Low protein, monoclonal reagents are
available for Rh typing in the setting of immuno-
globulin-coated red cells.

The most pressing problem in a patient with previ-
ous pregnancy or transfusions is detecting and identify-
ing alloantibody, which may be hidden or masked by the
autoantibody. The exclusion of underlying clinically sig-
nificant alloantibodies is time consuming, and the clini-
cal situation may not allow for completion of these
studies before transfusion is needed. In the untrans-
fused patient, autologous adsorption studies are
required to investigate the presence of underlying
alloantibody. If the patient has been transfused in the
preceding 3 months, more complex, differential allo-
geneic adsorption studies are required.

In the untransfused patient, determination of the red
cell phenotype is invaluable.Techniques and procedures
are available to dissociate autoantibody so that pheno-
typing can be performed. Once a red cell phenotype has
been determined, this phenotype can guide the exclu-
sion of alloantibodies by indicating which antigen speci-
ficities are at risk of eliciting an alloantibody. Shirey 
et al. (2002) has shown that when available, phenotypi-
cally matched red cells are an efficient method for pro-
viding safe red cells for transfusion in this setting.
Additionally, patients with AIHA are at risk for requir-
ing chronic transfusion therapy; knowing the red cell
phenotype of the patient is helpful in identifying alloan-
tibodies if they develop over time.
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Many of these serologic complexities may be avoid-
able in the future with the development of hemoglobin-
based oxygen carriers (Mullon et al. 2000).

Transfusion Management

Once the decision has been reached to begin trans-
fusions, several additional steps can enhance patient
safety. In some cases, transfusions of small aliquots of
blood may be sufficient to provide relief of symptoms
while avoiding the complications of fluid overload. The
use of leukocyte-reduced red blood cells is helpful in the
prevention of febrile, nonhemolytic transfusion reac-
tions whose initial presentation can suggest a hemolytic
transfusion reaction with more severe consequences
(Lumadue et al. 1996). In the case of transfusion for
patients with CAS, blood warmers are often suggested,
but there are limited data to support or refute this 
recommendation.
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INTRODUCTION

Many advances have been made to ensure the safety
of platelet transfusions, including intensive donor
screening, infectious disease marker testing, and
increased use of leukocyte reduction techniques.
However, platelet transfusions still carry known and
unknown risks and may represent a significant expense
during a patient’s hospital stay. Certain disease states
require special components, thus further increasing
costs. Because of these issues, it is important for the cli-
nician to order and administer the correct product for
his or her patient to maximize effectiveness and mini-
mize complications. In this chapter, we will review the
platelet products that can be used for neonatal and
pediatric patients, followed by an overview of issues
specific to transfusion in children and in neonates.

PLATELET PRODUCTS AND SPECIAL
PREPARATIONS

Product Description

The two types of platelet components available for
use in most hospital settings are whole blood-derived
platelet concentrates, referred to as “random-donor
platelets,” and apheresis-derived platelets, referred to as
“single-donor platelets” or “platelet pheresis.” Both
types have similar hemostatic properties. However, the
preparation, contents, and possibility for adverse reac-
tions differ between products.

Whole Blood-Derived Platelet Concentrates

Whole blood-derived platelet concentrates, or
random-donor platelets, are prepared from a single
donated unit of whole blood and contain approximately
50 mL of volume.Although platelet content varies, each
concentrate contains about 10 ¥ 109 platelets per 10 mL,
with the remaining volume consisting of donor plasma
and preservative-anticoagulant solution. In the adult
setting, three to eight platelet concentrates are pooled
into a single product that contains 3 to 6 ¥ 1011 platelets.
As a result, the recipient is exposed to multiple donors.
In contrast, since standard neonatal and pediatric
dosing is 10 to 15 mL/kg of a platelet suspension, a
single random-donor platelet unit is usually sufficient to
provide a platelet transfusion to neonates and small
infants. Thus, they are exposed to only one blood donor
and receive approximately 10 ¥ 109 platelets/kg body
weight, a dose expected to increase the blood platelet
count to >100 ¥ 109/L posttransfusion (Andrew et al.
1993; Strauss 2000a). However, each concentrate con-
tains approximately 108 leukocytes, which increases the
risk for leukocyte-mediated reactions.

Apheresis-Derived Platelets

Apheresis-derived platelets are prepared from a
single donor through a semi-automated apheresis
process. In this process, the donor is connected to a blood
cell separator that removes whole blood from 
the donor, isolates platelets into a separate con-
tainer, and then returns platelet-depleted blood to the
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donor. To prevent coagulation, ACD-A or a similar
citrate anticoagulant is used. The process lasts 1 to 2
hours and results in 3 to 8 ¥ 1011 platelets suspended in
200 to 300 mL (Roback 2001). In addition to the
increased number of platelets, this component differs
from random-donor platelet units in that it only contains
104 to 106 leukocytes per suspension, which is <1% of the
leukocytes found in a platelet concentrate pool and satis-
fies Food and Drug Administration (FDA) requirements
for leukocyte reduction. Thus, the risk of leukocyte-
mediated adverse reactions is lower when using this com-
ponent. Apheresis-derived platelets also contain up to
0.5 mL of RBCs and can be both crossmatched (on rare
occasions, when visibly pink) and human leukocyte
antigen (HLA)-matched when necessary.

Storage and Bacterial Contamination

Both whole blood-derived and apheresis-derived
platelet units are stored at 20°C to 24°C with continuous
gentle agitation. With adequate oxygenation, bicarbon-
ate buffers the lactate produced to maintain a stable pH
for 1 week (Andrew et al. 1993; Strauss 2000a).
However,current practice is to limit the storage period to
5 days, due to the concern that longer storage periods
could allow the proliferation of contaminating bacteria
(Klein et al.1997).In fact,postplatelet-transfusion  sepsis
is the second most common cause of death associated
with transfusion. The risk for bacterial contamination is 
1 : 1000 to 1 :2000 platelet units, which translates into
2000 to 4000 bags being contaminated and results in 333
to 1000 clinical cases of sepsis each year in the United
States (Brecher et al. 2001). Neonates and infants, in 
particular, are at increased risk for serious infection if a
contaminated unit is received, due to the immaturity of
their immune system.

Special Preparations

When ordering platelet transfusions, it is important
to meet the specific requirements of the recipient in
order to prevent adverse reactions. However, the more
options selected, the longer the preparation time and
the higher the cost.

Cytomegalovirus (CMV)-Seronegative Components

Transfusion-transmitted CMV (TT-CMV) infection
is a process by which CMV is transmitted from a blood
component to a CMV-seronegative recipient. While TT-
CMV is infrequent in immunocompetent transfusion
recipients (Preiksaitis et al. 1988; Wilhelm et al. 1986),
it is a significant cause of morbidity and mortality in
immunocompromised patients. Before the installation

of preventive measures, including screening for human
immunodeficiency virus (HIV) and hepatitis, 13% to
37% of immunocompromised transfusion recipients
contracted CMV from unscreened blood components
(Bowden et al. 1986; Bowden et al. 1991; Miller et al.
1991; Yeager et al. 1981).

One effective way to diminish the acquisition of
CMV from platelet transfusions is to use CMV-
antibody-negative blood products (Lee et al. 1992;
Miller et al. 1991). However, the incidence of CMV
infection following transfusion with CMV-seronegative
blood components is still 1% to 4% (Lang et al. 1977;
Miller et al. 1991; Strauss 1995). Reasons for this 
include an intrinsic false-negative rate of the test for
antibody to CMV, a low antibody titer, or transient
viremia quenching circulating antibody (Strauss 2000a).
The major limitation with obtaining CMV-antibody-
negative blood is that <50% of the blood donor 
population is CMV-antibody-negative. Because of this
limitation, alternative options have been explored to
provide CMV-safe blood products. Leukocyte reduction
(see next section) has been reported to offer safety com-
parable to that of blood products supplied by negative
donors.

Leukocyte Reduction

Leukocyte reduction is accomplished by passing
platelet components through a polyester-based filtra-
tion device or by apheresis technology. The filtration
process removes 99.9% of leukocytes, resulting in 1 to
5 ¥ 106 residual leukocytes per concentrated platelet
pool (Roback 2001). The purpose of leukocyte reduc-
tion is to reduce complications associated with platelet
transfusions. These complications are (1) febrile, non-
hemolytic transfusion reactions (FNHTR), (2) alloim-
munization to leukocyte antigens, (3) transmission of
infectious organisms associated with leukocytes (such as
CMV), and (4) immune modulation. Many of these
complications occur frequently in older children and
adults, and in those instances leukocyte reduction of
platelet components before transfusion is warranted.
However, transfusion reactions are relatively rare in
infants and neonates. In fact, the major indication for
transfusing leukocyte-reduced platelets in neonates is to
diminish the risk of TT-CMV.

The prevention of CMV by leukocyte reduction has
been extensively studied. Although the precise dose of
white blood cells (WBCs) that transmits CMV is
unknown, evidence suggests that transfusions with less
than 1 to 5 ¥ 106 WBCs/unit are unlikely to be infectious
(Strauss 1993; Gilbert et al. 1989; Eisenfeld et al. 1992).
In fact, the American Association of Blood Banks
(AABB) has stated that seronegative and leukocyte-
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reduced units are equivalent for prevention of TT-CMV.
However, others have disagreed with this statement,
arguing that the data are inconclusive to declare leuko-
cyte reduction and CMV-antibody-negative blood prod-
ucts to be equivalent in preventing TT-CMV (Zwicky et
al. 1999; Blajchman et al. 2001).

Leukocyte reduction is an expensive technology and
represents the largest incremental cost in the history of
blood component preparation (Dzik et al. 2002). Still,
several countries have adopted practices of universal
leukocyte reduction before transfusion of their blood
components (Roseff et al. 2002). The benefits and cost-
effectiveness of that approach are still under debate. A
recent large-scale, randomized controlled trial found no
beneficial effect of universal leukocyte reduction versus
selective leukocyte reduction for patients with clear
indications on in-hospital mortality and length of stay,
although patients who received leukocyte-reduced
blood did have a lower incidence of febrile reactions
(Dzik et al. 2002).

Gamma Irradiation

Transfusion-associated graft-versus-host disease
(TA-GVHD) is a severe disease resulting from the
transfusion of immunocompetent T lymphocytes
present in platelet concentrates into an immunocom-
promised host, although it can rarely also occur in
immunocompetent hosts. The mortality of TA-GVHD
is approximately 90%, and it rarely responds to treat-
ment. However, exposure of blood components to a
minimum of 2500 cGy of gamma irradiation before
transfusion effectively prevents GVHD. Gamma irradi-
ation of 3000 cGy has no adverse effect on platelet
quality in WBC-reduced single-donor apheresis platelet
concentrates (Zimmermann et al. 2001). All patients
receiving immunosuppressive therapy and all patients
with a suspected or confirmed immunodeficiency should
receive irradiated platelets. For example, patients with
conal-truncal abnormalities should receive irradiated
products until they can be evaluated for DiGeorge syn-
drome, which is associated with thymic abnormalities
and T-cell immunodeficiency. In addition, blood prod-
ucts obtained from family members, HLA-matched
products, and blood products destined for intrauterine
or exchange transfusions also should be irradiated. The
need for irradiated blood products in all neonates is
controversial (Strauss 2000b), although it has been
argued that the immaturity of their immune system 
predisposes them to develop TA-GVHD and that the
existence of a primary immunodeficiency may be unrec-
ognized during the neonatal period. This controversy is
discussed in the section on platelet transfusions in
neonates.

Washing

Allergic reactions to platelet transfusions rarely
occur in neonates and young children. However, they
still can occur, and monitoring during transfusions is
indicated. In the older pediatric population as in adults,
when repeated allergic reactions occur despite adequate
premedication, platelet components may be spun down
in a centrifuge and resuspended in saline (Vesilind et al.
1988; Vo et al. 2001). This removes the plasma proteins
that are thought to initiate the allergic reaction. We do
not recommend routine washing of platelets, however,
because it can lead to loss and functional impairment of
platelets. An important exception is when maternal
platelets are transfused to neonates with alloimmune
thrombocytopenia. In this circumstance, the platelets
have to be washed or plasma-reduced to remove the
pathological antiplatelet antibodies present in the
mother’s plasma.

Volume Reduction

The preparation of volume-reduced platelets by cen-
trifugation can be performed in most blood banks. The
problem with this process is that up to half of 
the platelets in the original unit may be lost during the
volume reduction (Simon and Sierra 1984). Increased
processing of platelet components also increases clump-
ing and dysfunction. Therefore, this procedure is not
done frequently, and we do not recommend it routinely
for neonates, since most neonates are able to tolerate 10
to 15 mL/kg, and this dose results in an adequate
platelet increment of up to 100 ¥ 109/L.

Fresh, Matched Platelets

Increased storage time of platelet units decreases
posttransfusion platelet increments. Accordingly, physi-
cians can request fresh ABO-matched platelets, but this
should be limited to situations in which the patient has
had prior transfusions and is now refractory.This should
be tried in patients with platelet refractoriness before
ordering crossmatched or HLA-matched platelet 
components.

Crossmatched Platelets

Crossmatched platelet components can be used to
support thrombocytopenic patients who have become
refractory to wholeblood-derived platelet units. The
process of platelet crossmatching is similar to packed
red blood cell (PRBC) crossmatching. The patient’s
serum is screened for the presence of alloantibodies
against platelet components. In one study, the use of
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crossmatched platelet components improved the
platelet count significantly in 50% of patients who were
refractory to whole blood-derived platelet units (Gelb
et al. 1997).

HLA-Matched Platelets

This process is reserved for the refractory patient on
whom the previously mentioned measures have failed.
Most antibodies that cause platelet refractoriness are
directed against HLA class I antigens. Providing a
platelet transfusion with an HLA type that closely
matches the recipient’s can therefore improve platelet
increments. In fact, up to 90% of refractory patients will
benefit from an HLA-matched product.

ABO and Rh Compatibility

ABO

When selecting platelet units for transfusion, it is
desirable for the neonate/infant and the platelet donor
to be the same ABO blood group. It is particularly
important to minimize giving repeated transfusions of
Group O platelets to Group A or B recipients, as large
quantities of passive anti-A or anti-B can lead to hemol-
ysis (Pierce et al. 1985). Volume reduction of donated O
platelets can reduce the amount of passive antibodies,
but it increases platelet loss, clumping, and dysfunction
and is therefore not routinely recommended. Con-
versely, small amounts of A and B antigen found on
platelets may lead to poor platelet increments in recip-
ients with high titers of anti-A and/or anti-B isoagglu-
tinins (Carr et al. 1990; Lee and Schiffer 1989), and
transfusion of ABO-mismatched platelets may acceler-
ate the development of platelet refractoriness (Carr et
al. 1990). For that reason, patients who are likely to
require long-term platelet support should receive
leukocyte-reduced, ABO-identical platelets, in order to
delay the development of platelet alloimmunization.

Rh

Even though most platelet components contain less
than 1 mL of RBCs, the development of anti-Rh anti-
bodies can occur. This can affect future transfusions 
or future pregnancies in female patients who are Rh-
negative. The transfusion of Rh-positive platelet prod-
ucts to Rh-negative recipients is therefore discouraged.

Ordering and Administration

When administering platelets, a 170 mm filter should
be interposed between the unit and recipient to pre-
vent the infusion of microaggregates and fibrin clots.

Platelets are usually administered over 30 to 60 minutes.
During the transfusion, and especially within the initial
15 minutes, it is important to monitor for signs of bac-
terial infection, fever, allergy, and anaphylactic reac-
tions. Mild reactions can be treated by slowing or
stopping the infusion and administering diphenhy-
dramine. For more severe reactions (hypotension,
tachycardia, tachypnea, and/or apnea), the transfusion
should be stopped and supportive care provided. The
remaining product should be sent to the blood bank for
analysis.

PLATELET TRANSFUSIONS 
IN CHILDREN

In this section, we describe current pediatric platelet
transfusion practices. However, most of these practices
have been developed with reference to adult studies, as
few randomized clinical trials have been conducted in
children (Luban 2002).

Childhood Conditions Leading 
to Thrombocytopenia

A number of conditions lead to significant thrombo-
cytopenia in children (Table 22.1). Infection is typically
associated with mild to moderate thrombocytopenia
(platelets 50,000 to 150,000/microliter), but rarely
causes profound thrombocytopenia leading to hemor-
rhage (platelets 0 to 50,000), unless it is accompanied by
disseminated intravascular coagulation (DIC) (van
Gorp et al. 1999). A variety of pharmaceuticals can also
cause mild to moderate thrombocytopenia and, rarely,
profound thrombocytopenia (Blackburn et al. 1998;
Finsterer et al. 2001; Gesundheit et al. 2002; Patnode 
et al. 2000; Yamreudeewong et al. 2002). Autoimmunity,
specifically immune thrombocytopenic purpura, is a
common cause of profound thrombocytopenia, occur-
ring in 1/10,000 children per year (Lilleyman 1983).
Marrow infiltrating malignancies can cause thrombocy-
topenia but are usually associated with a deficiency in a
second cell lineage (Calpin et al. 1998; Jubelirer et al.
2002; Klaassen et al. 2001).These disorders have an inci-
dence in the order of 5 to 20/1,000,000 children per year.
Finally, congenital bone marrow failure syndromes,
such as Fanconi’s anemia (Alter 1992; Alter 1996),
amegakaryocytic thrombocytopenia (Auerbach et al.
1997; Lonial et al. 1999; Manoharan et al. 1989), and
Wiskott-Aldrich syndrome (Balduini et al. 2002;
Nonoyama, 2001) are very rare causes of profound
thrombocytopenia in children and have an incidence of
approximately 1/1,000,000 children per year or less.
Platelet transfusions are also indicated to treat hemor-
rhage in patients with disorders of platelet function,
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such as Glanzmann’s thrombasthenia, Bernard-Soulier
syndrome, and platelet-type von Willebrand disease
(Abzug et al. 1991; Bennett et al. 1992; Vuckovic 1996).

Platelet Transfusions

Transfusion Triggers

The decision to transfuse platelets usually falls into
one of two categories: treatment of hemorrhage or pro-
phylaxis (Table 22.2). The need to transfuse platelets in
patients with severe thrombocytopenia and hemorrhage
is evident. In contrast, the use of platelet transfusions to
prevent hemorrhage is more controversial, particularly
in patients who are not currently bleeding and have no

other condition that predisposes them to bleeding.
Many studies have demonstrated a decrease in major
hemorrhage in thrombocytopenic patients who receive
prophylactic platelet transfusions, but an effect on mor-
tality has not been demonstrated (Higby et al. 1974;
Murphy et al. 1982; Roy et al. 1973). Most adult oncol-
ogists, nevertheless, use platelet transfusions prophylac-
tically (Pisciotto et al. 1995). Historically, pediatric and
adult oncologists have used a transfusion trigger level
of 20 ¥ 109/L (Feusner 1984). However, two recent
studies in adults compared a threshold of 10 versus 20
¥ 109/L and showed no therapeutic difference and a
large cost-savings associated with the lower threshold
(Lawrence et al. 2001; Wandt et al. 1998). As a result of
this work, many pediatric oncologists have altered their
approach, and now use a platelet transfusion threshold
of 10 ¥ 109/L in a selected subset of children who have
no other risks of bleeding.

In patients with chronic thrombocytopenia who do
not have other underlying problems that predispose
them to hemorrhage, many clinicians withhold prophy-
lactic platelet transfusions and transfuse only with
bleeding. Conversely, most patients who undergo treat-
ment for malignancies receive platelet transfusions
when their platelet counts drop below a certain level.

Co-incident medical conditions can substantially
increase the risk of hemorrhage in thrombocytopenic
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TABLE 22.2 Indications and Contraindications for Platelet
Transfusion in Children

Platelet Transfusions in Children Indicated

Platelet count <10,000 and decreased platelet production, without
other risk factors for bleeding (see Factors that Increase Bleeding
Risk).

Platelet count <50,000 with active bleeding or planned procedure in
patient with decreased platelet production.

Platelet count <100,000/microliter with hemorrhage, DIC, or other
coagulation problem.

Bleeding with qualitative platelet defect at any platelet count.
Cardiovascular bypass surgery with excessive bleeding at any

platelet count.

Platelet Transfusions Contraindicated

Immune thrombocytopenic purpura, unless there is profound
bleeding.

Hemolytic uremic syndrome.
Thrombotic thrombocytopenic purpura.

Factors that Increase Bleeding Risk and Warrant Increased Platelet
Threshold

Fever.
Active bleeding.
Surgery.
Clotting abnormalities.

TABLE 22.1 Disorders Associated with Thrombocytopenia
in Children

Infections

Viral infections
Bacterial infections
Fungal infections
Disseminated intravascular coagulation

Pharmaceuticals

Antibiotics
Antihistamines
Antimalarials
Antiseizure
Antineoplastic

Immune

Immune thrombocytopenic purpura
Systemic lupus erythematosus
Evans’s syndrome
Posttransfusion purpura
Heparin-induced thrombocytopenia

Neoplasm

Leukemia
Lymphoma
Neuroblastoma
Rhabdomyosarcoma
Ewing’s sarcoma
Medulloblastoma

Congenital

Thrombocytopenia, absent radii
Fanconi’s anemia
Amegakaryocytic thrombocytopenia
Wiskott-Aldrich syndrome
Felty’s syndrome
May-Heglin anomaly
Sebastian syndrome
Bernard-Soulier Syndrome
Alport’s syndrome
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patients and necessitate a higher trigger for platelet
transfusion. These conditions include any problem
where a small hemorrhage could cause a permanent dis-
ability, such as intracranial or retinal bleeding (Iyori et
al. 2000; Medeiros et al. 1998). Certain medicines, such
as aspirin (Van Hecken et al. 2002) and nonsteroidal
anti-inflammatory agents (Nishizawa et al. 1981; Ragni
et al. 1992), hinder platelet function and should be
avoided in patients with thrombocytopenia. Medical
conditions such as uremia also lead to platelet dysfunc-
tion, which, in combination with thrombocytopenia,
significantly increases the risk of a major hemorrhage
(Noris et al. 1999). Finally, conditions associated with a
decrease in clotting factors, such as DIC and hepatic
disease, can lead to hemorrhage at higher platelet
counts, and many centers target a higher platelet count
for these conditions (Rebulla 2001).

Major surgery can also lead to hemorrhage and is an
indication for targeting higher platelet levels. Studies
have supported levels between 30 and 70 ¥ 109

platelets/L (Murphy et al. 1969; Simpson, 1987). In con-
trast, minor procedures such as bone marrow aspirates
are well tolerated without major bleeding at very low
platelet levels. A report suggests that lumbar punctures
can be performed with platelet counts below 10 ¥ 109/L
in the absence of other factors affecting the coagulation
system (Howard et al. 2000). However, reports of spinal
hematomas due to lumbar puncture in patients with
thrombocytopenia have led some to transfuse platelets
immediately before lumbar puncture in patients with
platelet counts below 20 ¥ 109/L (Blade et al. 1983;
Edelson et al. 1974).

Platelet Product

A child’s weight or body surface area primarily
determines the dose of platelets, although it should also
take into account the starting platelet count. A given
dose of platelets tends to give a better platelet incre-
ment, and platelets survive longer in children than in
adults (Davis et al. 1999). The standard dose of platelets
is 10 mL/kg of a platelet suspension, regardless of
whether whole blood-derived or apheresis-derived
platelet units are used as the source. Alternatively, one
whole-blood derived platelet unit per 10 kg of body
weight can be used in older children. This dose typically
increases the platelet counts by 40 to 60 ¥ 109/L
(Herman et al. 1987). Most centers cap adult doses at 6
to 8 whole-blood derived platelet units (random donor
platelets), or 1 apheresis unit. Platelet counts should 
be tested between 15 minutes and 1 hour posttrans-
fusion to determine the platelet increment, which is the
difference between the pre- and posttransfusion platelet
count.

Poor Response to Platelet Transfusion

Platelet refractoriness is defined as the consistent
inability to increase platelet counts following platelet
transfusion. The success of platelet transfusion has clas-
sically been measured using the corrected platelet count
index (CCI). The CCI is calculated using the following
formula:

Refractoriness is defined as a CCI <5000 after two
sequential transfusions, where at least one transfusion
used fresh platelets (<48 hours old) (Schiffer et al. 1986).

A number of factors can lead to a poor platelet in-
crement following transfusion. These include recipient
factors, such as sepsis, DIC, fever, and certain pharma-
ceuticals. Box 22.1 lists factors that can lead to poor
platelet recovery.There are also a number of maneuvers
that can improve platelet recovery following transfu-
sion.These are listed in Box 22.2. Patients who have had
frequent platelet transfusions can develop antibodies to
HLA and platelet-specific antigens (Duquesnoy et al.
1977; Roy et al. 1996).These antibodies can lead to rapid
destruction of transfused platelets, which can be life-
threatening in a hemorrhaging patient. Platelet refrac-
toriness is a major problem in patients with chronic
thrombocytopenia, such as patients undergoing treat-

CCI

Posttransfusion Platelet Count
etransfusion Platelet Body Surface Area
Number of Platelets Transfused

=

-(
) ¥

¥ -
Pr

10 11
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BOX 22.1 Factors Leading to Decreased 
Platelet Increment

Age of component
Washing platelets
Fever, infection
Disseminated intravascular coagulation
Graft-versus-host disease
Hepatosplenomegaly
Alloantibodies/autoantibodies
Massive blood loss
Hemolytic uremic syndrome/thrombotic thrombocyto-

penic purpura (platelet transfusions discouraged/con-
traindicated)

Necrotizing enterocolitis
Medications (amphotericin, vancomycin, ciprofloxacin)

BOX 22.2 Approaches to Platelet Refractoriness

Transfuse ABO identical platelets
Use fresh platelets
HLA-matched platelets
Crossmatched platelets
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ment for acute myelogenous leukemia, with aplastic
anemia, or with other congenital thrombocytopenia syn-
dromes. The sensitization in most cases is due to anti-
bodies against HLA-I, which are expressed on platelets
and contaminating leukocytes. Both leukocyte filtration
and ultraviolet irradiation of platelet products have
been shown to decrease the development of antiplatelet
antibodies (TRAPSG 1997).

Conditions Where Platelet Transfusion
Should Be Avoided or Limited

Because of the risk of alloimmunization and platelet
refractoriness, patients with congenital or chronic forms
of thrombocytopenia should be given platelet transfu-
sions sparingly. At one time, the number of transfusions
was correlated with the success of engraftment follow-
ing bone marrow transplant in patients with aplastic
anemia, but that seems to be less the case with more
modern conditioning regimens (McCann et al. 1994). In
immune thrombocytopenic purpura, platelet transfu-
sions are not effective, unless they are combined with a
treatment that will decrease the immune destruction of
platelets. Transfusions are therefore generally avoided
unless the patient has a life-threatening bleed, in which
case they are combined with treatments such as pred-
nisone, intravenous immunoglobulin, or (in the pres-
ence of an intracranial bleed) splenectomy at the time
of clot evacuation (Medeiros et al. 1998). Disorders such
as thrombotic thrombocytopenic purpura that are asso-
ciated with a consumptive coagulopathy are thought to
be exacerbated by platelet transfusion, which therefore
should be avoided (Gordon et al. 1987).

PLATELET TRANSFUSIONS 
IN NEONATES

Neonatal Thrombocytopenia

The definition of thrombocytopenia for neonates at
any gestational or postconceptional age is the same than
for adults, namely a platelet count of <150 ¥ 109/L
(Andrew et al. 1984). However, the significance of
platelet counts between 100 and 150 ¥ 109/L in neonates
is unclear, because a relatively high incidence of counts
in this range has been found in otherwise healthy
neonates (Aballi et al. 1968). Most neonatologists
choose to closely monitor these neonates and to repeat
their platelet counts before starting a full evaluation.
Platelet counts <100 ¥ 109/L should be considered defi-
nitely abnormal at any age and warrant evaluation.

Thrombocytopenia is a frequent problem among ill
neonates, affecting 18% to 35% of all patients admitted

to the neonatal intensive care unit (NICU) (Castle et al.
1986; Mehta et al. 1980; Oren et al. 1994).Although mul-
tiple clinical conditions have been associated with
thrombocytopenia (Table 22.3), the mechanisms
responsible for thrombocytopenia in neonates, as in
adults, are only three: decreased platelet production,
increased platelet destruction, platelet sequestration
(mostly secondary to hypersplenism), or a combination
of these processes. In many affected neonates, the
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TABLE 22.3 Pathophysiological Classification of Neonatal
Thrombocytopenia

Immune-Mediated Thrombocytopenia

Neonatal alloimmune thrombocytopenia (NAIT)
Autoimmune thrombocytopenia

Infections

Bacterial infections
Viral infections
Fungal infections

Genetic Conditions

Thrombocytopenia-absent radius (TAR) syndrome
Congenital amegakaryocytic thrombocytopenia

Fanconi’s anemia
Congenital hypoplastic thrombocytopenia with microcephaly

Congenital thrombocytopenia, Robin’s syndrome, agenesis of the
corpus callosum, distinctive facies, and developmental delay

Familial macrothrombocytopenias
Bernard-Soulier syndrome
May-Hegglin anomaly
Paris-Trousseau thrombocytopenia
X-linked recessive thrombocytopenia

Chromosomal abnormalities
Trisomies 13, 18, and 21 and Turner’s syndrome

Other genetic disorders associated with neonatal thrombocytopenia
Wiskott-Aldrich syndrome
Noonan’s syndrome
Alport’s syndrome

Inherited metabolic disorders (methylmalonic acidemia,
ketoglycinemia, isovalericacidemia, holocarboxylase synthetase
deficiency)

Disseminated Intravascular Coagulation
Miscellaneous Causes

Pregnancy-induced hypertension
Intrauterine growth restriction
Necrotizing enterocolitis
Thrombosis
Perinatal asphyxia

Medication-Induced Thrombocytopenia

Heparin
Vancomycin
Medications administered to the mother (such as, quinine)
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responsible mechanism remains unclear despite exten-
sive evaluation.

In regard to the clinical impact of neonatal throm-
bocytopenia, the bleeding time has been shown to be
significantly prolonged in most neonates with a platelet
count <100 ¥ 109/L (Andrew et al. 1987). Whether this
translates into an increased risk of clinically significant
bleeding is a subject of debate. While some studies have
reported a higher incidence of severe intraventricular
hemorrhage (IVH) and serious neurological morbidity
in thrombocytopenic compared to nonthrombocy-
topenic infants (Andrew et al. 1987), others have
reported a lack of correlation between thrombocytope-
nia and IVH (Lupton et al. 1988). Two recent studies,
which focused exclusively on neonates who received
one or more platelet transfusions, reported a tenfold or
higher increase in mortality among NICU patients who
received platelet transfusions, compared to untrans-
fused neonates (Del Vecchio et al. 2001; Garcia et al.
2001). However, none of those neonates died as a con-
sequence of uncontrollable hemorrhage, but rather as a
consequence of the severe underlying disease processes
that also lead to thrombocytopenia, suggesting that
severe thrombocytopenia in neonates should be con-
sidered a marker of overall disease severity.

Platelet Transfusions

Transfusion Triggers

Several studies have highlighted the significant dis-
parities that exist worldwide in the use of platelet trans-
fusions to treat thrombocytopenic neonates (Del
Vecchio et al. 2001; Garcia et al. 2001; Murray et al. 2002;
Strauss et al. 1993). Although multiple factors probably
contribute to these disparities, they mostly reflect the
lack of evidence-based guidelines for platelet transfu-
sions in neonates. In the only prospective controlled ran-
domized trial performed on this subject, Andrew et 
al. (1993) randomly assigned thrombocytopenic prema-
ture infants to either a group in whom platelet counts
were maintained above 150 ¥ 109/L, or to a group that
only received platelet transfusions for clinical indica-
tions or for a platelet count <50 ¥ 109/L. Most platelet
transfusions in the latter group were administered at a
platelet count of approximately 60 ¥ 109/L.These investi-
gators found no differences in frequency or severity of
intracranial hemorrhages between the two groups, and
thus concluded that maintaining platelet counts in the
normal range (>150 ¥ 109/L) provided no evident benefit,
and that nonbleeding premature infants with platelet
counts >60 ¥ 109/L should not receive prophylactic
platelet transfusions. Since all neonates with platelet
counts <50 ¥ 109/L were automatically transfused,
however, this study did not address the issue of whether

lower platelet counts could be tolerated in clinically
stable infants without an increased risk of hemorrhage.

In an attempt to answer this question, Murray et al.
(2002) performed a retrospective review of their use of
platelet transfusions among neonates with platelet
counts <50 ¥ 109/L (53 over 3 years). Overall, they 
transfused 51% of these neonates: all infants with a
platelet count <30 ¥ 109/L and neonates with a platelet
count between 30 and 50 ¥ 109/L who had a previous
hemorrhage (severe IVH), or were clinically unstable.
These authors did not observe any major hemorrhage
in this group of severely thrombocytopenic neonates,
regardless of whether platelet transfusions were given
or withheld. Five of the 53 neonates studied died, but
none as a result of hemorrhage. They concluded that a
prophylactic platelet transfusion trigger threshold of
<30 ¥ 109/L probably represents a safe practice for 
clinically stable NICU patients.

In the absence of other studies to provide evidence-
based practice parameters, numerous experts and 
consensus groups have published guidelines for the
administration of platelet transfusions to neonates.
However, these represent best-guess estimates and con-
sensus practices rather than solid, evidence-derived rec-
ommendations. In the case of bleeding neonates, experts
agree that platelet transfusions are indicated for platelet
counts <50 to 100 ¥ 109/L. However, the majority of
platelet transfusions are not given to treat bleeding, but
rather are given prophylactically to decrease the risk of
hemorrhage associated with a platelet count below a
certain threshold. Establishing this threshold has been
particularly difficult in neonates because of the large
number of variables—in addition to the platelet
count—that play a role in determining the risk of severe
hemorrhage in any individual neonate.Among these are
the gestational age (premature neonates have a higher
risk of bleeding), the days of life (most intraventricular
hemorrhages occur in the first week), the degree of
illness, the mechanism of thrombocytopenia (decreased
platelet production versus increased platelet destruc-
tion), the presence of other coagulation abnormalities
(that is, DIC), and the use of medications that compro-
mise hemostasis. Recognizing the importance of these
factors, experts have formulated guidelines that attempt
to incorporate most of them (Blanchette et al. 1991;
Blanchette et al. 1995; Calhoun et al. 2000; Murray 2002;
Roberts et al. 1999; Strauss 2000a; Voak et al. 1994).
These guidelines are summarized in Table 22.4.

Regardless of differences in the exact threshold for
transfusion, there is overall agreement that neonates of
any gestational or postconceptional age should be trans-
fused at higher platelet counts than children or adults,
because of multiple developmental abnormalities in
platelet function (Israels et al. 1990; Israels et al. 1997;
Rajasekhar et al. 1994; Stuart 1979; Stuart et al. 1984)
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and clotting factors (Andrew et al. 1990; Andrew et al.
1988) that potentiate their risk of bleeding. Experts also
concur in recommending that sick premature neonates
(although the definition of “sick” is variable) should be
transfused at higher platelet counts (50 to 100 ¥ 109/L)
than stable or term neonates (20 to 50 ¥ 109/L).

Platelet Product

Neonates qualifying for a platelet transfusion should
receive 10 to 15 mL/kg of a CMV-safe, ABO-matched
standard platelet suspension, prepared either from a
fresh unit of whole blood or by platelet pheresis.
Volume reduction is not routinely recommended,
because a transfusion of 10 mL/kg of any platelet sus-
pension provides sufficient platelets to increase the
platelet count by >50 ¥ 109/L (Andrew et al. 1993;
Strauss 2000b), and because of the risks of platelet loss,
clumping, and dysfunction associated with the addi-
tional handling. The only exception are neonates in
whom rigorous volume restriction is essential (that is,
neonates with renal disease leading to oliguria or
anuria, or neonates in congestive heart failure).
Platelets should be transfused as rapidly as the infant’s
condition allows, usually over 1 hour, but definitely
within 2 hours.

Although there is some controversy regarding the
importance of transfusion-transmitted CMV infection
in neonates, it has become standard practice to trans-
fuse neonates only with blood components with low risk

of transmitting CMV (Calhoun et al. 2000; Strauss et al.
1993). There is a definite indication in the case of low
birth weight infants (<1500 g) and infants born to a
seronegative mother or to a mother whose CMV status
is unknown (Roseff et al. 2002; Wong and Luban 2002).
In most institutions, however, the practice has been to
transfuse all infants with blood products obtained from
donors without detectable antibodies to CMV (CMV-
negative) (Strauss et al. 1993), an approach considered
the standard of care for patients at risk of severe CMV
infection. Alternatively, leukoreduction by any method
capable of reducing the WBC count to less than 1 to 5
¥ 106/unit has been shown to effectively reduce the risk
of CMV infection to levels comparable to those
achieved with the use of seronegative blood compo-
nents (Strauss 2000b).

Neonates are also considered to be at increased risk
for transfusion-associated graft-versus-host disease
(TA-GVHD). However, the degree of risk, and there-
fore the need to provide irradiated blood components
to all neonates, has been the subject of debate. A large
review of cases of TA-GVHD among infants (Ohto et
al. 1996; Sanders et al. 1990; Strauss 2000b) described 73
infants who developed this complication. The great
majority of infants had recognized risk factors for which
irradiated cellular blood components are clearly indi-
cated: underlying immunodeficiency disease, intrauter-
ine or exchange transfusion, or transfusion from a
relative. Only 6 of the 73 infants did not fit into one of
these categories (Strauss 2000b). Based on the fact that
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TABLE 22.4 Summary of Platelet Transfusion Triggers Recommended for Neonates (Platelet counts ¥109/L)

Nonbleeding Nonbleeding Nonbleeding Before Invasive
Author Sick Preterm Stable Preterm Term Procedure Active Bleeding

Blanchette et al. <100 <50 <20 <50 if failure <50 if failure of
1991* of production production

<100 if DIC <100 if DIC
Voak et al. 1994† <50 <30 <30 Not addressed Not addressed
Blanchette et al. <50 <30 <20 if stable <50 for minor <50 in all cases

1995 <30 if sick procedure <100 if DIC
<100 for major Any platelet count
surgery if functional disorder

Roberts et al. <50 if DIC <50 <30 <100 <100 if major organ 
1999 <100 if falling bleeding <50 if minor

rapidly bleeding
Calhoun et al. <50 <25 Same as preterm <50 Not addressed

2000
Strauss 2000a <100 <20 <20 <50 <100
Murray 2002 <50 <30 <30 <50 <100
Roseff et al. <100 <50 <30 <50 if failure <50 if stable

2002 of production <100 if sick
<100 if DIC

*Guidelines from the Pediatric Hemotherapy Committee of the American Association of Blood Banks for the conduct of pediatric blood
transfusion audits.

† Guidelines from the British Committee for Standards in Haematology Blood Transfusion Task Force.
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an underlying primary immunodeficiency disorder may
not be apparent in the neonatal period, however, many
institutions have chosen to routinely irradiate all blood
products for neonates. Other centers have adopted a
more selective approach and only irradiate blood prod-
ucts administered to neonates with a specific indication
(as previously discussed). In this regard, a survey per-
formed in 1989 among members of the AABB revealed
a spectrum of practices, which varied between routinely
providing irradiated blood products for all neonates
(13% of hospitals), for some neonates (46% of hospi-
tals), or to none (41% of all hospitals) (Strauss et al.
1993). It is likely that these relative proportions have
changed over the last decade, but the diversity of prac-
tices probably persists.

Special Conditions in Neonatology

Neonatal Alloimmune Thrombocytopenia

The classic presentation of neonatal alloimmune
thrombocytopenia (NAIT) is that of an otherwise
healthy, usually term or near-term neonate who is found
to have severe thrombocytopenia. The pathogenesis of
this type of thrombocytopenia resembles that of 
erythroblastosis fetalis. When incompatibility between
parental platelet antigens exist, the mother can become
sensitized to an antigen expressed on the fetal platelets.
If a maternal antibody is formed and crosses the pla-
centa, it can bind to the fetal platelets, which are then
removed from the circulation by the fetal reticuloen-
dothelial system. Unlike neonatal Rh disease, however,
the first pregnancy can produce an affected fetus, and
there is no routine prenatal screening test available.

There are multiple antigens expressed on platelets,
including class I HLA antigens, ABO antigens, and
several biallelic platelet-specific antigens. The nomen-
clature for these platelet-specific antigens is rather con-
fusing. In an attempt to solve this problem, a simplified
system was recently implemented. According to this
nomenclature, each human platelet antigen (HPA) was
assigned a number (HPA-1 to -11), and the different
allelic forms were distinguished by an “a” or “b” suffix
(Blanchette et al. 2000).An “a” suffix indicates the more
common and “b” the more rare allele. The frequency
with which a particular antigen is responsible for cases
of NAIT in a specific population depends on the rela-
tive frequency of that antigen in that population. For
example, approximately 70% of Caucasian individuals
have the genotype HPA-1a/HPA-1a (PLA-1 positive),
while only 2.9% of the population is homozygous for
the HPA-1b antigen (PLA-1 negative) (George et al.
1995). For that reason, HPA-1a (or PLA-1) accounts for
80% to 90% of the cases of NAIT in the Caucasian pop-

ulation (Homans 1996). In Asian subjects, the HPA-4
(or Yuk/Pen) system is most frequently implicated in the
pathogenesis of NAIT (George et al. 1995). Cases 
mediated by antibodies against HPA-5 (Kaplan et al.
1991), HPA-3 (von dem Borne et al. 1980), HPA-2
(Kroll et al. 1994), and HPA-6 (Westman et al. 1997)
have also been described, although with much smaller
frequency.

Since intracranial hemorrhage has been reported in
10% to 15% of cases of NAIT (Blanchette 1988), it is
extremely important that effective therapy be provided
as soon as possible to infants with suspected or con-
firmed NAIT and severe thrombocytopenia (platelet
counts <30 ¥ 109/L).The most effective therapy for these
neonates is the transfusion of antigen-negative compat-
ible platelets, and the most reliable source of these
platelets is the mother. The process of obtaining mater-
nal platelets should therefore be initiated as soon as the
diagnosis of severe NAIT appears likely. If maternal
platelets are used, however, they have to be irradiated
(for prevention of GVHD) and washed or plasma-
depleted to remove pathogenic maternal alloantibodies
present in the plasma. If maternal platelets are unavail-
able, transfusion with HPA-1a and -5b antigen-negative
platelets has been recommended in Caucasian popula-
tions, in which these two antigen systems are responsi-
ble for >95% of the cases of NAIT (Blanchette et al.
2000). This approach is only possible when large cen-
tralized blood services have registries of HPA-1a and 
-5b-negative blood donors who donate regularly, and
thus maintain platelet concentrates for this particular
use readily available (Win et al. 1997).

While awaiting compatible platelets, or in cases
where those are not available, the use of high dose intra-
venous immunoglobulin (IVIG) or a trial of random
donor platelets is indicated. Since 98% of Caucasian
donors are HPA-1a positive, the absence of a response
to random-donor platelets strongly supports the diag-
nosis of NAIT in this population. However, a very small
percentage of neonates will have a response to random
platelets, either due to the unlikely scenario of receiv-
ing HPA-1- negative random platelets, or because of the
presence of weak HPA-1a antibodies, or because of
NAIT due to platelet alloantibodies against antigens
other than HPA-1a. For example, random-donor
platelets would be expected to be effective in approxi-
mately 80% of cases of HPA-5b-mediated NAIT
(Blanchette et al. 2000). In regard to IVIG, it has been
reported to be beneficial in some cases of NAITP
(Massey et al. 1987; Sidiropoulos et al. 1984). The rec-
ommended total dose is 2 g/kg administered either as 
0.4 g/kg daily for 5 days, or 1 g/kg daily for 2 con-
secutive days (Blanchette et al. 2000; Calhoun et al.
2000).
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The Neonate on Extracorporeal 
Membrane Oxygenation

Extracorporeal membrane oxygenation (ECMO) is
a mainstay therapy of modern neonatology used to treat
patients with respiratory and/or cardiac failure unre-
sponsive to maximal medical therapy.The platelet count
falls immediately after a neonate is placed on ECMO,
presumably due to a combination of hemodilution by
the additional blood in the circuit and accelerated
platelet destruction secondary to activation and adher-
ence of platelets to the circuit tubing or the membrane
oxygenator.

Multiple platelet transfusions are invariably given to
neonates on ECMO, averaging 1.3 platelet transfusions
per day (Chevuru et al. 2002). In fact, platelet transfu-
sions account for the majority of donor exposures
among neonates on ECMO (Chevuru et al. 2002;
Rosenberg et al. 1994; Zavadil et al. 1998). To some
degree, this is due to the fact that most centers transfuse
neonates on ECMO to maintain platelet counts above
100 or even 110 ¥ 109/L (Chevuru et al. 2002). This
higher platelet transfusion threshold has been recom-
mended based on the high risk of bleeding in these
patients resulting from a combination of severe illness
(Dela Cruz et al. 1997), thrombocytopenia, platelet dys-
function (Cheung et al. 2000; Robinson et al. 1993), and
systemic heparinization while on ECMO. In an attempt
to decrease the number of donor exposures, some inves-
tigators have lowered their threshold for platelet trans-
fusions to 80 ¥ 109/L (Minifee et al. 1990) and even 
50 ¥ 109/L (Bjerke et al. 1992), and others have re-
commended the use of aliquoted platelet pheresis 
from either a single or a limited number of donors
(Rosenberg et al. 1994). These interventions, particu-
larly the latter one, have resulted in a significant reduc-
tion in platelet-related donor exposures among
neonates on ECMO, but the safety of a lower platelet
transfusion threshold has not been studied.

Medications that Affect Platelet Function

Neonates admitted to NICUs are frequently exposed
to medications thought to induce platelet dysfunction.
Indomethacin and inhaled nitric oxide, in particular,
are medications routinely used in the NICU setting 
that have been extensively studied. Indomethacin,
which impairs platelet function by reversibly inhibiting
cyclooxygenase, is frequently administered to preterm
neonates to close a patent ductus arteriosus (Van 
Overmeire et al. 2001) or to prevent severe intraven-
tricular hemorrhage (Hanigan et al. 1988; Ment 1988;
Ment et al. 1985; Ment et al. 1994). Several authors have
reported decreased platelet aggregation (Friedman

et al. 1978) and significant prolongations (>twofold) of
the bleeding time in treated neonates (Andrew et al.
1989; Corazza et al. 1984; Sola et al. 2001b), although it
is not clear whether this prolongation is associated with
a significantly increased risk of severe hemorrhage
(Maher et al. 1985; Ment et al. 1994).

Studies looking at the effects of inhaled nitric oxide
have been mostly performed in adults and have led to
inconclusive results. While some have reported
decreased platelet function in response to nitric oxide
(Gries et al. 1998; Gries et al. 2000; Samama et al. 1995),
others have observed no effect (Albert et al. 1999a;
Christou et al. 1998). Furthermore, some investigators
have described a prolongation in the bleeding time in
the absence of changes in platelet function (Albert et
al. 1999b; Albert et al. 1996; George et al. 1998), raising
the possibility that the effects of nitric oxide could be
exerted at the level of the platelet-endothelial interface.

Although the clinical significance of these effects on
platelet function is unclear, it is prudent to take these
medications, as well as the presence of any other clot-
ting defects, into consideration when trying to deter-
mine the risk of hemorrhage in a thrombocytopenic
neonate. Indomethacin, in particular, is almost always
administered to preterm neonates during the first week
of life, at a time when platelet dysfunction has been well
documented (Tanindi et al. 1995) and when the risk of
intraventricular hemorrhage is highest. We therefore
recommend that, under those circumstances, and par-
ticularly in unstable neonates, platelets be transfused at
a higher threshold (<100 ¥ 109/L).

REACTIONS TO 
PLATELET TRANSFUSIONS

Infection

During the 1980s, the number of patients receiving
PRBC transfusions decreased significantly, mainly 
due to the risk of transmitting HIV and hepatitis B
(Surgenor et al. 1990). Simultaneously, however, the use
of platelet transfusions increased substantially. While
volunteer donor programs and infection screening 
techniques have significantly reduced the risks of trans-
mitting infection, a certain risk of transmitting life-
threatening or debilitating infections remains.

Recently, attention has been focused on the risk of
life-threatening septicemia due to contaminating bacte-
ria from platelet units. Bacteria are more likely to con-
taminate platelet products because they are maintained
for several days at room temperature (Brecher et al.
2000; Buchholz et al. 1971; Kuehnert et al. 2001; Liu et
al. 1999; Pink et al. 1993) The length of storage of
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platelets in the United States is limited to 5 days
because of this risk. In a study performed at Johns
Hopkins University, reactions to platelet transfusions
were evaluated during the 1987–1998 time period.
During this period, the center had switched from using
random donor platelets approximately 50% of the time
to using almost exclusively apheresis platelet units.
During this study period, there was a threefold decrease
in the rate of transmission of bacterial infection, from
1/4818 to 1/15,098 transfusions (Ness et al. 2001). This
experience has led some hospitals to use only apheresis
platelets in order to decrease the sepsis risk. Beginning
in March 2004, all blood banks in the United States will
be required to monitor for bacterial contamination of
platelet products in some way.

Viruses that are known to taint the blood supply in
the United States include CMV and parvovirus, but less
commonly hepatitis B and C viruses, HIV (Dodd 1995),
and newer agents such as the organism causing West
Nile encephalitis (CDC 2002). The risk of contracting
these infections is increased by repeated transfusion in
patients with chronic thrombocytopenia. Other theo-
retical risks include the emergence of new infectious
agents that we are currently unable to screen for, similar
to the situation in the early 1980s, when a number of
patients were infected by HIV before the virus was
identified.

Allergic Reactions

Plasma proteins are the cause of allergic reactions
following transfusion. Because plasma is a major com-
ponent of the platelet product, allergic reactions are a
significant cause of morbidity following platelet trans-
fusion (Kluter et al. 1999), particularly in patients with
IgA deficiency (Sloand et al. 1990). These reactions can
be treated in most cases with antihistamines and corti-
costeroids, but they can be harder to treat in the setting
of IgA deficiency. The plasma proteins can be removed
by washing platelets, which involves centrifuging them
down and resuspending them in a solution that does 
not contain plasma proteins (Silvergleid et al. 1977;
Sloand et al. 1990). However, this can decrease the
number and function of the platelets in the product.
Washed platelets should therefore be reserved for
patients who have repeated allergic reactions and who
fail to respond to pretreatment with antihistamine and
corticosteroids.

Fever

Fever can be the result of contaminating bacteria,
ABO incompatibility, or contaminating leukocytes.
While sepsis and hemolysis should be considered in a

patient who develops fever during or shortly after a
platelet transfusion, nonhemolytic febrile transfusion
reactions are much more common. Leukocytes that con-
taminate platelet products are the major cause of fever
following transfusion, due to the release of inflamma-
tory cytokines (Heddle et al. 1994; Muylle et al. 1996).
For that reason, prestorage filtration of the platelet
products can reduce the incidence of fever (Couban
et al. 2002).

Graft-Versus-Host Disease

GVHD is the result of contaminating T lymphocytes
that are present in platelet concentrates. GVHD usually
results from the transfusion of immunocompetent T
cells into an immunocompromised host (Ohto et al.
1996; Schroeder 2002; Williamson 1998), although it can
also occur in immunocompetent hosts (Ohto et al.
1996). GVHD presents between 8 to 10 days 
following transfusion and is characterized by rash,
diarrhea, elevated hepatic transaminases, and hyper-
bilirubinemia. TA-GVHD also commonly causes pan-
cytopenia. This syndrome is associated with very high
mortality (>90%) and can be prevented by irradiation
of platelets before transfusion. Specific indications for
the use of irradiated blood products are listed on p. 255
under Gamma-Irradiation.

Transfusion-Related Lung Injury

Transfusion-related lung injury (TRALI) should be
a consideration in any patient who develops respiratory
distress and hypoxemia during or shortly after a platelet
transfusion. TRALI typically occurs 1 to 6 hours 
after transfusion of platelets and is due to the presence
of antibodies to leukocytes that are contained in the
donor plasma. These antibodies cause agglutination of
neutrophils within the pulmonary vasculature and sub-
sequently inflammation. Patients classically present
with hypotension, fever, and pulmonary infiltrates asso-
ciated with severe hypoxemia (Kao et al. 2003; Silliman
et al. 2003; Silliman et al. 1997).

Posttransfusion Purpura

Posttransfusion purpura is a rare disorder that occurs
in patients who have previously been transfused with
blood products and in HPA-1a-negative women who
have been exposed to HPA-1a during pregnancy. Post-
transfusion purpura is due to alloantibodies to platelet-
specific glycoproteins, most commonly to HPA-1a
(Valentin et al. 1990). This results in the destruction not
only of the transfused platelets, but also of the patient’s
own platelets. The resulting thrombocytopenia typically
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lasts between 5 and 10 days. This disorder typically
occurs in adults but has been seen in teenagers. Treat-
ment with IVIG can help in patients with hemorrhage.
Some authors have also recommended transfusions
with washed, HPA-1a-negative platelets, though their
use is controversial. (Brecher et al. 1990).

POTENTIAL ALTERNATIVES TO
PLATELET TRANSFUSIONS

Recombinant thrombopoietin (rTpo) and recombi-
nant IL-11 (rIL-11) are hematopoietic growth factors
with significant thrombopoietic activity that hold
promise as alternatives to platelet transfusions. While
IL-11 is already FDA-approved for the treatment of
thrombocytopenia, rTpo is still undergoing clinical
trials. Neither one of these factors has been used in the
neonatal setting to this date.

Tpo is the most potent known stimulator of platelet
production (Kaushansky et al. 1995), and studies have
shown that it can ameliorate chemotherapy-induced
thrombocytopenia (Basser et al. 1997; Basser et al. 1996;
Fanucchi et al. 1997; Vadhan-Raj et al. 1997) and certain
cases of refractory immune thrombocytopenic purpura
(Nomura et al. 2002). In vitro and in vivo animal studies
have shown that megakaryocyte progenitors of
neonates are more sensitive to rTpo than progenitors
from adults (Sola et al. 2000a; Sola et al. 2000b).
However, it takes 5 days from the start of therapy to 
see a rise in the platelet counts (Sola et al. 2000a). For
that reason, it is evident that only selected neonates with
severe and persistent thrombocytopenia and with an
element of insufficient platelet production would be
candidates for this therapy (Sola et al. 2001a). In 
addition, concerns remain about potential toxicities,
including thrombocytosis, increased platelet function,
thrombosis, and the development of neutralizing anti-
bodies. Clearly, more studies are necessary to identify
neonates that would potentially benefit from rTpo
administration, and the use of this medication should be
restricted to well-controlled clinical trials with appro-
priate parental consent.

Recombinant IL-11 has been FDA-approved for 
the prevention of severe thrombocytopenia following
myelosuppressive chemotherapy for nonmyeloid malig-
nancies (Isaacs et al. 1997). However, its administration
has been associated with sometimes significant side
effects, mostly related to fluid retention (edema, pleural
effusions) and atrial arrythmias (Smith 2000; Bussel et
al. 2001).There is limited clinical data in pediatric popu-
lations (Braithwaite et al. 2002; Goldman et al. 2001),
and its use has never been reported in neonates.As with
thrombopoietin, the use of this hematopoietic growth

factor in the pediatric population should be restricted
to controlled clinical trial settings.
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INTRODUCTION

Bone marrow (BM) is one source of hematopoietic
stem cells. BM-derived stem cell products contain stem
cells and hematopoietic progenitor cells that are com-
mitted to particular hematopoietic lineages. Hence, the
term “hematopoietic progenitor cells” (HPC) is more
accurate than “stem cells” and will be used in this
chapter. HPCs are crucial for hematological recons-
titution in patients who undergo high-dose chem-
otherapy and myeloablation to treat their underlying
diseases.

There are two major sources of human BM HPCs.
Autologous BM transplants are performed using BM
HPCs donated by the person who is also the recipient
of the transplant. Allogeneic BM transplants use BM
HPCs donated by a person other than the recipient. In
the past few years, peripheral blood-derived HPCs have
become the preferred HPC source for both autologous
and allogeneic hematopoietic stem cell transplantation
in adult patients. This shift from BM-derived to periph-
eral blood-derived HPCs for transplantation has not
been observed as much in the pediatric setting.
However, the majority of pediatric HPCs used for autol-
ogous hematopoietic stem cell transplantations are col-
lected from peripheral blood (see Chapter 24), while the
majority of allogeneic hematopoietic stem cell trans-
plants conducted in pediatric patients still use HPCs
harvested from BM, according to data collected in Italy
from 1995 to 1998.

BM cell transplants are still relatively new when
compared with transfusions of other commonly used
blood products and derivatives. Procedures and prac-
tices for collection and preparation vary between insti-

tutions. Various organizations, including the Food and
Drug Administration (FDA), Foundation for the
Accreditation of Cell Therapy (FACT), and the Amer-
ican Association of Blood Banks (AABB), have either
recently adopted standards or are planning to do so in
the near future. Most of these standards focus on the
quality of the environment, human resources, and pro-
cedures for HPC collection and processing and do not
specify product content or usage.

PRODUCT DESCRIPTION

Cellular Constituents

In addition to HPCs, BM-derived stem collections
contain all of the cellular components that are normally
present in BM. Mature and immature RBCs (RBCs),
lymphocytes, myeloid cells, and platelets are present in
BM-derived HPCs. Some of these cells, especially T lym-
phocytes, can contribute to graft-versus-host diseases
(GVHD) and/or a graft-versus-tumor effect. At the
same time, these T lymphocytes are crucial for hemato-
logical engraftment. In addition, other cells may con-
taminate the BM. Of particular concern is the fact that
malignant cells may contaminate an autologous BM
harvest for oncology patients. Therefore, BM products
may undergo additional processing to remove un-
wanted cells or to preferentially select for HPCs.

Characterization of HPC Cell Content

Traditionally, the quantity of useful cells in a BM-
HPC product was determined by measuring the number
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of mononuclear cells. The number of mononuclear cells
may roughly correlate with the number of HPCs and
stem cells. Stem cells comprise about 1 in 100,000 of the
BM mononuclear cells, but this proportion can vary sig-
nificantly between donors. In general BM-HPCs col-
lected for autologous transplants should contain
approximately 1 to 3 ¥ 108 mononuclear cells/kg recipi-
ent body weight, and BM-HPCs collected for allogeneic
transplants should contain approximately 2 to 4 ¥ 108

mononuclear cells/kg recipient body weight, with 
some variation for different clinical situations. For
example, guidelines might indicate that with BM-HPCs
for human leukocyte antigen (HLA)-identical sibling
allogeneic transplants for aplastic anemia should
contain at least 3 ¥ 108 cells per kg, BM-HPCs for unre-
lated donors should also contain 3 ¥ 108 cells per kg, and
BM-HPCs for HLA-identical allotransplants for
leukemia, hemoglobinophathies, or inborn errors of
metabolism should contain at least 2 ¥ 108 cells per kg
(Atkinson 1998). The National Marrow Donor Pro-
gram (NMDP) in the United States requires 2.0 ¥ 108

mononuclear cells per kg for unrelated allogeneic BM-
HPC transplants. Most institutions use additional means
to enumerate the HPCs in BM products, such as gran-
ulocyte-macrophage colony forming unit assays (CFU-
GM) or CD34+ cell counts by flow cytometry. CD34 is
a glycophosphoprotein expressed on most hematopoi-
etic progenitor cell surfaces. CD34+ cells comprise 1%
to 5% of peripheral blood mononuclear cells following
mobilization. Many cells in addition to stem cells also
express the CD34+ antigen (Siena et al. 1993). Studies
have shown that approximately 0.1 to 1 ¥ 104 CFU-GM
per kg patient body weight are needed to ensure timely
engraftment. However, CFU-GM assays usually pro-
vide retrospective data only since they take two weeks
to complete. Using standard dual-color CD34/CD33
direct immunofluorescence assay, the enumeration of
CD34+ cells in the BM product was found to have pos-
itive correlation with CFU-GM assay (Siena et al. 1991).
Hence, most institutions primarily rely on CD34+ cell
counts to quantify HPCs with 2 to 5 ¥ 106 CD34+ cells
per kg patient body weight usually being required for
timely engraftment. These values must be determined
by each institution and may depend on disease and
whether the cells are intended for an autologous trans-
plant, a related allogeneic transplant, or an unrelated
allogeneic transplant. These assays are also performed
for peripheral blood-derived HPC (PB-HPC), and the
target number of CD34+ cells are similar.The assays are
described in Chapter 24.

Unprocessed BM-HPCs include everything that was
collected from the donor’s BM and the anticoagulant.
This product will be in a volume that ranges from 
500 mL to 2000 mL.

Anticoagulants, Additives

BM-HPCs contain plasma, anticoagulant, and addi-
tional buffered solution. The anticoagulant may be
heparin, acid-citrate-dextrose (ACD), citrate-phos-
phate-dextrose (CPD), or CPD-adenine (CPDA-1).
Acid citrate dextrose should be used if the marrow will
be kept in liquid form for extended times for long-dis-
tance transport or for other reasons (Gee and Lee
1998). BM-HPCs collected at some institutions contain
tissue culture media that contains electrolytes and
buffers and may contain vitamins and/or minerals.
Another practice is the addition of a buffered elec-
trolyte solution instead of tissue culture media. Tissue
culture media provides conditions for long-term cell
growth but is not needed for short-term storage of BM-
HPCs. Because tissue culture media is not currently
approved for human use in the United States, FDA-
approved solutions such as Normosol or other infusion
grade solutions are more commonly used.

Human plasma contaminates collections of BM-
HPCs. While this plasma is not usually specifically
removed from the final BM-HPC product, the plasma
may be removed during other processing such as CD34+
selection. Additional processing may result in the addi-
tion of other additives. For example, some products
depleted of red cells may contain hetastarch or addi-
tional albumin.

Labeling

Labeling requirements are determined by accredit-
ing organizations such as the AABB and the FACT and
regulatory agencies such as the FDA. The label should
contain the name and address of the processing facility
unless it is an unrelated allogeneic transplant, the unit’s
unique numeric or alphanumeric identifier, the date and
time (and time zone if applicable) of collection, the
volume of the product, the ABO and Rh type of the
donor, the type and volume of additives such as antico-
agulants and cryprotectants, a biohazard label, the 
expiration date, manipulation method(s), and the rec-
ommended storage temperature range. In addition the
label must contain the phrases “Hematopoietic Progen-
itor Cells, Marrow,” “Warning: This Product May Trans-
mit Infectious Agents,” and “Properly Identify Intended
Recipient.” An HPC intended for an autologous trans-
plant must contain the phrase “For Autologous Use
Only” on the label. An HPC intended for an allogeneic
transplant must contain the phrase “For Use By
Intended Recipient Only.” Units from unrelated donors
must be labeled with the donor registry name and
unique donor registry number. The most recent results
of infectious disease tests must be on the label or must
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be communicated to transplant facility by some other
means. A biohazard label must be attached to the
product if infectious disease tests indicate that the
donor is likely to have been infected with human
immunodeficiency virus (HIV), hepatitis B, or hep-
atitis C.

COLLECTION AND STORAGE

Donor Evaluation

HLA Compatibility

The HLA types of potential allogeneic BM donors
are determined so that the patient will receive an
optimal match (for reviews see Little et al. 1998). The
major HLA system encodes for class I (A, B, and C) and
class II (DR, DP, and DQ) cell surface molecules that
are important in the immune response. There are mul-
tiple alleles for each HLA locus resulting in significant
diversity in the population. Patients transplanted with
donor HPCs that are HLA-incompatible with the
patient are more likely to develop GVHD and more
likely to have delayed immune reconstitution. However,
HLA-incompatible transplants are more likely to
produce graft-versus-leukemia (GVL) effects than are
HLA-compatible transplants.

Because of the risks associated with GVHD and
delayed immunological recovery, transplant donors are
usually selected to maximize HLA compatibility. This is
accomplished by attempting to identify people who
share identical HLA-A, HLA-B, and HLA-DR genes
with the patient. Some institutions may also attempt to
match HLA-C genes. Matching HLA-DP and HLA-
DQ genes is not important. Up to one mismatched allele
may be acceptable. The specific mismatch is important.
Two alleles may present only minor mismatches if they
are in the same crossreactive group (CREG). Other
mismatched alleles may cause severe GVHD. Minor
histocompatibility antigens (mHag) can also contribute
to GVHD. These antigens are not normally measured
and used for identifying donors. Transplants from rela-
tives pose a lower risk from minor histocompatibility
antigens incompatibility when compared to transplants
from unrelated donors, but mHag can cause GVHD in
all transplants, including transplants from identical sib-
lings. Traditionally sera that react against specific HLA
antigens have been used to type patients and potential
donors. For a variety of reasons, serological techniques
are error prone and fail to discriminate between some
related alleles. DNA-based techniques that are based 
on the polymerase chain reaction (PCR) have been
advancing rapidly in recent years. These techniques

provide greater precision and discrimination between
related alleles.

Family members are often the most likely histocom-
patible donors. There is a 97% to 99% chance that an
identical twin sibling is HLA identical. (This percentage
is not 100% because of the relatively high frequency 
of chromosomal recombination near the HLA genes.)
Theoretically, there is a 25% chance that any one 
nonidentical sibling of a patient is HLA identical with
the patient. Certain HLA genes are inherited preferen-
tially, however, and there is a 35% that a child with
leukemia and any one sibling are HLA identical 
(Chan et al. 1982). Other family members may also be
histocompatible.

If no compatible family members are identified, then
national donor registries can be searched. The National
Donor Marrow Program (NDMP) in the United States
is the largest registry, and they can request registries in
other nations to search for donors if none are identified
in the NDMP. The registries contain HLA typing infor-
mation that is usually based on serological typing and
often only includes HLA-A, HLA-B, and sometimes
HLA-DR typing information. Potential donors then
need to be typed using PCR-based methods at all alleles
that the transplant center normally considers.

Medical History

Once a potential donor is identified, his or her health
is assessed by history, physical, and laboratory tests.This
evaluation is performed in part to determine if the
donor is at high risk for donating BM. Up to 0.4% 
of BM donors develop life-threatening complications,
however, this may be reduced to 0.1 to 0.2% if older
donors, donors with cardiovascular disease, and obese
donors are excluded (Buckner et al. 1994). FACT also
requires a pregnancy test for all female donors of child-
bearing potential. Donor risk behavior and health is
also evaluated to determine the likelihood of infectious
disease transmission to the patient. Standards do not
specify specific exclusion criteria. However, infectious
disease tests routinely performed for whole blood dona-
tion should be performed on BM donors no more than
30 days before donation. In addition, FACT requires
cytomegalovirus (CMV) testing of donors. Individuals
excluded for whole blood donation may be acceptable
BM donors. Bone marrow transplant programs deter-
mine the acceptability of donors on a case by case basis
if there is risk of infectious disease transmission.

Potential autologous BM transplant candidates are
screened using criteria similar to that described in
Chapter 24 for peripheral blood-derived stem cells. In
addition, BM fibrosis can make BM donation difficult
or impossible.
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Collection Procedure

BM is collected in the operating room from anes-
thetized donors. The donor usually receives general
anesthesia but may receive spinal or epidural anesthe-
sia. Syringes are used to aspirate BM from the posterior
iliac crests and pelvic rim. In some patients, BM is also
aspirated from the anterior iliac crests and sternum
(Thomas and Storb 1970). The harvested marrow is
placed into a sterile container with an anticoagulant
(usually heparin) and tissue culture media or buffered
normal saline solution. After collection, the marrow is
filtered through stainless steel mesh screens to remove
clots, bone fragments, fat, and fibrin and transferred to
a blood bag or other sterile container. The most serious
risks to the donor are related to anesthesia. Most donors
experience fatigue, pain at the collection site, and lower
back pain that lasts for a few weeks (Stroncek et al.
1993). Acetaminophen with codeine or a similar minor
narcotic for a few days following the harvest usually
alleviates the pain.

Laboratory Evaluation of Bone 
Marrow Harvest

Various quality control measurements may be made
from aliquots of the product. Many institutions measure
percentage cell viability in addition to mononuclear 
cell concentrations and/or CD34+ cell concentrations.
Culture of BM product for bacterial and fungal con-
tamination is a recommended standard. In addition,
some institutions perform colony forming unit assays
(see Chapter 24). In most cases, the results of cultures
and CFU assays will not be available until several days
after the transplant, but these assays can provide data
for the quality of the laboratory’s processing and may
help in the treatment and diagnosis of a patient whose
engraftment is delayed or who is septic. Repeat ABO
typing is usually performed on the BM product to
ensure correct donor-recipient identification and appro-
priate cellular manipulation procedures to be con-
ducted, such as RBC and plasma depletion to prevent
hemolytic transfusion reactions.

Storage and Transport

Allogeneic BM is usually stored for two to 36 hours
at room temperature (not to exceed 37°C or drop below
2°C). While storage time should be minimized, HPCs
that have been stored at 4°C to 25°C for 24 to 36 hours
have been successfully transplanted (Lasky et al. 1986).
If the donor and patient are at the same institution, then
the marrow is usually harvested and transplanted on the
same day. If the donor and patient are in different loca-

tions, then the marrow is usually shipped from the
donor’s location to the recipient’s location within hours
after the harvest. A courier from the patient’s institu-
tion will often personally transport the cells to ensure
that the cells are kept at an acceptable temperature.

Cryopreservation

As mentioned previously, harvested BM products are
often contaminated with fat and bony spicules, a signif-
icant volume of RBCs, tissue culture media, or buffered
normal saline solution with anticoagulants such as hep-
arin. Harvested BMs are washed and red cell-depleted
to get rid of debris before cryopreservation. Similar to
PB-HPCs, the BM-HPCs are cryopreserved in freezing
media containing 5% to 10% of DMSO using a rate-
controlled freezer and placed in vapor phased liquid
nitrogen for storage (see Chapter 24). Allogeneic BM-
HPCs are usually not cryopreserved for fear of damag-
ing the cells and reducing the chances of engraftment.
However, allogeneic BM-HPCs have been successfully
transplanted following cryopreservation.

SPECIAL PREPARATION AND
PROCESSING

Red Blood Cell/Plasma Depletion

Allogeneic BM-HPCs may contain RBCs or plasma
that is incompatible with the patient and these are indi-
cations for red cell or plasma depletion. When RBC
depletion is necessary, the laboratory performing the
manipulation will determine a satisfactory level of
depletion, which is usually about 90% depletion of the
RBCs. In addition, RBC-depleted products may contain
hetastarch or albumin depending on the procedure that
was used. Plasma depletion is less labor intensive as
compared to red cell depletion. When plasma depletion
is indicated, the harvested BM product is spun down,
plasma was extracted with plasma extractor, and the
BM-HPCs were then suspended in 5% human serum
albumin before patient infusion.

Cell Selection

Harvested BM product is extremely heterogeneous.
Beside immature HPCs that are crucial for hematolog-
ical reconstitutions, other mature hematopoietic or non-
hematopoietic cells can also be present. Techniques
used to isolate specific type of cells may potentially
improve the specificity of BM-HPC therapy. Currently,
T cells, CD34+ cells, and malignant cells are the targets
of these cell selection techniques.
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Subsets of allogeneic donor T cells are thought to
cause GVHD. Studies that deplete CD8+ T cells from
BM product showed significant reduction of GVHD in
allogeneic transplantation (Giralt et al. 1995; Alyea 
et al. 1998). Therefore, allogeneic BM-HPCs may be
depleted of T cells to reduce the chances of severe
GVHD. Reduced graft-versus-cancer effects were
observed in patients who did not present with GVHD,
and increased relapse of diseases was seen in patients
who received T cell-depleted product. As more clinical
trials involving T cell depletion have been conducted 
in allogeneic BM-HPC transplant patients who are at
high risk for GVHD, increased complications, such 
as delayed or lack of engraftment and presentation of
opportunistic diseases, such as CMV reactivation and
posttransplant lymphoproliferative disorders, were
observed (Broers et al. 2000; Chiang et al. 2001).

There are several techniques that may be used to
deplete allogeneic BM-HPC harvests of T cells. These
techniques are identical to those used to deplete T cells
from PB-HPC (see Chapter 24). Counterflow centrifu-
gation elutriation separates cells based on their size and
density. Elutriation is used to separate lymphocytes
from most of the other cells. CD34+ hematopoietic pro-
genitor cells vary in size and density. While the smaller
more primitive CD34+ cells segregate with the lympho-
cytes, at least half of the CD34+ cells can be separated
from the lymphocytes (Gee and Lee 1998). The lym-
phocyte-depleted cell population is transplanted.
Because the transplanted product may lack the most
immature small CD34+ cells, long-term engraftment
may be at risk. For this reason, some institutions 
may select CD34+ cells from the lymphocyte fraction
and add these back to the lymphocyte-depleted cells
(Gee and Lee 1998). Lectin separation and E-rosette
depletion are sometimes used to remove T cells 
from BM. With improvement in magnetic bead 
technology, negative selection using nickel beads
attached to anti-CD8 antibodies have been used in clin-
ical trials to reduce amount of T cells in harvested BM
products.

T cell-depleted products may contain additional
solutions, antibodies, or other chemicals depending on
the T cell depletion method. BM-HPCs that have been
depleted of T cells by CD34+ selection contain fewer
red cells, platelets, and white cells of all types although
a large proportion of the CD34+ cells is retained.
CD34+-selected products are enriched for HPCs and
are usually contained in a small volume.

For autologous BM transplant patients, the malig-
nant cell contamination poses the most concern. At
present, most of autologous HPC transplant patients,
both adult and pediatric, received peripheral blood
rather than BM-derived HPCs. Hence, the techniques

used to purge or negatively select malignant tumor cells
will be discussed further in Chapter 24.

Genetic Engineering

Gene transfer into repopulating hematopoietic cells
to correct or regulate blood cell related disease would
create many therapeutic opportunities. The progress of
gene therapy in human has been slow but progressive.
Most recently, a retrovirus vector containing the gc
chain has been successfully used to transduce autolo-
gous CD34+ cells from BM for pediatric patients with
severe combined immunodeficiency disease (SCID)
(Hacein-Bey-Abina et al. 2002). HLA-identical allo-
geneic HPC transplantations have been used success-
fully for SCID patients to reconstitute their T-cell
immune function. However, all of them depend on life-
long immunoglobulin infusion due to lack of B cell
reconstitution (Haddad et al. 1998). These patients who
underwent genetically altered autologous CD34+ HPC
transplantation appeared to have both T- and B-cell
immune reconstitution after transplantation. Hence,
the gene therapy was viewed as an improvement over
HLA-identical allogenetic HPC transplantations.
Unfortunately, some of these patients were found to
have leukemia-like disease after long-term follow up.
The cause of this complication is most likely due to
random insertion of the retrovial vector in the host
genome(Hacein-Bey-Abina et al. 2003).

Beside SCID patients, progress has also been 
made for diseases such as sickle cell disease and 
thalassemia. Lentiviral vectors containing a globin 
gene with introns linked to regulatory elements from
the locus control region (LCR) have been used suc-
cessfully to transduced BM-derived CD34+ cells, and
autologous transplantation of globin gene-modified
CD34+ cells have corrected the thalassemia and sickle
cell anemia phenotypes in murine models (Walters et al.
2002).

ABO and Rh Compatibility

Selection of BM-HPC donors for transplantation is
made primarily based on HLA types. RBC incom-
patibility between donor and recipient is thus con-
sidered secondarily. ABO and Rh types of the donor
and recipient should be determined in advance of 
allogeneic transplants to anticipate management of
incompatibilities.

While FACT standards require that a test for the
ABO group and Rh type be performed on a donor spec-
imen collected at the time of the BM harvest, this is not
a requirement of all accreditation agencies. However,
the ABO and Rh type of the donor must be included
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on the BM-HPC label to help ensure that the patient is
transplanted with the correct BM-HPC.

Approach to Major Red Cell Incompatibility

A major blood group incompatibility occurs when
naturally occurring antibodies (anti-A, anti-B, anti-A,B)
in the patient’s plasma react with donor RBCs. In addi-
tion, tests of the patient’s serum and donor RBCs may
reveal the presence of other unexpected clinically sig-
nificant antibodies against RBC antigens on donor
RBCs (for example, Kell, Duffy, Kidd, and so on). If
clinically significant antibodies react against donor
RBCs by routine pretransfusion testing, then the red
cells should be removed from the BM. Acceptable
methods for red cell depletion use hydroxyethyl starch
(HES) sedimentation or automated cell separators. In
addition, some cell selection methods that are designed
to purify the stem cell population, such as methods that
select for CD34+ cells, also remove RBCs. HES sedi-
mentation, automated cell separators, and repeated sed-
imentation and dilution with compatible RBCs remove
most, but not all, of the incompatible RBCs. Hence,
these procedures mitigate but do not eliminate the risk
of hemolytic transfusion reactions associated with BM-
HPC transplants.

Hydroxyethyl Starch Sedimentation

HES sedimentation had been commonly used to
remove incompatible RBCs from BM harvests (Dins-
more et al. 1983). HES added to BM causes the RBCs
to form rouleaux and accelerates their sedimentation.
The sedimented RBCs are drained from the bottom of
the bag leaving the rest of the BM harvest including the
HPCs in the original bag. Laboratories often find it dif-
ficult to remove enough RBCs while retaining most of
the white blood cells (WBCs) using HES sedimentation
(Atkinson 1998).This method results in infusion of HES
to the patient, which does not have significant side
effects.

Cell Separator

Many transplant laboratories now use a cell separa-
tor to remove RBCs from BM harvests. Cell separators
use the same principles as apheresis machines to 
separate the various components in blood and selec-
tively remove specified components (Chapter 30).
During this processing albumin, saline, and ACD are
often added to the product. (In addition to removing
RBCs from the BM, some transplant programs remove
isoagglutinins from the patient by plasmapharesis,

although few studies indicate that this is necessary
[Atkinson 1998]).

Sedimentation and Dilution

Repeated sedimentation and dilution with compati-
ble RBCs is a lengthy process because of the time
required for RBCs to sediment in the absence of HES.
This technique is not used by many processing labora-
tories, but some laboratories have diluted some prod-
ucts with compatible RBCs in conjunction with HES
sedimentation or automated cell separators.

Approach to Minor ABO Red Cell Incompatibility

The ABO group of the BM transplant donor and
recipient may have a minor ABO incompatibility in
which plasma from the donor contains antibodies
against ABO antigens on the recipient’s RBCs. Addi-
tionally, the donor’s plasma may contain unexpected
antibodies against other RBC antigens that are present
on donor RBCs (for example, Kell, Duffy, Kid, and so
on). These antibodies would be discovered when per-
forming antibody screens on the donor’s blood. If donor
plasma contains clinically significant antibodies that
react with the patient’s RBCs, then one should consider
removing plasma from the BM harvest to reduce the
chance of clinically significant hemolysis of the patient’s
RBCs (Lasky et al. 1983). Plasma can be removed by
plasma extractor following centrifuging the BM collec-
tion. Alternatively, a cell separator can be used to
remove plasma (see Chapter 29).

Red Cell Crossmatches

Many institutions crossmatch donor RBCs with
patient plasma and donor plasma with patient RBCs,
even though current accreditation standards do not
explicitly require this testing in all cases. This can serve
as a check to verify whether there is a need for red cell
or plasma depletion of the BM product. If the cells are
incompatible, then the product should be labeled as
being incompatible. If a major incompatibility exists,
this product may be safely administered following red
cell depletion; if a minor incompatibility exists, this
product may be safely administered. The person per-
forming the transplant should verify that the product
has been depleted of red blood or plasma cells by check-
ing the label and visually examining the product. Rh
blood group mismatches do not impair engraftment,
reduce patient survival, or increase the risk of GVHD.
Some Rh-positive donors who have received Rh-
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negative BM have developed anti-D antibodies. While
these patients’ RBCs may undergo increased hemolysis,
Rh-negative RBCs should repopulate their circulatory
systems as the donor BMs engraft.

Ordering and Administration

When considering an allogeneic BM-HPC trans-
plant, a donor with a compatible HLA type must be
identified. Family members, especially siblings, are
usually the best potential donors and their HLA types
are determined. If no donor is identified in the patient’s
family, searches for potential donors can be made
through national and international BM transplant reg-
istries. High-resolution HLA types of potential donors
are determined to identify histocompatible donors. If a
compatible donor is identified, his or her health status
is assessed. Autologous BM-HPCs and autologous PB-
HPCs are ordered and administered the same way (see
Chapter 24).

If an allogeneic BM transplant is planned, efforts
must be coordinated between the processing laboratory,
the physicians harvesting the BM, the patient, and the
donor. This is made even more complex if the donation
is made at a location that is different from the patient’s
location. In those cases, the BM is harvested at a hospi-
tal that serves as the collection facility and a courier,
often a member of the transplant team from the
patient’s hospital, transports the BM to the patient’s
hospital.

Before administration of the marrow, proper identi-
fication of the patient and product is critical to ensure
that the patient is receiving the correct BM-HPCs. Cells
are usually infused at least 24 hours after completion of
chemotherapy to prevent the cytotoxic effects of
chemotherapy from damaging the infused cells. Cells
can be immediately infused following radiotherapy,
however. The patient should be well hydrated before
infusion. Oxygen and anti-anaphylaxis treatment such
as epinephrine should be available. Allogeneic BM-
HPCs that had been cryopreserved are administered
using procedures that are similar to those used for cry-
opreserved PB-HPCs (see Chapter 24). Cells are admin-
istered intravenously, usually through a central venous
catheter. Cells may be administered rapidly through an
intravenous push, or, unlike cells that have been cryop-
reserved with DMSO, cells that have not been cryopre-
served may be infused over several hours. It may be
advisable to initiate the infusion slowly to observe for
any adverse reactions and then accelerate the infusion
rate. The patient should be closely monitored and vital
signs should be taken periodically during the infusion as
for any blood product in view of risks for allergic, ana-

phylactic, hemolytic or febrile nonhemolytic transfusion
reaction.

Indications

HPC are usually administered to patients whose own
hematopoietic system is defective. Although a disease
may directly cause the BM defect, toxic cancer treat-
ment is the more frequent cause of the BM damage.
Hematopoietic stem cell transplants have been used for
immunodeficiencies, autoimmune diseases, and genetic
disorders.

Autologous

Autologous BM-HPC transplants are indicated for
all clinical cases in which autologous stem cell trans-
plants are indicated. However, with improved method
for PB-HPC mobilization, autologous BM-HPCs are
now used infrequently even in pediatric settings.
According to the nationwide pediatric BM transplant
registry in Italy, there was a rapid shift in the source of
autologous HPCs employed for transplantation starting
in 1997, where greater than 70% are of PB-HPCs
(Pession et al. 2000). Autologous BM harvests are now
reserved for situations when mobilization of peripheral
HPCs was impossible or inadequate. For pediatric
patients, they are often due to the complications related
to peripheral access placement needed for PB-HPC col-
lection. These complications include central line-related
deep venous thrombosis and line infection, which can
lead to inadequate number of HPCs collected. As the
result, additional BM harvests may become necessary in
order to obtain sufficient number of HPCs needed for
adequate hematopoietic reconstitution after myeloab-
lation from high dose chemotherapy or radiation.

Allogeneic

In the past few years, the number of allogeneic HPC
transplantation conducted in the United States and
European pediatric population has approached or even
surpassed the number of autologous HPC transplanta-
tions. Despite the dramatic shift to the use of PB-HPCs
in autologous settings, more than 90% of pediatric
patients continue to receive BM-HPCs for allogeneic
HPC transplantation. However, the main indication 
for allogeneic HPC transplantation in childhood re-
mained to be lymphomyeloproliferative disorders
(66%) followed by nonmalignant diseases (33%) such
as hemoglobinopathy, immunodeficiency, and metabolic
disorders. In particular, leukemia was the main indica-
tion for allogeneic transplants (Pession et al. 2000).
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Allogeneic HPC transplantation can potentially sta-
bilize or reverse some of the complications associated
with sickle cell disease. However, these procedures
remained experimental and transplantation-related
complication remained extremely high in this popula-
tion. The best candidates for HLA-identical sibling-
related allograft transplantation are children younger
than 16 years of age with severe vaso-occlusive disease,
stroke, and acute chest syndrome. The recent advances
in nonmyeloablative transplant may induce sufficient
mixed hematopoietic chimerism to treat sickle cell
disease-related complication and reduce transplant-
related toxicities (Steinberg and Brugnara 2003). BM-
HPCs probably will remain the main source of HPCs
for allogeneic transplantation in sickle cell patients
because the majority of sibling donors for these patients
have sickle cell traits and the growth factors-induced
sickle cell crisis have been reported in sickle cell trait
PB-HPC donors during cell mobilization (Adler et al.
2001; Wei and Grigg 2001).

Contraindications

Donor Issues

The physical condition of the donor may make BM
collection and associated anesthesia especially danger-
ous. The importance of these risks when deciding
whether to harvest BM from a prospective donor
depends on whether the BM-HPCs are intended to be
used for an autologous or an allogeneic transplant. Only
minimal risk is acceptable when harvesting BM from 
a healthy allogeneic donor while some risk may be
acceptable when harvesting BM for an autologous
transplant.

In addition to the general health of the donor, a
prospective autologous donor’s BM needs to be evalu-
ated. Marrow fibrosis in the autologous donor is a con-
traindication because BM harvests are impossible in
some patients with BM fibrosis. In addition, autologous
transplants for malignancy are usually not considered 
in patients who have evidence of cancer in their BM 
by bone imaging studies and biopsy. This evaluation 
can miss minimal disease that may be important. For
example, immunohistochemistry studies have shown
micrometastates of breast cancer cells in 17% to 60%
of marrow harvested from patients who were not
thought to have BM metastasis by conventional tech-
niques. Unfortunately PB-HPCs may not offer an
advantage; studies have shown 10% to 78% of PB-
HPCs can be contaminated by malignant cells. Further-
more, some studies have shown that micrometastases
correlate with poor outcome, though it is unknown if the
poor outcomes are due to transplanting malignant cells

or to the more advanced stage of the disease in these
patients. Regardless, most transplant programs cur-
rently collect autologous BM only from those patients
who have healthy BM as determined by conventional
techniques.

Allogeneic BM harvests from healthy donors are
contraindicated when there is significant risk to the
donor associated with the collection and anesthesia.
Donors who are obese, older, or have cardiovascular or
pulmonary disease are at increased risk (Buckner et al.
1994). In addition, allogeneic donors who test positive
for infectious diseases such as hepatitis B, hepatitis C,
or CMV can pose increased risk to recipients, and the
transplant physicians must decide whether to transplant
marrow from these donors. Most transplant physicians
will not transplant BM from donors who test positive
for HIV.

Recipient Issues

BM transplantation is a potentially dangerous treat-
ment that is contraindicated in some patients who are
at especially high risk. The risk-benefit analysis must
consider the fact that the risk associated with transplant
depends on the relationship between the donor and the
patient. Allogeneic BM-HPC transplants from unre-
lated donors are the riskiest BM transplants, and autol-
ogous BM-HPC transplants are the safest BM-HPC
transplants. Allogeneic BM-HPC transplants from
HLA-identical siblings are of intermediate risk. Each
transplant program must establish its own guidelines.
The age of the recipient is a major risk factor for allo-
geneic transplants, other risk factors often used as 
contraindications may include organ dysfunction as
indicated by serum creatinine >2.8 mg/dL, serum biliru-
bin >2.4 mg/100 mL, PaO2 <70 mm Hg, a left ventricu-
lar ejection fraction <50%, or active infection, or a
Karnofsky performance score <70%. However, patients
with renal failure have been successfully transplanted
(Mehta and Singhal 1998).

EXPECTED RESPONSE

BM-HPCs should reconstitute the hematopoietic
system. Engraftment, measured as a neutrophil count
≥0.5 ¥ 109/L, usually occurs between eight and 30 days
posttransplant. Platelet (≥20 ¥ 109/L) and red cell (retic-
ulocyte >1.55%) engraftment usually follows neutrophil
recovery. Mean time for neutrophil and platelet engraft-
ment following autologous BM-HPC transplant ranges
from 11 to 14 days and 17 to 23 days, respectively
(Schmitz et al. 1996). Engraftment kinetics depend on
the condition of the supporting BM stroma, the dose of
HPCs infused, the underlying disease, and posttrans-
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plant GVHD prophylaxis treatment. Autologous stem
cell transplants engraft more rapidly than allogeneic
stem cell transplants. Growth factors administered after
the transplant can speed engraftment of neutrophils
(Gisselbrecht et al. 1994; Stahel et al. 1994). Some exper-
imental protocols involve the use of nonmyeloabaltive
treatments followed by allogeneic stem cell treatments.
With these therapies, no period of severe neutropenia
or thrombocytopenia normally occurs.

In the long term, the patient’s hematopoietic system
should be completely replaced by the donor’s
hematopoietic system. For patients with a history of
leukemia who are transplanted, failure to completely
and permanently replace the patient’s hematopoietic
system indicates a higher chance of disease relapse. This
replacement is measured by “chimerism analysis.”
Chimerism analysis determines the phenotype and/or
genotype of the hematopoietic cells in the transplant
recipient. The blood type and the HLA type of the
patient should change to the donor’s types. If there are
no HLA differences, microssatellite DNA markers can
be used for chimerism analysis.

Potential Adverse Effects

Acute Reactions During Product Infusion

Acute adverse reactions to allogeneic BM transplant
infusions include hemolytic reactions, allergic reactions
(mild or anaphylactic), reactions to rapid volume
changes, febrile nonhemolytic reactions, fluid overload
reactions, and sepsis or endotoxic shock.These reactions
are associated with the same signs and symptoms
described in Chapters 26–28. Management of these
reactions differs than management of identical reac-
tions that can occur with transfusions of more tradi-
tional blood components; however, BM-HPCs are
usually irreplaceable. For this reason, the patient is nor-
mally treated for signs and symptoms of the reaction as
described in Chapters 26–28, but the infusion is contin-
ued if possible. In some cases the infusion may be tem-
porarily halted, but the infusion should be restarted 
as soon as the patient can tolerate it. If the patient is 
not being prophylactically treated with antimicrobial
therapy, then a febrile reaction could be an indication
to commence such therapy.

Signs and symptoms such as flank pain, hypotension,
hematuria, and dyspnea should be investigated. Some 
of these signs and symptoms could be due to a hemoly-
tic transfusion reaction, or due to reactions to DMSO
and lysed RBCs contained in cryopreserved products.
Whenever a suspected hemolytic transfusion reaction
occurs, the label on the BM-HPC should be rechecked
immediately to confirm that the correct product is being

infused. A DAT can be performed on the patient’s
RBCs. Additional tests may include retyping RBCs
from the patient and BM-HPCs, performing antibody
screens on serum or plasma from the patient and the
BM-HPCs (or BM donor), and performing cross-
matches between donor RBCs and the patient’s serum
and the patient’s RBCs and donor’s plasma or serum.
These tests will provide additional evidence concerning
the correct identity of the BM-HPCs and the patient
and may suggest that the patient’s or donor’s RBCs are
undergoing hemolysis. In these cases, further depletion
of RBCs or plasma in the BM-HPC, or plasmapheresis
of the patient may be warranted.

Chronic Adverse Effects

Graft-versus-host Disease

GVHD is a potentially serious adverse reaction of
allogeneic BM-HPC transplants. T lymphocytes derived
from allogeneic donor BM can recognize the patient’s
cells as foreign and react against those cells. The skin,
gastrointestinal tract, and liver are the principal targets
of this reaction. By definition, acute GVHD occurs
within the 100 days of the transplant but usually occurs
around the time of BM engraftment. Risk factors for
development of GVHD include unrelated donors,
HLA-mismatched donors, multiparous female donors,
and older patients. Cutaneous symptoms can include
erythema, a macular/papular rash, bullous lesions, and
epidermal necrosis. Liver manifestations can include
increased conjugated bilirubin and/or transaminases,
hepatomegaly, and right upper quadrant tenderness.
Gastrointestinal manifestations include diarrhea,
nausea, vomiting, and cramping. Chronic GVHD, which
arises more than 100 days posttransplant, resembles col-
lagen vascular diseases with multiple systems affected
including the skin, mouth, eyes, sinuses, gastrointestinal
tract, liver, lungs, vagina, muscle, nervous system,
urological system, hematopoietic system, and lymphoid
system (Atkinson 1990).

Infectious Disease

Allogeneic transplants may also transmit the same
infectious diseases that can potentially be transmitted
by blood transfusions.

Alternative HPC Sources

The main alternatives to transplants of BM-HPCs
are PB-HPCs and umbilical cord blood-derived HPC.
These are described in Chapters 12 and 13. PB-HPCs
engraft more quickly than BM-HPCs resulting in
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decreased times of neutropenia and thrombocytopenia
(Schmitz et al. 1996). For this reason, almost all autolo-
gous hematopoietic stem cell transplants are collected
from peripheral blood.

Although PB-HPCs offer several short-term advan-
tages over BM-HPCs, allogeneic BM-HPC transplants
are still performed because of possible increased risk of
GVHD associated with PB-HPC transplants. PB-HPCs
contain nearly 10 times more T lymphocytes than BM-
HPCs (Dreger et al. 1994), and T cells are the principal
mediators of GVHD. Several studies with limited
numbers of patients suggest that there is no increased
incidence of severe acute GVHD in patients who
receive allogeneic PB-HPC (Hagglund et al. 1998).
However, in contrast, some studies have shown an
increased incidence and severity of chronic GVHD fol-
lowing PB-HPC transplants (Scott et al. 1998). These
studies have followed a limited number of patients for
a limited time. Furthermore, drug therapy or T cell
depletion of PBSC may overcome this problem. Cur-
rently, the possible increased risk of chronic GVHD
associated with PBSC transplants must be taken into
account when considering this alternative to BM-HPCs.

Umbilical cord blood-derived HPCs have primarily
been used for allogeneic (unrelated and sibling) trans-
plants of pediatric patients. In the future, many more
patients may be candidates for transplants of umbilical
cord blood-derived HPC. Chapter 25 contains more
information regarding the potential advantages and dis-
advantages of umbilical cord blood.
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INTRODUCTION

Peripheral blood (PB) as a stem cell source was intro-
duced in 1981. It is now known that hematopoietic stem
cells traffic constantly between extravascular marrow
spaces and PB. Therefore, the quality of stem cells is not
thought to be different between bone marrow (BM) and
PB stem cell pools (Korbling and Anderlini 2001). Both
BM- and PB-derived stem cell products contain stem
cells and hematopoietic progenitor cells that are com-
mitted to particular hematopoietic lineages. The term
“hematopoietic progenitor cells” (HPCs) is more accu-
rate than “stem cells” and will be used in this chapter.
Committed and partially differentiated HPCs are prob-
ably responsible for the initial circulating leukocytes
and platelet recovery, called short-term engraftment,
following a HPC transplant. However, the cells that con-
tribute to long-term multilineage reconstitution of the
hematopoietic system are the pluripotent stem cells that
have the capacity for self-renewal. BM- and PB-derived
allografts differ in their reconstitutive and immunogenic
characteristics, which seem to be based on the propor-
tion of early pluripotent and self-renewing pluripotent
stem cells, to lineage-committed late progenitor cells,
and on the number of accessory cells, particularly T-cell
subsets, contained in the HPC product.

Similar to BM-derived HPCs, PB-derived HPCs can
be used in autologous and allogeneic settings. In autol-
ogous PB-HPC transplants, HPCs are donated by the
person who also is the recipient and the HPC products
are usually cryopreserved before the patient receiving
myeloablative chemoradiotherapy. For allogeneic HPC
transplants, the HPCs are donated by a person other
than the recipient. For adult patients, PB-derived HPC

products have became the major stem cell source for
both allogeneic and autologous HPC transplantation.
For pediatric patients, the majority of autologous HPCs
are derived from PB while only a minority of allogeneic
HPCs are conducted using PB-HPCs. Because of the
patient size, more pediatric than adult patients receive
allogeneic HPCs collected from umbilical cord blood
(see Chapter 25).

Despite more than a decade of experience using
HPC for the reconstitution of lymphohematopoietic
function after myeloablative treatments, the collection
and mobilization of PB-derived HPCs in pediatric
patients remained relative new, especially in allogeneic
settings. As a result, the practice of PB-HPC collection
can vary between institutions. Regulatory agencies and
accrediting organizations have recently adopted, or are
still in the process of developing, standards and regula-
tions for PB-HPC transplant programs. The same agen-
cies that regulate and accredit BM transplants will also
regulate and accredit PB-HPC transplants (see Chapter
23).

PRODUCT DESCRIPTION

Cellular Constituents

In addition to progenitor cells, PB-HPC collections
contain other hematopoietic cells. Although the PB-
HPC collection procedure is designed to enrich for
MNCs, all PB-HPC collections contain granulocytes,
erythrocytes, and platelets. Certain methods of collec-
tion can remove more platelets than others. Lympho-
cytes and immature myeloid cells are also present in

283

C H A P T E R

24

Peripheral Blood Stem Cells

GRACE S. KAO, MD, AND STEVEN R. SLOAN, MD, PhD

Handbook of Pediatric Transfusion Medicine
Copyright © 2004, by Elsevier.

All rights of reproduction in any form reserved.

Ch24.qxd  12/19/05  7:21 PM  Page 283



PB-HPC harvests. Compared to BM-derived HPCs,
PB HPC products contain a three- to fourfold higher
number of CD34+ cells and an approximately tenfold
higher total number of lymphoid subsets when mobi-
lized with growth factor such as granulocyte-colony
stimulating factor (G-CSF) (Ottinger et al. 1996;
Korbling and Anderlini 2001). Like BM-HPCs, malig-
nant cells may potentially contaminate autologous PB-
HPC collections for oncology patients. The autologous
malignant cells and allogeneic lymphoid subsets can
sometimes pose harm to the patients. Hence, PB-HPCs
may be processed to remove unwanted cells.

Characterization of HPC Content

Various assays can be used to assess the number and
types of cellular constituents in a PB-HPC product.
Before increased accessibility and standardization of
CD34+ cell counts, total MNC counts were used to esti-
mate the stem cell concentration in the collection. Now,
CD34+ cell counts are used as an indirect measurement
of pluripotent stem cells and HPCs. Biological growth
assays such as the colony-forming unit (CFU) assay and
the long-term culture-initiating cell (LTCIC) assay may
also be performed to measure both the quantity and
quality of HPCs in a PB-HPC product. Other methods
have been developed to measure the most immature
progenitor cells, but these assays are complex and not
performed in most clinical transplant laboratories.
Because CFU assays take weeks to produce results, such
assays are not useful for determining whether enough
cells have been collected from a donor before the trans-
plant. Because total MNC concentrations and/or CD34+
cell concentrations are measured within hours or days
of the collection, they are frequently used to measure
the cell dose obtained after each peripheral collection
and determine if repeat collections are need to reach a
targeted cell value.

Characterization of Mononuclear Cell Content

The mononuclear cell (MNC) count is one measure
that may help determine whether sufficient cells are
present in the PB-HPC collection to result in a timely
engraftment of the patient’s hematopoietic system.
Though some studies have suggested that the MNC
counts correlate with engraftment; this correlation has
not been seen by others (Roberts et al. 1993). However,
MNC cell counts are easily performed on automated
hematology analyzers or hemocytometers, and several
centers still use these results. MNC counts remained
crucial for centers that use dual-platform assay to deter-
mine the absolute CD34+ counts because the enumer-

ation of CD34+ cells are based on percentage of total
MNCs (Gratama et al. 1999).

The target dose of MNCs usually ranges from 2 to 
6 ¥ 108 cells/kg, but each transplant program must 
establish its own guidelines. Target doses may depend
upon the source of the cells (for example, unrelated
allogeneic transplants usually require higher doses than
autologous transplants), or on the patient’s diagnosis.
Most laboratories cryopreserve cells at a concentration
of 2 ¥ 107 to 8 ¥ 108 MNCs/mL.

Characterization of CD34+ Cell Content

The number of CD34+ cells in the PB-HPC product
is the most widely used measurement to predict whether
sufficient cells are present for timely engraftment of the
transplanted cells. CD34 is a cell surface protein that is
expressed on most stem cells and many other immature
hematopoietic cells. CD34+ cells comprise 1% to 5% of
PB MNCs following mobilization. CD34+ cell counts
are determined by flow cytometry. Two flow cytometry
techniques are used to determine CD34+ cell counts in
PB-HPC products. Most techniques for CD34+ cell enu-
meration are dual-platform assays, where the percent-
age of CD34+ cells is determined flow cytometrically,
and the percent the white blood cell (WBC) count is
determined on a hematology cell analyzer. Recently,
so-called single-platform assay have been developed, in
which the absolute number of CD34+ cells is directly
derived from a single-flow cytometric measurement by
incorporating a known number of fluorescent counting
beads in the flow cytometric assay (Gratama et al. 1999).
The ratio between the number of beads and CD34+ cells
counted allows direct calculation of the absolute CD34+
cell numbers. These procedures require technical
expertise and judgment, and results between laborato-
ries may not correlate well. However, these methods
have now standardized and should help improve inter-
laboratory reproducibility (Keeney et al. 1998). Single-
platform assays are less likely to produce variability
between laboratories because they avoid the need for a
second instrument.

Several, but not all studies, suggest that a minimum
number of CD34+ cells must be transplanted to ensure
rapid engraftment. The target number of CD34+ cells
depends on whether autologous cells, allogeneic 
cells from a related donor, or allogeneic cells from an
unrelated donor are transplanted. The target number of
cells to transplant must be determined by each trans-
plant program but studies suggest that that a dose of 
2 to 5 ¥ 106 CD34+ cells/kg is adequate to ensure 
trilineage engraftment in a timely fashion (Weaver 
et al. 1995).
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Characterization of CFU Content

CFU assays can be used as an indirect measure of
hematopoietic progenitor cells. This method identifies
and counts hematopoietic progenitor cells based on
their ability to proliferate and give rise to more mature
hematopoietic cells. Cells from the PB-HPC product 
are cultured in a semisolid media, and the types of 
cell colonies that grow from individual immature
hematopoietic cells are identified and counted. CFU
culture conditions are not completely standardized, and
interpretation of results is somewhat subjective. Not
surprisingly, results from CFU assays can vary signifi-
cantly between laboratories. While some studies have
shown a correlation between CFU assay results and
engraftment speed, other studies have revealed no such
correlation (To et al. 1992). Each transplant program
determines whether it will strive for a specific minimum
CFU dose. In most cases CFU assays cannot be used to
determine whether additional PB-HPC collections are
necessary for any individual patient because colonies
cannot be scored until approximately two weeks after
plating the cells. However, CFU assays may be used for
data analysis and monitoring quality of various aspects
of the transplant program. Other methods have been
developed to measure the most immature progenitor
cells, but these assays are complex and are not per-
formed in most clinical transplant laboratories.

Anticoagulants and Additives

PB-HPC products contain plasma, anticoagulant, and
additional buffered solution. In most cases acid-citrate-
dextrose formula A (ACD-A) or a similar anticoagulant
is added. Human plasma is present in all PB-HPC prod-
ucts whether or not the product is cryopreserved. Cry-
opreserved PB-HPC products usually contain 10% to
20% of a protein solution such as plasma or human
albumin and a cryoprotectant solution consisting of
10% dimethylsulfoxide (DMSO) or 5% DMSO, 6%
hydroxyethyl starch, and albumin (Stiff 1991). Cryopre-
served PB-HPCs usually contain a buffered electrolyte
solution such as Normosol or other infusion grade solu-
tions. Some institutions use tissue culture media that
also contains vitamins and/or minerals, but its use is dis-
couraged because tissue culture media is not currently
approved for infusion to humans in the United States.
Red cell-depleted products may contain additional
albumin.

Labeling

PB-HPCs are labeled in the same manner as BM-
HPCs (see Chapter 18), except that they contain the

phrase “Hematopoietic Progenitor Cells, Apheresis”
instead of “Hematopoietic Progenitor Cells, Marrow.”

COLLECTION

Donor Evaluation and Preparation

Allogeneic donors undergo the same screening
(history and infectious disease testing) as for BM dona-
tion to ensure the HPC products are safe (see Chapter
23).The pediatric donor screening process is slightly dif-
ferent from adult donors because the majority of pedi-
atric donors are minors and the medical history of the
donors are often conducted through their parents or
guardians. Some of the screening questions concern sen-
sitive issues such as sexual and drug histories. Older
teenagers should be asked these questions in private.
While no specific guidelines have been formulated for
medical screening of pediatric donors, children as young
as 10 to 11 years can often be asked sensitive screening
questions in private with the consent of their parent or
guardian. Many parents appreciate the fact that a donor
screening questionnaire administered by a trained
health care provider can be an educational experience
for their child.

Like all apheresis procedures, both autologous and
allogeneic PB-HPC donors will need to present with
good venous access for either short-term or long-term
blood collection. Peripheral venous accesses are usually
used to collect PB-HPCs from older allogeneic donors.
Central venous accesses are usually not needed during
allogeneic donation from older donors because suffi-
cient number of HPCs can easily be collected in one to
two days from growth factor-mobilized donors.
However, central venous or femoral line catheters are
usually needed for donors younger than 10 years and
sometimes needed from older donors because of inad-
equate peripheral venous access. In addition, some
young donors cannot comply with collection using
peripheral venous access because each collection lasts
at least three to four hours and the donors need to be
relatively still throughout the entire procedure. The
placement of central venous access increases the risk of
donation because of increased bleeding, infection, and
development of deep venous thrombosis associated
with line placement. For autologous donors, central
venous accesses were often placed for PB-HPC collec-
tion because the same venous accesses are also needed
for chemotherapy administration and transfusion
support during and after transplantation. For pediatric
allogeneic and autologous donors, additional problems
can arise during collection procedures.These donors are
also subjected to the same risks of anticoagulants and
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volume shifts that are normally associated with aphere-
sis procedures (see Chapter 29). With close monitoring
and modifications of the collection procedure, the donor
can remain isovolumetric throughout the procedure.
Studies have shown that PB-HPC collection is safe in
pediatric donors with very small blood volume.

More recently, the use of pediatric donors for adult
HPC transplantation has been considered as these
donors appear to have improved PB HPC mobilization
using growth factors. Unlike BM-derived HPCs, the
number and volume of HPC collections do not depend
on the body size of the donor, and the collection can
always be repeated if insufficient number of cells are
collected.

Relative contraindications to the collection proce-
dure include hemodynamic instability, symptomatic
anemia, evidence of active infections, and recent inges-
tion of angiotensin converting enzyme (ACE) inhibitors
in the donor.

Mobilization

Mobilization is the increased shift of pluripotent
stem cells, hematopoietic progenitor cells, and mature
and immature hematopoietic cells from BM to the
blood.This is usually accomplished by administration of
chemotherapy or growth factors/cytokines. The donor is
usually treated with cytokines and/or chemotherapy
before collection. Mobilization treatment causes an
increased peripheral white blood cell (WBC) count that
predominantly consists of myeloid cells at all stages of
development. HPCs are the most critical cells to mobi-
lize, and the number of HPCs correlates with the
number of CD34+ cells. While CD34+ cells normally
represent approximately 0.1% of PB MNCs, mobiliza-
tion can increase this proportion to more than 1%
(Stadtmauer et al. 1995).

Donors are treated with mobilization drugs daily for
approximately for four to seven days before collection
by apheresis. Mobilization kinetics vary significantly
between donors and can depend on the mobilization
regimen and previous treatments the donor has
received. Though some institutions use the peripheral
WBC count to determine when to begin apheresis, the
PB CD34+ cell count is probably a better indicator to
determine the optimal day to begin peripheral cell col-
lection (Stadtmauer et al. 1995). The target cell counts
vary. Examples include protocols that commence leuka-
pheresis when the WBC ≥8.0 ¥ 109 cells/L, others 
when the WBC ≥1.0 ¥ 109 cells/L, and others when 
the CD34+ cell count reaches 10 cells/mL (Haas et al.
1994). If cell counts reveal that the patient’s HPCs 
are mobilizing poorly with G-CSF, mobilization may
improve with G/GM-CSF. Growth factors, such as G-
CSF, can cause unpleasant side effects such as bone

pain, fever, and malaise, which are readily treated with
acetaminophen and/or mild narcotics.

Autologous Transplants

HPCs from autologous donors can be mobilized with
cytotoxic chemotherapeutic agents and/or growth
factors. The choice of drugs will depend on a variety of
factors, including the type of tumor and prior exposure
to chemotherapeutic drugs. A small portion of autolo-
gous donors are poor mobilizers (Goldman et al. 2001).
Despite appropriate cytotoxic chemotherapy and
growth factors, these donors do not have enough CD34+
cells in the PB. Some of them do respond to increased
amounts of the same or additional type of growth
factors. These patients tend to have significant disease
in the BM and often underwent multiple chemotherapy
treatments in the past before mobilization. It is also
unclear if the quality of the graft obtained by these
patients is the same as ones from donors who are easily
mobilized.

Allogeneic Transplants

While HPCs can be mobilized with cytotoxic chemo-
therpeutic agents and/or growth factors,chemotherapy is
not usually used to mobilize cells from an allogeneic
donor because of risks associated with administering
chemotherapy to healthy individuals. Though G-CSF is
the most widely used growth factor used for mobiliza-
tion, other growth factors including GM-CSF, IL-1, IL-3,
IL-8, IL-11, and SCF also mobilize HPCs (Mauch et al.
1995). Cytokine combinations like G-CSF + SCF, G-CSF
+ GM-CSF, or IL-11 + SCF may improve mobilization,
and some institutions use growth factor combinations or
a growth factor/chemotherapy combination to mobilize
HPCs (Mauch et al. 1995).

Young allogeneic HPC donors are usually human
leukoctye antigen (HLA)-matched siblings of pediatric
patients who need to undergo transplantations. PB 
collections of HPCs following three to five days of 
G-CSF mobilization have been successfully performed
in several centers (Watanabe et al. 2000; Benito et al.
2001). Despite the lack of short-term G-CSF-related
complications in these donors, the long-term effects of
G-CSF on these young, healthy donors are still
unknown. Hence, the use of cytokines in young, healthy
donors becomes somewhat of a dilemma. As the result,
BM-derived HPCs remained the more popular source
of stem cells for transplantation in pediatric settings.

HLA Compatibility-Allogeneic Donors

HLA matching is the principal means of choosing an
allogeneic HPC donor. Issues concerning HLA match-
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ing for allogeneic PB-HPC transplants and allogeneic
BM-HPC transplants are identical and are discussed in
Chapter 23.

Collection Procedure

PB-HPCs are collected by leukapheresis. The MNCs
are collected using some of the same machines that can
be used for therapeutic apheresis (see Chapters 29–31).
The leukapheresis procedure is conducted to specifi-
cally remove MNCs. Donors are subjected to the same
risks associated with anticoagulants and volume shifts
that are normally associated with apheresis. Citrate anti-
coagulants and heparin are the most common anticoag-
ulants administered to the donors during leukapheresis.
Citrate prevents blood coagulation by chelating the
calcium needed to activate calcium-dependent coagula-
tion factors. As a side effect, donors with lower body
weight, especially the pediatric population, are more
likely to experience symptoms of hypocalcemia during
cell collection. The symptoms can often be eliminated
or prevented by calcium administration. In some PB-
HPC collection centers, intravenous calcium gluconate
is given during leukapheresis to prevent hypocalcemia.
Citrate anticoagulant is often preferred over heparin for
allogeneic donors because it is rapidly metabolized and
never produces systemic anticoagulation in healthy
donors without liver diseases. Heparin may enhance sys-
temic anticoagulation more than is expected because of
the additional effect of clotting factor dilution by the
nonplasma replacement solutions. Thus, intrapheresis
monitoring of clotting time is crucial to prevent any
bleeding-related complications when heparin is used.

Laboratory Evaluation

Laboratory evaluation includes quantitation of
HPCs in the product and assessment of the sterility of
the product. Cellular contents are quantified indirectly
by measuring MNCs and CD34+ cells, as described 
in earlier. In addition, a microscopic examination of
trypan-blue-stained cells is often performed to deter-
mine cellular viability. Sterility is usually determined by
culturing products for bacteria and fungi. Proliferation
assays such as CFU measurements may also be per-
formed to retrospectively measure HPC content before
and after special manipulations.

Storage and Transport

Autologous products are usually cryopreserved
before storage. At the end of cryopreservation, cells are
maintained in liquid nitrogen or in -80°C freezers.
Many centers store cells in liquid nitrogen tanks
because cells may be stored longer than -80°C freezers,

but freezers are more likely to fail. Liquid nitrogen
tanks can fail as well, and all freezers and liquid nitro-
gen tanks that contain HPCs should be regularly mon-
itored and have alarm systems. Frozen cells can be
stored for years. Cells stored for five years in liquid
nitrogen and cells stored at -80°C for over two years
have been successfully transplanted (Rowley 1992).

Hepatitis viruses and fungi can contaminate liquid
nitrogen storage tanks and contaminate the HPCs
stored in the tanks, and thus in turn infect transplant
recipients (Hernandez-Navarro et al. 1995). Double
bags and/or storage in the vapor phase of the liquid
nitrogen tank may help prevent these contamination
problems, but this has not been proven.

PB-HPCs should be administered soon after being
thawed. Cryopreserved autologous PB-HPCs are
usually transplanted to a patient who is being treated in
the institution that is storing the cells. In these cases the
PB-HPCs need only be transported from the storage
area to the patient treatment area. Cells may be trans-
ported in liquid nitrogen and thawed at the bedside, or
they may be thawed immediately before transport to
the patient’s room. If cryopreserved cells need to be
transported to another institution, then they are trans-
ported frozen in liquid nitrogen or packed in dry ice.

Allogeneic PB-HPCs are not usually cryopreserved
and are stored and transported the same as BM-HPCs.

SPECIAL PREPARATION

Most of the special preparation and processing that
is performed on PB-HPCs is designed to purify the
hematopoietic progenitor cells. While PB-HPCs col-
lected by apheresis contain many different cells, the
cells responsible for reconstituting the hematopoietic
system are the hematopoietic progenitor cells. Autolo-
gous PB cells collected from a cancer patient may
contain tumor cells that could contribute to relapse of
disease, and allogeneic T cells in PB grafts may cause
GVHD. Additionally, allogeneic PB-HPCs may contain
incompatible RBCs that could be hemolyzed by anti-
bodies in the patient’s plasma and/or may contain
plasma with antibodies that can hemolyze the patient’s
RBCs.Thus, transplant laboratories perform a variety of
procedures to purity the PB-HPCs. The processing may
involve depletion of RBCs, lymphocytes, or malignant
cells, or positive selection for HPCs expressing CD34
surface antigens. These processed products are in
reduced volumes and usually have different cell popu-
lations when compared to minimally processed HPCs.

RBC and Plasma Depletion

PB-HPCs do not usually need RBC or plasma deple-
tion because the products are not contaminated with
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large volumes of RBCs. When major ABO incompati-
bility between the allogeneic donor and recipient occur,
the volume of RBCs in the collection is first assessed.
When the number of RBCs in HPC products is more
than the RBC volume limitation (usually between 15 to
20 mL) set by the cell processing center, RBC depletion
may be performed to prevent hemolytic reactions.
Minor ABO incompatibility or presence of significant
alloantibodies in allogeneic donors may necessitate
depletion of plasma from PB-HPCs intended for trans-
plantation. The indications for depleting PB-HPCs of
RBCs or plasma and the techniques used to deplete
them are identical to the indications and techniques that
apply to BM-HPCs.

Selection

Positive Selection for CD34+ Cells

Most stem cells and many committed progenitor cells
express the CD34 antigen, which can be used as a
marker for selection. Because CD34+ cells in the HPC
graft is an indirect measure of hematopoietic progeni-
tor cells and possible pluripotent stem cells that are
important for both short- and long-term hematopoietic
reconstitution after BM myeloablation, isolation of
CD34+ cells for infusion can potentially eliminate the
contamination of CD34-malignant cells in autologous
PB-HPC grafts and reduce the number of donor T cells
in allogeneic PB-HPC collections that can induce
GVHD while ensuring appropriate hematological
engraftment.

CD34+ selections are available from many hema-
topoietic cell processing laboratories. While methods
vary, the first step often involves separation of the
MNCs from the erythrocytes and polymorphonuclear
cells by density gradient centrifugation. Monoclonal
anti-CD34 antibodies bound to a solid phase matrix are
then used to selectively adsorb the CD34+ cells. The
bound cells are then eluted from the solid matrix.
Unfortunately, most of the positively selected CD34+
cells infused to the patients remain bound to the anti-
bodies that are often derived from murine origin.As the
result, these procedures are not FDA-approved and
remain experimental.The Isolex 300i system is designed
and currently FDA-approved for the processing of
autologous PB progenitor cells (PBPCs) under a closed
system (Prince et al. 2002). Using this system, the
CD34+ cells from the PB-HPCs are first coated with
murine anti-CD34 monoclonal antibody. Sensitized cells
are then rosetted with paramagnetic, polystyrene beads
with affinity purified sheep anti-mouse IgG covalently
bound to the surface. Rosetted CD34+ cells are mag-
netically retained, while nontargeted cells are washed

away to become the negative fraction. The CD34+ cells
are then separated from antibodies/beads complexes by
releasing peptides—in this case the positively selected
product containing CD34+ cells without the antibodies.
Several studies have shown that CD34+ selected cells
can reconstitute hematopoiesis in the BM. A dose of at
least 1.2 ¥ 106 CD34+ cells selected cells per kilogram
appears necessary for rapid platelet recovery, and some
institutions transplant at double or triple that amount
(Shpall et al. 1997). With a sufficient dose, the BM will
be reconstituted with CD34+ selected cells as rapidly as
with total PB-HPC transplants. This is an area of 
intensive investigation and minimum cell dosages have
not been determined.

Selection of CD34+ cells would not benefit autolo-
gous transplants for patients with tumors that express
CD34. CD34 is normally expressed on capillary
endothelium and stromal cell precursors in the BM, and
tumors derived from these cells frequently express
CD34 (Fina et al. 1990). Specifically, CD34 is often
expressed on vascular tumor cells including angiosar-
coma, hepatic hemangioendothelioma, and Kaposi’s
sarcoma (Fina et al. 1990). Additionally, about 40% of
acute myeloid leukemias, 65% of pre-B acute lym-
phoblastic leukemias, 1% to 5% of acute T cell lym-
phoid leukemia express CD34 (Borowitz et al. 1990).
CD34 antigen has also been reported to be expressed
on a few cases of squamous cell lung carcinoma, neu-
roblastoma, and Ewing’s sarcoma.

CD34+ selected cells are usually suspended in a 
small volume of buffered normal saline solution and
contain few if any RBCs, platelets, or mature leukocytes
but may contain additional proteins that were added
during processing. If the cells are frozen, 10% DMSO
and at least 10% to 20% protein solution (plasma or
albumin) will usually be included in the final infused
product.

Negative Selection

Most of the negative selection techniques used in PB-
HPC grafts are aimed at reducing the number of donor
T cells that often cause GVHD during allogeneic trans-
plantaions. Several methods are used to specifically
deplete T lymphocytes from HPC products. Methods
that use the soybean agglutinin (SBA) remove most
mature blood cells. Counterflow centrifugal elutriation,
a method that removes most lymphocytes, is more 
frequently used to deplete T cells from BM and is
described in Chapter 11. Some methods specifically
remove T cells. These include methods that are based
on the binding affinity between T cells and sheep RBCs
and other methods that use antibodies that specifically
bind to T cells.
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SBA binds to N-acetyl-D-galactosamine, which is
expressed on all mature blood cells, and is used to
remove those cells. SBA added to the HPC collection
will agglutinate all but the progenitor cells. The aggluti-
nated cells are then removed on a 5% bovine serum
albumin gradient (Collins et al. 1992). Alternatively
SBA-coated plastic can be used to selectively remove
all but the progenitor cells by panning (Lebkowski et al.
1994). T-lymphocytes rosette around sheep RBCs, and
this can be used to selectively remove T cells. The
rosettes sediment or can be removed by density-
gradient centrifugation (Collins et al. 1992).

Other methods of T-cell removal utilize monoclonal
antibodies that recognize antigens that are specifically
expressed on lymphocytes, T cells, or a subset of T cells.
A variety of antibodies have been used, including the
“CAMPATH” series of rat monoclonal antibodies that
recognize DCw52, an antibody that recognizes the T-cell
receptor heterodimer. Other antibodies that specifically
recognize CD2, 3, 4, 5, 6, or 8 have been used as well
(Gee et al. 1989). These antibodies can be used to sep-
arate cell populations or to lyse the cells targeted by the
antibodies. To separate cells targeted by the antibody,
the antibody must be physically bound to a solid matrix
such as paramagnetic microspheres, paramagnetic
nanoparticles, or relatively large plastic surfaces used
for panning (Gee et al. 1989).

Purging

Though CD34+ cell selection is the most common
way to remove tumor cells, many other techniques can
be used to purge tumor cells from autologous HPC col-
lections. Most of these techniques are investigational
and exact approaches vary depending on the particular
research protocol and the type of malignancy. Many of
the techniques begin with a physical purification tech-
nique such as density-gradient centrifugation or coun-
terflow centrifugal elutriation. Additional techniques to
purge tumor cells include methods that use heat, cell
culture, cytotoxic effector cells, cytotoxic drugs, molec-
ular biology-based molecules, and antibodies.

A variety of cytotoxic drugs have been used to purge
tumor cells. The most widely used drugs are 4HC and
mafosfamide. Purging with these drugs reduces the risk
of disease relapse in patients with acute myeloid
leukemia (AML) (Gorin et al. 1990; Gorin et al. 1991).
While these purging protocols can destroy committed
progenitor cells and prolong engraftment times,
pluripotent progenitors survive the purging protocols
(Rowley and Davis 1991; Douay et al. 1995). A variety
of other drugs have been suggested. Some of these are
photoactive drugs that are added to the HPC, which are
then exposed to fluorescent light.

Molecular biology-based agents include antisense
DNA oligonucleotides and ribozymes that are designed
to inhibit expression of specific genes that promote
cancer cell growth, though few. Only a few clinical trials
using these approaches have been reported. RNAi may
be explored in the future as another method of inhibit-
ing expression of genes responsible for a variety of 
diseases.

Antibodies can lyse the target cells either by activat-
ing complement that is added to the cells or by utilizing
complement present in the plasma that is collected with
the HPCs. Alternatively, some investigators have conju-
gated a toxin, such as ricin, directly to the monocolonal
antibody (Uckun and Myers 1993).

Cryopreservation

Unlike most allogeneic PB-HPC collections, most
autologous PB-HPC collections are cryopreserved.
Cryopreservation is designed to preserve the MNCs 
for extended periods of time. Cryopreservation is not
designed to alter the cell population in the PB-HPC col-
lection and therefore is not considered a manipulation
of the product by accrediting agencies such as the 
Foundation for the Accreditation of Cellular Therapy
(FACT). The cell solution that was collected by aphere-
sis is centrifuged, the plasma is removed, and the white
cells are resuspended in a cryopreservation solution at
a concentration determined by the laboratory that
usually ranges between 2 ¥ 107 to 8 ¥ 108 cells/mL. Two
techniques commonly used, although with some varia-
tions, have been described.

Commonly, the cryopreservation solution is designed
so that the final product contains 10% DMSO and at
least 10% to 20% human protein solution such as
plasma or albumin (Rowley 1992; Burger et al. 1996).
The remainder of the acellular volume consists of a
buffered saline solution such as tissue culture media,
Normosol, or other infusion grade solutions. Tissue
culture media is not approved for human infusion in the
United States, and its use is discouraged for this
purpose. After resuspension, the cell solution is dis-
pensed into freezing bags. The bags are chilled in a con-
trolled rate freezer -1°C to -2°C/min until they reach
about -50°C and then -5°C/min until they reach about
-90°C. The bags are then transferred to a liquid nitro-
gen storage tank. Cells stored for five years in liquid
nitrogen have been successfully transplanted (Rowley
1992).

In another common technique, the cryopreservation
solution is designed so that the final product contains
albumin, 5% DMSO + 6% hydroxyethylstarch (Stiff
1991). With this technique, the freezing bags are placed
horizontally in a -80°C freezer for freezing and storage.
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Thawing

Cryopreserved cells must be thawed before trans-
plantation. Cells are thawed rapidly by immersing the
product in a 37°C water bath. Rapid thawing can lead
to bag breakage, and various strategies have been used
to minimize this problem. Bags that have a low break-
age rate should be chosen, and some centers double-bag
the HPCs. Products exposed to water baths due to bag
breakage have been safely infused.

Cell death due to thawing can be minimized by infus-
ing cells as soon as possible. Thus cells are usually
thawed immediately before infusion in the same room
with the patient and are often infused rapidly. Each bag
of cells is sequentially thawed and infused, minimizing
waste in the event of a patient reaction. Another
approach is to thaw the cells in the laboratory and then
remove the DMSO by centrifugation. While this
method avoids the unpleasant side effects of DMSO, the
cells are exposed to DMSO for a longer period of time.
In this case, all of the cells to be infused are thawed
simultaneously making it difficult to temporarily dis-
continue the transplant if the patient experiences an
adverse reaction.

ABO and Rh Compatibility

ABO and Rh typing should be performed on the
donor and patient. In addition, FACT requires that
donors be typed at the time of collection as described
in Chapter 23. The PB-HPC label should contain the
ABO and Rh type. This helps ensure that the HPCs will
be infused to the intended recipient. Crossmatches
should be performed on allogeneic transplants, and
incompatible products should be depleted of RBCs or
plasma using the same criteria and essentially the same
techniques described in Chapter 23 and previously in
this chapter. If red cells are depleted, they should be
depleted before cryopreserving the cells. If plasma in
the PB-HPCs is incompatible with the patient’s RBCs,
the incompatible plasma can be removed and compati-
ble plasma can be added during the cryopreservation
processing procedures.

In some allogeneic transplants, the donor’s plasma
contains isohemagglutinins against the recipient’s
RBCs. This occurs when the donor is group O and the
recipient is group B, or when the donor is group B and
the recipient is group A. Although these are known as
“minor” ABO incompatibilities, their effect can be
serious. While a minor ABO incompatibility does not
usually cause immediate significant hemolysis, massive
delayed hemolysis can occur (Salmon et al. 1999). This
hemolysis, which is caused by stimulation and prolifer-
ation of donor-derived B lymphocytes, usually develops

five to 16 days following the transplant and can be more
severe than analogous reactions seen with BM-HPC
transplants. Some drugs such as methotrexate that are
used as prophylaxis for GVHD inhibit B lymphocytes
and reduce the chances of severe hemolysis. However,
other anti-GVHD drugs such as cyclosporine and
FK506 do not inhibit B lymphocytes and do not prevent
severe hemolysis.Although massive hemolysis occurs in
no more than 10% to 20% of susceptible patients, it can
be abrupt, severe, and fatal. The direct antiglobulin test
(DAT) will usually be positive before the onset of sig-
nificant hemolysis and can be used to identify patients
at risk for massive hemolysis, but not all patients with a
positive DAT will develop massive hemolysis. Treat-
ment consists of empiric use of corticosteroids, hydra-
tion, and transfusion with blood products that are
compatible with both the blood group of the donor and
the original blood group of the recipient. Severe cases
may be additionally treated with methotrexate and
RBC exchange transfusion.

ORDERING AND ADMINISTRATION

The process for selection of the donor (for example,
HLA matching) is the same as that for BM-HPC dis-
cussed in Chapter 23. PB-HPCs are infused intra-
venously using essentially the same methods used for
transplantation of BM-HPCs. The patient should be
well hydrated before infusion and is often premedicated
with acetaminophen, an antihistamine, and a corticos-
teroid. Oxygen and an anti-anaphylaxis treatment such
as epinephrine should be available. HPCs are adminis-
tered intravenously, usually through a central venous
catheter, without any filters; gamma irradiation of HPCs
is contraindicated. The patient should be closely moni-
tored, and vital signs should be taken periodically
during the infusion (as for any blood product infusion)
due to the risks of allergic, anaphylactic, hemolytic, or
febrile nonhemolytic transfusion reactions.

Indications

Autologous Transplants

The majority of autologous HPC transplantations are
performed in pediatric patients with lymphomyelopro-
liferative disorders, while approximately 25% are for
pediatric patients with solid tumors/malignancies. Many
patients with lymphomyeloproliferative disorders, such
as acute lymphoblastic leukemia (ALL), AML, chronic
myeloblastic leukemia (CML), myelodysplastic syn-
dromer (MDS), and non-hodgkin lymphoma (NHL),
undergo allogeneic HPC transplants if HLA-matched
donors are available. However, autologous HPC grafts
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are the product of choice for pediatric patients with
solid tumors who require high dose chemotherapy fol-
lowed by HPC rescue (Horowitz and Rowlings 1997).
These solid tumor diseases included Ewing’s sarcoma,
Wilms’ tumor, and neuroblastoma. Neuroblastoma
patients represent the majority of solid tumor patients
who undergo autologous transplants.

Solid tumor patients who need high dose chemother-
apy or radiation and HPC rescue are usually those who
are at high risk for recurrence or progression of disease
but demonstrate responsiveness after conventional
chemotherapy. In the past few years, there has been a
significant switch from BM to PB as the main source of
HPCs for autologous transplantation. In 2002, almost 
all autologous HPC transplants performed at The 
Children’s Hospital in Boston were conducted using
PB-HPCs.

Allogeneic Transplants

Allogeneic HPC transplants are mainly indicated for
pediatric patients with hematological diseases or con-
genital immune deficiencies.The hematological diseases
include malignancies of the hematopoietic system such
as AML, CML, and ALL, or patients with severe com-
plications associated with hemoglobinopathies like
sickle cell diseases and thalassemia. Unlike autologous
HPC transplantation, most pediatric allogeneic HPC
transplants are still performed with BM-derived HPCs
due to ethical issues relating to the use of cytokines to
mobilize young healthy donors. Hence, limited data are
available for allogeneic PB-HPC transplantations in
pediatric population.

Contraindications

The contraindications for PB-HPC transplants are
similar to the ones for BM-HPC transplants. However,
PB-HPC donors do not undergo general anesthesia
during collection, and thus this risk is eliminated. As
with BM-HPC transplants, the risk-benefit analysis
depends on the relationship between the donor and the
patient. Allogeneic PB-HPC transplants from unrelated
donors have the highest risks, while autologous PB-
HPC transplants are the safest. Allogeneic PB-HPC
transplants from HLA-identical siblings are of interme-
diate risk.Transplant protocols are designed to consider
the age, organ function, and Karnofsky performance
score of the patient.

Expected Response

PB-HPCs usually reconstitute the hematopoietic
system within a few weeks to a month. PB neutrophil

counts should rise to ≥0.5 ¥ 109/liter between eight and
30 days posttransplant, with a mean time of 11 to 17
days. PB platelet counts should rise to ≥20 ¥ 109/liter
between six and 140 days posttransplant, with a mean
time of nine to 31 days (Russell and Miflin 1998). The
time to engraftment times depend on the number of
CD34+ cells infused, the condition of the supporting
BM stroma, and the underlying disease. Autologous
transplants engraft more rapidly than allogeneic trans-
plants. Administration of a myeloid growth factor (G-
CSF or GM-CSF) shortens the time of neutropenia 
but not thrombocytopenia (Russell and Miflin 1998).
With allogeneic transplants, the hematopoietic system
should be eventually completely replaced by the
donor’s hematopoietic system. This can be measured by
chimerism analysis (see Chapter 23).

POTENTIAL ADVERSE EFFECTS

Acute Adverse Reactions

Some acute adverse reactions are specifically 
associated with cryopreserved products. DMSO in 
cryopreserved products usually causes an unpleasant
taste and odor. In addition headache, flushing, nausea,
vomiting, cramping, diarrhea, bradycardia, hyperten-
sion, hypotension, and dyspnea can occur (Zambelli 
et al. 1998). Other reactions that have been reported
include anaphylactic-type reactions, neurological com-
plications, and signs and symptoms of leukostasis. The
severity of these adverse reactions varies significantly
between patients, but higher DMSO doses are more
likely to result in more severe reactions. The LD50 for
dogs receiving DMSO PO is >0 g/kg, and some institu-
tions infuse no more that 1 g/kg/day into human
patients. This corresponds to about 500 mL of cells per
day in a 70-kg patient. Other institutions continue the
transplant as long as the patient tolerates it. Further-
more, lysis of RBCs during cryopreservation and
thawing can lead to hemoglobinuria and hemoglobine-
mia. Because the HPCs are usually irreplaceable, the
infusion is usually continued. Severe reactions should be
investigated as described in Chapter 23.

Acute reactions associated with the infusion of a
large volume of HPCs can occur. The signs and symp-
toms are identical to volume overload associated with
transfusions. CD34+ selected cells have a small total
volume, and acute reactions of any kind are uncommon.

Substantial delayed hemolysis can develop five to 16
days after an allogeneic PB-HPC transplant compli-
cated by a minor ABO incompatibility (Salmon et al.
1999). Massive hemolysis can be abrupt, severe, and
fatal. Treatment consists of corticosteroids, hydration to
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maintain adequate renal blood flow, and transfusion
with blood products that are compatible with both the
blood group of the donor and the original blood group
of the recipient. Severe cases may also be treated with
methotrexate and RBC exchange transfusions.

Chronic Adverse Reactions

Like BM-HPC transplants, allogeneic PB-HPC trans-
plants can cause GVHD. Because the absolute T-cell
number is higher in unmanipulated PBSC allografts than
in BM allografts by approximately one log, a higher inci-
dence of acute GVHD might be expected in PB-HPC
recipients. Despite more T cells in the PB-HPC products,
immunomodulatory effects of in vivo cytokine treat-
ment, such as G-CSF, and cell-to-cell interaction in the
apheresis product conceivably could reduce the inci-
dence of acute GVHD after allogeneic PBSCT.Thus, the
cumulative incidence of acute GVHD was found to be
statistically no different whether using PB-HPCs or BM-
HPCs for hematopoietic reconstitution. The probability
of chronic GVHD developing varies by report; four of
nine studies show a significantly higher probability of
chronic GVHD after allogeneic PB-HPC transplants
than after allogeneic BM-HPC transplants (Korbling
and Anderlini 2001). GVHD continued to be the allo-
geneic transplant-related complication causing the most
mortality and morbidity. Attempts to reduce this risk
have focused on techniques to reduce the concentration
of T cells in PB-HPC collections by positive selection for
HPCs or negative selection and removal of T cells. Clini-
cal trials are needed to substantiate whether reduction in
GVHD results from this manipulation.

Chronic adverse reactions that occur with allogeneic
BM-HPC transplants can also occur with allogeneic PB-
HPC transplants. Compared with BM-HPC transplants,
allogeneic PB-HPC transplants have a higher risk of
severe chronic GVHD, though this may not be true 
for transplants of PB-HPCs that have been depleted 
of T cells (Storek et al. 1997). Allogeneic PB-HPC 
transplants can also potentially transmit the same 
infectious diseases transmissible by other types of 
blood transfusions.

ALTERNATIVE HPC SOURCES

The main alternatives to PB-HPC transplants are
BM-HPC transplants and umbilical cord blood trans-
plants. These are described in Chapters 23 and 25,
respectively. PB-HPCs engraft more quickly than BM-
HPCs, resulting in a decreased interval of neutropenia
and thrombocytopenia following PB-HPC transplants
(Schmitz et al. 1996). For this reason, almost all autolo-
gous HPC transplants are collected from PB.

BM-HPC or PB-HPC can be used for allogeneic
transplants of HPCs. PB-HPCs provide faster engraft-
ment but have a higher risk of chronic GVHD. To avoid
the potential increased risk of chronic GVHD, BM-
HPCs may be chosen. Because pediatric allogeneic PB-
HPC transplants are relatively new, the data concerning
the long-term outcomes of these transplants are limited
compared to BM-HPC transplants. Umbilical cord
blood-derived stem cells are also used for allogeneic
transplants of pediatric patients.
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INTRODUCTION

Bone marrow transplantation with allogeneic
hematopoietic stem cells has been successful therapy
for a variety of malignant and nonmalignant diseases
and has demonstrated great promise in recent decades.
However, wider use of this therapy has been limited by
the paucity of suitable human leukocyte antigen
(HLA)-matched donors, lengthy volunteer bone
marrow procurement process, and the morbidity and
mortality due to severe graft-versus-host disease
(GVHD), especially when unrelated donors are used.
Use of umbilical cord blood (UCB) as the graft source
is one strategy to address these limitations. The first
report of using human UCB for transplantation in
patients with malignant diseases was published by Ende
et al. in 1972, though there were questions of true
marrow reconstitution in these patients. The first
related-donor UCB transplantation was reported in
1989 (Gluckman et al. 1989), and the first unrelated-
donor UCB transplantation in 1993. To date, UCB
transplantation has been used to treat a wide variety of
malignant and nonmalignant disorders (Table 25.1).
When compared to other graft sources, UCB has dis-
tinct advantages and disadvantages described later in
this chapter.

COLLECTION, STORAGE, AND
HANDLING

The first cord blood bank was established at the
Indiana University School of Medicine by Broxmeyer
et al., and the subsequent first UCB transplant was 

performed using units from this bank (Gluckman et al.
1989; Broxmeyer et al. 1989). Public cord blood banks
have been established in New York, Los Angeles,
Durham (North Carolina), as well as others in the
United States. Eurocord is an international registry
operating on behalf of the European Blood and Marrow
Transplant Group and participation is open to Euro-
pean and nonEuropean centers conducting UCB trans-
plants. Moreover, there are private, for-profit cord blood
banks that have been established to provide autologous
and sibling-directed cord blood transplantation to be
used in the future.

Collection Process

After delivery of the infant, the cord is ligated before
clamping of the umbilicus to prevent crushing of the
tissue. Then, the umbilicus is cut between the clamp and
the ligation, and the cord is wiped with alcohol, followed
with betadine to ensure sterility of the harvested blood
(Bertolini et al. 1995; Wagner et al. 1992; Harris et al.
1994). Collection of human UCB before the third stage
of labor is ended, while there are still uterine contrac-
tions, permits the recovery of an additional 80 to 160 mL
of blood. The procedure of cord blood collection is
simple and does not endanger the mother or fetus. Yet,
in order to collect the highest amount of sterile cord
blood, expertise, patience, and attention to detail are
required of the obstetrical team. Some of the methods
of UCB collection are described in Table 25.2. The risk
of contamination of the harvested blood (either with
maternal blood or with microorganisms) is reduced
when a closed system is used, thus the closed or semi-
closed systems should be used. Collection of cord blood
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by the “syringe only” method, as is standardly used in
clinical practice, results in volumes of an average of 
75 mL. However, several other techniques have rou-
tinely resulted in the collection of volumes of placen-
tal/UCB that are several times greater (Bertolini et al.
1995; Wagner et al. 1992; Harris et al. 1994; Broxmeyer
et al. 1991). The collection of blood is performed by first
withdrawing as much blood as possible by syringe while

the placenta is still in utero, followed by heparin flush
and cannulation of the delivered placenta with a stan-
dard blood donor set (blood bag) and has resulted in
the greatest amounts of blood being obtained (range
120 to 220 mL, mean 163) (Wagner et al. 1992). The
volume of umbilical cord blood that can be harvested is
42 to 240 mL (median 103 mL). Needle aspiration of the
placental vein after placental delivery can produce an
additional 8 to 85 mL (median 31 mL) (Harris et al.
1994). With respect to volume of cord blood collected
when comparing cesarean section versus vaginal deliv-
eries, cesarean may allow significantly more cord blood
volume collected and CD34+ cells compared to vaginal
deliveries (Yamada et al. 2000). Both ACD (acid, citrate,
dextrose) or CPD (citrate, phosphate, dextrose) can be
used as anticoagulants. CPD is preferable as it is less
affected by variations in the volume of the collected
blood. The average number of mononuclear cells per
mL of blood is similar in all of these methods. Thus,
when more blood is harvested, more cells are poten-
tially available for transplantation.

Separation and Cryopreservation

Separation and isolation of the mononuclear cell
population is usually performed before cryopreserva-
tion. UCB may be cryopreserved without additional
processing; however, this retains a large volume of cells
not involved in engraftment, such as granulocytes and
red blood cells (RBCs).Thawed granulocytes and RBCs
are predominately lysed, which may cause adverse
effects in the recipient as well as risk of ABO incom-
patibility. There are two general methods of separating
cord blood into mononuclear cells.The first method uses
standard density gradient separation using Ficoll-
Hypaque, in which the visible mononuclear cell inter-
face is harvested, washed, and counted. With the second
method, the cord blood cells are centrifuged over stan-
dard Ficoll-Hypaque density gradients followed by
plasma being pipetted off, and the interface as well as
the entire gradient down to the RBC pellet is collected,
then the cells are diluted and centrifuged to a pellet.The
cells are then centrifuged again over a Ficoll-Hypaque
density gradient and harvested. This method was found
to completely deplete the samples of mature as well as
nucleated RBCs and results in maximal mononuclear
cell recovery compared with the single Ficoll-Hypaque
density gradient separation (Harris et al. 1994).

In general UCB mononuclear cells are cryopre-
served using an automated, microprocessor-controlled
cell freezer. Cells are stored in flat plastic bags designed
to maximize heat transfer and to withstand the cryop-
reservation and thawing procedures. Small volume cry-
ovials and bags of the product are also cryopreserved
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TABLE 25.1 Diseases Treated with Umbilical Cord 
Blood Transplantation

Malignant Disorders Nonmalignant Disorders

Acute leukemias (lymphoid and Bone marrow failure syndromes
myeloid) Severe aplastic anemia

Chronic myelogenous leukemia Fanconi’s anemia
Myelodysplastic syndromes Blackfan-Diamond syndrome
Non-Hodgkins lymphoma Dyskeratosis congenita
Neuroblastoma Kostmann’s syndrome

Chronic granulomatous disease
Hemoglobinopathies
Sickle cell anemia
Thalassemia
Immunodeficiency syndromes
Severe combined immunodef.
Leukocyte adhesion defect
Wiskott-Aldrich syndrome
Chronic granulomatous disease
Inborn errors of metabolism
Storage diseases
Histiocytic disorders

TABLE 25.2 Methods of Umbilical Cord Blood Collection

Method Depiction

Open technique While the placenta is still in utero, the blood is
Syringe/flush/ aspirated from the umbilcal vein using 60 mL
drain syringes. It is then followed by injection of

heparin and saline into the delivered 
placenta and withdrawl of additional product
by a syringe. Then the end of the cord is cut
and the blood is drained in a sterile container.

Closed technique The placenta is delivered and the umbilical vein 
Blood bag is cannulated using a stanard blood donor set.

Semiclosed While the placenta is still in utero, the blood 
technique is aspirated from the umbilcal vein using 
Syringe 60 mL syringes.

Syringe/Flush The placenta is still in utero, the blood is 
aspirated from the umbilcal vein using 60 mL 
syringes. It is then followed by injection of 
heparin and saline into the delived placenta 
and withdrawl of additional product by a 
syringe.

Syringe/Flush/ Same as the syringe/flush method with the 
Blood Bag addition of the umbilical vein being 

cannulated with a standard blood donor set.
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and used for testing.The cells are resuspended in freezer
media at densities of 5 to 50 ¥ 106 cells/mL in one to 
two mL cryovials for example. Equal volumes of cry-
opreservative solution containing dimethyl sulfoxide
(DMSO), which is a cryoprotectant, are added.The final
concentration of DMSO is between 5% and 10%. Pro-
grammed or rate-controlled freezing is the standard for
clinical cell cryopreservation. This procedure is as
follows: 1°C/min cooling down to -4°C followed by a
rapid drop to -40°C, a 1°C/min drop to -45°C, and a
10°C/min drop to -90°C. Another method that does 
not utilize rate-controlled freezing (Hernandez-Navarro
et al. 1998) is one in which the DMSO-treated cells are
cooled on ice and placed into a methanol bath and then
transferred to a -80°C freezer for two hours.With either
procedures the cells are then stored in a liquid nitrogen
freezer in the liquid phase or the liquid/gas interphase.
The maximum storage time of cryopreserved cells is
unknown, but there have been reports as long as 10
years demonstrating minimal effect on cell viability, cel-
lular composition of the UCB, and progenitor/stem cell
capacity (Broxmeyer and Cooper 1997).

Histocompatibility and Infectious 
Agent Testing

Cord blood units undergo HLA typing using sero-
logical technique for class I antigens and molecular,
DNA-based HLA typing for class II alleles. The cord
blood unit is also tested for the volume of the product,
nucleated cell count, percent CD34+ cells, ABO-Rh
type, and bacterial cultures. Infectious disease testing of
the cord blood is performed in accordance with the
American Association of Blood Banks (AABB),
American Society of Blood and Marrow Transplanta-
tion (ASBMT) and specifically includes hepatitis B and
C, human immunodeficiency virus (HIV), human T-cell
lymphotrophic virus (HTLV), cytomegalovirus (CMV),
and syphilis.

Thawing and Infusion Procedure

Cryopreserved UCB units are thawed before infu-
sion in a 37°C water bath with mild shaking. It is impor-
tant not to bend the bag during the thawing process,
thus preventing possible breakage of the bag secondary
to the plastic being brittle from the freezing. Recovery
of viable cells from cryopreserved products can be sig-
nificantly improved by diluting to restore the osmolar-
ity of the suspension and removing the supernatant
containing DMSO (Rubinstein et al. 1998).The cells are
washed and resuspended in an infusion solution. The
infusion product is routinely tested for white blood 
cell (WBC) count, total nucleated cell count, and cell

recovery, as well as viability of the cells, ABO/Rh type,
bacterial and fungal cultures. Cells should be infused no
longer than 60 minutes from thawing and washing of the
cells. The product is infused by slow intravenous push
or by gravity. Leukodepletion filters should not be used
as these would remove the cells. DMSO commonly
causes nausea, histamine release, and cardiac effects
including hypertension, bradycardia, and arrythmias;
thus patients are closely monitored and routinely pre-
medicated before the transfusion with antihistamine,
antipyretic, and antiemetic. Alkalinization, mannitol,
and furosemide may also be used to minimize the renal
impact of DMSO-induced hemolysis.

Ex Vivo Expansion of Cord Blood Stem Cells

A limiting factor of cord blood transplantation is the
small numbers of cord blood stem cells that can be
obtained from each collection and the dose-limiting
number of cells. This limits the use of UCB as a graft
source in larger children and adults. Thus, the potential
for ex vivo expansion of UCB-derived stem cells to
increase graft size is of significant importance. Ex vivo
expansion may permit a single cord blood unit to be
expanded and used for multiple transplant recipients
and may help reduce the duration of cytopenias. Several
studies have shown that primitive cord blood cell can be
expanded (Moore and Hopkins 1994; Koller et al. 1998;
McNiece et al. 2000; Lewis et al. 2001). These studies,
however, point to a greater expansion of the more
mature progenitor cells than the most immature or stem
cells in this primative population. There is lack of a
quantitative assay to measure these stem cells which
makes ex vivo expansion that much more difficult. Cur-
rently, there are laboratories using ex vivo expanded
and nongrowth factor-manipulated cells in the clinical
setting.

CLINICAL APPLICATIONS

Advantages of UCB Transplantation

Without physical risk to the donor and with low rates
of contamination by herpes family viruses, UCB pro-
vides a rich source of hematopoietic progenitor cells
with great proliferative capacity in a small volume,
allowing for successful engraftment with an average of
one-log fewer total nucleated cells (TNC) than with the
use of bone marrow. Wider HLA disparity is tolerable
without increases in GVHD, such that 0-, 1-, or 2-
antigen mismatches are commonly accepted.

This flexibility, combined with the public banking 
of donated UCB boasting a broader racial and ethnic
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representation and lack of the donor attrition that com-
plicates unrelated volunteer donation, serve to signifi-
cantly expand the unrelated donor pool in a very
meaningful way. Worldwide, there are currently approx-
imately 70,000 cryopreserved HLA-A, -B, and -DRB1
typed units available for UCB transplantation (Wagner
2003). Further enhancing rates of successful procure-
ment is the ease of international transfer. Such exchange
is facilitated by Netcord, an international cooperative
group of UCB banks, which uses detailed banking 
standards.

When compared to other unrelated graft sources,
procurement time is dramatically compressed, from a
median of four months down to a matter of weeks. Such
time-savings is crucial to patients with high-risk hema-
tological malignancies whose remission and clinical
status is often tenuous, as well as children with inher-
ited diseases that may be rapidly progressive.

Disadvantages of UCB Transplantation

There are several important disadvantages of UCB.
Successful engraftment with UCB depends importantly
on cell dose (TNC per kilogram of recipient body
weight), generally limiting UCB transplantation to
smaller patients. Unless the UCB graft is from a family
member, additional donor cells cannot be obtained for
treatment of graft failure, relapse, posttransplant lym-
phoproliferative disease (PTLD), or other compliations.
This is an important consideration for chronic myel-
ogenous leukemia, where donor lymphocyte infusion
(DLI) is a well-established treatment for posttransplant
relapse.

Other disadvantages include the uncertain existence
of a graft-versus-leukemia (GVL) effect and the rela-
tively limited data available on the durability of the
UCB graft given the relative youth of the UCB trans-
plantation field.

Clinical Trials of UCB Transplantation

Engraftment

Despite intial concern about engraftment potential
of UCB when compared to marrow or PBSC, success-
ful engraftment occurs in approximately 80% to 90% of
unrelated UCB recipients (Rocha 2000; Rocha 2001;
Rubinstein 1998). Though favorable, these rates are
lower than the 98% matched sibling and 90% to 96%
unrelated marrow donor engraftment rates found in
comparative studies (Rocha 2000; Rocha 2001).
Engraftment does occur more slowly than with other
graft sources for pediatric patients despite growth factor
support, with a median 26 to 27 days to neutrophil

engraftment (Rocha 2000;Thomson 2000) and more sig-
nificant delays in platelet transfusion independence (75
days to untranfused count of 50,000) (Thomson 2000).

The single most important factor impacting on time
to engraftment is the total nucleated cell content rela-
tive to recipient body weight (Gluckman 1997; Locatelli
1999; Rubinstein 1998; Rocha 2001; Wagner 2002).
Though degree of HLA-mismatch impacts significantly
as well (Rubinstein 1998; Gluckman 1997), a higher cell
dose has the potential to at least partially overcome the
negative impact of HLA-mismatch (Wagner 2002).
For cord selection, minimum threshold doses of 1.5 ¥
107 TNC/kg or 1.7 ¥ 105 CD 34+ cells/kg has been sug-
gested (Wagner 2002; Gluckman 2001), though higher
doses are optimal.

Though UCB transplant preparative regimens may
vary, current common standard regimens include
stopped here (1) hyperfractionated total body irradia-
tion, high-dose cyclophosphamide, and equine antithy-
mocyte globulin (ATG), and (2) busulfan, melphalan,
and ATG, with cyclosporine A and prednisone or low-
dose methotrexate for GVHD prophylaxis.

GVHD

Eurocord and International Bone Marrow Trans-
plant Registry (IBMTR) pediatric studies have demon-
strated lower incidences of acute and chronic GVHD
using UCB when retrospectively compared to marrow
grafts for both related and unrelated donors when
adjusting for other factors affecting GVHD risks
(Rocha 2000; Rocha 2001). This phenomenon may be in
part a result of reduced numbers of T cells in the UCB
graft but is likely also due to dampened alloreactive
potential of UCB progenitor cells.

Epstein-Barr virus (EBV)-associated PTLD

The naivete of neonatal lympocytes and the low 
dose of infused donor T cells in UCB transplantation
raises theoretical concern for EBV-associated PTLD.
However, a recent study of 272 UCB transplantation
recipients found a 2% incidence of PTLD, which is
comparable to unmanipulated, unrelated marrow donor
transplantation and lower than that seen in T cell-
depleted marrow transplants (Barker 2001).

Survival

Though prospective studies are ongoing, compara-
tive studies of stem cell sources in children are prima-
rily retrospective to date and difficult to control for the
potential bias of variables that may impact on choice of
graft source. The most important factor impacting on
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survival appears to be CD34+ cell dose. A 2002 study of
102 UCB transplant recipients concluded that CD34+
cell dose should be used to select UCB grafts when 
multiple potential UCB donor units exist with an HLA
disparity of two or less antigens (Wagner 2002Blood).
Not all banked UCB units have CD34+ data available,
however, so this factor may not be uniformly used in
graft selection.

Family and Autologous UCB

The private UCB industry has grown considerably in
recent years, providing collection and cryopreservation
of UCB units for families who pay a fee for storage, as
well as a fee for release of the product. While there are
a number of theoretical uses for autologous UCB, there
are few current practical indications, such that the cost-
to-benefit ratio does not favor private banking for fam-
ilies who do not have an identified member with a
disease amenable to transplantation. Of note is the 1997
development of an NHLBI-funded sibling UCB bank at
the Children’s Hospital Oakland, which has now stored
over 500 units for families with hemoglobinopathies,
immunodeficiencies, malignancies, and inborn errors of
metabolism at no cost to the families (Reed 2003).
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INTRODUCTION

Adverse reactions to blood component transfusion
range from brief episodes of fever to life-threatening
hemolysis. The clinical challenge lies in recognizing
these reactions, especially since the early signs and
symptoms, such as fever and chills, may herald either
benign febrile reactions or potentially lethal ABO
incompatibility. Consequently, all transfusions should be
carefully monitored, and adverse reactions to blood
components should be appropriately investigated. By
definition, acute reactions occur during transfusion or
within 24 hours; delayed reactions, after at least 24
hours.

The further classification of reactions to blood com-
ponents among children is the same as in adults, but
important differences between these patient popula-
tions emerge with respect to the underlying predisposi-
tion, clinical presentation, and frequency of transfusion
reactions. All transfusion recipients regardless of age
may experience immune-mediated hemolytic reactions,
febrile nonhemolytic transfusion reactions, or allergic
reactions. Newborn infants, however, are much less
likely than children and adults to experience acute aller-
gic or febrile reactions and rarely become alloimmu-
nized to red cells because of their immature immune
system; but they are more susceptible to developing
cytopenias from passively transferred antibodies in
blood components. Young children also appear less
likely than adults to have acute febrile or allergic reac-
tions to blood component therapy, and the risk of
alloimmunization is inversely related to the age at 
which children receive their first red cell transfusion.All
transfusion recipients are at risk of acute immunologic

complications from incompatible transfusion, but the
clinical presentation of acute hemolytic transfusion
reactions may differ in infants and children compared
to adults.

ACUTE HEMOLYTIC TRANSFUSION
REACTIONS

Acute hemolytic transfusion reactions (AHTRs) are
caused by the immune-mediated destruction of trans-
fused red cells, with the most serious reactions occur-
ring in the setting of inadvertent ABO incompatible 
red cell transfusion. Red cells from group A, B, or AB
individuals are rapidly destroyed upon transfusion to
individuals who lack these carbohydrate antigens and
express the corresponding “naturally-occurring” ABO
isohemagglutinins, anti-A, anti-B, or anti-A,B. ABO
incompatible transfusions account for more than half 
of all transfusion-related deaths and usually result 
from the failure to properly identify the intended 
transfusion recipient, either at the time of initial phle-
botomy for pretransfusion testing or before administer-
ing the red cell unit (Linden et al. 2000; Williamson 
et al. 1999).

On occasion, IgM antibodies other than anti-A and
anti-B or complement-fixing IgG alloantibodies in the
recipient cause AHTRs, such as anti-Pk and anti-Vel and
rarely, Lewis (anti-Lea), Kidd (anti-Jka, anti-Jkb), and
Kell (anti-K1) specificities (Ried and Lomas-Francis
1997). Alternatively, acute hemolysis can result from
passively-transferred antibodies in plasma or plasma
derivatives that cause destruction of the recipient’s red
cells or other nonimmune mechanisms.
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Incidence

The incidence of ABO incompatible transfusions is
not known but has been estimated to occur in one in
38,000 to one in 70,000 red cell transfusions (Linden 
et al. 2000; Williamson et al. 1999). These estimates are
derived from voluntary or mandated reporting of trans-
fusion errors or surveillance strategies and may under-
estimate the frequency of ABO incompatibility due to
a failure to either recognize or report the transfusion
reaction. By all current measures, the risk of receiving
an ABO-incompatible unit (1 :38,000 to 70,000) exceeds
the risk of receiving a unit potentially infectious for
HIV or HCV (less than 1 :1,000,000) (Dodd et al. 2002).
AHTRs are the leading cause of transfusion-related
mortality, implicated in at least 18 deaths per year in the
United States (Sazama 1990). In contrast, only three
transfusion-transmitted HIV infections have been doc-
umented in the first three years following implementa-
tion of nucleic acid testing.

Pathophysiology

Anti-A and anti-B antibodies occur without prior 
red cell exposure in individuals who lack the correspon-
ding carbohydrate antigens. In group A and B individ-
uals, these antibodies are predominantly IgM; whereas,
IgG accounts for a greater proportion of the anti-A 
and anti-B reactivity than IgM in group O individuals
(Brecher 2002). Upon exposure to incompatible red
cells, anti-A and anti-B antibodies immediately bind to
the corresponding red cell antigen, forming immune
complexes and initiating complement activation, coag-
ulation cascades, and neuroendocrine and systemic
inflammatory responses. Complement activation trig-
gers the interrelated coagulation and kinin cascades via
Hageman factor and fixes the terminal pore complex,
C5–9, on the red cell membrane, causing osmotic lysis
of circulating red cells. This intravascular hemolysis 
produces the hallmark features of ABO incompatible
transfusion, hemoglobinemia and hemoglobinuria. The
released complement fragments, C3a and C5a, are ana-
phylotoxins that activate white cells to release hista-
mine and other vasoactive amines and inflammatory
cytokines, particularly interleukin (IL)-1, IL-6, IL-8, and
tumor necrosis factor alpha (TNF-a). The actions of
anaphylotoxins, inflammatory cytokines, histamines,
bradykinin, and vasoactive amines produce fever,
hypotension, wheezing, chest pain, nausea, and vomit-
ing. Disseminated intravascular coagulation (DIC) may
result from the activation of the coagulation and 
fibrinolytic systems. Intravascular hemolysis and hypo-
tension induce a compensatory sympathetic nervous
system response, leading to renal, splanchnic, and cuta-

neous vasoconstriction, which may ultimately result in
shock and circulatory collapse. Impairment of renal
function results from renal ischemia, hypotension,
antigen-antibody complex deposition, and thrombosis
in renal vessels, and these physiological insults may ulti-
mately culminate in acute tubular necrosis and renal
failure.

Diagnosis

Clinical Evaluation

In the event of an acute transfusion reaction, the
transfusion should be immediately discontinued, and
the intravenous (IV) line maintained for vigorous
hydration and fluid resuscitation, if necessary (Table
26.1). The patient should be evaluated, monitored, and
given immediate supportive care. If the patient received
more than one red cell unit, all units are suspect not 
just the unit infusing at the time the symptoms were
noted. The bedside check of the patient’s identifying
information and unit labeling should be repeated, and
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TABLE 26.1 Initial Approach to Acute Transfusion Reactions

Clinical Service

Stop the transfusion and maintain intravenous access with normal
saline (0.9% sodium chloride).

Evaluate the patient for evidence of a severe reaction and carefully
monitor symptoms, vital signs, and urine output.

Provide supportive medical care to the patient, if necessary.
Repeat bedside check of the patient’s identification wrist band

against component labels. Return unit(s) to blood bank along
with patient’s posttransfusion blood samples and completed
transfusion record.

Blood Bank

Clerical check of unit, requisition, computer records.
DAT (purple-top, EDTA tube) on posttransfusion specimen.
Visual inspection of posttransfusion plasma for hemolysis.
Additional testing on the pre- and posttransfusion specimens, if

acute hemolysis is suspected:
Repeat ABO and Rh testing
Repeat crossmatch with implicated unit(s)
Repeat antibody screening tests
Repeat DAT and antibody screen on additional specimens

obtained at intervals after the transfusion reaction

Clinical Service and Blood Bank

Review results of blood bank evaluation before subsequent
transfusions.

Investigate the possible risk to other patients who may have been
affected by patient identification error.
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the units should be returned to the blood bank for
further investigation.

Fever, defined as a 1°C (1.8°F) increase above normal
body temperature, is the most common sign of an acute
hemolytic transfusion reaction and may be accompanied
by chills; pain at the infusion site or in the chest,
abdomen, or lower back; dyspnea; and hypotension.
The patient may become intensely uncomfortable and
extremely apprehensive. Children may be less able to
verbalize their feelings and explain their symptoms but
may suddenly develop overwhelming anxiety and com-
plain of discomfort or pain. Infants and anesthetized
patients cannot report symptoms, and the initial signs of
an AHTR may be generalized oozing from intravenous
sites, uncontrollable bleeding, or laboratory signs of
DIC, such as hypofibrinogenemia, thrombocytopenia,
and the presence of fibrin degradation products and D-
dimers.Circulatory collapse and renal failure may ensue.

The severity of the reaction to ABO-incompatible
transfusion is extremely variable and usually reflects the
rate and volume administered. Severe symptoms may
be evident after transfusing only 10 to 15 mL incom-
patible red cells, and as little as 30 mL has been fatal
(Sazama 1990). Nearly half (47%) of the recipients of
incompatible red cells, however, suffer no ill effects even
after receiving a full unit; 41% result in AHTRs, and
only 2% result in death (Linden et al. 2000). The risk of
mortality increases if more than one incompatible unit
is transfused (Brecher 2002).

Laboratory Evaluation

In all acute transfusion reactions, the blood bank
should check for clerical errors, visible hemolysis, and
serologic incompatibility as soon as possible after 
stopping the transfusion (Table 26.1). Additional labo-
ratory testing may be required for further clinical inves-
tigation of hemolysis.

Clerical Check

The blood bank must first rule out medical error,
such as the possibility that a patient received a unit of
blood intended for a different recipient. If the clerical
check implicates a patient identification or issuing error,
the possibility that other patients are at risk due to a
blood component switch or specimen labeling mix-up
must be addressed immediately. For example, samples
from new patients received in the blood bank from the
same location in the hospital (for example, the emer-
gency room) or at the same approximate time should be
redrawn, blood components issued at the same time or
to the same location in the hospital should be recalled,
and blood components stored in refrigerators outside
the blood bank should be immediately inventoried.

After the acute crisis, the circumstances surrounding 
the erroneous transfusion should be investigated in a
root cause analysis, and corrective action taken as
appropriate.

Visual Inspection

Visual inspection of the patient’s plasma after trans-
fusion and comparison to a pretransfusion specimen is
a sensitive method to detect intravascular hemolysis
because destruction of as little as 5 mL of transfused red
cells results in reddish discoloration indicative of hemo-
globinemia. A second posttransfusion specimen may be
required to rule out the possibility of artifactual hemol-
ysis resulting from poor collection technique. Myoglo-
binemia, seen in severe trauma, burns, or other muscle
injury, may also cause pink or red-tinged plasma unre-
lated to acute hemolysis. Icteric plasma (hyperbiliru-
binemia) either suggests a hemolytic process that has
been ongoing for several hours or may be a sign of coin-
cidental liver disease or unrelated chronic hemolysis
due to congenital hemolytic anemias.

Direct Antiglobulin Test

The direct antiglobulin test (DAT; direct Coombs’
test) detects antibody or complement binding to circu-
lating red cells. Pineda reported positive DATs in 41 of
47 (89%) hemolytic transfusion reactions (Pineda et al.
1978). Negative DAT results in this setting likely reflect
complete destruction and clearance of transfused,
incompatible cells and are accompanied by telltale
hemoglobinemia or hemoglobinuria in most cases of
ABO incompatibility. Additional serum laboratory 
findings consistent with intravascular hemolysis in-
clude increased lactate dehydrogenase, decreased hap-
toglobin, and increased bilirubin, several hours into the
reaction.

If clerical discrepancies are found or any of the tests
suggest serologic incompatibility, the ABO/Rh typing
and antibody screen of the patient should be deter-
mined on a new specimen. The retained segments of the
transfused units should be crossmatched against the
new, posttransfusion specimen. If the investigation 
rules out the possibility of an incompatible transfusion,
alternative etiologies of acute intravascular hemolysis
should be explored.

Differential Diagnosis

Apart from incompatible blood transfusion, acute
intravascular hemolysis may be caused by other
immune and nonimmune mechanisms (Table 26.2).
Nonimmune hemolysis results from physical damage to
transfused red cells due to improper handling or admin-
istration. Exposure to excessive temperatures may
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occur with malfunctioning blood warmers, or the
improper warming of blood with the use of the radiant
incubator heaters or microwaves. Incompatible IV
fluids, such as hypotonic saline, 5% dextrose in water
(D5W), water, or calcium-containing (Ringer’s lactated)
saline, or drugs, added either directly to the unit or
infused through the same IV line, may cause osmotic
lysis or aggregation and subsequent physical destruction
of transfused red cells. Mechanical hemolysis may be
caused by rapid transfusion through small bore needles
(less than 24 gauge), by roller pumps, such as those used
in cardiac bypass surgery, or by pressure infusion cuffs.
In premature infants, blood can be transfused safely
through 24-gauge catheters if transfused slowly, but
more rapid administration through these lines may
produce hemolysis. Incorrect preparation of frozen red
cells and inadequate deglycerolization may cause the
cells to lyse after transfusion. Finally, bacterial growth
in a red cell unit may cause hemolysis of the unit before
transfusion.

Clinical conditions associated with acute intravascu-
lar hemolysis that may confound investigation of a 
possible AHTR include underlying immune-mediated
hemolysis as occurs with autoimmune hemolytic
anemia, congenital hemolytic anemia, and drug-induced

hemolytic anemia. In sickle cell patients, sickle cell
crises and potentially fatal posttransfusion hemolysis
may develop after red cell transfusion. The cephalo-
sporin antibiotics, in particular ceftriaxone and cefote-
tan, can cause immune-mediated hemolytic anemia,
which may be clinically indistinguishable from an
AHTR (Brecher 2002). Intravascular hemolysis may
occur in patients with red cell T activation and polyag-
glutination, independent of transfusion or subsequent
to receiving plasma-containing blood components. T
activation has been associated with necrotizing entero-
colitis in infants and severe infections in children,
most notably with Clostridia bacteremia, Streptococcus 
pneumoniae, and influenza (Eder and Manno 2001).
Artificial heart valves may also produce mechanical
hemolysis of red cells and result in acute hemoglobine-
mia and hemoglobinuria.

Management

The initial steps for managing an acute transfusion
reaction include immediately discontinuing the transfu-
sion and maintaining IV access with normal saline 
infusion and performing the clinical evaluation and 
laboratory investigation described in the previous
section (Table 26.1).

In the event of a confirmed ABO incompatibility or
other acute hemolytic transfusion reaction, the primary
concern is to promote adequate renal blood flow, main-
tain blood pressure, and provide additional supportive
care, as needed (Table 26.3). The adequacy of renal 
perfusion should be monitored by measurement of 
urine output to maintain urine flow rates well above 
1 mL/kg/hr in children (>100 mL/hr in adults) for at least
18 to 24 hours. This is usually accomplished with IV
normal saline, but diuretics (for example, furosemide)
may be necessary. IV furosemide (40 to 80 mg/dose for
an adult or 1 to 2 mg/kg/dose for a child) promotes
diuresis and improves blood flow to the renal cortex
(Brecher 2002). The balance between maintaining 
adequate hydration and avoiding fluid overload may be
difficult in patients with preexisting cardiac and renal
insufficiency. If oliguria develops (urine output less than
1 mL/kg/hr), renal tubular necrosis has likely occurred
and further fluid administration may be harmful.

Hypotension may be treated with dopamine in low
doses (1 to 5 mg/kg/min), as a means to increase cardiac
output and dilate the renal vasculature (Brecher 2002).
Higher doses of dopamine or other pressors that
decrease renal blood flow should be avoided. Support-
ive treatment of DIC is directed at preventing serious
hemorrhagic and thrombotic complications. Patients
with active bleeding may require administration of
platelets, FFP, and cryoprecipitated AHF, but patients
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TABLE 26.2. Differential Diagnosis of Acute 
Intravascular Hemolysis

Immune-Mediated

Acute hemolytic transfusion reaction with incompatible blood
transfusion

Autoimmune hemolytic anemia
T-activation
Bystander hemolysis in sickle cell disease patients
Congenital hemolytic anemia, for example, glucose 6-phosphate

dehydrogenase deficiency

Nonimmune

Osmotic lysis, due to addition of the following solutions to the unit
or infused in the same intravenous line:

Hypotonic solutions
Calcium-containing solutions
Drugs

Mechanical destruction:
Artificial heart valves
Extracorporeal circulation (ECMO, cardiac bypass, apheresis,

dialysis)
Mechanical pumps
Small-bore IV catheters (≥24 gauge), rapid transfusion

Thermal damage:
Malfunctioning blood warmers
Inappropriate use of radiant heaters in incubators or microwaves

Bacterial contamination of the unit
Infections
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TABLE 26.3. Acute Reactions to Blood Components

Acute Hemolytic Transfusion Reaction (AHTR)

Clinical Presentation Treatment Prevention

Fever Supportive treatment of hypotension, maintain Adherence to proper patient identification 
Chills, rigors adequate renal perfusion, which may require the procedures at the time of blood collection for 
Apprehensiveness following interventions: pretransfusion testing and before transfusion
Pain in the lower back, Intravenous colloid or crystalloid (e.g., 10–20 mL/kg Implementation of technological innovations to

flanks, chest, along normal saline (0.9% NaCl) reduce the probability of human error, such as 
infusion vein Furosemide (IV) to maintain urine flow 30– bar-coded blood component and patient 

Hypotension 100 mL/hr or greater (>1 mL/kg/hr) identification systems
Bleeding Children: 1–2 mg/kg/dose
Disseminated Adults: 40–80 mg/dose

intravascular Low dose dopamine (1–5 mg/kg/min) for 
coagulation hypotension

Renal failure FFP*, platelets, cryoprecipitated AHF*, for DIC 
with active bleeding

Laboratory findings:
Hemoglobinemia
Hemoglobinuria
Positive direct

antiglobulin test

Febrile Nonhemolytic Transfusion Reaction (FNHTR)

Clinical Presentation Treatment Prevention

Fever (rise in Acetaminophen (orally, 10–15 mg/kg/dose) Acetaminophen (orally, 10–15 mg/kg/dose) 30–
temperature >1°C) Supportive care, as needed 60 min before transfusion

Chills Prestorage leukocyte-reduced components
Rigors Washed blood components, for recurrent FNHTRs
Malaise
Headache
Nausea/vomiting

Allergic Transfusion Reactions

Clinical Presentation Treatment Prevention

Cutaneous Antihistamines Antihistamines, at least one hour before transfusion:
Urticaria Diphenhydramine, orally or IV Diphenhydramine, orally or IV
Pruritis Children: 1–1.5 mg/kg/dose Children: 1–1.5 mg/kg/dose
Flushing Adults: 25–50 mg/dose Adults: 25–50 mg/dose
Facial edema Inhaled beta-2 agonists for bronchospasm For moderate to severe reactions, corticosteroids,
Angioedema Nebulized albuterol: 6–12 hours before transfusion, such as one of the

Respiratory 0.05 mL/kg of 0.5% solution (max. dose, 1 mL following regimens:
Wheezing diluted in 1–2 mL normal saline) Methylprednisolone IV 1 mg/kg/dose
Stridor Hydrocortisone IV 1 mg/kg/dose
Dyspnea Severe allergic reactions may require additional, Prednisone orally 1 mg/kg/dose
Cough aggressive intervention, as described for Severe allergic reactions may require aggressive 

Cardiovascular anaphylaxis, below. prophylaxis, as described for anaphylaxis, below.
Hypotension
Loss of
consciousness

Gastrointestinal
Nausea
Vomitting
Abdominal cramps
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without active bleeding likely do not benefit from blood
component therapy. Anticoagulation with heparin 
is controversial and may aggravate hemorrhage in
patients with acute DIC who are actively bleeding but
may be considered if serious thrombotic complications
arise.

Administration of additional units of red cells before
completion of the transfusion reaction investigation
requires clinical judgement. In general, transfusion
should be avoided until the cause of the reaction is
determined or an AHTR is ruled out. If a patient is
actively bleeding and patient identification issues are
unresolved, uncrossmatched group O-negative red cells
may be the safest option.

Prevention

Prevention is directed at efforts to eradicate the
potential for patient misidentification and other techni-
cal errors. In one study, more than half of the errors
occurred in the patient care area, with the single most
frequent event being the administration of a unit of
blood to the wrong patient followed by specimen 
collection and sample labeling errors (Linden 2000). In
response to errors or near misses, a facility must have a
defined process to identify the need for corrective or
preventive action. Analysis of near misses may identify
problematic processes before an adverse event results.
A system to track transfusion-related events in hospi-
tals and facilitate causal analysis is the Medical Event
Reporting System-Transfusion Medicine (Kaplan et al.

1998). A “root cause” analysis establishes the primary
cause of an adverse outcome and evaluates all facets of
a process, including equipment, materials, methods,
environment, and human factors. Such a comprehensive
analysis is intended to identify failures in the system
that predispose to human error, not to place blame on
an individual.

Quality improvement initiatives aim to redesign
processes to minimize the occurrence of human error,
especially in routine or repetitive tasks. Retraining of
individuals involved in the error may be an element of
a corrective action plan, but a formal system analysis
should be performed to identify, and rectify, flawed
processes. The analysis should include those individuals
closest to the error, such as the nurses, phlebotomists,
and technologists responsible for administering the
transfusion or performing the procedure, as well as
medical directors, technical supervisors, charge nurses,
physicians, and administrative staff members with a
more global understanding of institutional organiza-
tional relationships.

Technological innovations afford the greatest oppor-
tunities to decrease the potential for human error and
prevent transfusion-related fatalities.A new federal reg-
ulation, proposed in March, 2003, aims to improve
patient safety by requiring blood components and drugs
to have bar codes on their labels and identifying
patients by bar-coded wrist bands (FDA 2003). Bar
coding is part of a computerized system that enables
health care professionals to check whether they are
giving the right drug, or in the case of blood compo-
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TABLE 26.3—cont’d

Anaphylaxis (Pawlowski 1998)

Clinical Presentation Treatment Prevention

Immediate respiratory Anaphylaxis is a medical emergency and may Avoid transfusion
distress require aggressive resuscitation, including but Autologous blood donation for elective procedures

Upper airway not limited to administration of the following IgA deficient or washed blood components
obstruction medications: Aggressive premedication regimens with 

Lower airway Epinephrine (1 : 1000) subcutaneous 0.01 mg/kg/ corticosteroids, H1 blockers, on the day before
bronchospasm dose (0.01 mL/kg) (Max. dose 0.4 mg [0.4 mL]) procedure and continued through the transfusion
Wheezing Diphenhydramine IV or IM 1 mg/kg/dose (Max.
Retractions dose 50 mg)
Shortness of breath Methylprednisolone IV 1–2 mg/kg/dose (Max.

dose, 125 mg)
Hypotension Albuterol, nebulizer 0.01–0.05 mL/kg of 0.5%
Weak pulse solution (Max. dose 1 mL)
Circulatory collapse Supplemental oxygen
Loss of consciousness Additional supportive care, as needed

*FFP = Fresh frozen plasma, AHF = Antihemophilic factor.
Note: Doses are provided as a general guide for children >1 year or adults as indicated. Age-appropriate dosing is required for infants, and

doses should be modified as appropriate for children with significant comorbidities (for example, renal failure, cardiac disease). Consultation with
appropriate pharmacy or medical specialists is recommended before implementing a treatment approach at individual institutions.
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nents, the right unit, to the right patient at the right time.
Although some transfusion services have already
implemented these systems, this new federal regulation
will expedite its more widespread utilization.

FEBRILE NONHEMOLYTIC
TRANSFUSION REACTIONS

A febrile nonhemolytic transfusion reaction
(FNHTR) is defined as a temperature increase of
greater than 1°C (1.8°F) associated with a transfusion
that cannot be attributed to other causes (Brecher
2002). The reaction may occur either during or within
one to four hours following the transfusion, and associ-
ated symptoms may include chills or rigors and, rarely,
nausea and vomiting. Although self-limiting, FNHTRs
may be extremely uncomfortable and frightening for a
patient, especially if accompanied by rigors. Because
fever is an early and nonspecific sign of several differ-
ent types of transfusion reactions, a diagnosis of
FHNTR cannot be made until other causes, in particu-
lar acute hemolytic and septic transfusion reactions, are
excluded. Among hospitalized patients, FNHTRs may
be difficult to distinguish from fevers temporally asso-
ciated with transfusion but due to concurrent illness,
indwelling catheters, or medication.

Incidence

Overall, FNHTRs complicate 0.5% to 2.0% of trans-
fusions (Brecher 2002). The risk of FNHTRs depends
on the blood component and method of preparation as
well as patient-related factors, such as age, parity, prior
transfusion history, and underlying illness. FNHTRs are
more frequent with transfusion of platelets than red
cells, occurring in 1% to 38% of platelet transfusions as
opposed to 0.5% to 6% of red cell transfusions (Brecher
2002). The wide range observed in reported rates of
FNHTRs with platelet transfusions primarily reflects
the method of preparation and leukocyte content of the
units. Pooled random-donor platelet units are more
often implicated in FNHTRs than single-donor aphere-
sis platelet units; leukocyte reduction decreases the
incidence of FNHTRs with both platelet preparations
(Miller and Aubuchon 1999). Individuals who have been
previously transfused or pregnant are at higher risk of
FNHTRs than those with no such prior history. In 
contrast, newborn infants only rarely demonstrate
FNHTRs, and the risk of febrile reactions among other
pediatric transfusion recipients is lower than among
adults. In a study of pediatric patients, 5% to 12% of
platelet transfusions were associated with FNHTRs;
whereas, comparable studies in adults suggest rates of
18% to 38% (Couban et al. 2002).

Pathophysiology

Fever, the quintessential feature of FNHTRs, is trig-
gered by the action of pyrogenic cytokines (for example,
IL-1, IL-6, TNF-a) on the anterior hypothalamus,
inducing production of prostaglandin E2 by cells in the
thermoregulatory center. Exposure to cytokines with
transfusion may occur as a result of the activation of
donor leukocytes by preformed antibodies in the recip-
ient, activation of recipient leukocytes and endothelial
cells by transfused donor leukocytes or plasma con-
stituents, or by the passive transfer of cytokines that
accumulated in the unit during storage. The association
between prior alloimmunization of the patient to HLA
or granulocyte antigens through transfusion or preg-
nancy and FNHTRs supports a causal role for the path-
ogenic antibodies against transfused leukocytes in the
reactions. Prestorage and poststorage leukocyte reduc-
tion likely blocks most of these reactions, by removing
the inciting leukocytes in the donor unit. Alter-
natively, FNHTRs may be caused by production of
cytokines or other biologically active substances by
leukocytes in the donor unit that accumulate with
storage. Stored platelet units have been shown to
contain cytokines such as IL1b, IL-6, IL-8, and TNF, and
transfusion of the plasma supernatant of the component
can elicit FNHTRs independent of the cellular portion
(Heddle et al. 1994). HLA- or granulocyte antibodies
(leukagglutinins) in the donor unit may stimulate
endogenous cytokine production by recipient mono-
cytes. Another biologic mediator, CD40 ligand
(CD154), in donor units has also been associated with
febrile responses to platelets likely through the stimu-
lation of the recipient’s endothelial cells to produce
prostaglandin E2 (Phipps et al. 2001). Poststorage
leukoreduction will not prevent these types of reac-
tions, but prestorage leukoreduction may reduce their
occurrence.

Diagnosis

FNHTR is a diagnosis of exclusion. Fever should not
be attributed to a FNHTR without appropriate investi-
gation because it may be the first sign of acute hemo-
lysis due to an incompatible unit or sepsis due to a
bacterially contaminated unit. Other causes of fever
must also be eliminated before FNHTR is diagnosed,
such as concurrent infection, underlying illness, or coin-
cidental drug reaction.

Clinical Evaluation

The common pathway to evaluate all acute reactions
to blood components is first aimed at eliminating acute
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hemolysis as a possible explanation for the observed
symptoms (see Table 26.1). The transfusion should be
discontinued, and the patient should be carefully mon-
itored for development of additional symptoms. Addi-
tional investigation should address the patient’s
condition as well as any recently administered medica-
tions in the 24 hours before the transfusion. The
patient’s temperature chart, hospital course in the days
leading up to the transfusion, status of indwelling
catheters, as well as any recently drawn blood cultures
should be reviewed to determine if the fever was likely
coincidental to the transfusion.The patient’s transfusion
history, including any previous adverse reactions to
blood components, should be investigated to determine
if preventive measures should be implemented for
recurrent FNHTRs.

Laboratory Evaluation

Laboratory evaluation of FNHTRs should proceed
as described for acute hemolytic transfusion reactions
(see Table 26.1). Although various cytokines in blood
components have been correlated with the risk of
FNHTRs, no routine laboratory tests are currently
available to identify specific plasma constituents that
may be responsible for individual reactions.

Management

In the event of an acute transfusion reaction, the
transfusion should be discontinued and investigated as
described previously (see Table 26.1). The fever associ-
ated with FNHTRs is self-limiting and usually resolves
within one to two hours after the transfusion. Anti-
pyretics, however, may be administered to shorten the
duration of the fever and make the patient more com-
fortable. Acetaminophen (325 to 650 mg orally for
adults or 10 to 15 mg/kg/dose orally for children) is
effective for this purpose. Antihistamines are not indi-
cated, because FNHTRs are not mediated by histamine
release. For adult patients who experience shaking 
chills or rigors, meperidine (25 to 50 mg, IV) may be
used if not otherwise contraindicated (Davenport
1999). Rigors are less common among children receiv-
ing blood components, and this intervention is rarely
used in pediatrics to treat FNHTRs.

Whether the remainder of an implicated unit may be
safely transfused to the patient after ruling out an acute
hemolytic reaction has been debated (Widmann 1994;
Oberman 1994). The primary argument against resum-
ing the transfusion is the lingering possibility that the
fever is the first manifestation of a septic reaction to a
bacterially contaminated unit as well as the probability
that, whatever the cause, continued administration of

the offending unit will aggravate the patient’s condition.
An alternative opinion is that the decision to restart a
transfusion should be guided by the patient’s status and
the results of the transfusion reaction investigation.

Prevention

Premedication

Administration of antipyretics (for example, aceta-
minophen) 30 to 60 minutes before starting a transfu-
sion may prevent FNHTRs and is not likely to mask a
more serious septic or hemolytic transfusion reaction
(see Table 26.3). Premedication with acetaminophen has
not been systematically studied for prevention of
FNHTRs but is generally indicated for patients who
have had two or more febrile reactions to transfusion.
The routine use of premedications for all intended
transfusion recipients is excessive and unnecessary.
Antihistamines are not indicated for prophylaxis of
FNHTRs.

Leukocyte-Reduced Blood Components

FNHTRs may be prevented by transfusing leuko-
cyte-reduced blood components. High-efficiency leuko-
reduction filters are capable of reducing the leukocyte
content of blood components to less than 1 ¥ 106; alter-
natively, the leukocyte content may be minimized with
special apheresis collection methods (Brecher 2002).
Poststorage leukocyte reduction is effective for reduc-
ing FNHTRs due to leukocyte alloimmunization but is
ineffective in preventing FNHTRs due to cytokine accu-
mulation during storage. The bulk of the available evi-
dence, although not every clinical study, supports the
advantage of prestorage leukoreduction in reducing the
incidence of FNHTRs following red cell and plate-
let transfusion (Uhlmann et al. 2001; Vamvakas and 
Blajchman 2001).

For patients who continue to experience distressing
FNHTRs despite premedication and provision of
prestorage leukoreduced units, a trial of washed blood
components may be indicated. Most of the residual
plasma, and some of the leukocytes, can be removed by
washing a unit of red cells with 1 to 2 L of sterile normal
saline (Brecher 2002). Plasma can be removed from
platelet units by volume reduction and saline suspen-
sion, or the unit can be washed by automated or manual
methods. The major disadvantage to washing in general
is the physical loss of 20% to 30% of red cells or
platelets in the unit during preparation and the possible
requirement for additional units to achieve the clinical
transfusion goals. Platelets are more affected by the cen-
trifugation and manipulation that occurs with washing,
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as evidenced by the impairment of platelet function and
decreased recovery following transfusion (Pineda et al.
1989). Because of these limitations inherent in washed
blood components, the effectiveness of this approach in
preventing febrile reactions should be used for a trial
period during which each transfusion is assessed.
Washing should be discontinued if a patient continues
to experience FNHTRs.

Patient-related factors likely account for coinciden-
tal fevers or predispose to febrile reactions following
transfusion and may underlie the relatively common
observation that some patients continue to experience
FNHTRs despite the recent change in practice to
prestorage leukoreduced units and other preventive
measures.

ALLERGIC TRANSFUSION
REACTIONS

Allergic reactions to blood components span a wide
continuum, from the common occurrence of mild local-
ized cutaneous manifestations to more severe systemic
reactions to rarely encountered but life-threatening
anaphylaxis. “Anaphylactoid” is often used in distinc-
tion to anaphylactic to describe systemic but clinically
less severe allergic reactions that are caused by a 
different immune mechanism (Sandler et al. 1994).
Regardless of the etiology of the allergic reaction,
the treatment approach is guided by the severity of 
respiratory and cardiovascular symptoms.

Incidence

Allergic reactions complicate up to 1% to 3% of
transfusions overall and are more likely to occur with
platelets or plasma-derivatives than with red cells
(Brecher 2002). In a study of pediatric transfusion recip-
ients, allergic reactions occurred in 5% of platelet 
transfusions (Couban et al. 2002). Allergic reactions are
exceedingly rare in infants, and anaphylaxis is rare in
both children and adults, occurring in one in 20,000 to
50,000 transfusions. Only eight deaths in a 9-year period
were attributed to transfusion-induced anaphylaxis,
although severe allergic reactions to blood components
may have played a role in the death of other critically
ill patients (Sazama 1990; Williamson et al. 1999).

Pathophysiology

Anaphylaxis is mediated by preformed IgE anti-
bodies on mast cells that are activated to immediately
release histamine and synthesize additional mediators
upon exposure to corresponding antigens in donor

plasma. Mast cell activation in allergic reactions can 
also occur by IgE-independent mechanisms, such as by
IgG-, immune complex-, and complement (C3a, C5a)-
mediated pathways. Histamine release from mast cells
causes urticaria, pruritis, bronchospasm, abdominal dis-
comfort, and hypotension. Generation and release of
leukotrienes, such as leukotriene D4, and prostag-
landins contribute to the immediate symptoms, provok-
ing acute bronchospasm, urticaria, and increased
vascular permeability.

Implicated antigens in immediate allergic reactions
include plasma proteins such as IgA, C4 (Chido/Rogers
blood group antigens), or haptoglobin; chemicals that
leech from administration tubing, such as ethylene oxide
used in sterilization procedures; or drugs, such as peni-
cillin, if the predonation screening process failed to elim-
inate donors who recently ingested the drug (Vyas et al.
1968; Westhoff et al. 1992; Koda et al. 2000). The best
characterized examples of anaphylaxis occur in IgA-
deficient (<0.05 mg/dL) patients with detectable IgG
class-specific anti-IgA following administration of
plasma or intravenous immunoglobulin (Vyas et al.1968;
Sandler et al. 1995). Paradoxically, IgA deficiency is rela-
tively common, affecting approximately one in 900
healthy blood donors, and anti-IgA is detectable in 20%
to 40% of these individuals, but anaphylaxis is a rare
event. This variability in the response to transfusion of
IgA-deficient patients with anti-IgA antibodies may
reflect the degree of IgA deficiency or the sensitivity of
the assay used to measure IgA, the characteristics of the
patient’s anti-IgA, and the amount of administered IgA.
Less severe allergic reactions have been attributed to
subclass- or allotype-specific IgA antibodies in persons
with a normal concentration of total IgA (Sandler et al.
1994). In sensitive patients, anaphylaxis to plasma may
occur after administration of as little as 5 to 10 mL.

Diagnosis

Clinical Evaluation

If a patient experiences an allergic reaction, the
transfusion should be stopped and the patient should be
evaluated to determine the most appropriate course of
action, as described in a later section on management.
Allergic reactions to blood components have variable
severity and onset, but the vast majority are mild and
usually begin within an hour of starting the transfusion.
In general, anaphylaxis is immediate and severe reac-
tions occur within minutes; whereas, mild allergic reac-
tions may not become apparent until several hours after
the transfusion. Cutaneous manifestations of an allergic
reaction may be limited to localized urticaria (hives),
generalized flushing or rash, itching, localized swelling,
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or angioedema in severe cases. Systemic symptoms pre-
dominate in more serious reactions, which may or may
not be preceded by urticarial lesions. Respiratory man-
ifestations may include dyspnea, cough, hoarseness,
stridor, wheezing, chest tightness, or pain. Gastrointes-
tinal disturbance may be evident as nausea, cramps,
vomiting, diarrhea; cardiac involvement manifests as
tachycardia, arrhythmia, and rarely cardiac arrest. The
absence of fever and the specificity of urticaria help in
distinguishing allergic reactions from other types of
transfusion reactions. Allergic transfusion reactions are
often isolated incidents, but some patients experience
recurrent reactions. Patients with a history of atopy,
asthma, or allergic reactions are more likely to develop
urticaria following plasma transfusion than are
nonatopic recipients. Allergic reactions usually do not
increase in severity if they recur with subsequent 
transfusions.

Anaphylaxis causes immediate symptoms, with
marked hypotension and respiratory distress due to
laryngeal edema or bronchospasm, and could lead to
death if airway obstruction and shock are not effectively
managed.Anaphylaxis will recur with subsequent trans-
fusion, unless precautionary measures are taken, and
blood components should be avoided if possible.

Laboratory Evaluation

Systemic allergic reactions should be investigated as
described for acute transfusion reactions (Table 26.1).
Reactions strictly limited to urticaria need not be 
investigated in this manner but should be recorded in
the patient’s medical or blood bank record to monitor
the frequency and severity of their occurrence and
determine if preventive measures are necessary. Further
laboratory investigation of allergic reactions to blood
components is not necessary or useful, as the offending
plasma constituent is rarely identified and the reaction
may not recur.

Screening transfusion recipients for IgA deficiency
and/or anti-IgA antibodies is not practical, cost-
effective, or clinically useful because the presence of
anti-IgA in an individual who has not been transfused
does not predict anaphylaxis. In contrast, a patient who
experiences an anaphylactic reaction to blood compo-
nent transfusion should be tested for IgA deficiency and
the presence of anti-IgA antibodies, because blood com-
ponents lacking IgA will need to be obtained for future
transfusion.

Differential Diagnosis

Allergic reactions to food, drugs, or latex may mimic
plasma sensitivity if exposure to the incriminated 

allergens occurs in proximity to blood component trans-
fusion. The use of latex gloves by health care workers
may cause localized erythema or urticaria at the IV site,
as well as acute respiratory distress in a latex-sensitive
individual. A history of allergies should be elicited from
the patient, and the possibility of exposure to known
allergens within four hours before the transfusion
should be investigated.

Hypotensive reactions accompanied by bron-
chospasm have been reported in patients undergoing
concurrent therapy with angiotensin converting enzyme
(ACE) inhibitors and therapeutic apheresis or dialysis
(Brecher et al. 1993). These reactions are not due to
transfused blood components but to the activation of
the kinin cascade by surface contact in the extracorpo-
real circuits and impaired degradation of bradykinin in
the presence of the ACE inhibitor that prolongs 
its vasoactive effects. Treatment is supportive, and
hypotension resolves after termination of the procedure
and does not recur if ACE inhibitors are held before
future procedures for these patients. Hypotensive reac-
tions during transfusion also occur with other acute
transfusion reactions, vasovagal reactions, underlying
disease, or drug reactions.

Management

Allergic Reactions

If an allergic reaction to blood component transfu-
sion is limited to the development of hives or urticaria,
the transfusion may be stopped temporarily for admin-
istration of an antihistamine to allow for resolution of
the cutaneous symptoms. This approach is only accept-
able for mild, cutaneous reactions during transfusion
that resolve with antihistamine treatment, allowing
completion of the transfusion within the requisite four-
hour time limit.

If the reaction involves any symptoms other than
limited urticaria, in particular, if associated with
hypotension, generalized rash or swelling, respiratory
compromise or gastrointestinal distress, the transfusion
should be stopped and investigated as described for an
acute transfusion reaction (see Table 26.1). In such
cases, resuming a transfusion is not advisable and risks
aggravating the patient’s condition or missing an
AHTR.

Treatment of allergic reactions is supportive, and the
intensity of medical intervention should be guided by
severity of symptoms (see Table 26.3). Antihistamines
in age-appropriate doses (for example, diphenhy-
dramine 1 to 1.5 mg/kg/dose orally or IV) may be suffi-
cient for mild allergic reactions. Respiratory symptoms
such as wheezing, cough, or chest tightness may be
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treated with nebulized albuterol or other beta-2 ago-
nists. Supplemental inspired oxygen may alleviate
hypoxia, as measured by pulse oximetry, or dyspnea.
Hypotension may require rapid volume expansion with
colloid or crystalloid (for example, 10 to 20 mL/kg IV
normal saline). Severe allergic reactions may require
epinephrine, steroids, and fluid resuscitation, as
described for anaphylaxis in the next section.

Anaphylaxis

Anaphylaxis is a medical emergency and must be
treated aggressively. The transfusion should be immedi-
ately discontinued, and fluid resuscitation should be ini-
tiated (see Table 26.3). Epinephrine in appropriate
doses should be administered for severe hypotension,
laryngeal edema, and respiratory failure. Bronchospasm
may be treated with aerosolized or intravenous beta-2
agonists and supplemental inspired oxygen. Intubation
and mechanical ventilation may be required for respi-
ratory failure. Steroids are not helpful for the acute
crisis but may be indicated if symptoms persist.

Prevention

Patients who experience recurrent allergic reactions
to blood components may benefit from premedication
with antihistamines (for example, diphenhydramine 
1 mg/kg/dose orally or IV for children; 25 to 50 mg
orally or IV for adults) at least 30 minutes before trans-
fusion (see Table 26.3). If antihistamines fail to control
allergic symptoms, corticosteroids may be added to the
premedication regimen and are most effective if admin-
istered at least several hours before the transfusion. If
severe reactions occur despite adequate premedication,
the red cell units may be washed with saline to remove
residual plasma or, less commonly, red cells units stored
frozen may be thawed and deglycerolized for transfu-
sion. Platelet units may be volume-reduced (saline-
suspended) or saline-washed to remove plasma, as well,
but these manipulations may be associated with a
decreased efficacy of transfusion, as previously dis-
cussed for prevention of FNHTRs.

Patients who have experienced anaphylactic reac-
tions with blood component transfusion and have doc-
umented IgA deficiency and/or anti-IgA antibodies
should be transfused only if unavoidable and under
close medical supervision. Blood components that lack
IgA may be collected from IgA-deficient donors or 
prepared by extensive washing procedures (Davenport
et al. 1992). Aggressive premedication regimens, such as
those designed to prevent anaphylactic reactions to
radiocontrast media, may be applied in this setting and
entail administering corticosteroids at multiple intervals

in the 12 hours before transfusion, as well as giving
diphenhydramine and ephedrine one hour before the
transfusion (Greenberger and Patterson 1991). The 
clinical team should be prepared to provide emer-
gent resuscitation and intensive supportive care, if 
these precautions fail to prevent anaphylaxis. The safest
blood for these patients is likely their own blood, and
arrangements should be made for autologous donation
before elective procedures, if the clinical situation
permits.

DELAYED HEMOLYTIC TRANSFUSION
REACTIONS

Delayed reactions to blood component transfusion
are immunologic consequences that occur more than 24
hours after transfusion of the offending unit. Delayed
hemolytic transfusion reactions (DHTRs) result from
red cell alloimmunization and subsequent anti-
body-mediated extravascular hemolysis of transfused
red cells leading to unexpected anemia following trans-
fusion. The platelet counterpart of DHTR, platelet
refractoriness, is discussed in Chapter 22; transfusion-
related graft-versus-host disease and immunomodula-
tory effects, in Chapter 23.

Incidence

Red cell alloimmunization following transfusion
occurs in 0.2% to 2.6% of the general population, at
higher rates among chronically transfused children,
and rarely among infants younger than four months
(Brecher 2002). The risk of red cell alloimmunization
depends on the patient’s age at first transfusion, the
number of donor exposures, and the antigen disparity
between donor and recipient populations. Children with
sickle cell disease who receive transfusions before the
age of 10 are less likely to become alloimmunized than
older children and adults despite exposure to more red
cell units in their lifetime, possibly due to the induction
of immune tolerance in young children (Rosse et al.
1990). The frequency of alloimmunization among
chronically transfused children with sickle cell disease
is higher than among chronically transfused children
with thalassemia, with population estimates ranging
from 18% to 47% compared to 5% to 11%, respectively
(Smith-Whitley 2002). This discrepancy is largely
accounted for by the greater probability of sensitization
to foreign red cell antigens among transfused sickle cell
patients due to the genetic differences in red cell
antigen expression between the predominately African-
American patient population and the mostly Caucasian
blood donor population.
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Reflecting their higher rates of red cell alloimmu-
nization, chronically or episodically transfused patients
are more likely to experience DHTRs than the general
hospitalized population. The incidence of detected
DHTR is estimated as one in 1500 red cell units at a 
tertiary-care medical center (Vamvakas et al. 1995).
Delayed hemolytic transfusion reactions complicate 4%
to 22% of transfusions among transfused sickle cell
patients (Smith-Whitley 2002).

Pathophysiology

Delayed Serologic Transfusion Reactions

In contrast to “naturally occurring” IgM antibodies
against carbohydrate blood group antigens, like anti-A
and anti-B, antibodies against Rhesus, Kell, Duffy, Kidd,
and other protein blood group antigens only rarely arise
without prior exposure to red cells, either during preg-
nancy or with transfusion. Exposure to these foreign red
cell antigens may stimulate a primary immune response
in the recipient, during which IgM antibodies are pro-
duced, followed several weeks later by an allotype
switch to IgG antibodies. Consequently, primary alloim-
munization becomes apparent weeks to months after
transfusion and is usually an asymptomatic serologic
finding (Vamvakas et al. 1995). Once alloimmunization
has occurred, the red cell alloantibodies diminish to
undetectable levels, until subsequent reexposure to
incompatible red cells elicits a secondary or anamnestic
immune response, characterized by rapid production 
of IgG antibodies with enhanced affinity for the red 
cell antigen. The antibody typically appears within two
days to two weeks after the implicated transfusion. If
further investigation reveals the presence of the anti-
body is not associated with evidence of accelerated red
cell destruction, the reaction is an isolated serologic
finding, classified as a delayed serologic transfusion
reaction.

Delayed Hemolytic Transfusion Reactions

The diagnosis of DHTR requires clinical correlation
to determine that the newly discovered red cell alloanti-
body is causing extravascular hemolysis.The pathogenic-
ity of red cell alloantibodies is influenced by several
factors, including the thermal range, antibody specificity,
and subclass.Antibodies that are reactive at 37°C in vitro
are more likely to be clinically significant, and Duffy
(Fya) and Kidd (Jka) antibodies are more likely to cause
DHTRs than other antibody specificities (Vamvakas 
et al. 1995). The immunoglobulin subclasses IgG1 and
IgG3 have greater affinity for Fc receptors on phagocytic
cells than IgG2 and IgG4, which may account for their
association with more severe hemolysis.

Extravascular hemolysis results from the binding of
IgG red cell antibodies and, in some cases, incomplete
complement activation with deposition of C3b on the
surface of red cell. Macrophages and other cytotoxic
effector cells in the reticuloendothelial system, primarily
in the spleen, recognize these targeted red cells via their
corresponding Fc and complement receptors resulting in
red cell destruction.The progressive removal of portions
of the red cell membrane by phagocytic cells in the spleen
results in the appearance of spherocytes in the peripheral
circulation. Accelerated destruction of transfused red
cells is also evident by reticulocytosis, unconjugated
hyperbilirubinemia, and increased serum LDH.

Diagnosis

Clinical Evaluation

Delayed hemolytic transfusion reactions are charac-
terized by an unexpected anemia or a less than expected
posttransfusion increment in hematocrit following
transfusion. The onset is variable but usually occurs
within the first two weeks following transfusion.
Because the red cell alloantibodies cause varying
degrees of red cell destruction and may persist in the
peripheral circulation for several weeks, signs or symp-
toms may not be recognized for four to eight weeks 
following transfusion. Symptoms of extravascular
hemolysis include fever or chills, jaundice, malaise, and
back pain; renal failure rarely occurs.

Delayed hemolytic transfusion reactions are often
mild in patients without underlying hematologic illness
but may be severe in chronically transfused, sickle cell
patients. Sickle cell patients who develop red cell alloan-
tibodies with transfusion are more likely to develop red
cell autoantibodies and are susceptible to sickle cell
crises or hyperhemolysis following red cell transfusion,
which is also referred to as the sickle cell hemolytic
transfusion reaction syndrome. In this clinical setting,
transfused sickle cell patients develop severe anemia
following transfusion, with evidence of bystander
hemolysis of autologous red cells as well as transfused
cells, often in the absence of identifiable red cell alloan-
tibodies, that ultimately results in a lower hemoglobin
concentration after the transfusion than before it was
begun (Win et al. 2001). Suppressed erythropoiesis and
autoantibody formation may contribute to the profound
posttransfusion anemia in these patients (Smith-
Whitley 2002).

Laboratory Evaluation

The cardinal sign of DHTR is a lower than expected
hemoglobin/hematocrit following red cell transfusion,
and laboratory evaluation may provide additional 
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evidence of extravascular hemolysis. The appearance of
spherocytes on the peripheral blood smear and reticulo-
cytosis are consistent with destruction of red cells in the
reticuloendothelial system, as are alterations in serum
chemistry such as increased total and unconjugated
bilirubin, increased LDH and decreased or absent 
haptoglobin. Urinalysis may reveal urobilinogen, which
reflects increased serum unconjugated bilirubin. Supple-
mental evidence of the shortened lifespan of transfused
red cells in sickle cell patients include an unexpected
increase in the relative proportion of HbS and decrease
in the relative proportion of HbA following transfusion.

If a DHTR is suspected on the basis of clinical pres-
entation or laboratory findings, the DAT and antibody
screen should be repeated on a newly drawn specimen
from the patient. With DHTRs, the DAT is often posi-
tive in a mixed field pattern, indicating the presence of
alloantibody or complement on the transfused red cells
but not on the patient’s own (autologous) red cells. The
DAT, however, may be negative if all of the transfused
cells have been eliminated from the patient’s peripheral
circulation. Serial testing over several weeks may be
required to detect the appearance of the offending red
cell alloantibody in the serum. The diagnosis of DHTR
is supported by demonstration of the corresponding
antigen on the red cells from a retained segment from
one or more of the recently transfused units (Brecher
2002).

Differential Diagnosis

The development of autoantibodies and possible
autoimmune hemolytic anemia complicates the evalua-
tion of DHTRs, for the dual reason of confounding
detection of underlying alloantibodies and contributing
directly to ongoing hemolysis. Bleeding or infection may
also cause unexpected anemia. Cephalohematomas 
may also be associated with laboratory findings that
overlap those characteristic of DHTRs, including in-
creased unconjugated bilirubinemia, increased LDH,
and decreased haptoglobin. In distinction from DHTRs,
bleeding or other causes of nonspecific red cell destruc-
tion will be associated with the persistence of transfused
cells with mixed field reactivity in red cell phenotyping
reactions. In chronically transfused sickle cell patients,
DHTRs often must be distinguished from other causes
of increasing transfusion requirements, such as underly-
ing disease and hypersplenism, including the possibility
of accessory spleens or splenic regeneration in previ-
ously splenectomized patients.

Management

Because DHTRs are usually mild, specific treatment
is rarely necessary. The development of anemia sooner

after transfusion than expected may require additional
red cell transfusion, and red cell units should be selected
that lack the antigen corresponding to the newly dis-
covered antibody. If transfusion is ordered by the clini-
cal service before identification of the specificity of the
underlying alloantibody, this need must be balanced
against the risk of additional transfusion of potentially
antigen-positive blood with aggravation of ongoing
extravascular hemolysis. Clinical judgment and close
communication between the blood bank and clinical
service taking care of the patient are essential in such
cases. Adequate hydration in light of ongoing hemoly-
sis and monitoring of renal function is prudent, but renal
failure is extremely rare in the setting of DHTRs.

In contrast, any further transfusions must be carefully
considered in chronically transfused sickle cell patients
with multiple red cell alloantibodies and/or autoanti-
bodies. For these complicated patients, treatment must
be carefully tailored to the individual, balancing the risk
of severe DHTRs and possibly fatal hyperhemolysis
against the possible benefits of red cell transfusion to
alleviate acute complications or prevent chronic mor-
bidity of sickle cell disease. If transfusion is medically
necessary, not only should the red cell units provided for
these patients lack the antigens corresponding to any
current or historical red cell alloantibodies, but 
extended phenotype matching for all clinically signifi-
cant antigens (for example, Rh, Kell, Kidd, Duffy,
MNSs) should be performed in an effort to prevent
further alloantibody production. In general, red cell
transfusion should be avoided in sickle cell patients who
have experienced severe hemolytic transfusion reac-
tions, and these patients may instead benefit pharmaco-
logical therapy with steroids, IVIg, erythropoietin, or
hydroxyurea (Smith-Whitley 2002).

Prevention

If a patient develops a clinically significant alloanti-
body, red cell units lacking the corresponding antigen
should be provided for all future red cell transfusions.
The prompt identification and accurate record-keeping
of clinically significant red cell alloantibodies are 
requisite blood bank practices. Pretransfusion testing
requirements for all patients, except newborn infants,
specify antibody detection and compatibility tests
before each transfusion, with repeat testing within three
days of the next scheduled transfusion for patients
transfused or pregnant within the preceding three
months. The three-day interval requirement for 
repeat testing of transfused patients is based on the
finding that new antibodies may be detected within one
to two days after transfusion due to an anamnestic
response (Schulman 1989). AABB Standards require
documentation of clinically significant alloantibodies in
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a permanent record, as well as review of previous trans-
fusion history before transfusion to safeguard against
anamnestic antibody responses in individuals whose
alloantibody becomes undetectable in the intervals
between transfusions (Gorlin 2002).

Additional pretransfusion testing and other special
measures may be undertaken for patients with sickle cell
disease or warm autoimmune hemolytic anemia. The
primary cause of high red alloimmunization rates in 
children with sickle cell disease is genetic differences
between the predominantly African-American patient
population and the predominantly Caucasian general
blood donor population. Many red cell antigens, in par-
ticular C and E in the Rhesus blood group and K1 in the
Kell blood group, are more frequently expressed 
in Caucasians than African-Americans, and about 
two-thirds of the clinically significant red cell alloanti-
bodies found in chronically-transfused sickle cell patients
are directed against these antigens (Smith-Whitley 2002).

By prospectively avoiding incompatibility to C, E,
and K1 blood group antigens, the alloimmunization rate
among chronically transfused sickle cell patients was
reduced from 3% to 0.5% per unit, and hemolytic trans-
fusion reactions were reduced by 90% in one study
(Vichinsky et al. 2001). Prophylactic red cell phenotype
matching for C, E, and K1 has been recommended for
all chronically transfused patients with sickle cell
disease (Smith-Whitley 2002). This practice, however,
has not been universally accepted, because of the
expense, logistic difficulty, and potential for diverting
relatively rare antigen-negative red cell units to patients
who are not yet demonstrating red cell alloantibodies.
An alternate approach restricts the use of phenotypi-
cally matched red cells to patients who have already
become immunized to one red cell antigen and are at
risk of developing additional alloantibodies and autoan-
tibodies. Programs designed to specifically recruit
African-American donors and direct this blood to sickle
cell patients facilitate the identification of phenotypi-
cally matched units and may further reduce the risk of
alloimmunization among chronically transfused chil-
dren with sickle cell disease (Smith-Whitley 2002).

Patients with warm autoimmune hemolytic anemia
(WAIHA) do not require prophylactic antigen match-
ing as recommended for sickle cell patients but may
benefit from extended red cell phenotyping before
transfusion, if prolonged transfusion support for chronic
anemia is likely. The presence of red cell autoantibod-
ies that react with all reagent red cells may interfere
with the detection of underlying red cell alloantibodies,
which develop in 12% to 40% of transfused patients
with WAIHA (Brecher 2002). Determination of the
patient’s red cell phenotype at Rh (Cc, Ee), Kell, Kidd,
Duffy, and other clinically significant loci before trans-

fusion will facilitate future alloantibody identification,
by identifying those red cell antigens absent from the
patient’s red cells, against which alloantibodies may be
produced.

SPECIAL CONSIDERATIONS FOR
NEWBORN INFANTS

Pretransfusion testing to determine a patient’s
ABO/Rh type and screen for red cell antibodies is per-
formed for all transfusion recipients to ensure transfu-
sion of compatible blood. AABB Standards, however,
allow for abbreviated testing procedures for newborn
infants younger than four months, because of their
unique immunologic status and susceptibility to iatro-
genic anemia with frequent blood sampling (Gorlin
2002). Although forward grouping must be performed
to determine the infant’s ABO/Rh type, the reverse
group to detect maternal IgG anti-A or anti-B anti-
bodies need not be performed if exclusively group-O
red cells will be transfused. Type-specific red cells may
be safely transfused in the absence of IgG anti-A or
anti-B and permit more effective utilization of a limited
natural resource, especially at pediatric facilities that
transfuse many critically ill infants. Crossmatching
before transfusion to newborn infants is not required if
the initial sample, collected either from the mother or
the infant, lacks detectable red cell antibodies. If a clin-
ically significant red cell alloantibody is detected in the
screen, crossmatch procedures may still be omitted if
antigen-negative red cells are provided, otherwise units
selected for transfusion should be fully crossmatch-
compatible utilizing a method that detects IgG anti-
bodies (for example, a “Coombs” crossmatch). The
antibody screen does not need to be repeated during the
hospitalization, even if the infant receives multiple
transfusions, because of the extremely low probability
of active alloimmunization during the neonatal period
(Ludvigsen et al. 1987; Strauss et al. 2000).

Infants have lower plasma complement and ABO
isohemagglutinin titers than children and adults, factors
which may mitigate the severity of acute hemolytic
transfusion reactions but do not eliminate the possibil-
ity of fatal outcomes in response to ABO-incompatible
red cells. Transfusion of incompatible plasma is more
likely to cause acute hemolysis in infants than adults,
due to small blood volumes, and fatal hemolytic trans-
fusion reactions have occurred when group O whole
blood was administered to group A infants, with the
mistaken belief that this was acceptable as “universal
donor” blood. Allergic and febrile transfusion reactions
are rare in infants; premedication is not indicated for
neonatal transfusion.
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INTRODUCTION

This chapter addresses potential adverse noninfec-
tious consequences of transfusion. It is imperative that
the ordering practitioner considers both the risks and the
intended benefits of any potential transfusion. These
should be shared with the patient, if age appropriate, and
family as part of the consent process for a pediatric recip-
ient. Discussions of risks should include both common
outcomes and risks as well as those that are less common
but profound clinical consequence should they occur
(Sazama 1997). While many families express concerns
about potential infectious complications of transfusion,
they are rarely aware of the more frequent noninfectious
complications.This chapter will provide a broad overview
of some of the more clinically relevant potential adverse
noninfectious outcomes to allow the practitioner to have
an honest discussion with parents and, when appropriate,
pediatric transfusion recipients (Table 27.1). In addition,
awareness of potential reactions can permit early recog-
nition and intervention that may ameliorate some of the
consequences should a reaction occur.For example,early
recognition of a hemolytic transfusion reaction or trans-
fusion-related acute lung injury (TRALI) may facilitate
early termination of the transfusion and immediate resus-
citative steps to prevent further harm.

TRANSFUSION REACTIONS

Transfusion Safety

Any discussion of transfusion reactions should
include transfusion safety; 10 to 20 transfusion recipi-

ents a year in the United States die of hemolytic trans-
fusion reactions, the majority of them from incompati-
ble red cells (Sazama 1986). The events that result in
mistransfusion, often include a mislabeled sample from
the patient used for ABO typing or misidentification of
the patient at the time of transfusion (Linden et al.
2000). As the FDA considers what steps to take to
further reduce transfusion risk, it is imperative that
focus be placed on the entire transfusion sequence as
opposed to the safety of the transfused product alone
(Dzik 2003). Hospitals are increasingly utilizing total
quality approaches to further reduce errors, including
barcode labeling of medications as well as blood units.
Only when the potential for error throughout the entire
transfusion sequence is systematically addressed can
one hope to appreciably reduce the global risks of 
transfusion.

Patient identification is the first critical step of the
transfusion process. Every teaching hospital has the
experience of an increased number of mislabeled spec-
imens upon the annual influx of a cohort of new trainees
who collect samples. Mislabeled, incompletely labeled
or discrepantly labeled specimens have a forty-fold
higher rate of incorrect blood types in mislabeled 
tubes (Lumadue et al. 1997). While the majority of
blood types in mislabeled tubes match the historical 
patient type, this data supports having a strict 
labeling policy for transfusion specimens. A recent
international study demonstrated a wide variation of
frequency of “wrong blood in tube”; approximately
~1/1000 specimens were documented to not contain the
labeled patient’s blood (Dzik et al. 2002). Practices that
decrease incorrect samples include use of dedicated
phlebotomy staff, transfusion safety officers, and rigid
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adherence to specimen labeling guidelines (Linden 
et al. 2000; Lumadue et al. 1997; Cursio and Fountas
2002).

The most risk-free transfusion, of course, is the one
that never happens. Hence, it is imperative to consider
whether each and every transfusion is truly indicated.
All transfusion service medical directors can recall an
anecdote of a transfusion complication that followed a
transfusion of dubious clinical necessity or value. Trans-
fusing multiple units of fresh frozen plasma (FFP) to
correct minimally prolonged coagulation parameters or
platelets before a minimally invasive procedure are
examples (Dzik 1999).

Special transfusion requirements are generally far
more apparent to the ordering physician than the blood
bank personnel. Ordering staff often know far more
about the specific patient needs (for example, require-
ments for cytomegalovirus [CMV] reduced risk or 
irradiated components) than the blood bank, which 
may have no prior transfusion history on a patient at
increased risk for some transfusion complication. While
blood bank personnel are available for consultations, it
is imperative to minimize risks by ensuring that the
ordering physician selects the optimal type and quantity
of transfusible component. Furthermore, the mecha-
nisms in place to issue those components to the patient
must ensure proper storage and handling and proper
identification of the patient to be transfused. Finally,
the system used to infuse the actual components must
be fully validated and the personnel administering the
transfusion appropriately trained. Mechanisms to
ensure close and careful observation during and fol-
lowing a transfusion must be in place and followed 
religiously. Should something untoward happen or 
vital signs not meet expected measures, there needs 
to be clear and explicit instructions to staff on how to
manage and evaluate the reaction.

Hemolytic-Acute

Acute hemolytic transfusion reactions in pediatric
transfusion are less common than in adult transfusions.
When comparing absolute numbers of serious reactions,
far fewer transfusions are given to pediatric than adult
recipients. In addition, far fewer pediatric transfusions
occur in uncontrolled circumstances, such as emergency
room, obstetric emergencies, and emergent surgeries, all
of which lend themselves to higher risks of adverse out-
comes. From a physiological standpoint, newborns do
not have measurable circulating isohemagglutinins; by
age three months, infants have developed about 25% of
adult levels. In one study, anti-A titer was four at three
to six months and 64 by 12 to 18 months (Fong et al.
1974). Adult levels are reached by age five to 10 years
and fall slowly with age (Grundbacher 1967). Hence,
one could theoretically administer a full volume AB 
red cell transfusion to a group O neonate without any
clinical consequence.

Despite anecdotal observations of fewer acute
hemolytic episodes following red cell administration,
there are more frequent episodes of passive hemolysis
from incompatible plasma components (Lozano and
Cid 2003). Specifically, since pediatric transfusion recip-
ients commonly receive large volumes of plasma-
containing components (commonly 15 to 20 mL/kg),
the risk is greater should they receive plasma with a
high-titer ABO antibody (Duguid et al. 1999). This 
may occur, for example, in a pediatric oncology patient
receiving plasma-incompatible apheresis platelets or a
neonate receiving a single platelet from a whole blood
donation (Larsson et al. 2001). While it is possible to
concentrate platelets by centrifugation, it is generally
not warranted since one can typically achieve a 50 to
100,000 count increment following transfusion of
unconcentrated platelet-rich plasma alone (Strauss
2000). However, when faced with the potential for
passive immune hemolysis from incompatible plasma,
many large pediatric hospitals have validated protocols
to volume reduce plasma incompatible platelets, if
plasma compatible ones are unavailable (Moroff et al.
1984).

One type of passive and acute red cell hemolytic
transfusion reaction unique to newborns is worthy of
specific mention. If a nongroup-O neonate is to receive
nongroup-O red blood cells (RBCs) that are not com-
patible with the maternal ABO group, the neonate’s
serum or plasma must be tested for anti-A or anti-B
(AABB Standard #5.15.2) (Gorlin 2002). This is
because a negative antibody screen (always performed
against group O cells) does NOT rule out the presence
of a high titer anti-ABO group-specific IgG antibody
crossing the placenta to the infant and causing profound
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TABLE 27.1 Relative Risks of Transfusion 
Complications Per Unit

Risk Risk Ratio Reference

Hepatitis C 1 :1,600,000 (Busch 2001)
HIV 1 :1,900,000 (Busch 2001)
Wrong blood in tube 1 :1000 (Dzik et al. 2002)
Wrong recipient of auto 1 :16,000 (Linden et al. 2000)

unit
TRALI 1 :5000 (Papovsky 2001)
Metabolic reaction neonate 1 :1000 (Stranss 2000)
Hemolysis from ABO- 1 :10,000–46,000 (Mair and Benson 

incompatible plasma in 1998, Larsson 
an apheresis platelet et al. 2001)

TRALI = Transfusion-related acute lung injury.
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hemolysis should that blood type be transfused to the
infant. Since newborn cells express less A and B sub-
stance per cell than adult cells, it is possible for the
infant not to manifest stigmata of ABO-hemolytic
disease of the newborn (HDN) but still manifest vigor-
ous hemolysis following transfusion of red cells of the
same ABO group as the infant.

Hemolytic-Delayed

Alloimmunization against other red cell antigens is
also less frequent in pediatric recipients, especially in
the neonatal period. Indeed AABB Standards have
always excluded neonates (that is, younger than four
months) from the requirement for crossmatching, as
development of alloantibodies is rare at that age 
(Ludvigsen et al. 1987). Still, anecdotal reports of 
development of antibodies in infants exist.

For older children, red cell alloimmunization cer-
tainly occurs in transfusion settings analogous to adult
recipients of transfusion. One interesting observation is
the relatively low rate of alloimmunization among
patients receiving lifelong and frequent chronic trans-
fusions for thalassemia in contrast to those with sickle
cell disease who receive far fewer and typically inter-
mittent transfusions starting at an older age. Whether
frequent transfusion from infancy results in some
degree of immune tolerance or the greater antigenic dis-
parity between donors and recipients yields a greater
opportunity for antibody development in the sickle cell
recipients remains controversial (Rosse et al. 1998;
Vichinsky et al. 1990). The recommended methods to
ameliorate this tendency towards alloimmunization
among the chronically or frequently transfused patients
with sickle cell anemia is dealt with in Chapter 19.

Febrile

Febrile transfusion reactions also occur less fre-
quently in pediatric patients than their adult counter-
parts, but are second only to allergic-type transfusion
reactions in frequency.White cells and the inflammatory
cytokines (Il-1b,Il-6,Il-8,TNF) are released during
storage and appear to be the prime mediators of this
type of reaction; prestorage leukoreduction of red cells
and platelets appears to abrogate a majority of this 
type of reaction. Leukoreduction filtration of pooled,
whole blood-derived platelets at time of transfusion
may slightly reduce but does not prevent febrile reac-
tions and the myriad cytokine mediators of fever have
already been released into the plasma. Hence, volume
reduction and even washing may be used to further
reduce these reactions when prestorage leukoreduced
components are not readily available and such reduc-

tion is considered warranted for a particularly vulnera-
ble recipient population (Couban et al. 2002; Heddle 
et al. 2002).

Staff should not restart transfusions following a
febrile reaction as fever may also be a symptom of
either a hemolytic reaction or bacterial contamination;
in those cases, administration of additional product may
worsen the consequences. Practically stated, most
nursing protocols for dealing with a transfusion reac-
tion, only permit continuation of a transfusion after a
significant reaction if the product is vital (for example,
bone marrow or peripheral stem cell infusion) or fol-
lowing a mild to moderate allergic type reaction when
the patient has been appropriately medicated (Heddle
et al. 2001).

Allergic

Allergic reactions vary from mild to severe (anaphy-
lactic) reactions and range from common to rare,
respectively. Mild cutaneous hypersensitivity reactions
(itching, rash, redness) are common and generally
respond to appropriate doses of antihistamines. The
antihistamines generally serve to prevent propagation
of the symptoms; despite adequate treatment, the symp-
toms may persist for many minutes after administration.
Severe allergic type reactions are often, though not
always, associated with development of anti-IgA anti-
bodies in an IgA-deficient patient. Newer, far more sen-
sitive IgA antigen assays have documented that many
individuals have low levels; this explains why severe
reactions are far rarer than the observed prevalence of
IgA “deficiency,” which may be relative and not
absolute in most cases (Sandler et al. 1995). While ana-
phylactic reactions have been documented in all age
groups, they are exceedingly rare in younger pediatric
patients and hence the requirement to be able to rapidly
obtain IgA-deficient plasma products for pediatric
patients is rarely necessary.

Transfusion-Associated Lung Injury (TRALI)

TRALI is the third most frequent cause of a fatal
transfusion reaction in adults, but rare in pediatric
patients (Zoon 2001).

TRALI has historically been characterized as the
constellation of symptoms including: dyspnea, hypox-
emia, hypotension, and fever (Popovsky 2001). In a 
retrospective series, 76% of patients had respiratory 
distress, 15% had hypotension, and 15% had frank
hypertension (Popovsky 2000). Chest radiographs typi-
cally reveal bilateral “white out,” that is, pulmonary
infiltrates in the absence of cardiac compromise or over-
load. Symptoms typically manifest within one to two
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hours after initiation of transfusion and become most
severe within six hours. All blood components have
been implicated in TRALI episodes, but they are most
frequently associated with larger infusions of plasma
from a single plasma donor, that is, whole blood-derived
platelets, frozen plasma units, or apheresis platelets
(Popovsky et al. 1992; Silliman et al. 2003). Even intra-
venous gamma globulin (IVIG) has been associated
with inducing TRALI although reports are rare (Rizk
et al. 2001).

The syndrome of TRALI needs to be distinguished
from the clinically more common scenario of cardiac
overload. Both small infants and the elderly are at
greater risk of cardiac overload either because of the
sheer volume we infuse into small infants, or the
endogenous cardiac compromise of the elderly, whereas
TRALI is not more frequent in any particular risk
group. The pathophysiology of cardiac overload implies
that the heart cannot adequately pump fluid through the
lungs either because of increased pulmonary resistance
or cardiac pump failure, which results in pulmonary
edema. Cardiac overload can be confirmed by docu-
menting an elevated pulmonary capillary wedge pres-
sure, whereas it is normal in TRALI.

TRALI is clearly underdiagnosed, as was elegantly
demonstrated by a retrospective study performed fol-
lowing a well-documented TRALI fatality. The impli-
cated transfused product had come from a frequent
jumbo plasma donor who had donated at least 50 prod-
ucts. Of 36 charts reviewed, seven recipients had
mild/moderate reactions, eight had severe reactions, two
had had multiple reactions, but only two of the eight
severe reactions had been reported to the regional
blood collection facility (Kopko et al. 2002). TRALI is
very rarely reported in pediatric recipients.Whether this
is a result of a negative diagnostic bias (few pediatric
residents are knowledgeable about this potential
outcome of transfusion), greater pediatric pulmonary
reserve (hence the disease when present may be less
clinically apparent), the rarity of pediatric patients
receiving large volumes of plasma, or whether there
really is a physiological basis for fewer reactions is
unknown.

The first proposed explanation for the pathophysiol-
ogy of TRALI was that antibodies in the donor plasma
bind to and activate the host white cells, which adhere
to pulmonary endothelium resulting in functional
blockade of the capillaries and fluid leak into the
alveoli. Evidence in support of this theory includes the
observations that implicated donors are typically multi-
parous females and have clearly demonstrable anti-
HLA or anti-neutrophil antibodies that bind to the host
white cells in almost 90% of cases (Silliman 1999). A
prospective randomized trial of plasma transfusions in

intensive care unit (ICU) patients who received at least
two units of FFP compared the pulmonary effects of
plasma transfused from multiparous donors (≥ three
live births) versus control donors. Temperature, blood
pressure, and heart rate were monitored and blood
samples obtained. Transfusion from the multiparous
donors resulted in significantly lower oxygen satura-
tions and higher TNFa concentrations (Palfi et al. 2001).
This study and others suggest that there are multiple
physiological mediators of this disorder including but
not limited to passive transfer of anti-white blood cell
(WBC) antibodies against HLA class I, class II, and
neutrophil-specific antigens (Kao et al. 2003; Kopko et
al. 2001). Plasma cytokines capable of priming host
leukocytes may mediate TRALI even in the absence 
of WBC antibodies; other mediators like interleukin 6
(IL-6) and lipid priming activity (neutral lipids and
lysophosphatidylcholines) may also be involved 
(Silliman et al. 2003). A very unique report documented
HLA-specific antibodies against a transplanted lung
mediating TRALI in the transplanted lung but not the
transplant recipient; this study suggests that the anti-
bodies can interact with both the host endothelium and
the host WBCs (Dykes et al. 2000).

Some investigators have observed a higher anti-HLA
antibody prevalence among multiparous donors and
thus suggest banning them from donation, or at least the
donation of large plasma volume products. Densmore
et al. (1999) studied the frequency of HLA sensitization
among female plateletpheresis donors and observed a
frequency of sensitization of 7.8%, 14.6%, and 26%
among women with 0, one to two, and ≥ three pregnan-
cies, respectively. Because three-fourths of the multi-
parous donors were not sensitized, eliminating
multiparous donors would decrease donor availability
and would not prevent the transfusion of plasma from
the far larger number of female donors who had two or
less pregnancies (Densmore et al. 1999). Popovsky and
Davenport editorialized that deferring all multiparous
donors is not warranted in that blood and blood prod-
ucts from none of the 324 women making 9000 dona-
tions had resulted in a single report of TRALI (2001).
In a subsequent retrospective study, measuring the pres-
ence of anti-leukocyte antibodies was felt to be war-
ranted in frequent donors who have a greater likelihood
of sensitization (Popovsky 2002).

METABOLIC COMPLICATIONS

Infants are at particular risk of metabolic complica-
tions including hyperkalemia, hyper- and hypoglycemia,
hypocalcemia, hypothermia, and hemolysis. For many of
these complications, the larger relative volume trans-
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fused into pediatric compared to adult patients (for
example, 15 to 20 mL/kg of red cells, platelets, plasma)
and the practical ease of very rapid transfusions appear
to contribute the elevated risk.

Hyperkalemia

Potassium (K+) is normally sequestered within cells.
Hence, the concentration within cells may be thirty to
forty fold higher than the extracellular concentration.
As cells age and undergo storage damage, the Sodium
(Na+) K+-dependent proton pumps become less effi-
cient, potassium leaks out of the cells, and the extracel-
lular K+ concentration rises. There is no net change in
the amount of K+ between a fresh and older unit, rather
there simply is a leakage of K+ out of the cell. The K+
concentration of a unit of blood is dependent on the age,
irradiation status and the type and volume of anticoag-
ulant. For example, red cells collected in CPDA-1 have
a potassium concentration of about 78 mmol/L at day 
35 versus 45 to 50 mmol/L at day 42 in Adsol units 
(Harmening 1994). The extra volume of anticoagulant
preservative solution in an additive cell results in both
a lower hematocrit and a larger supernatant volume
into which K+ is distributed. Other factors that may
increase K+ leakage include exposure to storage condi-
tions either too warm (resulting in more rapid loss of
glucose to fuel the pumps) or too cold. Particularly rel-
evant to pediatrics is hemolysis and subsequent K+
leakage that may result from exposure to excess heat
from malfunctioning blood warmers or inappropriate
warming devices. Warming blood in commercial food
microwaves (as opposed to Food and Drug Adminis-
tration [FDA]-cleared devices for blood warming) and
exposure of blood to external warming lamps has
caused morbidity either from hemolysis or hyper-
kalemia (McCullough et al. 1972). Rapid transfusions
put the infant at greatest risk as they have little chance
to metabolize the free potassium. In contrast, in slow or
low volume transfusions, the transfused cells regenerate
their energy stores and are able to subsequently reduce
extracellular K+ concentrations by pumping potassium
back into the cell. Hence, high capacity fluid warmers
put infants at particular risk; such warmers may be used
in bypass, exchange transfusion, or extra corporeal
membrane oxygenation (ECMO) (Jameson et al. 1990).
Gamma irradiation of RBCs followed by refrigerated
storage dramatically affects the rate of K+ leak (Button
et al. 1981; Pisciotto and Luban 2001). At 14 days post-
collection and irradiation, irradiated red cells had a
mean K+ level of 68 mmol/L versus 31 mmol/L for unir-
radiated blood (Ramirez et al. 1987).

The clinical significance of elevated “plasma” potas-
sium in stored red cells is a function of the volume and

rate of transfusion. In one study,no significant changes in
plasma K+ levels were observed in neonates transfused
small volumes (10 to 20 mL/kg over two to three hours)
even when using blood close to 42 days old (Strauss et al.
1994).When small volumes of irradiated blood are trans-
fused to neonates, washing to remove supernatant K+ is
not routinely warranted (Strauss 1990). Of note, the
studies supporting no further manipulation to reduce K+
levels used inverted spin (that is, plasma depleted)
aliquots that were irradiated at the time of issue and not
refrigerator stored following irradiation.

Hypoglycemia

Hypoglycemia is another paradoxical potential com-
plication of transfusion, especially for neonates. Hypo-
glycemia may occur following the initiation of red cell
transfusion that contains relatively less glucose than an
infusion of dextrose containing crystalloid. Alterna-
tively, hypoglycemia may follow cessation of the red cell
transfusion if the neonate has not previously received
an intravenous infusion. All anticoagulant preservative
solutions contain supraphysiological concentrations of
glucose. An infusion of a dextrose-containing solution
(D5) provides about 4 to 8 mg/kg/minute of dextrose. If
that infusion is stopped to switch to a concentrated red
cell solution, between 0.2 to 0.5 mg/kg/minute of dex-
trose is provided, depending upon whether CPDA-1 or
additive solution red cells are transfused (Rock et al.
1999). Therefore, transfusion may result in a transient
rise in serum glucose concentrations to 200 mg/dL or
greater and spilling of glucose in urine. Transfusion of
significant volumes of blood may result in hyper-
glycemia, which increases insulin release. When trans-
fusion stops, the source of glucose is gone, but insulin
remains temporarily elevated resulting in rebound
hypoglycemia (Goodstein et al. 1999).

Hypothermia

During cardiac bypass surgery, cardiothoracic sur-
geons typically stop the heart by infusing a solution
cooled to (2° to 6°C) containing a high K+ concentra-
tion. The rapid infusion of cold blood units of older age
with high K+ provides the potential for arrythmias. To
prevent hypothermic arrest, rapid large volume trans-
fusions require the use of a blood warmer. Use only
FDA-cleared warmers with alarms as mandated by
AABB Standards.

Hypocalcemia

Blood collection occurs into a solution containing
citrate, which binds (chelates) free calcium ions and pre-
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vents blood clotting. Since calcium is a required con-
stituent of the clotting cascade, removal of all free
calcium prevents clotting. It is not possible to anticoag-
ulate a patient with citrate, however, as the loss of free
calcium ions would result in asystole long before anti-
coagulation is achieved. Hence, the risk of excessive
infusion rates of citrate-containing blood components is
not anticoagulation but heart rate irregularities (Dzik
and Kirkley 1988; Uhl and Kruskall 2001). On electro-
cardiogram, a prolonged QT interval may be observed
due to hypocalcemia. Patients undergoing apheresis
with albumin replacement are especially at risk for
hypocalcemia as the albumin contains no calcium and
acts as a metabolic sink (Weinstein 1996; Strauss and
McLeod 2001).

Alkalosis is another metabolic complication of large
volume infusion of citrate. Since citrate is added in its
base form (citrate, not citric acid), it becomes bicarbon-
ate when metabolized. If the rate of citrate admini-
stration exceeds the body’s capacity to get rid of
bicarbonate (as carbon dioxide), profound metabolic
alkalosis may result. This phenomenon has been
observed following liver transplantation (Driscoll et al.
1987).

Hemolysis

Hemolysis of red cells may result from improper
storage, exposure to hypo-osmotic conditions, or other
mechanisms of red cell membrane damage including
mechanical, bacterial contamination, and irradiation.
AABB standards require storage between 2° to 6°C and
between 2° to 10°C during transport. Heating of blood
using unapproved warmers or malfunctioning warmers
has resulted in fatal hemolysis. In the neonatal intensive
care unit (NICU) or pediatric ICU (PICU), where a tiny
infant may be kept on a warming bed with external heat
lamps, there is the unique hazard of hemolysis of the
blood product if the container or tubing is in proximity
to a heat lamp (Strauss et al. 1986).

It is imperative that only compatible solutions such
as normal saline (NS) be used in conjunction with blood
transfusions. While initially Isosmotic solutions like
Ringer’s lactate, D5 50% or 25% NS rapidly become
hypo-osmotic as the glucose is metabolized by the red
cells. Since red cells have no organelles, they use the gly-
colytic cycle and have a considerable rate of glucose
metabolism.

Since hemolysis can be a sign of bacterial contami-
nation, it is important to examine blood units before
transfusion for any signs of contamination, such as
unusual discoloration or hemolyzed segments. Because
blood drawn up into a syringe is difficult to examine 
and the aliquoting process may result in contamina-

tion, it is important that blood once aliquoted be 
transfused promptly and not left in nonmonitored,
nontemperature-controlled environments awaiting a
convenient opportunity to be transfused (Goldman and
Blajchman 2001).

CARDIAC OVERLOAD

Volume shifts from blood drawing and infusion may
be profound and result in either hypotension or cardiac
overload. While a premature newborn has a blood
volume in excess of 100 mL/kg, the miniature size of the
most premature infants puts them at special risk of
volume shifts. For example, an infant weighing 500 g
based on the formula above has a total blood volume of
50 to 60 mL; hence a red cell transfusion of 20 mL/kg
represents 10 mL. Recognizing that it may take far more
volume than that simply to prime the tubing and 170-
micron blood filter, the blood bank will likely dispense
a 20 to 50 mL bag or syringe. Nursing staff must ensure
that only the 10 mL transfusion volume and not the
entire issued volume is transfused. Signs of overload
may also be more subtle (increased FiO2 requirement)
and sudden in infants than for adult or older patients
(Kevy 1998).

Transfusion-associated graft-versus-host disease
(TA-GVHD) is addressed in Chapter 9 and will not be
further discussed here.

ALLOIMMUNIZATION

Red cell alloimmunization, may cause delayed
hemolytic transfusion reactions (see Chapter 26); trans-
fusion practices for thalassemia and sickle cell patients
will be reviewed in Chapters 19 and 21 as well as red
cell alloimmunization risks.

Platelet alloimmunization may be as problematic for
pediatric cancer patients as for adults, although the
prevalence of antibody development may be less. Many
multiparous females have some degree of platelet
alloimmunization even before receiving any transfu-
sions, which is clearly not an issue for most pediatric
transfusion recipients.

Approaches to preventing and optimizing response
to transfusion in alloimmunized pediatric patients is
reviewed in Chapter 22.

T ANTIGEN ACTIVATION

Necrotizing enterocolitis (NEC) is a severe compli-
cation of prematurity that results in ischemic damage to
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the colonic mucosa and is a potential source of bacter-
ial sepsis. An unusual hematological manifestation of
severe cases of NEC is hemolysis that results from bac-
terial release of sialidases that cleave sialic acid residues
creating neoantigens. Naturally occurring complement-
dependant antibodies in transfused products may result
in lysis of the neoantigen exposed red cells (Pisclotto
and Luban 2001). While NEC is reasonably common
among extremely premature infants (<750 grams 
birthweight), T antigen-mediated hemolysis is not.
The “attending” antibodies are present in plasma and
plasma-containing blood products. Since the hemolysis
is complement mediated, one of the factors limiting the
rate of hemolysis may be the supply of endogenous
complement. Providing washed red cell and platelet
components and awaiting plasma and cryoprecipitation
would limit the hemolysis, since no additional comple-
ment or naturally occurring antibodies would be trans-
fused. Looking for T antigen expression is not practical,
in that many healthy neonates have T expression. One
recent study documented that about 13% of infants in
a NICU had T or T-variant activated red cells when
assessed using a lectin panel. T activation was not par-
ticularly well correlated with episodes of documented
sepsis; many infants who had T activation were “well”
infants in convalescence. Despite significant transfusion
requirements among infants demonstrating T activation
in this study, no episodes of hemolysis were observed.
These authors suggest that routine provision of washed
components to infants with NEC or routinely measur-
ing T activation in infants with presumed NEC was not
warranted (Boralessa et al. 2002). Routine avoidance of
all plasma-containing transfusions may cause more
harm than good if a subsequent dilutional coagulopathy
occurs in extremely premature infants at risk of
intracranial hemorrhage (Crookston et al. 2000). Provi-
sion of washed components and avoidance of plasma-
containing products for NEC patients is only warranted
in the setting of documented hemolysis clearly identi-
fied to have resulted from T activation (Eder and
Manno 2001).

DILUTIONAL COAGULOPATHY

Massive transfusion of any patient may result in a
dilutional coagulopathy. Typically, the fall in platelet
count contributes to the coagulopathy before loss of
coagulation factors become limiting, but neonates may
be an exception. This is because neonatal levels of
vitamin K-dependent factors are normally low at birth
and any further decrease can exacerbate this hemor-
rhagic disease of the newborn. For example vitamin-
dependent factors II, X, and VII typically are at 44%,

40%, and 52% of adult levels, respectively in a full-term
newborn, before intramuscular vitamin K is adminis-
tered (Andrew et al. 2000). The typical setting in which
massive dilution occurs is when large volume extracor-
poreal circuits for cardiopulmonary bypass ECMO or
neonatal exchange are required. Transfusion support in
pediatric surgery, trauma, and the ICUs requires special
attention to the potential for dilutional coagulopathies
(Festa et al. 2002). Some programs have developed pro-
tocols whenever specific ratios of plasma or platelet-
containing products are added to prime circuits 
to prevent excessive dilutional coagulopathy. The
special requirements and consumptive coagulopathies
engendered by use of ECMO circuits is discussed in
Chapter 17.

COMPLICATIONS OF IRON
OVERLOAD FROM CHRONIC

TRANSFUSION

While we have the capacity to regulate iron uptake
to some degree, there is no natural mechanism for
excreting excess iron to maintain iron balance. To com-
pound the dilemma of maintaining iron balance, iron is
an essential nutrient for hemoglobin synthesis and for
other iron-requiring physiological functions, including
myoglobin synthesis and other iron-containing proteins.
While too little iron leads to iron deficiency anemia,
excess iron can cause myriad problems discussed later;
iron stores must be maintained within a narrow safe
range. Physiologically, most regulation of iron stores
occurs in the gastrointestinal enterocytes that normally
only allow uptake of about 10% of dietary iron (Finch
1994). Iron is absorbed predominantly in the duodenum
and upper jejunum. Dietary iron is oxidized to the ferric
form, which is made more soluble by stomach acids
(Andrews and Bridges 1998). Heme iron (as found in
meat) is much better absorbed than ferrous (Fe2+) iron
salts, which in turn are better absorbed than ferric 
iron (Fe3+). Iron salt absorption is facilitated by co-
administration with vitamin C, citrate, and amino acids
(Andrews 2000). Hence, having a glass of orange juice
with a high iron cereal in the morning may substantially
increase iron absorption. If body iron stores are suffi-
cient, gastrointestinal absorption is decreased whereas
iron deficiency stimulates uptake (Andrews 2002). If
iron stores are excessive, intestinal absorption is
decreased but not eliminated, making it imperative not
to administer multivitamins with iron to patients with
transfusional iron overload.

The amount of iron uptake or loss is trivial in com-
parison to total body stores. Dietary iron uptake and
loss (from sloughed skin and mucosa and blood loss) are
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usually balanced at about one mg/daily. Total body
stores are about three to five grams of which about one
gram is in the liver and two grams in blood. Each mL
of packed red blood cells (PRBCs) contains about one
mg of iron, hence significant loss or receipt of blood can
significantly disturb the body’s iron balance. Because so
much of the body stores of iron are relegated to red cell
production, there is a significant linkage of erythro-
poiesis to iron absorption. Hence, congenital disorders
of dyserythropoiesis, for example thalassemia major,
have increased gastrointestinal iron uptake, despite
total body iron overload unless transfusion therapy
restores the hematocrit to a level that would suppress
the erythropoietic drive. Once absorbed, free iron is
toxic, hence virtually all iron is bound to a carrier mol-
ecule. In the blood, circulating transferrin acts as the
carrier molecule, and in the liver, ferritin acts as the
storage molecule. Transferrin allows iron to remain
soluble, prevents iron-mediated free radical formation,
and enhances transport. Measurement of transferrin is
useful to determine saturation, but the absolute con-
centration is not reflective of iron overload. Similarly
elevated serum ferritin levels may be correlated with
total body iron overload, but are not linearly correlated
with total body iron stores. Only quantification of iron
through liver biopsy or measurement using total body
iron scans (SQUID) is reflective of total body iron
stores.

Iron overload syndromes in pediatrics are largely all
iatrogenic. There are rare congenital hemochromatosis
syndromes that provide significant insight into the
genetics of iron balance, but they are quite rare. In con-
trast, the gene for hereditary hemochromatosis is quite
common, especially among Caucasians with a hetero-
zygous gene frequency between 5% to 10% and
homozygous gene frequency of about 1 : 200–400. The
heterozygous state rarely has clinical significance, the
homozygous state is of significant clinical consequence,
but symptoms do not appear until the fourth or fifth
decade. The gene for the most frequent form of hered-
itary hemachromatosis (HLA-H) has been cloned and
appears to be responsible for the vast majority of cases
in the Caucasian population, thereby raising the intrigu-
ing prospect of using widespread genetic screening
(McLaren et al. 2003). Genetic screening could be used
both to identify homozygous patients at risk of mani-
festing significant disease and to identify potential
highly motivated blood donors as their donation would
also provide a health benefit. In fact, some blood centers
offer hemachromatosis gene detection, as a tool to
increase donations from eligible donors who carry the
trait.

Consequences of iron overload are profound. It may
take several years of regular transfusion to achieve sig-

nificant oversaturation of transferrin and clinical effects.
The organ systems most profoundly affected by chronic
iron overload are the liver, heart, and endocrine
systems. Other stigmata of thalassemia such as facial or
bony deformaties or enlarged liver and spleen result
from ineffective erythropoiesis and should be distin-
guished from consequences of iron overload. The liver
is the major site of physiological iron storage and shows
the first sequelae of overload; hepatomegaly, which may
progress to a small liver when cirrhosis and fibrosis 
predominate. Because there is little inflammation, pro-
found damage may occur in the absence of significant
elevations of serum transaminase levels.

Cardiac toxicity due to iron overload may be mani-
fested as congestive cardiomyopathy, but also restrictive
cardiomyopathy and angina in the absence of coronary
occlusion. Unfortunately, cardiac symptoms may
develop suddenly and harbor the onset of profound and
irreversible damage. Routine echocardiography is
usually recommended to follow cardiac function of chil-
dren receiving chronic transfusions.

Endocrine consequences of transfusional iron over-
load include pancreatic and pituitary dysfunction.
Glucose intolerance and insulin dependent diabetes
may result from inadequately controlled iron overload.
Delayed growth, shortened stature, and delayed sexual
maturation are other endocrine disorders that may
occur. Cutaneous deposition of iron results in increased
melanin production and contributes to the classical
tanned appearance of patients with transfusional 
overload.

Approaches to iron overload include phlebotomy
and iron chelation. Phlebotomy is the treatment of
choice for adults with genetic homozygous hemochro-
matosis mutations. By utilizing blood from these donors,
the donation contributes to the blood supply and is a
lifesaving prophylactic treatment at minimal cost to the
health care system. Another approach to phlebotomy is
the removal of older cells at the same time that addi-
tional transfusions with banked young RBCs are admin-
istered; net iron burden can be dramatically reduced.
This is most easily achieved by performing automated
erythrocytopheresis. This mode of chronic red cell 
transfusion has been used for sickle patients requiring
chronic transfusion who are poorly compliant with iron
chelation therapy. In the study of this technique, red cell
exchange resulted in a 77% greater donor exposure, but
83% lower total iron burden over time (Kim et al. 1994).
In a pilot trial, ferritin levels dropped by 26% over six
months of erythrocytopheresis in the absence of chela-
tion, during which time one would otherwise have
expected a net increase (Singer et al. 1999).

Chelation of iron in overloaded patients relies on the
use of Desferal (deferoxamine) therapy, by constant SQ
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infusion using a portable pump. Since only a small
portion of iron is readily accessible for chelation at any
given time, the continuous infusion pump is required.
Chelation therapy is best started before signs and symp-
toms of iron overload have begun, as not all organ
damage is reversible even with chelation begun early in
life. Hepatocyte iron is the chief target of chelation
therapy as the liver is the major site of body iron
storage. When chelated with deferoxamine, iron is
excreted in stool. The other pool of chelatable iron is
the ~20 mg of iron being recycled daily by macrophage
turnover of senescent red cells. Iron released from
macrophages may be accessible to deferoxamine and is
likely the major source of urinary iron excretion on
therapy (Parter and Olivieri 2001).

Desferal therapy has dual roles. In addition to iron
chelation and removal, it also detoxifies free iron in the
circulation. Hence, even in a state of significant over-
load, continuous infusion deferoxamine therapy binds
free iron that could do further damage and prevents
additional free radical formation. This may well be why
clinical improvements have been noted in patients with
end-stage iron overload complications when aggressive
chelation therapy is started. Deferoxamine is too large
a molecule to be well absorbed orally. It was first admin-
istered by bolus  intramuscular (IM) injections, which
yielded significant urinary iron excretion; however,
the IM route was not able to achieve significant iron
burden reduction when administered at a frequency
that patients can comply with. Subcutaneous infusion 
of about 40 mg/kg over 8 to 12 hours is now the 
most common dosing regimen (Propper et al. 1977).
Although it has a wide therapeutic index, significant
toxicities are associated with chronic use. These include
retinal toxicity, auditory toxicity, and effects on growth.
The former can generally be avoided by limiting doses
to 40 mg/kg/day and titrating the dose to the serum fer-
ritin level (Porter and Olivieri 2001). Because compli-
ance with deferoxamine therapy is difficult ( both due
to side effects and the stigma of having to wear a con-
tinuous infusion pump), there has long been interest in
alternative regimens. Short term IV therapy has been
demonstrated to achieve significant iron unloading.
Alternatively twice daily subcutaneous injections have
been shown to approach the same effect as continuous
infusion administration. Even two to three times per
week administration of deferoxamine achieves better
iron excretion than the oral chelator deferiprone, hence
deferoxamine remains the treatment of choice
(Weatherall and Clegg 2001). The most widely studied
oral chelating agent is deferiprone, which has had mixed
reviews. Its advantage is that it may be administered
orally. Problems include side effects such as neutrope-
nia and even agranulocytosis (<5%) and arthropathy.

Other adverse reported symptoms include nausea
(8%), zinc deficiency (14%), and abnormal liver func-
tion tests (44%). Perhaps most problematic is limited
capacity to unload iron in a significant proportion of
patients (Olivieri and Brittenham 1997).

Iron overload in chronically transfused sickle cell
patients is similar to that observed in thalassemia
patients, although most sickle cell patients do not begin
chronic transfusion until late childhood and hence are
likely to develop symptoms later. This raises the chal-
lenge that it may be harder to achieve compliance in a
teenager required to start a new intensive medical
regimen than in a young child who has grown up with
this requirement. This has lead to red cell exchange
transfusion programs previously described.
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INTRODUCTION

The three major transfusion-transmitted viral agents
that cause significant morbidity and mortality are:
human immunodeficiency virus (HIV), hepatitis B, and
hepatitis C. The risk of transfusion-transmitted 
hepatitis has diminished steadily since the early 1980s.
Transfusion-transmitted HIV infection peaked in the
early to mid 1980s and diminished significantly with the
implementation of HIV antibody testing in 1985; the
risk decreased further with the addition of molecular
testing technology. The emergence of acquired immun-
odeficiency syndrome (AIDS) highlighted transfusion
as a high-risk therapy.Advances in testing have reduced
the risk of disease transmission in the United States
(Table 28.1). However, there are still persistent risks of
transmission of infections through transfusions in some
cases due to emerging agents.

HUMAN IMMUNODEFICIENCY
VIRUS

HIV History

The majority of HIV transmissions in the United
States occurred before discovery of the virus and insti-
tution of blood donor screening. This early phase of
transmission was attributable primarily to homosexual
and bisexual men, groups who were eligible blood
donors at the time. Studies have shown a rapid increase
in the risk of transfusion-associated HIV-1 infection
from 1978 to 1982 (Fiebig et al. 2003). When the first
cases of transfusion-associated AIDS were reported (in

hemophiliacs and recipients of blood components) late
in 1982, blood banks educated blood donors that indi-
viduals at high risk for AIDS (gay or bisexual males,
intravenous drug users, hemophiliacs, Haitian immi-
grants) must abstain from donating blood. Subsequent
studies of 18 cases of transfusion-associated AIDS col-
lected by the Centers for Disease Control (CDC) con-
firmed the wisdom of this approach (Curran et al. 1984).
The etiological agent for AIDS was identified later in
1984 (Gallo et al. 1984). The virus was originally called
LAV by Montagnier and HTLV-3 by Gallo; later the
nomenclature for the retrovirus universally accepted as
the cause of AIDS was changed to human immunode-
ficiency virus (HIV).

These discoveries facilitated the development of a
serological assay for the HIV virus, which was incorpo-
rated by blood banks as a part of routine donor screen-
ing in early 1985. Screening utilizes an ELISA method,
which is sensitive but not adequately specific for defin-
itive diagnosis, particularly in low-risk individuals such
as blood donors. When ELISA testing is coupled with
the more specific Western blot procedure for samples,
which are repeatedly reactive by the ELISA test, HIV
testing is highly sensitive and specific.

Although these interventions clearly reduced the risk
of AIDS from transfusion, it became apparent that
some transfusion-related infections continued to occur
(Ward et al. 1988). Epidemiological studies of sero-
positive donors suggested that it was necessary to
strengthen and redefine donor exclusion criteria. In
September 1985, the Food and Drug Administration
(FDA) changed the wording of deferral criteria so that
“any male who has had sex with another male since
1977, even one time,” would be excluded. In November
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1986, male and female prostitutes and their partners
were included among those to be deferred. In Decem-
ber 1986, the confidential unit exclusion (CUE) form
became a required procedure at most blood centers
(Pindyck et al. 1985).This form provides an opportunity
for high-risk persons who donate to indicate, in a confi-
dential manner, that their blood should not be used for
transfusion. Later, modifications of donor screening
procedures evolved so that donor room personnel
directly confront each donor with questions about
his/her high-risk activity for AIDS.

HIV-2 is a second retrovirus that can cause immune
deficiency in patients (O’Brien et al. 1992). Although it
has not been identified as a cause of transfusion-
transmitted AIDS as yet in the United States, the virus
is sufficiently similar to HIV-1 to warrant its specific
detection in blood donors and elimination from the
blood supply. In 1992, an ELISA method, the HIV-
1/HIV-2 combination test was introduced for blood
donor screening; this test shortens the window period of
undetectable infectivity for HIV infection since the test
is reactive with both IgM and IgG antibodies to HIV
viruses. It is currently believed that the window period
from infection of a potential blood donor to antibody
detection is approximately 25 days (Busch et al. 1995).

Additional laboratory steps to reduce HIV infection
were implemented by blood banks in 1995 with testing
for HIV p24 antigen (Table 28.2), which was proposed
to shorten the seronegative window to approximately
20 days (Alter et al. 1990); the detection rate of donors
who are positive for p24 antigen but negative for anti-
body is several cases per year among approximately 12
million annual blood donations. In 1999, additional
screening with nucleic acid testing (NAT) for HIV (see
Table 28.2) was implemented to potentially reduce the
window by several additional days (Busch et al. 1997);
although the detection rate is expected to be very 
low, several donors have been identified by NAT who
were negative by p24 and antibody screening. These
interventions have been very successful in making
transfusion-associated AIDS a rare event. A study 
in multiply transfused cardiac surgery patients in 

Baltimore and Houston from 1985–1991 provided
prospective evaluation of 11,535 cardiac surgery
patients who were transfused with 120,290 units of
tested blood; only two HIV-1 seroconversions occurred,
corresponding to an HIV-1 infection rate of 0.0017% or
a residual risk per unit of about 1 in 60,000 units (Cohen
et al. 1989). This study was supported by another inves-
tigation of 61,000 units of blood tested for HIV-1 that
were studied with HIV-1 viral culture and polymerase
chain reaction; only one positive unit was identified
(Busch et al. 1991). Both of these studies overestimate
the risk of posttransfusion AIDS since many patients
die from their primary disease or natural causes in the
latency period before clinical AIDS appears.

Transmission of HIV Infection 
through Transfusion

Refrigeration and freezing of blood products cannot
inactivate HIV.The type of blood component transfused
and its duration of storage are variables that have been
identified to correlate with likelihood of HIV-1 trans-
mission (Donegan et al. 1990). Early studies showed
that washed red cell components and red blood cell
(RBC) units stored longer than 26 days had lower rates
of transmission than other components. Thus, compo-
nent manipulations may reduce, but do not eliminate,
infection by reducing free virus, viable white cells, or
both in plasma.

Effect of Allogeneic Transfusion in
Progression of HIV Disease

Interestingly, transfusion not only provides a mode of
transmission for HIV but, according to some evidence,
may also affect the course of disease in patients with
AIDS. Retrospective studies and some small prospec-
tive studies suggest that allogeneic transfusions may
accelerate progression of infection and cause shortened
survival in HIV patients. In vitro studies of coculture 
of allogeneic leukocyte subsets, presumably through
immunological activation of lymphocytes and macro-
phages, cause more active replication of HIV (Busch et
al. 1992). However, a subsequent clinical trial did not
confirm the in vitro observations (Collier et al. 2001).

HIV Subtypes

A characteristic feature of HIV and other
lentiviruses is extensive genetic diversity. HIV-2 was 
initially discovered in 1985 in West Africa and was
called HTLV-IV and lymphadenopathy-associated virus
type-2. Viral penetrance into Western European coun-
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TABLE 28.1 Current Risk Estimates of Viral Transmission 
by Transfusion

Estimated
Virus/Infecton Risk in 2002

Human immunodeficiency virus (HIV) 1 :2,135,00075

Hepatitis C (HCV) 1 :1,935,00075

Hepatitis B (HBV) 1 :1,205,00075

Human T-cell lymphotropic virus (HTLV-I/II) 1 :641,00024
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tries has now been documented, with a significant
number of infected blood donors, and some reported
cases of transfusion-associated transmission (O’Brien et
al. 1992). The prevalence of HIV-2 is <1 :15,000,000
screened donations in the United States (Fiebig et al.
2003). There have been no cases of transfusion-
transmitted HIV-2 reported in the literature up to 2001
(Fiebig et al. 2003). Routes of transmission of HIV-2 and
HIV-1 are the same, including sexual contact, intra-
venous drug use, and transmission during fetal life. The
rate of disease transmission appears to be lower,
however, in persons infected with HIV-2. The resultant
immunodeficiency state from HIV-2 infection is similar
to that seen with HIV-1.

Diagnostic Tests

Nucleic acid similarity between HIV-1 and -2 causes
crossreaction in most ELISA assays. Most HIV-2
infected persons react with anti-HIV 1 antisera;
however, they show variable reactivity with HIV-1
Western blot. This crossreactivity was helpful in screen-
ing for HIV-2 when the combination HIV-1/HIV-2
screening tests were not available. Combination HIV-
1/HIV-2 assays were developed in the late 1980s. Since
1992, FDA regulations require donor blood to be tested
using either a combination HIV-1/HIV-2 test or a sepa-
rate anti-HIV-2 test. Though NAT has been in use in
Europe since 1998 and in the United States since 1999
to screen blood donors for HIV, donor screening for
HIV-1 and HIV-2 antibodies is still required. Testing for
HIV-1 Ag, (p24) Ag, which became mandatory in the
United States in March 1996 (see Table 28.2), may be
discontinued if NAT is being performed (LaGier and
Murphy 2003).

Nucleic Acid Testing

The United States blood supply has been screened
for HIV and HCV with the new technology, NAT, since
1999.The window period for HCV is considerably short-
ened, from 70 days using the most sensitive antibody
assays to an estimated 10 to 30 days, with NAT. For HIV,
NAT (in addition to p24 antigen testing) has shortened
the 22-day window period to an estimated 10 days. It has
been also used as an alternative to licensed HIV-1 p24
antigen tests. The estimated risks per unit of blood
transfused in the United States after NAT testing 
are: HCV 1 :1,935,000 units; HIV 1 :2,135,000; HBV 
1 :205,000; and HTLV-1 and -2 1 :641,000 units (Dodd 
et al. 2002). (See Table 28.1) Rare, unfortunate cases 
of HIV transmission from NAT screened units have
occurred, demonstrating the potential infectiousness of
such units.

Supplemental Testing

HIV-EIA is a very sensitive screening test most com-
monly used for viral antibodies. Samples that show no
reactivity in the initial screening test should be consid-
ered negative and need not be tested further.Despite the
excellent specificity, the majority of positive screening
results are false-positive. Supplemental assays are there-
fore essential to confirm positive screening results. Cur-
rently, United States blood banks employ either HIV-1
Western blot test or immunofluorescence (IFA) assays
for confirmation of a repeatedly reactive anti-HIV-EIA,
in combination with a licensed anti-HIV-2 EIA and an
unlicensed HIV-2 supplemental assay. For currently
licensed assays, a positive interpretation requires anti-
body reactivity to two of the following three HIV anti-
gens: p24 (the major gag protein), gp41 (transmembrane
env protein), and gp 120/160 (external env protein/env
precursor protein). All donors who test repeat reactive
with persistently indeterminate Western blot patterns
are deferred from further blood donations and are 
notified of their screening and supplemental test result.

HEPATITIS

Etiologies and Definitions

Although AIDS has received most of the attention,
posttransfusion hepatitis (PTH) has been a more
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TABLE 28.2 Chronology of Blood Donor Screening Tests in
the United States

Method Presently
Year Disease Marker in Use

1940s Syphilis Reagin-based tests (RPR)
1974 HBs Ag RIA*
1979–80 HBs Ag EIA*
1985 Anti-HIV EIA
1986–87 ALT Enzymatic
1986–87 Anti-HBc EIA
1988 Anti-HTLV-1 EIA
1992 Anti-HIV-I/II EIA
1995 Syphilis PK-TP*
1996 HIV-p24 EIA
1996 Anti-HCV (3rd generation) EIA
1998 Anti-HTLV-I/II EIA
1999 HCV RNA PCR/NAT*
2000 HIV RNA PCR/NAT
2003 West nile virus PCR/NAT
2003 Bacteria in platelet products Pending

RIA = Radioimmunology, EIA = Enzyme-linked immunosorbent
assay, PK-TP = An automated test for treponemal antibodies, PCR =
Polymerase chain reaction, NAT = Nucleic acid amplification test.
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common problem and an under-recognized cause of
morbidity in transfusion recipients. Transfusion-
associated hepatitis (TAH) is almost exclusively caused
by viruses. These viruses include hepatitis viruses A
through E (HAV, HBV, HCV, HDV, HEV), cytome-
galovirus (CMV), Epstein-Barr virus (EBV), and possi-
bly newly described hepatitis viruses (such as GBV-C,
TTV, and SEN-V). Blood donors with HBV and HCV
can have a prolonged asymptomatic carrier state,
whereas HAV and HEV are enterically transmitted
viruses, which circulate only transiently during the acute
phase of infection with no carrier state, and the viremic
individual is usually clinically ill and symptomatic.
Therefore HAV and HEV are not considered as impor-
tant etiologies for TAH. Hepatitis D virus is a defective
virus, which is found only in the presence of HBV infec-
tion; therefore screening donors for HBV simultane-
ously eliminates the risk of HDV.

Non-A, Non-B Hepatitis

A number of studies have shown that <1% of cases
of community-acquired hepatitis in the United States
are caused by transfusion (Alter 2002). A relatively
large number of TAH patients showed transaminase
elevations after transfusion but were not attributable to
any underlying disease, medication, or other forms of
viral hepatitis (Dienstag et al. 1977). In the early 1970s
the virus that caused hepatitis B was identified as the
Australia antigen, and tests using sensitive radioim-
munoassay systems were instituted (Hollinger et al.
1974). These measures took place at about the same
time that most hospitals switched to an “all volunteer
blood supply,” a measure that was expected to lower the
incidence of PTH as well. Despite these actions, cases
of PTH still occurred. Because these cases had no sero-
logical markers of infection with hepatitis A or B, the
term non-A, non-B hepatitis (NANB) was coined for
this disease with a presumed viral etiology. A major
study of 1513 transfusion recipients and control patients
(1974–1979) in four United States cities (Aach et al.
1981) was performed. Patients with NANB PTH were
identified by fluctuating levels of alanine aminotrans-
ferase (ALT), the only means of identifying this disease
since about 50% of patients do not develop overt jaun-
dice or acute clinical illness. Approximately 10% of
patients developed NANB PTH. The study also showed
that 40% of cases could have been prevented by screen-
ing blood donors with the ALT test. When cohorts with
NANB PTH were followed for longer periods of time,
results of liver biopsies demonstrated that 50% of
patients developed serious clinical problems such as
chronic active hepatitis, cirrhosis, and hepatocellular
carcinoma (Dienstag and Alter 1986). Based upon the

evolving picture of NANB PTH, ALT screening was
implemented in 1988 since a specific screening test
remained elusive. When further studies demonstrated
that the antibody to hepatitis B core antigen (anti-HBc)
also identified a separate population of blood donors
more likely to transmit disease, both of the assays were
introduced as surrogate tests for NANB PTH. Together
with the more rigid screening of donor histories for
high-risk activities associated with AIDS and HIV
screening, these surrogate tests probably reduced the
rate of NANB PTH by 50%.

10% to 30% of chronic NANB hepatitis cases are
caused by agents other than HCV, some of which
include: GB virus (GBV), the hepatitis G virus (HGV),
the TT virus, and the SEN virus; these other agents have
solved part of the NANB hepatitis enigma but not all
of it.

Hepatitis C

Like HBV and HIV, HCV has a sexual as well as
perinatal and parenteral route of transmission.
However, HCV is much less efficiently transmitted
through the nonparenteral routes. Only 25% of patients
with HCV present with clinical symptoms; the rest of
them show only laboratory abnormalities, primarily
ALT elevation. However, even silent TAH can cause
significant hepatic consequences. Patients with HCV
rarely present with sufficient symptoms to seek medical
care. HCV is the cause of at least 90% of cases of TAH.
Since the introduction of specific anti-HCV antibody
screening test in 1990, there has been a marked reduc-
tion in the incidence of TAH. The most important char-
acteristic of HCV is its potential to evolve into a chronic
hepatitis, cirrhosis, or rarely hepatocellular carcinoma.
Recent data show that about 70% of HCV-infected
patients eventually progress to chronic hepatitis.

Plasma-derived clotting factor concentrates are
made virologically free by the combination of multiple
viral screening steps and inactivation by filtration, heat,
and solvent-detergent treatment. At least 50% of adult
hemophiliacs >18 years of age have ALT elevations and
serological evidence of chronic hepatitis C (Seeff 1981).
This is mostly because of extensive use of pooled plasma
components before the application of viral inactivation.

Studies done by Kiyosawa et al. (1982) showed that
there is a long interval between transfusion and devel-
opment of chronic liver disease (11.3 years). Long-term
follow-up of children who underwent cardiac surgery
demonstrated that children affected by posttransfusion
HCV infection might have a higher rate of recovery and
a milder course of disease than adults (Vogt et al. 1999).
However, most adults who become infected with HCV
will become chronic carriers. They have 75% to 85%
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chance of showing persistent HCV RNA in the serum
and liver. Despite this prolonged carrier state, most
HCV-infected patients remain free of symptoms.
However, 50% of chronic carriers will have either bio-
chemical or histological evidence of inflammation in the
liver.

Markers of HCV Infection in Blood Donors

Anti-HCV antibody is detected by EIA. This anti-
body is detectable about 10 weeks after infection.About
0.21% of blood donors in the United States show a
repeatedly reactive EIA test (Brecher 2002). Positive
EIA tests are confirmed by RIBA (recombinant
immunoblot assays). A positive RIBA result is inter-
preted as a true HCV infection. However, regardless of
RIBA result, a donor with repeatedly reactive EIA tests
is excluded from future donation.

The most recent test approved by FDA for donor
screening is HCV NAT, which reduces the window
period for HCV detection to 10 to 30 days (Busch 2000).
With initiation of NAT testing the estimated risk of
HCV transmission per unit transfused in the United
States is currently 1 :1,935,000 (see Table 28.1).

Hepatitis B Virus

HBV belongs to the hepadnavirus family. It is an
enveloped double-stranded DNA virus, which can be
transmitted through sexual, percutaneous, and mater-
noneonatal routes. In adults, after the initial infection
with HBV, about 95% of patients fully recover and
develop protective anti-HBs antibody; whereas about
5% of them become chronic carriers. These patients
produce HBsAg detectable in the plasma. In contrast,
approximately 90% of infants with perinatal HBV
infection become carriers and are at risk of progressing
to cirrhosis and hepatocellular carcinoma (Brecher
2002).

Transfusion-Transmitted Hepatitis B

Studies from the 1970s show that the incubation
period for transfusion-transmitted HBV infection is
about 11 to 12 weeks (Dienstag 1983). HBV infections
produce more symptomatology than HCV infection.
ALT levels are also higher and jaundice occurs more
frequently in HBV than with HCV infection. Currently
the risk of HBV transmission through blood transfusion
in the United States is 1 : 205,000 (see Table 28.1).
Demographic studies showed that HBsAg was more
common in males than in females, in blacks and Asian-
Americans than in whites, and in paid donors than in
volunteer donors (Tabor et al. 1980). Furthermore, paid

donors have a higher incidence of anti-HBc positivity.
Each donation intended for allogeneic use must be
tested for HBsAg and anti-HBc antibody.

Hepatitis A Transmission through Transfusion

Hepatitis A virus is a nonenveloped picornavirus. It
has a single-stranded RNA genome. Its incubation
period is about 4 to 6 weeks.The classic route of infection
is fecal/oral. HAV viremia during the incubation period
is asymptomatic, so the transmission of the virus could
happen during this period. Isolated cases have been
reported in association with transfusion of cellular com-
ponents and plasma derived factor VIII concentrates
(Dodd 1996). However, transmission of virus during the
acute phase of the illness almost never happens because
the donor is usually acutely ill and not a candidate to
donate blood. Donors are not routinely tested for HAV.

HUMAN T-CELL LYMPHOTROPIC
VIRUS (HTLV)

Both HTLV-I and HTLV-II can be transmitted by
blood transfusion. They can produce chronic retroviral
infection in humans, which can have serious outcomes.
In the United States screening of blood donors for
HTLV-I and II has been in place since 1988.

HTLV-I

Human T-cell lymphotropic virus, type 1 (HTLV-1)
was the first recognized human retroviral agent. It was
associated with a CD4+ T-lymphocytic lymphoma
known as adult T-cell leukemia/lymphoma (ATL)
(Hinuma et al. 1981; Hinuma et al. 1982). It is also asso-
ciated with HTLV-associated myelopathy (HAM), also
called tropical spastic paraparesis (TSP).

Areas endemic for HTLV-I are: subSaharan Africa;
the Caribbean region, Peru, Columbia, and Brazil;
South West Japan; and parts of Melanesia and Australia.
Countries like Iran, India, and Taiwan with a large
number of immigrants from the endemic regions of the
world have reported some cases of HTLV-I. Transmis-
sion of HTLV-I occurs via breast milk, sexual contact
(predominately male to female), and blood.

HTLV-II

Human T-cell lymphotropic virus, type 2 (HTLV-II)
was discovered many years after the isolation of HTLV-
I. HTLV-II infection is also prevalent among intra-
venous drug users and their sexual partners in the
United States, Brazil, and Europe. It also has a high

28. Infectious Complications 333

Ch28.qxd  12/19/05  7:28 PM  Page 333



prevalence among some Native Americans. Its genome
has >60% homology to that of HTLV-I. HTLV-II can
cause HAM less frequently than HTLV-I. Both HTLV-
I and HTLV-II, particularly the latter, can be associated
with infectious processes, such as pneumonia, bronchi-
tis, and urinary tract infections.

Transfusion-Related Transmission

Both viruses are markedly cell associated. Therefore,
transfusion of infected viable lymphocytes can transmit
infection. Plasma, which is almost acellular, does not
transmit the infection. The risk of HTLV transmission is
inversely related to the duration of refrigeration and
storage, presumably related to the viability of lympho-
cytes. After about 10 days of refrigerated storage, there
is much less risk of transmission of infection (Brecher
2002).

Soon after its discovery in Japan, transmission effi-
ciency was shown to be at least 50%, whereas, in the
United States, it appears to be much less efficient.
Transmission of HTLV-I through transfusion has been
associated with rapid onset HAM and at least one case
of ATL (Brecher 2002).

A study on recipients of large volume transfusions in
the United States showed that after 1988 and the insti-
tution of universal donor screening for HTLV antibod-
ies, the estimated risks of HTLV transmission was 1.4
per 100,000 units (Nelson et al. 1992).

Donor Screening

In the United States, blood donor screening for anti-
HTLV-I started in 1988. The initial test might have
missed up to 50% of HTLV-II infected donors. In 1998,
implementation of combination HTLV-I/II EIA tests
for blood donor screening reduced further the risk of
transmission of both viruses through transfusion. A
donor with repeatedly reactive EIA screening tests
should be deferred indefinitely. Because of significant
homology of their genomes, there is significant crossre-
action of HTLV-I with HTLV-II EIAs.

CYTOMEGALOVIRUS

CMV is a member of Betaherpesvirinae subfamily of
the Herpesviridae family. Its genome consists of a linear
double-stranded DNA molecule. It produces a self-
limited infection in immunocompetent hosts; however,
in immunosuppressed patients, it can cause significant
morbidity and mortality. It can be isolated from solid
organs and body secretions, including blood, urine,
saliva, breast milk, semen, and cervical secretions, as

well as from both fresh and anticoagulated stored blood
and blood components. CMV, like other members of the
Herpesviridae family, has an ability to remain latent in
tissues after the acute infection.

Demographics

The prevalence of CMV infection varies significantly
based on socioeconomic conditions (higher prevalence
in lower socioeconomic groups), geographical region,
and age (the older, the higher risk of CMV seropositiv-
ity). Approximately 1% of newborns become infected,
transplacentally or through vaginal delivery or by breast
milk. Early childhood CMV infection is often acquired
through close contact, particularly in day-care settings.

Clinical Manifestations of CMV from
Transfusion

CMV can be transmitted through transfusion.
Depending on geographical locale, greater than 50% 
of blood donors may be CMV-seropositive (Brecher
2002). Posttransfusion CMV has a wide spectrum of
manifestations ranging from a heterophile-negative
mononucleosis syndrome to disseminated disease. The
mononucleosis-like syndrome can present with fever,
lymphadenopathy, lymphocytosis, pharyngitis, and 
hepatitis. Interstitial pneumonitis, meningoencephalitis,
thrombocytopenia, hemolytic anemia, and polyneu-
ropathy can also be present. There is a wide spectrum
of manifestations in immunosuppressed patients 
including retinitis, nephritis, colitis, gastritis, and rash.
Rejection of kidney allografts (Rubin et al. 1985) has
been related to primary CMV infection.

Primary Infection

Primary infection is defined when a seronegative
recipient receives blood or an organ transplant from 
a donor who has active or latent CMV infection.
Community-acquired CMV infection is a common form
of infection in children or adolescents, which is usually
asymptomatic. Viruria and viremia do not clear until
several months after seroconversion.

Secondary CMV Infection

Secondary infection is defined as either reactivation
or coinfection. Reactivation of latent infection occurs
when a previously CMV-seropositive individual
receives either a seropositive or seronegative blood or
organ. Reactivation of latent CMV remains subclinical
for patients not severely immunosuppressed. In reacti-
vation, there is a four-fold rise in CMV-IgG titer. Rein-
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fection, or better called “coinfection,” happens when a
seropositive individual is exposed to a different stain of
CMV from that which caused the original infection.

Donor and Recipient Factors Predisposing to
Posttransfusion CMV Infection

Not all seropositive donor units can transmit infec-
tion. Predisposing factors depend on both recipient and
donor. Studies have shown that posttransfusion CMV
infection has occurred with all cellular blood compo-
nents, but not with plasma products (Adler 1988;
Bowden and Sayers 1990). CMV hyperimmune globu-
lin (Preiksaitis et al. 1983) and IVIG (Winston et al.
1987) have been shown to protect against infection in
transplant recipients, but they have had variable out-
comes. Leukoreduction with washing (Luban et al.
1987) reduces and deglycerolization (Brady et al. 1984;
Taylor et al. 1986; Simon et al. 1987) eliminates the risk
of CMV transmission, when CMV-seropositive RBCs
are transfused. Third generation leukoreduction filters
also appear effective (Gilbert et al. 1989; De Graan-
Hentzen et al. 1989; De Witte et al. 1990; Preiksaitis
1991).

Blood Product Variables 
Influencing Infectivity

Important variables in the transmissibility of CMV
include the number of viable leukocytes containing
CMV virions and the presence of neutralizing antibody
in the recipient. Increase in storage time causes isola-
tion of fewer lymphocytes from either RBC concen-
trates (McCullough et al. 1969) or platelet concentrates
(Sherman and Dzik 1988). If CMV resides in polymor-
phonuclear cells or mononuclear cells, then the infec-
tivity of older products might be less than with fresh
products.

Preventive Methods for 
Transfusion-Transmitted CMV Infection

Leukofiltration with filters capable of reducing white
blood cells (WBCs) greater than three logs has become
a preventive method. Other factors effective in lower-
ing the risk of CMV transmission include lower trans-
fusion doses, use of CMV-seronegative blood, low
seroprevelance of CMV-antibody in donor population,
and the use of older blood.

Bowden et al. (1995) undertook a prospective 
randomized trial with CMV-seronegative marrow 
recipients to determine whether filtered, three-log,
leukoreduced RBCs and platelets were as effective as

CMV-seronegative blood products for the prevention 
of transfusion-transmitted CMV infection after bone
marrow transplantation. The investigators demon-
strated that the rates of infection from leukoreduced
and seronegative products were comparable (2.4%
versus 1.4%), but that the probability of development
of CMV disease was higher among persons receiving
the leukoreduced products (2.4% versus 0%, P = 0.03).
These authors concluded that filtration was an effective
alternative to use of seronegative blood products.
However, a recent paper by Nichols et al. suggests 
that leukodepletion may not be equivalent to CMV-
seronegative blood, suggesting that patients at very high
risk of CMV infection may require seronegative blood
(Nichols et al. 2003).

Recommendations

The use of CMV-reduced products is not indicated
for general hospital patients, persons receiving nonneu-
tropenia-promoting chemotherapy, persons receiving
glucocorticoids, and term infants, regardless of CMV
status. Persons who are CMV-seropositive and under-
going chemotherapy that may promote neutropenia,
who are pregnant, or who have HIV infection do not
need CMV-seronegative products (Collier et al. 2001).
However, CMV-seronegative individuals should receive
CMV-reduced-risk products for these indications.

Cytomegalovirus-seronegative recipients of CMV-
seronegative solid-organ allografts should receive
CMV-reduced products. For persons undergoing bone
marrow or hematopoietic stem cell transplantation, the
CMV status of the donor is not considered, and the use
of CMV-reduced-risk blood is indicated except when
the allograft recipient is CMV-seropositive. All low
birth weight or premature infants (<1200 g), seronega-
tive pregnant women, and fetuses receiving intrauterine
transfusion need CMV-reduced-risk blood products.

PARVOVIRUS B19

Parvovirus B19 is a nonenveloped, single-stranded
DNA virus. About 30% to 60% of blood donors show
antibodies to parvovirus B19, which indicates immunity,
not chronic, persistent infection (Brecher 2002). The
clinical manifestations of parvovirus B19 infection
include erythema infectiosum, polyarthropathy, chronic
bone marrow failure, and transient aplastic crisis. It can
rarely cause vasculitis, myocardiopathy, and neurologi-
cal disease. Immunodeficient patients might not have
any systemic manifestations. During pregnancy, it may
cause severe hydrops fetalis, fetal death, myocardiopa-
thy, and congenital malformations. Intrauterine fetal
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transfusions have been shown to be effective in saving
fetal lives and completing the pregnancy. A chronic
carrier state is unusual. Viremia is found in early phases
of infection. Normal blood donors who are in the
viremic phase are estimated to range from 1 :20,000 to
1 :50,000 (Brown et al. 2001). Any plasma derivative,
especially pooled plasma products, can transmit the
virus. Since parvovirus lacks a lipid envelope, it is not
inactivated by solvent/detergent treatment or heat inac-
tivation. Its presence in clotting factor concentrates has
caused transmission to hemophiliacs, but with limited
clinical adverse effect.

Transmission through cellular blood components
(red cells, and platelets) (Jordan et al. 1998; Cohen et al.
1997; Zanella et al. 1995) has been rarely reported.
Nucleic acid testing of pooled plasma products reduces
the risk of parvovirus transmission and has been imple-
mented by many manufacturers of those products. Uni-
versal donor testing for this virus, especially for cellular
products has not been instituted, until more cases are
reported.

PARASITIC INFECTIONS

Malaria

The most commonly reported transfusion-transmit-
ted parasitic disease in the United States is malaria.
According to the CDC, from 1958 to 1998, 103 cases of
transfusion-related malaria were reported in the United
States (1999). Any blood product containing red cells
can transmit infection by the intraerythrocytic parasite.
Transfusion-transmitted malaria often manifests with
nonspecific clinical signs and symptoms. Fever, chills,
headache, and hemolysis occur a week to several
months after the transfusion. Asymptomatic para-
sitemia in blood donors can be missed at the time of
donor screening, particularly among residents of
endemic areas or donors traveling from an endemic
area to the United States Each malaria species has a 
different period of asymptomatic infection: Plasmod-
ium falciparum and P. vivax, up to five years; P. ovale for
seven years; and P. malariae can remain transmissible in
blood lifelong. Malaria parasites can survive at least one
week in blood stored at 4°C (Brecher 2002). There have
been reported cases of P. falciparum that have been
transmitted by blood stored more than 10 days (Turc
1990).

Since there is no blood donor screening test
approved for malaria in the United States, careful donor
questioning is the only way to exclude asymptomatic
donors at risk of transmitting malaria. There are estab-
lished recommendations to defer persons at risk from

donating blood based on donors’ travel in endemic
areas. These areas are identified in the CDC Health
International Travelers, also known as the CDC yellow
book. It is revised periodically and can be found on the
CDC website http://www.cdc.gov/.

Babesiosis

Babesiosis is the most common transfusion-trans-
missible tickborne disease reported in the United States
(McQuiston et al. 2000). Babesiosis occurs in areas
where deer are commonly infested with ticks carrying
the organism. In the United States most cases are
reported in the northeastern states (Martha’s Vineyard,
Long Island, and Cape Cod), and the Midwest. The
increase in its incidence is mainly because of expanding
population of deer in the northeast United States.

Usually after one to four weeks of transfusion of the
infected blood product, fever accompanied by chills 
and headache occurs; occasionally, hemolysis and 
hemoglobinuria result. Rarely severe complications,
such as renal failure, coagulopathy, and life threatening
hemolytic anemia, can occur. Immunosuppressed
patients, or patients without a spleen, are most likely to
develop a severe form of the disease.

Babesia are parasites living within the red cells;
therefore RBCs and platelets (which contain some
RBCs), are the components most likely to be responsi-
ble for transmission of infection. Babesia can survive in
stored blood for up to at least 35 days (Brecher 2002).
Even frozen-thawed blood has been reported to trans-
mit the organism (Grabowski et al. 1982).

Because of the chance of asymptomatic parasitemia,
any history of babesiosis requires permanent deferral of
the donors (Gorlin 2000; Popovsky 1991; Krause et al.
1998). A recent tick bite or residence in the endemic
area does not defer prospective donors. Currently, there
is no approved test to screen donors for asymptomatic
parasitemia.

Trypanosoma Cruzi

Trypanosoma cruzi is the etiological agent causing
Chagas’ disease, which is endemic in parts of South and
Central America and Mexico, but is extremely rare in
the United States. It is a hemoflagellated protozoan, and
the usual route of transmission of infection is through
contact with Triatoma (Reduviidae) bugs that have T.
cruzi infection of their digestive tract. The parasite can
be transmitted to human or other mammalian hosts
after a bug bite and blood meal, during which the bug
excretes feces containing T. cruzi. The transmission of
infection via the infected feces occurs either through the
skin or mucous membranes. In Latin America, transfu-
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sion transmission is the second most common mecha-
nism of spread of T. cruzi (Schmunis 1991; Schmunis
1999). Blood components other than plasma derivatives
can carry the parasite and transmit the infection to the
recipients (Gudino and Linares 1990). In the United
States, emigrants from endemic countries may be an
important source of transmission of infection to blood
recipients (Wendel 1994).

It is possible that volunteer blood donors may be
screened for T. cruzi when a licensed test becomes avail-
able in the United States.

CREUTZFELDT-JAKOB DISEASE

Creutzfeldt-Jakob disease (CJD) is a neurodegener-
ative disorder caused by prions, typically affecting indi-
viduals between 50 and 75 years of age. There is about
one case of CJD per million people per year reported
worldwide. Most cases occur randomly (sporadic); 10%
of cases are familial. The rest of the cases are acquired
iatrogenically, from neurosurgical crosscontamination,
cadveric pools of dura mater grafts or pituitary extracts,
by administration of growth hormone and gonadotropic
hormone derived from pooled human pituitary tissue,
or through reuse of intercerebral electroencephalo-
graphic electrodes. Another route of transmission
recently described is oral exposure to animal products
contaminated with bovine spongiform encephalopathy
(BSE, “mad cow disease”), causing a variant form of
CJD (vCJD).

Transmission of CJD through Blood
Components

It is still uncertain whether blood components can
transmit the infection to humans; however, in experi-
mental animals, the disease has been transmitted
through blood (Brown 2002). Early studies implied that
B lymphocytes may have a role in transmission of
variant CJD, but later studies implied that plasma and
platelets are the major source of prion protein
(Williamson 2000). Whole blood and plasma have been
shown to have extremely low levels of infectivity. Exper-
iments have shown that buffy coats have a higher infec-
tivity than plasma or whole blood (Brown 2002). So far,
CJD transmission through blood components has not
been shown in humans. Surveillance of recipients of
blood products from patients who died of CJD and of
hemophiliacs receiving either crude or purified plasma-
derived factor VIII, or in patients with congenital
immune deficiency who were treated with immune glob-
ulin have shown no evidence of neurological disease
after an average survival of 12 years (Brown 2002).

Inability to demonstrate transmission through blood
components in humans might be related to the very low
concentration in the blood.

Prevention

Donors who are at risk for CJD are deferred. These
include recipients of tissues or tissue derivatives known
to be a source of CJD agent: dura mater allograft, pitu-
itary (not recombinant) growth hormone and persons
with a family history of CJD. Positive family history
includes a blood relative, who has had this disease.

An unusual outbreak or cluster of vCJD was
described in the United Kingdom in 1996.The most rea-
sonable route of spread of vCJD in the United Kingdom
is believed to be the consumption of beef products con-
taminated by the central nervous system tissue from
cattle affected with “bovine spongiform encephalopa-
thy” (BSE). Most infections in England occurred during
the period of time from 1980 to 1996. The blood from
patients with vCJD might pose a higher risk than blood
from donors with other forms of CJD.This has been sug-
gested by the fact that in vCJD, the lymphoreticular
tissues contain the proteinase-resistant isoform of PrP,
which is the most important factor for infectivity (Hill
et al. 1999). Risk of transmission of vCJD through blood
transfusion is unknown in humans. There have been no
reported cases of vCJD or BSE in the United States.

Preventive methods used by the British government
include leukoreduction of blood components, such as
whole blood or labile components, and use of imported
plasma products and plasma derivatives. In the United
States, donors who lived at least three months in the
United Kingdom from 1980 to 1996, cumulatively trav-
elled or resided in Europe for six months, or who have
received any blood component in the United Kingdom
from 1980 to the present are deferred.

BACTERIAL INFECTIONS

Bacterial infection is the most common form of post-
transfusion infection. It is also the most common cause
of posttransfusion morbidity and mortality. No matter
how carefully blood collection, processing, and storage
have been performed, it is extremely difficult to com-
pletely eliminate bacterial agents. Donors are consid-
ered the main source of bacterial contamination, either
from the venipuncture site or from asymptomatic
(unrecognizable) bacteremia in the donor. Platelets,
which are stored at room temperature, are more likely
to cause infection than RBCs (refrigerated) or fresh
frozen plasma (FFP) (frozen). Organisms that multiply
in the refrigerated blood components (RBCs) are often
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psychrophilic gram-negative organisms. Bacterially con-
taminated platelets have a risk of about 50 to 250 fold
higher than the combined risk of HIV-I, HCV, HBV,
HTLV-I, and HTLV-II to cause posttransfusion infec-
tion in recipients (AABB 1996).

Red Blood Cells

The contamination rate estimated by the CDC is
approximately 22 cases per 28 million units (Brecher
2002). The most common organism responsible for 
bacterial contamination of the RBCs is Yersinia entero-
colitica, usually serotype 03, followed by Serratia genus
(S. liquefaciens or S. marcescens) and Pseudomonas
genus. These organisms have the ability to grow at 
1°C to 6°C. Donors with asymptomatic transient 
bacteremia are the most probable source of posttrans-
fusion Yersinia enterocolitica septicemia. The storage
time is an important factor in the rate of occurrence 
of posttransfusion Yersinia infection. Most cases 
occur in blood units older than 25 days (Arduino et al.
1989).

Clinical signs and symptoms of infection due to trans-
fusion of contaminated RBCs are usually more severe
and more rapid than those due to contaminated
platelets. Factors that affect the severity and outcome of
the posttransfusion infection include bacterial viru-
lence, immune status of the recipient, the concentration
of the transfused bacteria, how rapidly antibiotic
therapy was started, patient monitoring, and pre-
existing antibiotic therapy. Darkening of the RBC units
and presence of either hemolysis or clots in the RBC
bags may suggest bacterial contamination (Brecher
2002).

Platelets

Contaminated platelets are the most common cause
of transfusion-transmitted disease. The most important
reason is that platelets are kept at room temperature
(20°C to 24°C) for up to five days. The organisms most
commonly causing infection in platelet transfusions are
skin flora, such as Staphylococcus epidermidis and Bacil-
lus cereus. About one-third of cases arise from donors
with asymptomatic bacteremia (Ness et al. 2001). These
organisms multiply easily at 20°C to 24°C, which is the
platelet storage temperature. A major factor responsi-
ble for the contamination of platelets is thought to be
the inadequate disinfection of the phlebotomy site.
Since most recipients of platelet transfusions are
immunocompromised from their underlying diseases
and therapies, bacterial sepsis due to platelets is unrec-
ognized and is attributed to the underlying condition.
The risk of sepsis is about six to ten times greater with

pooled platelet concentrates than with single donor
apheresis units, because of higher donor exposure.

Diagnosis and Management

As soon as the bacterial contamination due to the
transfused blood product is suspected, the transfusion
must be stopped. Gram stain and culture both from the
unit and the recipient should be sent immediately to 
the microbiology laboratory. Treatment should not be
delayed for the results of these tests. The recipient
should be treated promptly with broad spectrum intra-
venous antibiotics and proper therapy for shock, dis-
seminated intravascular coagulation (DIC), and renal
failure, if indicated.

Prevention

The first step and the most important preventive
measure is the proper selection of the donors. This
requires obtaining a detailed medical history and per-
forming a physical examination with attention to phle-
botomy site and skin. If the donor has had any history
of procedures likely to produce bacteremia, he or she
should be deferred from blood donation on that visit;
these procedures include recent dental work, gastroin-
testinal or genitourinary manipulation, and breast-
feeding (because of possible skin cracks). All of these
can be associated with bacteremia in the donor. Upon
retrospective questioning, almost 50% of the donors
implicated in Yersinia sepsis due to contamination of
RBC units recalled having had some gastrointestinal
symptoms, including diarrhea, in the 30-day period
before donation (Tipple et al. 1990; CDC 1997).

The next step is proper selection and cleansing of the
phlebotomy site. The presence of any scar or lesion at
the phlebotomy site should be considered a risk for con-
tamination. These areas are often difficult to disinfect
because of skin dimpling.

A number of other steps are being considered to
reduce the risk of bacterial contamination including
diversion of the first donor aliquot, reducing the length
of storage, reducing donor exposure by using single-
donor platelets rather than pools, and using refrigerated
storage of platelets (Hoffmeister 2003). In the near
future, platelets will require additional testing to iden-
tify possible bacterial contamination to reduce the risk
of this important problem.

Syphilis

Syphilis is an infectious disease caused by Treponema
pallidum, which can be transmitted sexually, transpla-
centally, or through other mucous membranes. During
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primary syphilis, about 25% to 30% of patients show a
positive VDRL test, and 50% of them have a positive
fluorescent treponemal antibody-absorption(FTA-
ABS) test. These tests usually become positive about
three weeks after the onset of symptoms. Therefore,
many infectious donors are asymptomatic and have
negative serological tests for syphilis.

There is an extremely low rate of transmission
through transfusion for many reasons. These include
donor questions, which focus on high-risk behavior,
screening serological tests, and loss of viability of T.
pallidum during the refrigerated storage. Spirochetes
can survive up to 96 to 120 hours in the refrigerator.
Platelets, that are stored at 20°C to 24°C can provide a
suitable environment for T. pallidum to grow.Therefore,
a fresh unit of RBCs or platelets could be responsible
for those rare cases of transfusion-associated syphilis
infection. However, since 1969, there have been only
three cases reported in literature (Menitove and 
Tegtmeier 2003).

Presently, donors with reactive syphilis serology are
deferred for one year, if their confirmatory testing is
positive.After this period, they are permitted to donate,
if they have been treated and have tested negative.
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INTRODUCTION

The term “apheresis” refers to a group of technolo-
gies for separating peripheral blood components from
each other, continuously and on-line, on the basis of
density and/or size. The first apheresis instruments were
marketed in the 1970s; they required frequent operator
intervention for optimal outcomes. Later designs have
been more and more automated. The principal use of
these instruments has always been blood donations,
platelet and plasma donations being the most common,
but they have found numerous therapeutic applications
as well. All apheresis instruments are designed on an
adult scale, but all have been adapted for therapeutic
use in children.

GOALS OF THERAPEUTIC APHERESIS

Therapeutic apheresis is usually intended to be ther-
apeutic depletion of some noxious substance believed
to be circulating in peripheral blood. In this sense,
therapeutic apheresis is conceptually related to the
medieval practice of bloodletting to release evil humors.
The present authors try to observe three principles
whenever possible to keep applications of therapeutic
apheresis on a firmer evidential footing than bloodlet-
ting. These are listed in Box 29.1. First, there should be
firm evidence that a cell or substance circulating in the
blood is important in the pathogenesis of the disease
being treated. Second, there should be convincing evi-
dence that meaningful and lasting depletion of the path-
ogenic constituent can be achieved with therapeutic
apheresis. Among plasma constituents, such evidence

has only been adduced for large macromolecules that
are substantially intravascular and have slow turnover,
such as IgG antibodies and low density lipoproteins.
Third, there should be evidence, ideally from controlled
clinical trials, that lasting depletion of the pathogenic
cell or substance brings meaningful clinical benefit. In
some instances, such as red cell exchange, part of the
benefit of therapeutic apheresis also accrues from infus-
ing a large amount of a normal blood component
without producing volume overload.

There are four classic modalities of therapeutic
apheresis, which are listed in Table 29.1. All of them can
be carried out in children.

Cell Removal Procedures

Cell removal procedures may be helpful for patients
who have elevated white cell or platelet counts as well
as for “autologous apheresis donation” of peripheral
blood progenitor cells. Because a “minor” blood com-
ponent is being removed, it is usually not necessary to
provide any replacement for lost blood volume other
than the crystalloid solution being added as an antico-
agulant (see Anticoagulation section). Cell removal
procedures often have a desired endpoint, expressed in
terms of a postprocedure white count or platelet count.
It is difficult to predict how much blood should be
processed or even how many cells should be removed
to reach the desired goal. Blood volume may be greater
than estimated, efficiency of cell removal by the instru-
ment may not match expectations, and cells may be
mobilized from extravascular sites during the proce-
dure. STAT blood counts during the procedure, if avail-
able, provide a better guide to when it is permissible to
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stop the procedure than do predictions based on pre-
procedure cell counts and blood volume. Cell removal
procedures are discussed in detail in Chapter 30.

Blood Component Exchanges

Blood component exchange is the other major thera-
peutic apheresis modality. Because these procedures
entail removal of components that make up a large frac-
tion of total blood volume, some replacement must be
provided for the material removed to avoid profound
hypovolemia. Removal of a pathogenic substance
becomes less efficient as a procedure progresses because
an increasing proportion of the material removed is
replacement medium infused earlier. This phenomenon
is accurately described by the formula yx = yoe-x, in which
yo is the starting concentration of the material, e is the
base natural logarithm, and yx is the concentration of the
substance after x patient component volumes have been
exchanged. As shown later, a patient’s red cell and/or
plasma volume can be calculated based on (1) an esti-
mate of total blood volume derived from body size 
and (2) hematocrit (Hct). This formula predicts that
exchange of one patient component volume (that is, one
red cell volume or one plasma volume) will lower the
concentration of a pathogenic constituent by about two-
thirds, and most practitioners choose to stop exchanges
at this point or, at most, at 1.5 component volumes.

Red Cell Exchange

The duration of the effect of a component exchange
depends on the half-life of the pathogenic substance and
the extent to which it is confined to the intravascular

compartment. Since red cells are entirely intravascular
and have a half-life measured in weeks or months, a
single red cell exchange is expected to produce a
marked therapeutic effect that will persist for at least
several weeks. Specific applications for red cell
exchange are discussed in Chapter 15.

Plasma Exchange

Plasma exchange (also called plasmapheresis; the
two terms are interchangeable) is the most frequently
performed therapeutic apheresis procedure. It is often
carried out to deplete a pathogenic IgG antibody. IgG
has a half-life of about four weeks and is thus a plausi-
ble candidate for depletion by plasma exchange.
However, since IgG is only about 45% intravascular
(Table 29.2) and does not reequilibrate to any mean-
ingful extent during an exchange, fully 55% of the total
body burden of a pathogenic IgG is not accessible for
removal in any given exchange. The accepted strategy is
to perform a series of exchanges separated by intervals
of one to three days. Intravascular and extravascular
IgG reequilibrate during the interval between treat-
ments, restoring the 45% intravascular distribution.This
allows more efficient removal at the beginning of the
next treatment than at the end of the preceding one. An
interval of one to two days between treatments also
allows time for resynthesis of normal plasma proteins if
these have been depleted by the exchange. A series of
six exchanges, three times per week, will usually lower
IgG levels to one-fifth to one-sixth of baseline. Further
exchanges are relatively inefficient at these low IgG
levels; the rate of IgG removal approximates the rate of
resynthesis so that no further net depletion occurs.

Replacement Cells/Fluids

As mentioned, a replacement must be provided for
the component removed in an exchange procedure
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BOX 29.1 Evidential Basis for Therapeutic Apheresis

Evidence that a circulating entity is pathogenic
Evidence that the pathogenic substance can be depleted

by an apheresis technique
Evidence of clinical benefit in controlled trials

TABLE 29.1 Classic Therapeutic Apheresis Procedures

Cell Depletions

Plateletpheresis
Leukapheresis

Blood Component Exchanges

Red cell exchange
Plasma exchange

TABLE 29.2 Metabolic Characteristics of Selected 
Plasma Proteins

Protein % Intravascular FCR TER

IgG 45 6.7 3
IgM 76 18 1–2
Albumin 40 10 5–6
Fibrinogen 80 25 2–3
C3 53 56 —

FCR = Fractional catabolic rate as % intravascular mass per day;
TER = Transcapillary escape rate: transfer from intra- to extravascu-
lar compartment as % intravascular mass per hour.

(Adapted with permission from Chopek and McCullough [1980].)
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(Table 29.3). In a red cell exchange this will be packed
red blood cells (PRBCs) from normal donors who may,
in the context of treating sickle cell disease, be docu-
mented to be sickle trait-negative. In plasma exchange
there are two major choices: fresh frozen plasma (FFP)
and 5% human albumin in saline. Their respective
advantages and disadvantages are summarized in Table
29.3.

FFP

FFP from normal donors is the most physiological
replacement. It replenishes coagulation factors, com-
plement components, transport proteins, and other
minor plasma constituents, as well as albumin and
immunoglobulins directed against a normal spectrum of
prevalent microbes. FFP has significant drawbacks,
however. It must be type-specific and must be thawed
just before use. It may cause allergic reactions in some
patients, and it has a high citrate content, which may
lead to hypocalcemic reactions as described later.
Finally, it carries a small but finite risk of transmitting
bloodborne pathogens.

5% Albumin

An alternative to donor plasma is 5% albumin in
saline. This plasma substitute is commercially available
from several fractionators. It can be stored in the liquid
state at room temperature and can be administered
without regard to blood type. Allergic reactions to
albumin are extremely rare, and it is pasteurized to inac-
tivate pathogens. Obviously most of the plasma proteins
that are removed are not replaced in an albumin
exchange; however, all except immunoglobulins are
rapidly resynthesized in the normal course of protein
metabolism, and functional deficiencies do not gener-
ally develop in well-nourished patients if exchange 
frequency is limited to every other day or three times
per week. Thus a series of plasma exchanges with 5%

albumin replacement results in fairly selective depletion
of the patient’s immunoglobulins, including pathogenic
antibodies.

Other Exchanges

Not listed in Table 29.1 are two other complementary
procedures that can be performed with apheresis instru-
ments but are very seldom requested. One is rapid RBC
transfusion, in which patient plasma is removed while
RBCs are simultaneously infused. This can allow rapid
RBC transfusion without any risk of volume overload.
The other is RBC depletion, in which RBCs are
removed from the patient while 5% albumin (or FFP)
is reinfused.This can allow rapid reduction of the hema-
tocrit (Hct) in polycythemic patients, such as children
with cyanotic heart disease and secondary erythrocyto-
sis, without any risk of hypovolemia.

INDICATION CATEGORIES

Both the American Society for Apheresis (ASFA)
and the American Association of Blood Banks (AABB)
have issued guidelines concerning the use of therapeu-
tic apheresis in specific disorders. These guidelines rep-
resent consensus assessments prepared by committees
of members with recognized expertise and approved by
the boards of directors of the respective organizations.
The recommendations are based almost entirely on the
results of clinical studies. They are periodically updated
based on accumulated new data, and physicians using
them should also take care to be aware of the latest pub-
lished data. The guidelines take the form of indication
category assignments, which are summarized in Table
29.4 and explained in more detail below.

Category I

This category comprises diseases for which thera-
peutic apheresis is considered a standard, if not a
mandatory measure, either as a primary therapy or an
early adjunctive therapy. This designation is usually
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TABLE 29.3 Replacement Fluids For Plasma Exchange

Fluid Advantages Disadvantages

5% Albumin Viral inactivation High cost
Ease of use Most proteins not

replaced
Reactions rare

Single-donor plasma* All proteins replaced High cost
Inconvenient†

Citrate reactions
Urticaria
Viral infection risk

*Fresh-frozen plasma or cryoprecipitate-poor plasma.
† Must be thawed before use; must match patient ABO type.

TABLE 29.4 ASFA and AABB Indication Categories for
Therapeutic Apheresis

Category Brief Description

I Standard primary therapy
II Standard adjunctive therapy
III Controversial
IV No benefit in controlled trials
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based on positive results in randomized controlled trials
or on a broad, noncontroversial base of favorable 
published experience.

Category II

This category includes disorders in which therapeu-
tic apheresis is generally deemed to be beneficial but is
considered to be supportive and/or adjunctive to other
more definitive treatments, rather than a first-line
therapy. Some category II indications are supported by
randomized, controlled data, while others are supported
only by small series or very informative and compelling
case studies.

Category III

This category includes illnesses in which there is evi-
dence of benefit that is not conclusive. In some instances
controlled trials have produced conflicting results. In
others the evidence consists entirely of anecdotal
reports. In still others the risk :benefit ratio is not clear.
Therapeutic apheresis is considered a reasonable option
in these illnesses when conventional treatments have
failed and is also considered an appropriate subject for
controlled trials.

Category IV

This designation indicates that controlled trials have
been done and were negative, or that published experi-
ence is uniformly discouraging. Therapeutic apheresis
should only be done as part of an internal review board
(IRB)-approved research protocol, if at all.

PHYSIOLOGY AND ADVERSE
EFFECTS

Undergoing an apheresis procedure entails several
departures from normal homeostasis. Instrument design
and procedure planning are intended to minimize the
magnitude of these departures; however, the procedures
can sometimes result in clinically significant adverse
effects despite these measures.

Anticoagulation

An anticoagulant must be added to blood withdrawn
from the body in an apheresis procedure to prevent
clotting in the instrument and/or associated tubing.
Citrate, which prevents clotting by chelating ionized
calcium, thereby blocking numerous steps in the coag-

ulation cascade and inhibiting platelet aggregation, is
the standard anticoagulant in adults. Citrate is present
in blood returned to the patient during an apheresis
procedure. Redistribution, excretion, and metabolism in
the Krebs cycle moderate citrate levels in the patient’s
bloodstream; nevertheless, if citrate is infused too
rapidly, it will produce ionized hypocalcemia sufficient
to cause acral and circumoral paresthesias or even
tetany. Most adults will notice and report paresthesias,
allowing apheresis operators to reduce citrate infusion
rates while symptoms are mild. Ionized calcium levels
low enough to interfere with clotting are never encoun-
tered, so that citrate anticoagulates the instrument but
not the patient.

Monitoring the ionized hypocalcemia induced by
citrate infusion by following symptoms is more dif-
ficult in children than adults, not only because of 
communication issues but also because the most pro-
minent clinical manifestations in pediatric patients 
may be abdominal pain and/or hypotension. Concern
that profound hypocalcemia might go undetected 
may underlie more frequent use of heparin, or com-
binations of heparin and reduced quantities of 
citrate, in children, even though this will entail 
anticoagulation of the patient as well as the apheresis
instrument.

Volume Shifts

An apheresis procedure requires that a certain
amount of patient blood be in the instrument for pro-
cessing, and therefore outside the body. Thus an
intravascular volume deficit develops early in a proce-
dure, persists during the procedure, and is corrected at
the end of the procedure when blood in the instrument
is returned to the patient. The absolute magnitude of
obligate extracorporeal volume depends on the instru-
ment, the procedure, and, in some cases, the patient’s
Hct. Also, in certain instances the impact on red cell
volume (RCV) may be greater than on total blood
volume (TBV). As a rule, the likelihood of hypotension
is low if extracorporeal volume (ECV) is <10% of
patient blood volume and rises steeply if it is >15% of
patient blood volume. Rules of thumb for estimating
blood volume in pediatric patients are given in Table
29.5. ECV is in the range of 200 to 400 mL for most
modern continuous-flow apheresis instruments. This is
well below 10% of total blood volume for most adults
but may exceed even the 15% level for small children.
Also, accumulation of red cells in the instrument may
lower a pediatric patient’s Hct substantially during the
procedure. Such instruments can nevertheless be used
for small children if the fluid in the tubing and blood
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separation chamber is infused to the patient as blood
enters the instrument. For very small children or those
in whom the RCV deficit would be problematic, the
instrument can be filled (“primed”) with donor PRBCs
or reconstituted whole blood (RBCs + FFP) before
being connected to the patient. This can prevent any
volume deficit from occurring during the procedure but
requires that patient blood be left in the instrument at
the conclusion of the procedure. See the following for a
more detailed discussion of blood priming.

Immediate Adverse Effects

Hypocalcemia

Apheresis is generally well tolerated. Indeed, it is so
intrinsically safe that it is widely used for blood dona-
tion in adults. Adverse effects are nevertheless noted in
some therapeutic procedures. Paresthesias due to
citrate infusion are quite common in adults, though they
are often so trivial and so easily managed by lowering
the citrate infusion rate that it is debatable whether they
should be called an adverse effect or merely a physio-
logical effect. Troublesome manifestations of ionized
hypocalcemia, such as tetany, seizures, or cardiac
arrhythmias, are rare in adults. As mentioned, trouble-
some hypocalcemia is felt to be more frequent in 
children, but the incidence has not been studied sys-
tematically in any pediatric age group. Severe symptoms
or very low ionized calcium levels (for example, <0.7
mmol/liter) should be treated with intravenous calcium
infusion at a dose and rate appropriate for the patient’s
body size.

Hypotension

Significant hypotension with a systolic blood pres-
sure <80 mm Hg occurs in 2% to 4% of adult thera-
peutic apheresis procedures. This can be prevented in
pediatric patients in some instances by priming the
instrument with blood. If it occurs it should be treated

by lowering the patient’s head below trunk and leg level
and infusing extra saline or colloid.

Transfusion Reactions

Other adverse effects, such as fever, urticaria, ana-
phylaxis, or hemolytic transfusion reactions, may be
seen in procedures that require FFP or RBC replace-
ment. Such reactions should be managed in the same
manner as transfusion reactions occurring in any other
context, except that it is generally permissible to con-
tinue a clinically indicated plasma exchange in the face
of an urticarial reaction once symptoms have been 
controlled with an antihistamine.

GENERAL APPROACH TO PEDIATRIC
PATIENTS NEEDING THERAPEUTIC

APHERESIS

There is a lack of universally accepted indications 
for application of therapeutic apheresis in pediatric
patients. However, apheresis procedures have been
shown to be an effective first-line treatment or valuable
adjunctive therapy in children with selected diseases.
The ASFA and AABB guidelines on the use of thera-
peutic apheresis shown in Table 29.4 are based pri-
marily on data and experience derived from adults.
Nevertheless, these guidelines have provided direction
for the application of therapeutic apheresis in children
for many of the same diseases that also affect adults.
Caution should be exercised, however, because the clin-
ical course of a disease and response to treatment may
differ in children compared to adults. When a child has
a rare disease or life-threatening condition, especially
one unresponsive to conventional therapy, it may not 
be found under category I (therapeutic apheresis is
standard and acceptable) or category II (therapeutic
apheresis is adjunctive therapy). If there is strong 
evidence in such cases that a circulating substance is
pathogenic and that this pathogenic substance can be
significantly depleted by apheresis, then the potential
clinical benefit from removal of the pathogenic sub-
stance should be weighed against the potential for
adverse effects. Potential complications related to
catheter placement, which many children need, should
be included. Finally, if it is determined that apheresis is
medically indicated, an overall treatment plan should be
developed, including a clinical endpoint. Children
should not be denied therapeutic apheresis solely
because it is difficult to perform technically or because
they are very small, severely anemic, or hemodynami-
cally unstable.
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TABLE 29.5 Total Blood Volume Estimate According to
Age of Child

Age Group Total blood volume (mL/kg)

Premature infants 89–105
Term newborn infants 82–86
Infants >3 months old to preschool 73–82

children
School-age children until puberty 70–75
After puberty Same as adult
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PLANNING PEDIATRIC PROCEDURES

Although therapeutic apheresis can be performed
safely in children, many difficulties can be encountered.
In close consultation with the patient’s physician, each
procedure should be planned to maximize the thera-
peutic effects while minimizing the chances of adverse
effects. To ensure safety and efficacy, both technical and
psychological factors unique to pediatric patients must
be considered.

Technical Considerations

The principle of the apheresis procedure in children
is the same as in adults. However, since the instruments
are designed on an adult scale, procedures may need to
be modified for pediatric application.As mentioned, the
key factors for safety are maintenance of a satisfactory
TBV and RCV and prevention or prompt recognition
of adverse reactions related to volume shifts, anti-
coagulants, and replacement fluids.

Apheresis instrument disposables have a fixed ECV
and extracorporeal red cell volume (ECRCV). These
are, respectively, the volumes of whole blood and red
cells that fill the instrument’s centrifuge module and
associated tubing during a procedure. Intravascular
volume depletion during the procedure is primarily
dependent on ECV. The fraction of TBV lost in the
extracorporeal circuit is greater in a child than in an
adult. Without modifications, a small patient’s intravas-
cular volume status would become quite negative
during the procedure. Before the procedure, one must
establish maximum safe limits for ECV and ECRCV for
the patient. To determine these safe limits, the patient’s
TBV, RCV, and plasma volume (PV) must be estimated.
This also serves as a basis for calculating the extent of
exchange or collection needed to achieve the desired
goal of the procedure.

TBV varies with age and body composition as well
as size. In general, TBV in healthy individuals is related
to lean body mass; thus, TBV in relation to body weight
and height is greater in males than in females. There is
also a difference between newborns and adults, with
newborns having a higher TBV and RCV than adults.
TBV can be estimated using several formulas. For sim-
plicity, TBV can be calculated by multiplying the blood
volume in mL per kg of body weight (see Table 29.5)
for the appropriate age group by the patient body
weight in kg. Some automated apheresis instruments
utilize more complex algorithms to calculate TBV based
on gender, height, and weight; however, the calculation
performed by the COBE Spectra is inaccurate in male
children. For example, prepubescent boys weighing less
than 30 kg have smaller TBVs than those predicted by

the algorithm. Consequently, the TBV estimated by the
instrument must be verified against a manually calcu-
lated weight-based estimate for pediatric patients, espe-
cially for boys <10 years old or <30 kg. Simple formulas
for estimation of PV and RCV are shown below, with
Hct expressed as a decimal fraction:

PV = TBV ¥ (1 - Hct)

RCV= TBV ¥ Hct or RCV = TBV - PV

Psychological Considerations

A child’s anxiety or fear often results in a lack of
cooperation with the apheresis team. An understanding
of age-appropriate behavior, pediatric psychology, and
social dynamics among children and their parents or
caretakers is essential to alleviate fear and anxiety and
can facilitate a successful procedure. Also extremely
helpful is communication by the apheresis operator
with the patient’s staff nurse, play therapist, and family.
Sedation of a child should be avoided whenever possi-
ble unless medically indicated (for example, a child who
experiences frequent seizures or with emotional or neu-
romuscular instability), since sedation may interfere
with early recognition of adverse effects of apheresis.

VASCULAR ACCESS

Adequate vascular access is a prerequisite for thera-
peutic apheresis. The antecubital veins of large children
and adolescents may accommodate the necessary
needles or catheters. Continuous-flow apheresis devices
require dual vascular access with at least an 18-gauge
needle for the draw line and at least a 22-gauge intra-
venous catheter for the return line. Unfortunately,
peripheral access is often not an option for young chil-
dren and infants. In this situation, a central venous
catheter (CVC) may be required. However, these can
cause local or systemic infection, thrombosis, or other
serious complications that can result in increased mor-
bidity and mortality, prolonged hospitalization, and
increased medical costs. For each pediatric candidate,
the risks associated with CVC placement and mainte-
nance should be weighed against the potential benefits
of therapeutic apheresis. Depending on the urgency 
and expected frequency and duration of treatment, a
femoral line may be placed for either single or short-
term use until a CVC suitable for longer-term use can
be surgically implanted. Curved extensions are more
comfortable than straight extensions, particularly for
internal jugular vein catheters. All CVCs require
ongoing maintenance care to prevent catheter-related
complications. If a patient requires chronic apheresis

348 McLeod and Kim

Ch29.qxd  12/19/05  7:29 PM  Page 348



therapy, an arteriovenous shunt or fistula can provide a
lower maintenance, long-term vascular access, espe-
cially for older children.

A CVC must be rigid enough to withstand the nega-
tive pressure generated when blood is withdrawn at 
a high-flow rate. In general, large-bore, dual-lumen
hemodialysis catheters provide adequate access for
apheresis procedures. MedComp (MedComp, Inc.,
Harleyville, PA), Vas Cath (Vas-Cath, Inc., Mississanga,
Ontario,Canada),and Quinton (Mahurkar or PermCath
catheters, Quinton Instrument Co., Seattle,WA) all offer
a suitable CVC device. Hickman (C.R. Bard, Inc.,
Cranston, RI), Infuse-a-Port (Shiley Infusaid, Inc.,
Norwood, MA) or peripherally inserted central cathetis
(PICC) lines are not suitable for drawing blood but can
be used for returning blood from the instrument. Periph-
erally inserted central catheters (PICC lines) are not
suitable for drawing blood but can be used for returning
blood from the instrument. Guidelines for catheter size
according to patient weight are given in Table 29.6.

HEMODYNAMIC CHALLENGES

Intravascular Fluid Volume

At the beginning of a standard procedure, as whole
blood is drawn into the apheresis circuit displacing
saline that is diverted to a waste bag, both TBV and
RCV decrease. The resulting deficit persists throughout
the procedure until the red cells and plasma in the
extracorporeal circuit are returned to the patient
(“rinsed back”) at the end of the procedure. The TBV
and RCV deficit during a procedure and the volume
load associated with rinseback depend on the instru-
ment and the procedure, but, for a given instrument and
procedure, each is a fixed quantity that is known 
precisely in advance. ECV is significantly larger with

intermittent-flow (IF) instruments, especially in single-
needle procedures, than with continuous-flow (CF) cell
separators, which require dual-needle procedures. In
addition, with an IF instrument, the maximum ECV per
pass is not reached until the centrifuge bowl is filled
with red cells. It therefore depends on the patient’s Hct;
that is, the lower the Hct, the larger the ECV. A CF
system is generally a better choice for small and/or
hemodynamically unstable children.

The volume deficit that develops during a procedure
may cause hemodynamic changes. Signs and symptoms
of hypovolemia that may occur include tachycardia,
orthostatic hypotension, and narrow pulse pressure,
and, clinically, apprehension, weakness, nausea, light-
headedness, pallor, thirst, cool skin, and even loss of
consciousness. Conversely, the volume overload that
may result from rinseback at the end of a standard pro-
cedure should be avoided in small children or patients
with anemia or impaired cardiac or renal function.

Circulating Red Cell Volume

As stated previously, drawing patient blood into the
apheresis instrument results in a reduction in circulat-
ing red cell mass, the extent of which depends on the
instrument chosen and the procedure to be performed.
Red cells remain in the extracorporeal circuit through-
out the procedure until the blood in the apheresis
instrument is rinsed back to the patient. In general, IF
instruments deplete more red cells than CF instruments.
Also, with the COBE Spectra, leukapheresis requires
more red cells in the centrifuge than other procedures.
Depending on the volume lost, the size of the patient,
and the patient’s starting Hct, this temporary red cell
deficit may reduce RCV to unacceptable levels. With a
lower RCV due to small size, anemia, or both, the frac-
tional RCV depletion is greater for a fixed red cell loss
into the apheresis instrument. One must also consider
the patient’s underlying medical status. Before the 
procedure, a safe minimum Hct during the procedure
should be established based on patient-specific vari-
ables. If the expected RCV reduction would cause the
Hct to fall below this limit, it is necessary to prime the
circuit with blood before the procedure to maintain a
safe Hct throughout the procedure.

PROCEDURAL MODIFICATIONS FOR
PEDIATRIC PATIENTS

Intravascular Volume Shift

As mentioned previously, the ECV for apheresis
instruments varies from 200 to 400 mL. Since ECV
should be <15% of TBV (and preferably <10%) for a
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TABLE 29.6 Guidelines for Catheter Size According to
Patient’s Weight

Patient’s Weight
(kg) Dual-Lumen Central Venous Catheter

<10 7 Fr. MedComp (MedComp, Inc., Harleysville,
PA)

10–20 8 Fr. MedComp or 8 Fr. Mahurkar (Quinton
Instrument Co., Seattle, WA)

20–50 9 Fr. MedComp or 10 Fr. Mahurkar
>50 9 Fr. or 11.5 Fr. MedComp,

10 Fr. , 11.5 Fr., or 13.5 Fr. Mahurkar, adult
PermCath (Quinton Instrument Co.,
Seattle, WA)

or adult Vas-Cath (Vas-Cath Inc., Mississauga,
Ontario, Canada)
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safe procedure, this may be too much for a small child.
Although operating procedures differ according to the
type of apheresis instrument, the principles can be
applied to all types of instrument. In older children with
a body weight >30 kg (TBV >[30 kg ¥ 75 mL/kg = 2250
mL]), apheresis technique need not differ from that
used in adult patients. However, in small children,
significant modifications of technique are required to
provide safe and effective therapy.

The goal of procedural modification in a small child
should be to avoid any change in the patient’s blood
volume or red cell mass during the procedure. At the
beginning of the procedure, diverting the saline in the
instrument into a waste bag would result in a negative
fluid balance with removal of whole blood into the cen-
trifuge. One should calculate whether the volume deficit
that would be induced in this way is >10% to 15% of
TBV or greater than the safe limit for the individual
patient. If the patient may not tolerate this degree of
volume deficit, the saline in the instrument may be
returned to the patient without diverting. Using the
COBE Spectra, the volumes of saline diverted to the
waste bag with plasmapheresis and erythrocytapheresis
procedures are 150 mL and 100 mL, respectively. To
illustrate, consider two examples.A plasmapheresis pro-
cedure in a 50-kg adolescent boy with a TBV of about
3750 mL, which requires losing 150 mL to the extracor-
poreal circuit, would be well tolerated as this comprises
only 4% of his TBV. In contrast, in a 10-kg child with a
TBV of about 700 mL, the acute loss of 150 mL of whole
blood into the apheresis circuit would mean an unac-
ceptable 21% drop in TBV.

One must also decide whether rinseback can be per-
formed. If rinseback would result in a volume load
>15% of TBV, or greater than the individual child could
tolerate, rinseback should be omitted even though a sig-
nificant red cell loss will occur.With the COBE Spectra,
the default rinseback would result in net positive
volume shifts of 195 mL with plasmapheresis and 
245 mL with erythrocytapheresis. Again consider two
examples. For a 50-kg boy with a TBV of about 3750
mL, the 195 mL fluid load from rinseback would com-
prise only 5% of TBV and would likely be well toler-
ated. In contrast, in a 10-kg child with a TBV of about
700 mL, this would correspond to 28% of TBV.To avoid
a volume shift of this magnitude, the standard proce-
dure must be modified by omitting rinseback.

Blood Prime

As stated previously, an apheresis procedure results
in a temporary reduction of RCV. This red cell deficit
persists throughout the procedure until the blood in the
centrifuge is rinsed back to the patient. Maintenance of

a red cell mass adequate to provide oxygen delivery to
tissues is also important for a safe procedure. The first
step is to evaluate whether a patient could tolerate the
temporary red cell loss during the procedure if iso-
volemia was maintained. If evaluation of the patient’s
RCV, and cardiovascular and pulmonary reserve sug-
gests that the patient would not tolerate this degree of
red cell loss, blood priming is indicated. In general there
are two indications for red cell priming: (1) RBC deple-
tion is >30% of the original circulating RBC volume in
a hemodynamically stable patient with normal hemo-
globin level and (2) when further reduction of the cir-
culating RCV is not desirable in a hemodynamically
unstable or anemic patient, or in a patient at a risk of
organ ischemia. With the COBE Spectra, the ECRCV
is 68 mL during plasmapheresis or erythrocytapheresis
and 114 mL with leukapheresis. For a 10-kg child with
Hct = 0.30, the Hct would drop to 0.20 with plasma-
pheresis or erythrocytapheresis and to 0.14 with leuka-
pheresis. This would not be acceptable and therefore
necessitates blood priming. To maintain Hct = 0.30
throughout a plasmapheresis, at least 70 mL red cells
should be available to compensate the temporary red
cell loss. Assuming the Hct of packed red cell units is
0.60, 117 mL (70 mL/0.6 = 117 mL) will be needed. If a
red cell unit is divided using a sterile technique, the
remainder can be dedicated to this patient for later
transfusion to limit the number of donor exposures the
patient receives.

Blood priming can be done in several different ways.
One method is to fill the centrifuge chamber with donor
PRBCs at a predetermined Hct while the prime saline
is diverted into the waste bag. Another method is to
prime only the return line with PRBCs rather than the
entire instrument. The latter approach is recommended
because it is technically simple and the volume of red
cells infused to the patient can be accurately deter-
mined. In general, blood priming is indicated for chil-
dren weighing <20 kg for plasmapheresis and <25 kg for
leukapheresis. Blood priming may also be indicated for
a larger patient that is anemic or hemodynamically
unstable. Therefore, a half to a full unit of red cells must
usually be ordered and available before an apheresis
procedure on such a patient can be started.

The next step is to decide whether rinseback of red
cells along with fluid from the centrifuge can be per-
formed at the end of the procedure.Although rinseback
will return most of the red cells from the extracorporeal
circuit, this decision should include consideration of
whether the patient can tolerate the additional volume
that would be gained with rinseback. If the child cannot
tolerate the expected volume load, rinseback should not
be performed even though a significant volume of red
cells will remain in the instrument. With the COBE
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Spectra, the default rinseback would return 53 mL out
of the 68 mL of red cells in the circuit with both plasma-
pheresis and erythrocytapheresis and 90 mL of the 114
mL of red cells with leukapheresis. In general, to avoid
fluid overload, rinseback is not indicated for children
who require blood priming. In addition, there is usually
no need to increase RCV in such patients since Hct 
will remain at the preprocedure level throughout the
procedure.

Leukapheresis

Leukapheresis is distinctly different from plasma-
pheresis and red cell exchange procedures. Leuka-
pheresis is a collection procedure rather than an
exchange procedure; thus, a replacement line is not pro-
vided. When additional fluids, such as FFP, red cells, or
platelets are needed during the procedure, these prod-
ucts should be given through a separate intravenous
(IV) line or, if no other IV line is available, through a
Y-connector that is attached to the return needle.
Citrate toxicity is a greater problem with leukapheresis
than with other procedures because virtually all of the
anticoagulant administered during the procedure is
returned to the patient, with <5% remaining in the col-
lection bag. Therefore, when citrate anticoagulation is
used for leukapheresis, the ionized calcium level must
be monitored frequently, and supplemental calcium
infusions should be given as needed to prevent serious
reactions secondary to hypocalcemia. As an alternative,
a combination of citrate and heparin or heparin alone
may be used for anticoagulation to reduce or prevent
citrate toxicity. One method is to add 5000 units of
heparin to a 500-mL bag of ACD-A and add this
mixture to whole blood being withdrawn at a ratio of 
1 : 30–1 :50. Unless the patient has a pre-existing coagu-
lopathy, this citrate and heparin combination may offer
an advantage over the standard citrate anticoagulation,
since hypocalcemia can be prevented and therefore 
supplemental calcium will not be needed. Readers are
referred to a previous publication (Kim 2000) providing
detailed guidelines on blood priming and technical
modifications of apheresis procedures for pediatric
patients.

SUMMARY

The goal of this chapter is to provide basic practical
guidelines for pediatric apheresis. Despite its technical
difficulties,apheresis can be performed safely in critically
ill small children if special attention is paid to vascular
access, control of intravascular fluid volume and circulat-
ing red cell mass, anticoagulation, and psychological

factors unique to pediatric patients. Although apheresis
is not considered standard therapy for many pediatric
diseases that are actually treated with apheresis, its effec-
tiveness as a first-line or adjunctive therapy has been
shown in children with selected diseases. As approaches
to treatment of children with various diseases are evolv-
ing,evidence of potential benefits of apheresis as adjunc-
tive therapy should be sought. Multi-institutional
prospective randomized clinical trials are warranted to
identify patients who are most likely to benefit from ther-
apeutic apheresis.For each disease for which it is applied,
the proper role of apheresis should be defined and an
optimal treatment schedule developed.
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INTRODUCTION

Therapeutic cytapheresis procedures are performed
to remove blood cells from patients with hematological,
oncological, or infectious disorders (McLeod 2000;
Grima 2000).Automated apheresis devices rely on prin-
ciples of centrifugation to separate blood into its com-
ponent parts, selectively remove fractions enriched in a
specific blood cell type, and return autologous plasma
and other cellular constituents to the patient. Erythro-
cytapheresis literally describes the removal of red cells
from a patient’s peripheral circulation, which may be
the therapeutic goal, but more often a red cell exchange
transfusion is performed to simultaneously or sequen-
tially remove and replace the patient’s abnormal red
blood cells (RBCs) with red cells collected from healthy
donors. Leukapheresis and plateletpheresis (thrombo-
cytapheresis) are collection or depletion procedures for
white cells and platelets, respectively. Pediatric patients
undergoing these procedures receive replacement fluids
such as albumin, plasma, or red cells as needed to main-
tain vascular volume, hemostasis, or red cell mass.

EVIDENCE-BASED PRACTICE
GUIDELINES

Guidance on the use of therapeutic apheresis is
available from two professional organizations, the
American Association of Blood Banks (AABB) and the
American Society for Apheresis (ASFA), as described
in Chapter 29. Most therapeutic cytapheresis indications
are considered “category I,” accepted either as primary

therapy or valuable first-line adjunct therapy, often not
on the basis of well-designed randomized controlled
studies but in light of a broad and noncontroversial base
of published experience. Although several clear in-
dications for the use of therapeutic cytapheresis have
emerged, considerable variation still exists in practice
because technical approaches and therapeutic goals are
not uniformly defined. Transfusion therapy, in general,
has been carefully scrutinized and widely debated in the
management of sickle cell disease and is now clearly
indicated for preventing first or recurrent stroke and
treating certain acute complications (Cohen et al. 1996;
National Institutes of Health 2002). Transfusion goals,
however, can be met with either simple transfusion or
exchange transfusion performed with manual or auto-
mated techniques. Few clinical studies of transfusion
therapy systematically evaluate the advantages or cost-
effectiveness of one method over the others, or even
specify the preferred means to achieve specific hemato-
logical endpoints such as posttransfusion hematocrit,
the target hemoglobin S percentage, or the desired
extent of cellular removal (for example, the fraction of
cells remaining (FCR) in the peripheral circulation).
Moreover, therapeutic cytapheresis procedures are
often used to treat children with critical illnesses 
with potentially catastrophic consequences, and few
controlled trials have been performed to evaluate the
efficacy of therapeutic cytapheresis in these settings.
Because of increased demand and broadening trans-
fusion recommendations, the number of transfusion
centers performing automated therapeutic apheresis
procedures has increased and more procedures are
being performed in children each year.
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GENERAL TECHNICAL
CONSIDERATIONS FOR PEDIATRICS

For safe and effective treatment of infants and young
children, practitioners must modify therapeutic aphere-
sis procedures designed for adults (Eder et al. 2002).
Adequate peripheral vascular access may be difficult or
impossible to obtain in children, necessitating place-
ment of a central venous line. Technical adjustments
may include the need to prime the extracorporeal
circuit with red cells to maintain red cell mass in small
children and to prevent proportionately large intravas-
cular volume shifts during the procedure. Red cell
priming is generally recommended when (1) the red 
cell volume deficit at the beginning of the procedure 
is greater than 30% of the original circulating red cell
volume or (2) when any degree of reduction in the 
circulating red cell volume is undesirable because of
concomitant illness. For example, infants and children
weighing less than 20 kg or younger than 5 or 6 years
usually require blood priming before apheresis, as well
as older children with anemia or underlying cardio-
pulmonary disease, hemodynamic instability, or tissue
ischemia.

To prevent unacceptable intravascular volume shifts
in small children, the saline used to prime the extracor-
poreal circuit may be infused to the patient rather than
diverted into waste at the start of the procedure. Con-
versely, the rinseback phase may be eliminated at the
end of the procedure to avoid fluid overload, if red cells
were administered at the beginning of the procedure.As
with adult practice, adverse reactions related to volume
status, anticoagulants, transfused blood components,
or anxiety must be promptly recognized and treated
appropriately. This chapter addresses clinical applica-
tions of therapeutic cytapheresis procedures in pedi-
atrics, with emphasis on those most commonly
encountered in practice and the unique technical con-
siderations in treating pediatric patients.

ERYTHROCYTAPHERESIS/RED CELL
EXCHANGE TRANSFUSION

Erythrocytapheresis may be performed to remove
red cells while providing fluid replacement to alleviate
symptoms attributable to increased red cell mass (for
example, secondary polycythemia resulting from cyan-
otic congenital heart disease) or to reduce iron stores in
hemochromatosis (Grima 2000). While simple phle-
botomy is more often performed for these indications,
erythrocytapheresis may be preferable for hemody-
namically unstable patients because red cells can be
removed rapidly while simultaneously returning autol-

ogous plasma along with saline or colloid solution to
maintain constant intravascular volume. Far more often,
erythrocytapheresis is used for red cell exchange 
transfusion whereby abnormal red cells from patients
with red cell disorders are removed and replaced 
with red cells collected from healthy donors. Red cell
disorders amenable to treatment with this approach
include intrinsic defects of red cells resulting from
inherited disorders of hemoglobin, the erythrocyte
membrane, or red cell enzymes, and extrinsic (acquired)
disorders that destroy red cells or permanently impair
their function (Table 30.1). The prototypical intrinsic
red cell disorder, sickle cell disease, is the most 
common clinical indication for which red cell exchange
is performed.

Intrinsic Red Cell Disorders

Sickle Cell Disease

Sickle cell disease is an inherited hemoglobinopathy
due to genetic mutation of the major hemoglobin in
adults, HbA, by a single amino acid substitution of
valine for glutamate at position 6 in the b-chain. Pre-
dominance of HbS in patients with sickle syndromes
(for example, homozygous HbS, heterozygous HbSC, or
HbS-beta thalessemia) underlies the propensity of the
red cells to become deformed and sickle under low
oxygen tension and other conditions. Anemia results
from ongoing hemolysis of red cells containing HbS, and
the sickled red cells impede blood flow and increase
blood viscosity, leading to complications of vascular
occlusion and infarction, such as stroke, acute chest 
syndrome, painful crises, and splenic infarction. Stroke
occurs in 6% to 10% of children with sickle cell disease,
and two-thirds of patients who have had a stroke 
will suffer a recurrence without transfusion therapy,
usually within two years of the initial stroke (Powars 
et al. 1978). Splenic sequestration crisis, the sudden
accumulation of blood in the spleen, occurs often 
in young children with infection and causes life-
threatening anemia, massive enlargement of the spleen,
and severe pain. Individuals with sickle cell disease are
also susceptible to bacterial infections and complica-
tions resulting from general anesthesia. Pregnant
women with sickle cell disease are at risk of obstetrical
complications.

Role of Red Cell Transfusion in Sickle Cell Disease

Red cell transfusions in general are indicated for
sickle cell patients with symptomatic anemia or acute
vaso-occlusive complications, such as acute chest 
syndrome, stroke, and acute multiorgan failure, or for
chronic therapy, for example, to prevent first or recur-
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rent stroke (see Table 30.1) (Grima 2000; Adams et al.
1998). For the management of sudden severe illness, red
cell transfusion may improve tissue oxygenation and
perfusion and limit the areas of vaso-occlusion by abro-
gating the sickling process.Although acute painful crises
are usually managed without transfusion, aggressive
transfusion regimens may improve the outcome in
instances of multi-organ failure syndrome associated
with severe painful crises (Hassell et al. 1994). Red cell
transfusion is also used prophylactically in preparing
patients for major surgery and general anesthesia, to
prevent peri-operative complications (Vichinsky et al.
1995).

Chronic transfusion therapy to maintain the HbS
level between 30% to 50% is warranted when the
potential benefit of preventing serious medical compli-
cations from sickle cell disease outweighs the risks of
transfusion-associated complications such as alloim-
munization, infection, and iron overload (NIH 2002).
Chronic transfusion therapy is recommended for
primary prevention of stroke and prevention of stroke
recurrence (Adams et al. 1998; Wang et al. 1991). Other
accepted indications for chronic transfusion therapy
include chronic, debilitating pain; pulmonary hyperten-
sion; and anemia associated with chronic renal failure
or chronic heart failure. The use of prophylactic red cell
transfusions in pregnancy is controversial; however,
transfusion may be appropriate if complications arise in
pregnancy, such as preeclampsia or septicemia, and 
possibly prior to general anesthesia and surgery (Koshy
et al. 1991).

Simple Versus Exchange Transfusion

The choice of simple transfusion or red cell exchange
transfusion for acute complications of sickle cell disease
varies from center to center, and several factors influ-
ence the selection of a transfusion method for a given
patient (Table 30.2). If a patient is severely anemic (Hb
less than 6 to 7 g/dL) or if both the hemoglobin and the
percentage of HbS is already low (less than 30%) in a
recently transfused patient, simple or “top off” trans-
fusions are generally preferred over red cell exchange
transfusion. Simple transfusion not only will correct the
anemia but also will retard the ongoing sickling process.
If the hemoglobin S accounts for more than 25% of the
patient’s total hemoglobin, however, any increase in the
hematocrit by simple transfusion disproportionately
increases the blood viscosity and impairs oxygen deliv-
ery to tissues (Schmalzer et al. 1987). In a previously
untransfused patient, the final hematocrit should not
exceed 30% with simple transfusion. Simple transfusion
will also be associated with volume expansion, which
may not be well tolerated because of compromised
cardiac and/or renal function.

The advantage offered by exchange transfusion over
simple transfusion in previously untransfused patients is
the simultaneous removal of sickled red cells as normal
red cells are transfused; consequently, the HbS concen-
tration can be rapidly reduced without raising hemat-
ocrit and causing volume overload (see Table 30.2).
Exchange transfusion effectively avoids the co-
existence of high HbS and high hematocrit, a condition
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TABLE 30.1 Indications for Erythrocytapheresis in Pediatrics

Indication Category

Disease Clinical setting AABB ASFA

Sickle cell disease Acute crises
Stroke I I
Acute chest syndrome
Retinal infarction
Hepatopathy

Chronic complications
Stroke prevention

First stroke, abnormal TCD
Recurrent stroke

Debilitating pain
Prophylaxis in pregnancy III Not rated

Hyperparasitemia Malaria II III
Babesiosis Not rated III

Polycythemia/ Polycythemia vera Not rated II
erythrocytosis Congenital heart disease, cyanotic

TCD = Transcranial doppler. Category definitions: I, standard acceptable therapy; II, sufficient
evidence to suggest efficacy usually as adjunctive therapy; III, inconclusive evidence or efficacy
or uncertain risk/benefit ratio; IV, lack of efficacy in controlled trials.
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that increases blood viscosity and the risk of further vas-
cular occlusion. For chronically transfused patients, red
cell exchange transfusion reduces or prevents iron accu-
mulation and allows discontinuation of iron chelation
therapy in some patients (Kim et al. 1994, Adams et al.
1996; Singer et al. 1999; Hilliard et al. 1998). The major
disadvantage of red cell exchange transfusion is the
need to use more donor blood. Annual blood require-
ments for long-term erythrocytapheresis compared to
simple transfusion were increased by 73% and 23%, for
conventional treatment (HbS < 30%) or less aggressive
treatment (HbS < 50%), respectively (Kim et al. 1994).
Disadvantages of red cell exchange may also include the
lack of availability of an apheresis team experienced in
treating children, as well as the increased technical com-
plexity, and inadequate peripheral vascular access.

Increased donor exposure with exchange transfusion
compared to simple transfusion is accompanied by
increased risk of viral transmission and alloimmuniza-
tion. Current estimates of the residual risk of viral trans-
mission in blood donations from repeat donors are 
1 :1,935,000 for hepatitis C virus (HCV) and 1 :2,135,000
for human immunodeficiency virus (HIV) (Dodd et al.
2002).The risk of red cell alloimmunization with chronic
transfusion depends on the age of the patient, number
of donor exposures, and probability of antigenic 
dissimilarity between blood donor and recipient. Red
cell alloimmunization among children with sickle cell
disease is estimated to occur at frequencies ranging
from 18% to 47%, compared with 5% to 11% in chron-
ically transfused thalassemia patients and 0.2% to 2.6%
of the general population (Smith-Whitley 2002). Con-
sequences of red cell alloimmunization include acute
and delayed hemolytic transfusion reactions and
decreased availability of compatible red cell units for
subsequent transfusion. Delayed hemolytic transfusion
reactions, usually mild in most clinical settings, may

result in severe life-threatening anemia in patients with
sickle cell disease and occur at rates ranging from 
4% to 22% (Smith-Whitley 2002). By prospectively
avoiding incompatibility to C, E, and K1 blood group 
antigens, the alloimmunization rate among chronically-
transfused sickle cell patients was reduced from 3% to
0.5% per unit, and hemolytic transfusion reactions were
reduced by 90% in one study (Vichinsky et al. 2001).

Precise aggregate risk estimates and cost/benefit
analyses for a child on chronic red cell exchange trans-
fusion to prevent first or recurrent stroke are not avail-
able. Chronic transfusion therapy to prevent recurrent
stroke is likely a lifetime commitment, because the risk
of recurrent stroke even after five or more years of
transfusion reverts to pretreatment levels after discon-
tinuation of therapy (Wang et al. 1991).At many centers
in the United States, exchange transfusion is counte-
nanced because of the strong belief that the benefit 
of preventing stroke and delaying or preventing 
iron-induced organ damage outweighs the risks of viral
transmission and alloimmunization and justifies the
need for increased donor exposure as well as off-sets the
increased cost of red cell exchange compared to simple
transfusion with iron chelation therapy.

The choice of simple versus exchange transfusion has
been investigated in the peri-operative management of
patients with sickle cell disease requiring general anes-
thesia. A prospective multicenter study concluded that
a conservative approach utilizing simple transfusion to
increase hemoglobin to 10 g/dL was as effective in pre-
venting peri-operative complications as an aggressive
exchange transfusion regimen to decrease the percent-
age of hemoglobin S to less than 30% (Vichinsky et al.
1995). The aggressive regimen was associated with a
higher rate of red cell alloimmunization, resulting from
increased blood usage in this group. Consequently, a
conservative approach with the use of simple transfu-
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TABLE 30.2 Choice of Transfusion Method in Sickle Cell Disease

Simple Transfusion Exchange Transfusion

Advantages ∑ To rapidly increase Hb/HCT due to severe, ∑ To rapidly lower percentage HbS without
acute anemia (e.g., acute splenic sequestration increasing HCT or causing volume overload
or aplastic crisis) in patients with acute complications

∑ To prepare for general anesthesia to increase ∑ To prevent iron overload in chronically 
patient’s hemoglobin to 10 g/dL transfused patients

Disadvantages ∑ Iron accumulation with chronic transfusion ∑ Technically more complex
∑ Increased blood viscosity due to high ∑ Requires experienced apheresis team

hematocrit ∑ Requires adequate peripheral vascular 
∑ Volume overload access 

∑ Increases the requirement for donor blood
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sion to increase the patient’s hemoglobin to 10 g/dL is
recommended for prophylactic preoperative red cell
transfusion in patients with sickle cell disease. Patients
with HbSC or HbS-beta thalessemia who present with
hemoglobin concentrations greater than 10 g/dL before
surgery, however, are not candidates for simple trans-
fusion but may benefit from exchange transfusion, to
decrease the amount of sickle hemoglobin without
increasing hematocrit and blood viscosity.

Technical Aspects

The goals of red cell transfusion in treating new onset
of stroke, acute chest syndrome, and other acute com-
plications of sickle cell disease are to reduce or prevent
sickling by lowering the proportion of HbS-containing
red cells and to increase oxygen delivery to tissues by
increasing the hematocrit.As a general guideline, hemo-
globin S should be reduced to less than 30% of the total
hemoglobin, and the hematocrit at the end of the pro-
cedure should be at least 30%, but not more than 36%.
High posttransfusion hematocrit levels in sickle cell
patients have been linked to serious thrombotic com-
plications, most likely due to increased viscosity and
altered rheological properties of the blood (Schmalzer
et al. 1987). If the patient has not been transfused within
the previous three months, the hemoglobin S level
should be assumed to be greater than 95%. Exchange
of one blood volume should result in a HbA level of
about 65% and lower HbS to about 35%; consequently,
approximately 1.5 red cell volumes are exchanged.
For example, a nine-year-old, 29-kg child with a blood
volume of 2030 mL and a 25% hematocrit will require
approximately four units of red cells (average unit
volume 350 mL; hematocrit 57%). Alternatively, the
volume of red cells needed to achieve the therapeutic
goal, expressed as the FCR (fraction of the patient’s
cells remaining in circulation after the exchange trans-
fusion), is calculated from the patient’s weight and
height, according to the preprogrammed algorithms in
the available software of the apheresis equipment.

Following recovery from the acute event, patients
with sickle cell disease may be started on chronic trans-
fusion therapy. For patients who have had a stroke, the
therapeutic goal in the first three years of chronic trans-
fusion therapy is to maintain hemoglobin S below 30%
of the total hemoglobin concentration. If the patient is
stable on this regimen for three years, the threshold HbS
may be increased to 50%, and the therapeutic interval
may be lengthened to every four to five weeks instead
of every three to four weeks (Cohen et al. 1992; Miller
et al. 1992). Regardless of the target HbS level, the
target hematocrit following red cell exchange is either
27% to 30% or the same as the patient’s prehematocrit
but less than 36%, to optimally prevent hyperviscosity

and iron accumulation. For most patients on chronic
exchange transfusion, treatment goals are reached with
regular partial red cell exchange of about 40% to 60%
of their red cell volume, which requires two to four units
of red cell replacement.

Technical difficulties with continuous-flow devices
are rarely encountered in treating patients with sickle
cell disease but have been reported with intermittent-
flow devices. The discontinuous process and the high
concentration of sickle cells in the early stages of the
process may cause gel formation in the collection bowl
(Grima 2000). If bedside leukocyte filters are used
during an apheresis procedure, the amount of leukocyte
reduction achieved may be inadequate if the in-flow
rate exceeds the capacity of the filter (Grima 2000).This
problem is obviated with the use of prestorage leuko-
reduced red cell units or poststorage leukoreduction of
red cell units in the blood bank before the start of the
procedure.

Component Selection and Modification

HbS-Negative Donor Blood and Storage Time Indi-
viduals with sickle trait (HbAS) are asymptomatic and
qualify as blood donors, because their red cells function
adequately under most physiological conditions. Blood
intended for transfusion to sickle cell patients, however,
is screened for HbS to avoid administration of red cells
containing HbS, primarily for two reasons. In acute
crises, hypoxia, acidosis, and dehydration may promote
the sickling of transfused red cells from an individual
with sickle trait, as well as the patient’s own cells. Even
in otherwise stable patients on chronic transfusion who
are not in sickle crisis, blood from individuals with sickle
trait is not used for transfusion because the therapeutic
endpoint requires measuring the proportion of HbA
and HbS, determined by hemoglobin electrophoresis.
The transfusion of red cells from a donor with sickle cell
trait confounds the calculation of the adequacy of the
exchange, because the HbS from the donor cannot be
distinguished from the HbS in the patient.

The storage time of the red cell units selected for
transfusion to sickle cell disease deserves consideration
because of two potential benefits of relatively fresh 
red cells. The concentration of 2,3-diphosphoglycerate
(DPG) in donor red cells is depleted during storage.The
use of relatively fresh red cells (< five to seven days old)
with a less pronounced deficit in 2,3 DPG than older red
cells may allow for improved oxygen delivery to hypoxic
tissues. In addition, the more favorable posttransfusion
survival of younger red cells compared to older red cells
may translate into lower blood requirements and fewer
transfusions for the patient over time. Although the 
theoretical benefits of using relatively fresh cells for
exchange transfusion in acute crises or chronic therapy
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have not been substantiated in clinical studies, many
transfusion services provide less than five to 14-day-old
red cell units when possible.

Pretransfusion and Compatibility Testing Routine
serological testing for transfusion recipients is limited 
to ABO/D typing and antibody screening; however,
expanded testing to determine the antigenic phenotype
at additional Rh (CcEe) and other loci (Kell, Duffy,
Kidd, Lewis, Lutheran, P, and MNSs) is recommended
for all patients with sickle cell disease older than 
6 months (NIH 2002). Knowledge of the patient’s
extended red cell phenotype facilitates red cell al-
loantibody investigation by identifying those antigens
foreign to the patient that may result in alloimmuniza-
tion and permits optimal matching of red cell units for
transfusion.

The primary cause of high red cell alloimmunization
rates in children with sickle cell disease is the genetic
disparity between the patient population and the
general blood donor population. Many red cell antigens,
such as C and E in the Rhesus blood group and 
K1 (Kell) are more commonly found in Caucasians 
than African-Americans (Smith-Whitley 2002). Because
African-Americans are disproportionately affected in
sickle cell disease but underrepresented in the general
blood donor population, almost two-thirds of the clini-
cally significant alloantibodies found in chronically-
transfused sickle cell patients are directed against E,
C, or K1 (Smith-Whitley 2002). Antibodies to Duffy,
MNSs, and Kidd blood group antigens, primarily anti-
Fya, –S, and –Jkb, respectively, account for most of the
remaining cases.

A transfusion strategy for sickle cell patients gaining
experimental support and acceptance is prophylactic
red cell matching at least for C, E, and Kell (K1) blood
group antigens for all transfusions and more extensive
antigen matching for patients who have developed red
cell alloantibodies (Vichinsky et al. 2001). Prophylactic
phenotype matching is still controversial, however,
because of the expense, logistical difficulty, and poten-
tial for diverting relatively rare antigen-negative red cell
units to patients not yet demonstrating red cell alloan-
tibodies. An alternate approach restricts the use of 
phenotypically matched red cells to patients who have
already become immunized to one red cell antigen and
are at risk of developing additional alloantibodies 
and autoantibodies. Programs designed to specifically
recruit African-American donors and direct this 
blood to sickle cell patients facilitate the identification
of phenotypically matched units and may further reduce
the risk of alloimmunization among chronically trans-
fused children with sickle cell disease (Smith-Whitley
2002).

Modifications Leukocyte-reduction of cellular 
components is indicated in the setting of sickle cell
disease, primarily for prevention of recurrent febrile
nonhemolytic transfusion reactions and possibly for
decreasing the risk of HLA alloimmunization. Forma-
tion of anti-human leukocyte antigen (HLA) antibod-
ies is not a problem from the perspective of red cell
transfusion, but is a concern if the patient is a candidate
for bone marrow transplantation, which is an active area
of investigation as a potential cure for sickle cell disease.
Anti-HLA antibodies may interfere with the engraft-
ment of transplanted marrow or decrease the response
to transfused platelets during recovery from myeloab-
lative treatment. Leukoreduction also decreases the risk
of CMV transmission and may minimize immunomod-
ulatory effects of transfusion, although the latter is 
controversial.

Gamma-irradiation of blood components is not
required for patients with sickle cell disease, because
most patients have normal immune responses and are
not at risk of transfusion-associated graft versus host
disease. Exceptions have medical indications for irradi-
ation, which may occur in the setting of bone marrow
transplantation for sickle cell disease. Cellular compo-
nents intended for a transfusion recipient must be
gamma-irradiated if the units are collected from related
or HLA-matched donors or given to patients undergo-
ing hematopoietic transplantation or candidates when
transplantation is imminent.

Hemoglobin Variants and Thalassemia

Experience obtained with erythrocytapheresis for
treating children with sickle cell disease has been
applied to other hemoglobinopathies and intrinsic red
cell disorders. Pre-operative red cell exchange has been
utilized in patients with hemoglobin of abnormally high
oxygen affinity, such as Hb Rainier (Francina et al. 1989)
or Hb Bryn Mawr (Larson et al. 1997) to prevent poten-
tial tissue hypoxia, thromboembolic complications, and
increased hemolysis during anesthesia.

Thalassemia major is associated with severe anemia
resulting from absent or decreased synthesis of the beta
globin chain of hemoglobin and ineffective production of
red cells. Whereas complications in sickle cell disease
result primarily from the presence of HbS rather than
from anemia per se, the clinical picture in thalassemia
major is dominated by the severe anemia and depend-
ence on frequent red cell transfusion that inevitably
leads to iron overload and associated morbidity. Red cell
exchange transfusion as an alternative to simple transfu-
sion is currently under clinical investigation as a means to
reduce the rate of iron accumulation in thalessemia
patients (Berdoukas et al. 1986; Cohen et al. 1998).
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Extrinsic (Acquired) Red Cell Disorders

Extrinsic (acquired) red cell disorders, in contrast to
intrinsic (inherited) disorders, usually affect a smaller
number of the total circulating red cells but still may be
associated with significant physiological sequellae. Red
cell exchange has been used to treat patients with pro-
tozoal infection; poisoning; and incompatible transfu-
sion; by removing infected, impaired, or foreign red cells
and replacing them with compatible red cells from
healthy donors (Phillips et al. 1990; Weir et al. 2000;
Evenson et al. 1998). Erythrocytapheresis can be a life-
saving measure in patients with glucose-6-phosphate
dehydrogenase deficiency following exposure to signif-
icant oxidant stress that causes refractory methemoglo-
binemia (Golden and Weinstein, 1998).

Malaria

Cerebral malaria is a life-threatening complication of
Plasmodium falciparum infection. Although controlled
comparative trials have not been performed, case
studies suggest red cell exchange in conjunction with
antimalarial regimens results in more rapid reduction in
peripheral parasite load and clinical improvement than
pharmacotherapy alone (Phillips et al. 1990). Because
the degree of parasitemia correlates with mortality, red
cell exchange transfusion has been recommended when
parasites are detected in more than 10% to 20% of 
the patient’s red cells (Grima 2000; Phillips et al. 1990;
Weir et al. 2000). Red cell exchange has also been 
recommended for other patients, regardless of para-
site burden, with severe complications of falciparum
malaria, such as encephalopathy, disseminated intravas-
cular coagulation, renal failure, and adult respiratory
distress syndrome.

Due to the paucity of data, more specific recommen-
dations regarding the extent of treatment are not 
possible. The minimum effective volume of red cell
exchange in treating complications of falciparum
malaria has not been determined; a little as one-half and
as much as two blood volumes have been exchanged 
in published cases (Grima 2000; Phillips et al. 1990).
Rather than aiming for a specified exchange volume, the
goal of the procedure should be directed at attaining 
a low parasite load (for example, <5%) and achieving
clinical improvement (Grima 2000; Weir et al. 2000).

Babesiosis

Babesiosis, a tickborne disease caused by a malaria-
like parasite, Babesia microti, is endemic in the United
States, notably New York, Massachusetts, Wisconsin,
and Minnesota. Usually a mild, self-limiting illness in

otherwise healthy individuals, babesiosis may cause
serious disease in asplenic or immunocompromised
patients with characteristic fevers, hemolytic anemia,
hemoglobinuria, jaundice, disseminated intravascular
coagulation, and renal failure. First-line therapy is
appropriate antimicrobials; red cell exchange has 
been used as adjunctive therapy for severe infections
(Evenson et al. 1998). Although published evidence is
scant, red cell exchange may be indicated in cases of
babesiosis if parasitemia exceeds 5% to 10%, or for
lesser degrees of parasitemia in immunocompromised,
asplenic, or critically ill patients.

Incompatible Blood Transfusion

Red cell exchange transfusion has also been used to
treat life-threatening hemolytic transfusion reactions
and to prevent alloimmunization following incompati-
ble blood transfusion. This approach has been taken in
anecdotal cases of medical error and in trauma settings
when the supply of Rh-negative cellular components
was exhausted and Rh-positive units had to be trans-
fused to Rh-negative women (Werch and Todd 1993).
Even after massive exposure, alloimmunization to 
the D antigen was prevented by performing red cell
exchange transfusion to remove the vast majority of
incompatible red cells before administering Rh immune
globulin (RhIG). The potential benefit of averting Rh
sensitization must be carefully weighed against the risks
of high-dose intravenous RhIG and aggressive transfu-
sion therapy. The value the woman or the guardian of a
dependent-age girl places on preventing possible con-
sequences of D alloimmunization in future pregnancies
must be weighed against the current known risks of
blood transfusion.

LEUKAPHERESIS

Therapeutic leukapheresis is performed to reduce
the number of white blood cells (WBCs) that circulate
in great excess in patients with hematological malig-
nancies or myeloproliferative disorders (Table 30.3).
Hyperleukocytosis with significant symptoms of
leukostasis is associated with morbidity due to 
thrombosis and bleeding and early mortality. Cellular 
depletion with therapeutic apheresis is expected to
provide temporary clinical improvement and sympto-
matic relief but may not be effective for this purpose
and is not definitive treatment for the underlying
disease. Consequently, therapeutic apheresis is used in
conjunction with chemotherapy or as a temporizing
measure if chemotherapy is contraindicated (see Table
30.3).
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Symptomatic Leukocytosis

Extreme peripheral leukocytosis, often exceeding
100 ¥ 109/L and consisting almost entirely of blasts,
occurs in various leukemias and may result in serious
complications due to increased viscosity of whole blood
and/or metabolic disturbances (Grima 2000; Lichtman
and Rowe 1982). Leukostasis and hyperviscosity impair
blood flow though vascular beds throughout the body,
and symptoms reflect multi-organ involvement. Pul-
monary and cerebrovascular symptoms predominate,
with clinical presentations including tachypnea,
dyspnea, pulmonary insufficiency, blurred vision,
diplopia, dizziness, slurred speech, and coma. A dire
complication of hyperleukocytosis is intracranial or pul-
monary hemorrhage. Metabolic derangement resulting
from increased cellular proliferation, metabolism,
and cell death may result in hyperuricemia, hyper-
phosphatemia, hyperkalemia, hypocalcemia, and renal
failure. Biochemical imbalances may be aggravated by
chemotherapy-induced blast cell lysis.

Acute leukemias are more often associated with
symptomatic hyperleukocytosis than stable, chronic
leukemias, and myeloid malignancies are more prone 
to thrombotic or hemorrhagic complications than their
lymphoid counterparts. This predilection is due to 
the larger size and unfavorable physical properties of
myeloblasts compared to lymphoblasts. Myeloblasts
range in size from 350 to 450 mm3 and are relatively non-
deformable; in contrast, lymphoblasts are 190 to 350 mm3

and are less likely to sludge in capillaries and damage

vessels (Lichtman 1982; Bunin and Pui 1985). Conse-
quently, complications of hyperleukocytosis are more
common in acute myeloid leukemia (AML) or the 
accelerated or blast crisis of chronic myelogenous
leukemia (CML) than acute lymphobastic leukemia
(ALL), even though absolute blast counts may be
extremely high in ALL. Symptomatic hyperleukocyto-
sis is rare in chronic lymphocytic leukemia (CLL) and
uncommon in chronic phase CML although leukostasis
may occur due to the increased numbers of immature
myelocytes. A higher incidence of hyperleukocytosis 
and leukostasis in CML in children than in adults has
been reported (Rowe and Lichtman 1984).

Role of Leukapheresis

Leukapheresis to rapidly remove the offending
WBCs is widely accepted as a means to alleviate symp-
toms and prevent complications due to hyperleukocy-
tosis in children with leukemia (Bunin and Pui 1985;
Grima 2000; Lane 1980). The threshold for treatment is
extremely variable, as the degree of WBC elevation that
poses risk to an individual patient depends on a number
of factors including physical properties of the circulat-
ing leukocytes, the conditions in the microvasculature,
the underlying diagnosis, and concomitant medical
illness. As a general guideline, patients with peripheral
WBC counts greater than 100 ¥ 109/L, with a high per-
centage of blasts and promyelocytes, and neurological
or pulmonary manifestations of leukostasis are candi-
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TABLE 30.3 Indications for Therapeutic Leukapheresis and Plateletpheresis

LEUKAPHERESIS

Indication Category

Disease Clinical Setting AABB ASFA

LEUKEMIA

AML Hyperleukocytosis, with symptoms I I
CML, blast crisis, accelerated phase Hyperleukocytosis, without symptoms IV Not rated
ALL (uncommon)
CML, chronic phase with high percentages of immature

myelocytes (uncommon)

PLATELETPHERESIS

Polycythemia vera Symptomatic thrombocytosis I I
Essential thrombocythemia
CML
Myeloproliferative disorder

ALL = Acute lymphocytic leukemia, AML = Acute myelogenous leukemia, CLL = Chronic lymphocytic leukemia, CML = Chronic myeloge-
nous leukemia. Category definitions: I, standard acceptable therapy; II, sufficient evidence to suggest efficacy usually as adjunctive therapy; III,
inconclusive evidence or efficacy or uncertain risk/benefit ratio; IV, lack of efficacy in controlled trials.
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dates for leukocyte depletion. Different laboratory
thresholds have been used to guide therapy, such as a
fractional volume of leukocytes (leukocrit) above 10%,
or circulating blasts above 50,000/mL (50 ¥ 109/L), and
additional clinical criteria may have to be taken into
account, such as the rate at which the WBC or blast
count is rising, or the patient’s coagulation status and
general condition. Leukapheresis has also been used as
an adjunct to chemotherapy to prevent metabolic com-
plications associated with blast cell lysis in ALL and as
a means to control leukocytosis in CML when cytotoxic
therapy is contraindicated, as in early pregnancy
(Caplan et al. 1978; Strobl et al. 1999).

Technical Aspects

Cytoreduction therapy with leukapheresis must 
be tailored to the individual. Leukapheresis may be
repeated daily until the clinical manifestations of
leukostasis and hyperviscosity resolve or the leukocyte
count is substantially reduced. A therapeutic endpoint
with respect to the postprocedure leukocyte count often
cannot be specified in advance. Although some degree
of cytoreduction is usually accomplished, the efficacy of
the procedure is variable and reflects total-body tumor
burden, cellular proliferative rate, physical properties of
tumor cells, and response to concomittant chemother-
apy. On average, a greater than 50% reduction in circu-
lating WBCs is achieved with each procedure that
processes at least two blood volumes, calculated as the
patient’s weight in kilograms multiplied by 75 mL/kg.
Thus, two or more blood volumes must be processed,
typically about 10 liters for a 70-kg adult or about five
liters for a 35-kg child.

The total volume collected during a procedure
depends on the patient’s size and white cell count, but
for a 30-kg child, the average collection removes about
one liter of leukocyte-rich plasma. Calculation of
expected volume shifts during the procedure and
administration of appropriate replacement fluids is
extremely important to avoid hypovolemia, dehydra-
tion, and acid-base imbalance, especially in small chil-
dren. In addition, clinical and laboratory monitoring 
of citrate toxicity is important during leukapheresis 
procedures, and flow rates may need to be adjusted
during the procedure, because large volumes of blood
are processed and virtually all of the administered
citrate is returned to the patient. Heparin may be used
in conjunction with citrate anticoagulation, to decrease
the amount of citrate administered to the patient, in the
absence of specific contraindications such as coagu-
lopathy or hemorrhage. Erythrocyte sedimenting
agents, like 6% hydroxyethyl starch, may achieve more
efficient extraction of mature and immature myeloid

but are not commonly employed for therapeutic deple-
tion of leukocytes and should not be used in patients
with renal failure or cardiac disease, because of the asso-
ciated risk of unacceptable volume expansion.

Most leukemic patients with hyperleukocytosis are
also severely anemic and may be thrombocytopenic as
well. Because red cell mass is proportional to blood vis-
cosity, red cell transfusion should not be given before or
during the acute hyperviscosity crisis, unless there is 
an acute need to increase oxygen-carrying capacity.
Patients with hematocrits as low as 15% can tolerate 
the procedure with close monitoring and appropriate
intravascular volume support, and red cell transfusion
may be given after leukocyte depletion.

PLATELETPHERESIS
(THROMBOCYTAPHERESIS)

Thrombocythemia occurs in myeloproliferative 
disorders, such as essential thrombocythemia, poly-
cythemia vera, or chronic myelogenous leukemia
(CML); thrombocytosis is frequently seen in conjunc-
tion with reactive or secondary megakaryocytic pro-
liferation, as occurs following splenectomy or with
underlying malignancy or inflammatory disease. Both
malignant thrombocythemia and reactive thrombocyto-
sis may result in platelet counts exceeding 1000 ¥ 109/L;
however, reactive thrombocytosis in children is tran-
sient, asymptomatic, and rarely requires treatment. In
contrast, thrombocythemia associated with myeloprolif-
erative disorders is unremitting and may require treat-
ment to prevent bleeding or thrombosis. Bleeding
manifestions with thrombocytosis may be due to inher-
ently abnormal platelet function of the malignant clone,
administration of drugs, or vascular damage resulting
from occlusion. Hemorrhage may be massive or minor
and may occur locally or involve multiple locations, in
particular mucocutaneous (epistaxis), gastrointestinal,
genitourinary, or cerebrovascular sites. Thrombosis
more commonly occurs in polycythemia vera and essen-
tial thrombocytosis; whereas, hemorrhage may be more
frequent in CML and myelofibrosis, but both complica-
tions may occur in any of the diseases. The clinical
course of these hemostatic complications is variable and
unpredictable, and laboratory results rarely correlate
with patterns of hemorrhage and thrombosis.

Role of Cytapheresis

Treatment of thrombocytosis is directed at control-
ling the underlying disease or targeted to symptomatic
patients, with bleeding, thrombosis, or both complica-
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tions (see Table 30.3). Symptomatic thrombocytosis 
can be controlled with single-agent chemotherapy, with
hydroxyurea, interferon, busulfan, or anegrilide.Aspirin
and/or dipyridamole and antiplatelet agents may also be
given for thrombotic complications; however, their use,
as well as systemic anticoagulation, are contraindicated
in the presence of hemorrhagic complications.

Because pharmacological agents and chemotherapy
take time to improve symptoms or suppress production
by the bone marrow, plateletpheresis may be performed
to immediately lower the platelet count. There is poor
correlation between the platelet count and the risk of
significant clinical problems. Plateletpheresis is gener-
ally recommended as an adjunct to chemotherapy for
patients with platelet counts greater than 1000 ¥ 109/mL
and for patients with markedly elevated platelet counts
and manifestations of thrombosis or bleeding, irrespec-
tive of the platelet concentration (Grima 2000).

Technical Considerations

Plateletpheresis can achieve an immediate reduction
in platelet counts, depending on the total blood volume
processed, the preprocedure platelet count, and other
technical factors specific to the apheresis device used for
the procedure. In general more than one to two blood
volumes must be processed to remove 30% to greater
than 60% of circulating platelets, although the efficacy
of the procedure may be highly variable. As with leuka-
pheresis procedures, red cell mass and intravascular
fluid balance must be monitored carefully, with appro-
priate blood component therapy or fluid replacement
during or after the procedure.

ADVERSE REACTIONS

Apheresis personnel must recognize the early signs
of adverse reactions and effectively manage these com-
plications. Despite the critical nature of the indications
for treatment, therapeutic cytapheresis procedures 
are relatively safe. A prospective, multicenter study
reported significant adverse effects occur in approxi-
mately 5% of therapeutic apheresis procedures
(McLeod 1999). Adverse reactions were more common
in first-time procedures than in repeat procedures, and
more common with blood component exchanges than
for peripheral blood progenitor cell collections. Clini-
cally troubling reactions, in descending order of occur-
rence, were transfusion reactions (1.6%); citrate-related
nausea and/or vomiting (1.2%); vasovagal reactions
such as hypotension (1%), nausea and/or vomiting
(0.5%), pallor and/or diaphoresis (0.5%); and tachycar-
dia (0.4%); respiratory distress (0.3%); citrate-related

tetany or seizure (0.2%); and chills or rigors (0.2%)
(McLeod 1999). No deaths resulted from therapeutic
apheresis; three deaths were attributed to the underly-
ing primary disease.

The incidence of adverse reactions was not stratified
according to the age of the patient population in this
survey, however, the observations are consistent with
the general experience in pediatric populations. Among
children, citrate-related toxicity, transfusion reactions,
and vasovagal reactions are the most frequently
encountered adverse effects of therapeutic cytapheresis
procedures. Citrate toxicity is a greater problem with
leukapheresis than with exchange procedures because
virtually all of the administered anticoagulant is
returned to the patient. In addition, small infants or chil-
dren with liver disease may demonstrate increased sen-
sitivity to citrate. In adults, the first symptoms of citrate
toxicity are peri-oral and peripheral paresthesias. Chil-
dren may also report the sensation of mouth or finger
tingling in response to citrate but more often manifest
acute episodes of abdominal pain, nausea and/or vom-
iting, agitation, pallor, and sweating followed by tachy-
cardia and hypotension. These toxic effects are usually
avoided or minimized by careful monitoring of symp-
toms, blood pressure, and serum ionized calcium 
concentration and by reducing the flow rate and/or 
providing intravenous calcium supplementation as pro-
phylaxis when citrate delivery exceeds 0.8 mL/min with
the COBE Spectra.

If blood components, such as red cells or fresh frozen
plasma, are used as replacement fluids, transfusion reac-
tions may be difficult to distinguish clinically from other
procedure-related reactions. Immediate adverse reac-
tions to transfused components range from rare inci-
dents of life-threatening, acute, intravascular hemolysis
due to incompatible red cell units or mechanical hemol-
ysis, to more commonly reported, and usually mild,
allergic reactions to plasma constituents or febrile reac-
tions mediated by the recipient’s immune response to
transfusion or cytokines in the donor units. The signs
and symptoms of transfusion reactions may be sugges-
tive of a certain type of response, such as hives and
urticaria in allergic responses or back pain and dissem-
inated intravascular coagulation in hemolytic reactions.
More often, signs and symptoms are nonspecific with
fever, chills, tachycardia, or hypotension being seen 
in hemolytic, allergic, febrile, and septic transfusion
reactions. Consequently, an adverse reaction to blood
product administration should not be attributed to a
benign, febrile transfusion reaction, unless acute hemol-
ysis and other, more serious reactions are eliminated as
possibilities. The therapeutic apheresis procedure may
need to be slowed, stopped temporarily, or discontinued
until serological studies are completed by the blood
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bank and the patient’s symptoms resolve. Pretreatment
with acetaminophen and administration of leukocyte-
reduced red cells and platelets may prevent recurrent
febrile reactions. For patients with a history of allergic
reactions, premedication with antihistamines or washing
red cell units to remove residual plasma may be suffi-
cient to prevent recurrent episodes.

Vasovagal reactions manifest as bradycardia, hypoten-
sion, diaphoresis, pallor, nausea, and apprehension.
These reactions are managed by pausing the procedure
and elevating the patient’s legs. The changes in blood
pressure usually resolve within a few minutes, allowing
resumption and completion of the procedure.Vasovagal
reactions may mimic reactions due to anxiety or 
hypovolemia with the exception that the former is
usually associated with bradycardia, while the latter
usually cause tachyardia. Distraction techniques, such 
as conversation, videos, or games, are used to keep 
the child’s attention off the procedure and minimize
anxiety.
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INTRODUCTION

Therapeutic plasma exchange (TPE) is an extracor-
poreal treatment modality in which a substantial 
fraction of a patient’s plasma is removed and replaced
with donor plasma or a plasma substitute such as 5%
human serum albumin. The purpose of TPE is usually
the removal of a toxic macromolecule that is wholly or
partly confined to the intravascular space. The rationale
for TPE in a specific disease is strongest when there is
good evidence that a substance amenable to removable
by this means contributes to pathogenesis and that it
can be meaningfully depleted by TPE. As emphasized
in Chapter 29, significant and lasting depletion by TPE
can only be achieved for macromolecules that have a
substantial intravascular distribution and a relatively
long half-life. In many cases the target for removal is 
a harmful antibody, often an IgG antibody. IgG has a
half-life of about four weeks. About half is intravascu-
lar, and the extravascular and intravascular IgG pools
will re-equilibrate within 24 to 48 hours after intravas-
cular levels are lowered by TPE.Thus IgG can be mean-
ingfully depleted by a “standard” course of six TPEs of
1 to 1.5 patient plasma volumes over 10 to 12 days, as
described in Chapter 29.

Evidence of clinical benefit will ideally be available
to round out the rationale for TPE in a specific disease
(McLeod 2002; Kim 2000). Much more knowledge of
this nature has been gathered in adults than in the pedi-
atric patients who are the focus of this volume.This may
be cited as a potential barrier to reaching firm conclu-
sions about the efficacy of TPE in pediatric illnesses.
While this may be a valid concern in some cases, this
author feels that if there is good evidence that the same

pathogenic mechanism is operative in children and
adults with a specific disease and it involves a toxic
macromolecule amenable to removal by TPE, then
there is no reason not to extrapolate evidence of clini-
cal benefit in adults to pediatric patients (Rogers et al.
2003).

Assessment of risk and therefore of risk :benefit rela-
tionships could be another matter. Still, as also empha-
sized in Chapter 29, TPE can be carried out quite safely
in pediatric patients, even in very small children, with
proper adjustments in technique (Eder and Kim 2002).
Thus, even the risk :benefit argument may not be a 
compelling obstacle to extrapolating evidence of clini-
cal benefit from adults.

The remainder of this chapter is devoted to discus-
sion of the case of TPE in specific diseases. Information
specific for the pediatric age group will be provided
when possible, but knowledge gained from adult expe-
rience will also be liberally cited. Indication categories
assigned by the American Society For Apheresis
(ASFA) and the American Association of Blood Banks
(AABB) and described in Chapter 29, which are based
mainly on clinical data for adults, will also be quoted.
These are summarized in Table 31.1.

GUILLAIN-BARRÉ SYNDROME

Clinical Features

Guillain-Barré syndrome (GBS) is an acute, pro-
gressive disease of the peripheral nervous system. Since
the conquest of polio by vaccination it has been the
most common cause of rapid-onset, areflexic paralysis
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in developed countries. In adults, a typical presentation
is symmetrical leg weakness and distal parasthesias that
worsen as similar symptoms appear in the arms and
face. Leg and arm pain may be predominant symptoms
in children, and resultant behavioral changes such as
irritability and immobility may suggest encephalitis.
Respiratory weakness and cranial nerve symptoms are
found in more severe cases, and some patients have
autonomic nerve dysfunction manifested as instability
in pulse and blood pressure. Some patients remain
ambulatory throughout the illness, and this mild course
may be more common in children. At the other end of
the severity spectrum are patients who require mechan-
ical ventilation; the worst cases have quadriplegia, oph-
thalmoplegia, sensory deficits, and prolonged ventilator
dependency. Taking all age groups together, mortality is
about 5%, while another 5% are severely disabled and
another 10% to 15% have residual weakness at one
year. Outcomes have seemed generally more favorable
in several pediatric series, but prolonged disability and
death have been reported.

GBS patients are no longer regarded as a homoge-
nous group from the standpoint of pathophysiology.
While most have neurological deficits that are due to
loss of peripheral nerve myelin (acute inflammatory
demyelinating polyradiculoneuropathy [AIDP]), others

have axonal damage, sometimes limited to motor nerves
(acute motor axonal neuropathy [AMAN]). In the
Miller Fisher variant, which has been found in children,
ophthalmoplegia and ataxia are the predominant find-
ings and peripheral involvement may be limited to
asymptomatic areflexia. Also, in a few patients, postural
hypotension or other signs of autonomic neuropathy
may predominate. Variant presentations of GBS are
summarized in Table 31.2. Rapid progression followed
eventually by spontaneous recovery is the rule in all
types. Most patients reach a nadir within two weeks and
virtually all do so within four weeks.

Clinical findings usually suggest GBS; however, two
diagnostic tests may help to exclude other entities in the
differential diagnosis, which in children may include tick
paralysis and poliomyelitis. The cerebrospinal fluid
(CSF) usually has a moderately elevated protein level
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TABLE 31.1 Indication Categories for Therapeutic Plasma Exchange in Selected
Pediatric Disorders

Disorder ASFA/AABB Indication Category*

Guillain-Barré syndrome I
Chronic inflammatory demyelinating polyneuropathy I
Sydenham’s chorea II
PANDAS** II
Rasmussen’s encephalitis III
Thrombotic thrombocytopenic purpura I
Hemolytic uremic syndrome III
Familial hypercholesterolemia (LDL depletion) I
Refsum’s disease I
Focal segmental glomerulosclerosis (recurrent in renal III

transplant)
Renal transplantation

Rejection IV
Presensitization III

Heart transplant rejection III
Liver failure III
Myasthenia gravis I
Goodpasture’s syndrome I
Systemic lupus erythematosus

Nephritis IV
Other III

Autoimmune hemolytic anemia III
Immune thrombocytopenic purpura II

(immunoadsorption)

*See Chapter 29 for definitions of indication categories.
**Pediatric autoimmune neuropsychiatric disorder associated with streptococcal infection.

TABLE 31.2 Variants of Guillain-Barré syndrome

Acute inflammatory demyelinating polyradiculoneuropathy (AIDP)
Acute motor sensory axonal neuropathy (AMSAN)
Acute motor axonal neuropathy (AMAN)
Miller Fisher syndrome (MFS)
Acute panautonomic neuropathy
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and few cells. Electrophysiological studies usually show
a conduction defect due to myelin loss, but inexcitable
nerve fibers may also be demonstrated in the axonal
forms. Chronic inflammatory demyelinating polyneu-
ropathy can occur in children. It has similar electrodi-
agnostic findings but continues to progress well beyond
the four-week outer limit usually set for GBS.

Pathogenesis

Inflammatory demyelination is the most prominent
pathological finding in most patients with GBS although
axonal changes may be found in those with inexcitable
nerves. Old observations that GBS-like disease could be
passively transferred to experimental animals by infu-
sion of patient plasma suggested that an autoantibody
was involved. Current evidence suggests that these 
antibodies arise from a misdirected humoral immune
response to a preceding infectious illness. A number of
infectious agents have been implicated, including
cytomegalovirus (CMV), Epstein-Barr virus (EBV),
and varicella-zoster virus, but the strongest links are 
to Campylobacter jejuni, with about 30% of patients
having evidence of recent infection. An AMAN 
syndrome occurs in epidemics among rural Chinese
children, and more than 90% of affected children have
had recent C. jejuni infection.

Antibodies directed against microbial antigens 
probably crossreact with gangliosides on Schwann cell
or axonal membranes (that is, so-called molecular
mimicry). Several antiganglioside antibodies have been
identified in GBS patients, some of which correlate with
specific clinical variants. Most patients with Miller
Fisher syndrome have antibody to GQ1b, a ganglioside
enriched in ocular nerves. Anti-GQ1b may also be
found in classic GBS patients who have ophthal-
moplegia. Antibody to the ganglioside GM-1 is demon-
strable in about 25% of classic GBS cases and, along
with antibodies to gangliosides GD1a and GM1b, is
even more common in patients with axonal variants.
Antibody to one or another neuronal or myelin antigen
can be found in almost all GBS patients, and fluctua-
tions in antibody levels may correlate with changes in
clinical state.

Therapy

Antibody levels in GBS patients probably decline as
the immune response to the inciting microbe subsides.
In any case, spontaneous recovery is the rule in GBS,
probably even more so in children, and no specific treat-
ment is recommended for children who remain ambu-
latory. Supportive care is a major challenge for more
severely affected patients, especially those who require
prolonged mechanical ventilation. A large trial con-

ducted in adults indicated that corticosteroids are not
helpful (McLeod 2003).

TPE can shorten the duration of symptoms in GBS
(Jones 1995). Several large randomized trials have
shown that TPE-treated patients fare better in terms of
time to reach a number of clinical milestones, including
weaning from ventilation and walking without assis-
tance (Weinstein 2000). Randomized trials have not
been done in children, and pediatric patients included
in the large randomized trials were never analyzed sep-
arately. However, several open trials and comparisons
with historical controls in children have been consistent
with a similar disease-shortening effect. A typical 
course of TPE would include five to six treatments
administered every other day or three times per week.
GBS is a category I indication for TPE. Intravenous
immunoglobulin (IVIG) has also been reported
effected in GBS. A large randomized trial comparing
TPE, IVIG, and TPE followed by IVIG in adults found
no significant differences in efficacy. IVIG has also been
reported to be beneficial in children.

CHRONIC INFLAMMATORY
DEMYELINATING POLYNEUROPATHY

Clinical Features

Chronic inflammatory demyelinating polyneuropa-
thy (CIDP) is an acquired disorder that may persist with
either continuous or intermittent progression but in
children may be monophasic and subside permanently
after several months. Weakness is more evident than
sensory loss, and both proximal and distal muscles are
affected. A majority of children present with difficulty
walking. Proximal weakness helps to differentiate CIDP
from other chronic neuropathies, while progression for
more than two months distinguishes it from GBS. Elec-
trodiagnostic studies suggest demyelination, with slow
conduction, conduction block, and prolonged distal
latencies being found in multiple nerves. Examination
of CSF usually reveals an elevated protein and a low
white blood cell (WBC) count. Biopsies of superficial
nerves typically show demyelination and patchy inflam-
matory cell infiltrates. MRI may reveal enhancement of
the cauda equina. Detailed diagnostic criteria have been
promulgated by the American Academy of Neurology
for research but need not always be met for clinical
diagnosis.

Pathogenesis

While the etiology of CIDP remains uncertain, the
pathological findings and the similarity to GBS suggest
a misguided humoral immune process. Antibodies to
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GM-1 and other peripheral nerve myelin and protein
antigens are found in some patients. In adults, CIDP
may occur in the context of a monoclonal immunoglob-
ulin that exhibits antinerve antibody activity. Many 
children with CIDP have a history of a recent infectious
illness that might stimulate an antimicrobial response
that could crossreact with peripheral nerve components.

Therapy

Recognition of CIDP is important because it
responds to corticosteroid therapy in almost all cases.
Several series suggest that a quarter to a third of 
children have a monophasic course, with complete
recovery after several months of steroid therapy. The
remaining children have a relapsing or slowly progres-
sive course similar to the typical adult-onset picture,
despite intermittent treatment with, and responses to,
corticosteroids. Adults and children with progressive
disease may be treated with other immunosuppressive
agents, such as azathioprine, cyclophosphamide, or
cyclosporine.

TPE has been studied in adults with sham-controlled
trials that showed it to confer benefit in terms of motor
function and electrodiagnostic findings. It has also been
used in children with apparent good effect (Nevo 2000).
CIDP is a category I indication for TPE. IVIG has also
been shown to be effective in similar trials and is easier
to administer than TPE in children; however, TPE
should be offered to children with resistant disease. A
typical TPE treatment schedule recommended in adults
consists of three one-plasma volume TPEs per week for
two weeks, followed by two TPEs per week for another
four weeks.

SYDENHAM’S CHOREA AND
PEDIATRIC AUTOIMMUNE

NEUROPSYCHIATRIC DISORDERS
ASSOCIATED WITH

STREPTOCOCCAL INFECTIONS
(PANDAS)

Clinical Features

Sydenham’s chorea is a movement disorder that
usually develops in childhood and has long been known
to be related to an antecedent infection with Group A
b-hemolytic streptoccocci. It is one criterion for the
diagnosis of rheumatic fever, though it can occur in the
absence of carditis. Some patients with Sydenham’s
chorea also have emotional lability, compulsions, and
tics, and these observations fostered the hypothesis that
childhood obsessive compulsive disorders (OCD)

and/or tic disorders might have a similar relationship to
prior infection with Group A b hemolytic steptococci.
Evidence of antecedent streptococcal infection can be
found in many such children. In addition there is evi-
dence that exacerbations of symptoms may be preceded
by recurrence of streptococcal infection.

Swedo (2002) and her colleagues have identified a
subgroup of children with neuropsychiatric disorders
who meet the following five criteria: (1) OCD and/or a
tic disorder; (2) onset of symptoms before puberty; (3)
episodic course with exacerbations and spontaneous
improvement or remission; (4) association with Group
A b-hemolytic streptococcal infections, and (5) associ-
ated neurological abnormalities, particularly hyperac-
tivity or adventitious movements during exacerbations.
These children are said to have pediatric autoimmune
neuropsychiatric disorders associated with streptococ-
cal infection (PANDAS).

Pathogenesis

Both Syndenham’s chorea and PANDAS are believed
to be caused by antistreptococcal antibodies, possible to
the cell wall M protein, that crossreact with structures in
the nervous system. The exact neuronal antigens
involved are not known; however, pathological findings
and neuroimaging studies suggest that the basal ganglia
may be sites rich in target antigens.This would correlate
well with symptoms and would account for fluctuations
in disease activity related to recurrent streptococcal
infections that would presumably trigger a renewed anti-
body response. The B-cell alloantigen D8/17 is a genetic
marker for increased susceptibility to rheumatic fever,
Syndenham’s chorea, and PANDAS and may confer a
propensity to form a crossreactive antibody.

Therapy

Drug therapy with neuroleptics, psychotropics,
and/or muscle relaxants may reduce symptom severity
but is not curative for either Sydenham’s chorea or
PANDAS. The autoantibody hypothesis suggested that
immunomodulatory therapies, particularly those that
might lower antibody levels, would help. Both TPE and
IVIG have been shown to reduce symptoms in Syden-
ham’s chorea. In a randomized, double blind trial in
PANDAS, both TPE and IVIG brought improvement
not seen in the placebo group. Symptomatic improve-
ment with TPE occurred sooner and was felt to be quan-
titatively more impressive. Improvement also occurred
in control patients who later received open treatment
with TPE or IVIG. Improvement persisted at one year
of follow-up in many treated patients. Both Synden-
ham’s chorea and PANDAS are category II indications
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for TPE. In contrast, TPE is of no value in children with
OCD who do not have evidence of a prior streptococ-
cal infection.

RASMUSSEN’S ENCEPHALITIS

Clinical Features

Rasmussen’s encephalitis, first described by
Theodore Rasmussen in 1958, is a rare acquired neuro-
logical disorder that begins in childhood. Although a
seizure is frequently the presenting symptom, the
disease differs from typical epilepsy in that seizures
become difficult to control and are accompanied by 
progressive neurological dysfunction in the affected
cerebral hemisphere that may eventually result in hemi-
paresis and/or dementia.

Pathogenesis

Pathological studies show inflammation and atrophy
expanding from a central focus. Recent studies have
shown that patients with Rasmussen’s encephalitis have
autoantibodies to the GluR3 receptor for the CNS 
neurotransmitter glutamate that could account for a
humoral attack on neurons bearing this receptor at a
site where the blood-brain barrier has broken down.
GluR3 antibodies may arise as a crossreactive response
to a microbial antigen.Antibody to glutamic acid decar-
boxylase 65 (anti GAD65) has also reported in associ-
ation with epilepsia partialis continua.

Therapy

Antiseizure medications do not halt the progression
of Rasmussen’s encephalitis. Excision of the inflamma-
tory focus has been tried, as well as immunosuppressive
drugs. No controlled trials have been reported, but both
TPE and IVIG have been reported to reverse inex-
orable progression, at least temporarily, in patients with
GluR3 and GAD65 antibodies. Rasmussen’s encephali-
tis is a category III indication for TPE (Andrews et al.
1996).

THROMBOTIC THROMBOCYTOPENIC
PURPURA

Clinical Features

Thrombotic thrombocytopenic purpura (TTP) is a
disorder characterized by consumptive thrombocytope-
nia and microangiopathic hemolytic anemia. Patients

with advanced disease may also have fever, renal abnor-
malities, and/or CNS dysfunction. Some of these fea-
tures overlap with the hemolytic uremic syndrome
(HUS), in which renal failure is more prominent while
platelet counts tend to be higher. There is a rare con-
genital form of TTP that becomes evident in early child-
hood and typically exhibits a relapsing-remitting course.
Acquired TTP is usually seen in adults but a recent
review (Brunner et al. 1999) identified 35 cases in 
children, roughly half of which occurred in the setting
of systemic lupus erythematosus (SLE).

Pathogenesis

Recent publications have provided a coherent
account of the etiology of TTP. The von Willebrand
factor (vWF) multimers secreted by endothelial cells
are considerably larger than those found in normal
plasma and have greater prothrombotic activity. These
ultralarge multimers (UL-vWF) are normally cleaved
into an assortment of smaller multimers by a plasma
metalloprotease. Children with congenital TTP have a
defective gene for the vWF-cleaving enzyme, while
adults with acquired TTP have made an autoantibody
that inhibits it. In either instance, UL-vWF persist in
plasma and cause inappropriate adherence of platelets
to microvascular endothelium, perhaps in areas of high
shear stress. This consumes platelets and creates myriad
microvascular stenoses that either damage red cells
mechanically as they pass by, causing hemolytic anemia,
or prevent their passage entirely, causing ischemia that
results in renal and CNS dysfunction.

Therapy

The vWF-cleaving protease has a rather long half-
life, and normal plasma levels apparently far exceed
those required to prevent accumulation of UL-vWF.
Hence children with congenital disease can usually be
treated satisfactorily with monthly infusions of normal
plasma. In acquired disease, daily TPE with plasma
replacement gives better results than daily plasma infu-
sion, presumably because it removes antibody as well as
supplying the missing enzyme.

No reports of acquired TTP in the pediatric age
group have included measurement of vWF-cleaving
enzyme activity. It is therefore not clear whether the
above mentioned association of pediatric TTP with SLE
is due to formation of autoantibody to the enzyme in
the context of SLE or to production of a similar
symptom complex in some other way; for example,
severe vasculitis. The observation that many SLE-
related cases required six to eight weeks of treatment
with daily TPE and other measures to obtain a response
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would suggest the latter possibility to the present
author, since most adults with anti-vWF-cleaving
enzyme antibody respond to daily TPE with a signifi-
cant increase in platelet count within a week in his 
experience.

Daily TPE is the primary therapy for acquired TTP
due to anti-vWF-cleaving enzyme antibody, which is a
category I indication for TPE (Robson 2002; Grima
2000). Corticosteroids, other immunosuppressive drugs,
and splenectomy have all been advocated as adjunctive
therapies; all are supported by the anti-vWF-cleaving
enzyme autoantibody proposal.

HEMOLYTIC UREMIC SYNDROME

Clinical Features

HUS is characterized by microangiopathic hemolytic
anemia, renal insufficiency, and some degree of throm-
bocytopenia. As mentioned before, distinction from
TTP on clinical grounds alone is occasionally difficult;
however, this syndrome can arise in children in several
ways that are distinct from TTP and from each other.

The most common form of HUS in pediatric patients
follows a significant (typically bloody) diarrheal illness
caused by Shigella species or, more often in developed
countries, by the O157 :H7 strain of Escherchia coli,
which also elaborates a shiga-like exotoxin. This type of
HUS may be mild, but even severe cases that require
temporary hemodialysis and/or red cell transfusions
usually resolve with only supportive therapy, albeit with
residual renal damage in some instances.

A second category of childhood HUS is the rare 
congenital form. It may be evident from infancy and is
not associated with diarrhea or with any other infectious
illness.

A third subgroup of children and the majority of
adults with HUS have an acquired illness that is not pre-
ceded by dysentery. This form of HUS has been called
“atypical” or “idiopathic” and may have a relapsing-
remitting course.

Pathogenesis

HUS associated with dysentery is most likely due to
direct endothelial damage caused by shiga toxins that
are secreted by the infecting organism and find their
way into the bloodstream. Thromboses that develop 
on damaged renal epithelium consume platelets and
produce microvascular obstructions that result in
mechanical hemolysis and ischemia (Baker 2000).

Congenital HUS in some families has been shown to
be due to an inherited deficiency of factor H, an

inhibitor of activation of the alternative pathway of
complement. Presumably inappropriate complement
activation leads to endothelial damage in these patients.

In the past it has been widely assumed, based on 
clinical and pathological similarities, that atypical HUS
in children and adults was a part of the spectrum of TTP.
However, measurements of vWF-cleaving protease in
adults with an HUS symptom complex have repeatedly
revealed normal levels, and hence no evidence for an
autoantibody inhibitor. Thus, most cases of atypical
HUS are not related to TTP and their etiology remains
unknown.

Therapy

Treatment of diarrhea-associated HUS is usually
supportive. Although TPE has sometimes been used in
the most severe cases, no compelling clinical evidence
supports efficacy (Robson 1991). Furthermore, there is
no knowledge concerning the distribution or production
kinetics of shiga toxins or any other pathogenic agent in
this illness that could be marshaled to suggest a ration-
ale for TPE.

Replacement therapy with plasma is easily justified
in congenital HUS due to factor H deficiency; however,
it is not very effective in preventing symptoms. Possibly
the half-life of infused factor H and/or the levels needed
to prevent endothelial damage are not as conducive to
replacement therapy with plasma as they are for the
vWF-cleaving protease that is deficient in congenital
TTP.

TPE has been advocated and used in adults and chil-
dren with atypical HUS (Gianviti 1993). Most evidence
for efficacy comes from older series that included
patients with both TTP and HUS symptom complexes
based on the assumption that both had the same patho-
genesis. There are no reports concerning the efficacy of
TPE in adults or children that specifically address
patients labeled clinically as HUS who are not deficient
in the vWF-cleaving enzyme. Absent compelling clini-
cal data of this sort, one can only say that a firm ration-
ale for TPE is lacking in such cases. HUS has been rated
a category III indication for TPE.

FAMILIAL HYPERCHOLESTEROLEMIA

Clinical Features

As the name implies, familial hypercholesterolemia
(FH) is an inherited disorder. Patients who are homozy-
gous for the defective gene develop signs of illness
during childhood. Plasma low density lipoprotein
(LDL) levels are very high and total plasma cholesterol

370 Bruce C. McLeod

Ch31.qxd  12/19/05  7:31 PM  Page 370



may approach 1000 mg/dL.Accumulation of cholesterol
in cutaneous or tendinous xanthomas may be evident
before age five years. Atherosclerotic coronary vascular
disease also develops prematurely, and untreated
patients often die of myocardial infarction before age
20 years.

Pathogenesis

FH is caused by a mutation in the gene encoding
LDL receptors on cell surfaces. Cells lacking these
receptors cannot internalize the cholesterol carried by
LDL, and it accumulates in plasma and in extracellular
sites, causing the clinical manifestations described 
previously.

Therapy

Dietary and drug therapies for hypercholesterolemia
are usually ineffective in lowering LDL in homozygous
FH patients. More drastic measures, such as portacaval
shunt, ileal bypass, and biliary diversion are also of
limited benefit in the pediatric population. Liver trans-
plantation permanently corrects the metabolic deficit
but carries considerable morbidity and mortality.

LDL are large molecules that are predominantly
confined to the intravascular space and have a relatively
long half-life. They are therefore amenable to meaning-
ful depletion by TPE. TPE carried out every one to two
weeks will significantly lower time-averaged LDL 
cholesterol levels and lead to resolution of cutaneous
xanthomas and coronary atherosclerosis.

Because TPE also depletes high density lipoproteins
(HDL), which have a cardioprotective effect, there has
been interest in developing extracorporeal systems to
specifically deplete LDL. Four approaches have been
tried: (1) immunoadsoprtion with anti-LDL antibodies,
(2) precipitation of LDL with heparin and removal 
by filtration, (3) cascade filtration systems that deplete
the largest plasma macromolecules, including LDL, and
(4) adsorption of LDL by dextran sulfate columns
(Demetriou 2001; Al-Shaikh 2002). All these systems
require an LDL depletion module in addition to the
apheresis instrument that separates the plasma to be
LDL-depleted. They therefore entail a greater extra-
corporeal volume than TPE alone. Nonetheless, with
appropriate adjustments in technique as described in
Chapter 29 the latter two have been used in pediatric
patients and have been effective in maintaining lower
time-averaged LDL levels and preventing cardiovascu-
lar complications.The dextran sulfate adsorption system
has the best selectivity for LDL versus HDL. FH is 
a category I indication for selective LDL depletion
therapy (Zwiene 1995).

REFSUM’S DISEASE

Clinical Features

Refsum’s disease, also called heredopathia atactic
polyneuritiformis, is an inherited disorder that can
result in multiple neurological abnormalities including
retinitis pigmentosa, peripheral neuropathy, cerebellar
ataxia, anosmia, and sensorineural deafness. Other find-
ings may include ichthyosis of the skin, skeletal abnor-
malities, and cardiac arrhythmias. All of these clinical
manifestations may develop during childhood.

Pathogenesis

Patients with Refsum’s disease are genetically defi-
cient in the enzyme needed for a-oxidation of phytanic
acid, a branched-chain fatty acid derived entirely from
dietary sources, mostly ruminant fats. Lack of this
enzyme blocks the normal pathway for metabolism of
phytanic acid, which then accumulates in lipoproteins in
the blood to levels that are neurotoxic. Acute exacer-
bations may occur in association with concurrent ill-
nesses or other causes of weight loss, presumably
because phytanic acid stored in adipose tissue is
released into the bloodstream as fat is catabolized.

Therapy

A diet low in phytanic acid is the mainstay of treat-
ment.A slow ancillary oxidation pathway exists that will
eventually eliminate accumulated phytanic acid once
ingestion has ceased. Good overall nutrition should be
maintained to prevent exacerbations associated with
weight loss. TPE has been used to alleviate severe
disease in patients with very high blood phytanic acid
levels, either at diagnosis or during periods of exacer-
bation. Maintenance TPE may also hasten depletion of
body stores. Because it is bound to plasma lipoproteins,
phytanic acid can also be removed by the selective LDL
depletion devices described in the section on FH. These
have been used to good effect in a few patients. Periph-
eral neuropathy, ataxia, ichthyosis, and cardiac problems
usually improve with TPE and/or dietary therapy;
cranial nerve defects usually do not. Refusm’s disease is
a category I indication for TPE.

FOCAL SEGMENTAL
GLOMERULOSCLEROSIS

Clinical Features

Focal segmental glomerulosclerosis (FSGS) is an
important cause of renal failure in children and adults.
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Most cases are primary, but a few appear to be second-
ary to other conditions such as human immunodefi-
ciency syndrome (HIV) and chronic ureteropelvic
reflux. Dialysis-dependent children with FSGS are can-
didates for renal transplantation. An unusual feature of
FSGS is a propensity to recur in a transplanted kidney.
Recurrence is seen in about 30% of transplanted
patients, sometimes so rapidly that patients have
nephrotic range proteinuria within 24 hours after 
transplantation.

Pathogenesis

As the name implies, FSGS is a pathologically bland
process. Fusion of glomerular epithelial foot processes
is an early change evident on electron microscopy, but
scarring visible on light microscopy eventually ensues
without much evidence of inflammation. Scarring is 
initially focal and segmental but eventually becomes
diffuse. The propensity to recur in transplanted kidneys,
sometimes quite rapidly, suggested the possibility of a
circulating pathogenic factor. A 50 kD substance has in
fact been isolated from the plasma of FSGS patients
that will increase the permeability of isolated glomeruli
to albumin in a tedious bioassay. The molecular weight
of the permeability-enhancing factor is considerably
lower than that of IgG; however, like IgG it binds to
staphylococcal protein A.

Therapy

Immunosuppressive therapy with corticosteroids,
azathioprine, cyclosporin, and/or cyclophosphamide has
been tried in FSGS, but no drug regimen has been found
to reliably halt progression in either primary FSGS in
native kidneys or recurrent FSGS in a renal transplant.
TPE has been tried because of the evidence for a cir-
culating pathogenic factor. There is evidence that factor
levels are lower at the end of a TPE treatment than at
the beginning; but specific metabolic data that would
bear on the feasibility of TPE therapy, such as half-life
and extent of extravascular distribution, have not been
published. There are a number of reports of children
whose primary FSGS failed to respond to various drug
therapies but improved when TPE was started. Other
reports describe a lower incidence of recurrent FSGS 
in living related transplants where children receive
“prophylactic” TPE before transplantation. Still others
describe higher rates of remission in posttransplant
FSGS when TPE is included in the treatment regimen
(Zimmering 2000). Protein A immunoadsoprtion has
also been reported (Belson 2001). None of these con-
clusions is supported by any controlled data in children

or adults, so their status remains anecdotal. Recurrent
FSGS in a renal transplant is a category III indication
for TPE.

SOLID ORGAN TRANSPLANTATION

Transplantation of solid organs is an immunological
tour de force that can have a tremendous positive
impact on longevity and quality of life for recipients.
The bulk of transplantation immunology concerns 
cellular immunity. There are, however, certain circum-
stances in which circulating antibodies pose, or may be
thought to pose, an obstacle to receipt or retention of a
transplanted organ. TPE has been used extensively in
such circumstances in both adults and children
(Shishido 2001; Grauhan 2001).

Humoral Rejection

Transplantation of a kidney or heart into a recipient
with pre-existing antibody to donor antigens is doomed
to failure. Hyperacute rejection becomes evident 
within hours (sometimes within minutes) after recipient
blood begins to flow through the transplanted organ.
An intense inflammatory attack is directed mainly
against the donor blood vessel cells that first encounter
antidonor antibody; thus pathological findings are 
primarily vascular. TPE has been tried in hyperacute
rejection but, like other therapies, it is virtually always
ineffective. Fortunately, hyperacute rejection is rare
with modern antibody detection and crossmatching
methods.

There is a long-held belief that later rejections in
which vascular pathology is prominent are also likely to
be mediated, at least in part, by antidonor antibodies.
Although pathology texts now emphasize that this is an
oversimplification, the belief led to extensive use of TPE
for rejection of renal transplants in the years following
widespread availability of apheresis instruments.
Eventually, however, controlled trials showed that TPE
conferred no advantage, even in patients with vascular
pathology (Winters 2000). Thus, renal transplant rejec-
tion is a category IV indication for TPE.There are anec-
dotal reports of efficacy in heart transplantation but
most of these lack any documentation of circulating
antidonor antibodies. Heart transplant rejection is a 
category III indication for TPE. TPE may still be con-
sidered as an antirejection therapy for pediatric organ
transplant recipients who have not responded promptly
to standard measures. It seems especially plausible for
those who have circulating donor specific antibodies
documented by retrospective crossmatching. It should
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be borne in mind, however, that controlled trials
proving efficacy in patients with donor specific antibod-
ies have not been conducted in children or adults.

Presensitization

Patients who have preexisting antibody to HLA 
antigens are at high risk for hyperacute rejection of an
organ transplant bearing the antigen. Modern cross-
matching techniques can ensure that such transplants
are not done. A corollary, however, is that it is difficult
to find a compatible organ for patients with multiple
HLA antibodies, and such patients incur excess mor-
bidity and mortality associated with long waiting times
for transplantation.

Pretransplant immunosuppression combined with
TPE to lower antibody levels can sometimes produce
negative crossmatches with available organ donors and
thereby facilitate transplantation for highly alloimmu-
nized patients. Subsequent humoral rejection is rare
with modern posttransplant immunosuppressive regi-
mens, and children who qualify for kidney transplants
in this way do almost as well as those with no pretrans-
plant antibodies. Controlled trials are lacking, however,
and presensitization is rated a category III indication for
TPE.

Antibodies in the ABO system are also considered a
barrier to transplantation. Pretransplant immunosup-
pressive regimens including TPE to lower isoagglutinin
titers have been reported to allow successful transplan-
tation of ABO incompatible livers and kidneys to pedi-
atric patients. In particular, a transplant can sometimes
be obtained from a willing living donor, with all the
advantages that implies, for a child who could not 
otherwise be transplanted. Survival of these organs is
reported to be excellent in some series.

Liver Failure

TPE with plasma replacement has been advocated as
a treatment for severe liver failure that might at least
prolong life until an organ for transplantation becomes
available (Kawagishi 2001). Apparent success has been
reported anecdotally in both children and adults (Singer
2001). There is no question that this approach can tem-
porarily improve coagulation factor levels and amelio-
rate bleeding without producing volume overload. On
the other hand, rapid infusion of the large quantities of
citrate this entails can pose new metabolic challenges
for the failing liver. There is little evidence that TPE
lowers intracranial pressure or improves neurological
status in encephalopathic patients, and in small con-
trolled series it has not seemed to improve outcomes.

Thus liver failure is at best a speculative indication for
TPE. It is rated a category III indication.

OTHER DISEASES

Use of TPE in pediatric patients has been reported
in a number of other illness in addition to those dis-
cussed previously (Ohta 2001; Olson 2002; Pahl 2000).
Several of these are discussed briefly in this final section.

Myasthenia Gravis

Myasthenia gravis (MG) is a disease of weakness and
fatigability. There is a congenital form that presents in
infancy for which TPE is not indicated. Another form,
called juvenile MG, is similar to MG in adults, being
caused by an autoantibody to the acetylcholine recep-
tor on muscle cell motor endplates that interferes with
neuromuscular transmission. MG is a category I indica-
tion for TPE, and TPE should be used in recalcitrant
juvenile cases (Andrews 1998).

Goodpasture’s Syndrome

Goodpasture’s syndrome (GS) classically presents
with renal failure and pulmonary hemorrhage. It is
caused by an autoantibody to a noncollagenous domain
in the a-chain of type IV collagen. Glomerular and pul-
monary basement membranes are unusually rich in type
IV collagen. GS is a category I indication for TPE, and
TPE should be done on the rare occasions in which GS
occurs in pediatric patients.

Systemic Lupus Erythematosus

SLE is characterized by a variety of autoantibodies
including antibodies to double-stranded DNA. This
provides a strong rationale for TPE, and it has been
reported to be beneficial in pediatric SLE patients. Con-
trolled trials in adults, however, have been disappoint-
ing. SLE nephritis is now a category IV indication for
TPE based on a large controlled trial showing no
benefit. Another large controlled trial that enrolled
patients with a variety of severe manifestations of SLE
also failed to show any added benefit for patients receiv-
ing TPE. Other manifestations of SLE are still rated as
category III indications for TPE, however.

Autoimmune Hemolytic Anemia and
Immune Thrombocytopenic Purpura

Autoimmune hemolytic anemia (AIHA) and
immune (or idiopathic) thrombocytopenic purpura
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(ITP) are caused by autoantibodies to red cells and
platelets, respectively. They may occur in children, and
TPE might seem a reasonable therapeutic option. TPE
has been reported in persistent cases that do not
respond promptly to immunosuppressive drug therapy.
Limited experience with TPE in adults with AIHA or
ITP has been controversial at best, however, and AIHA
is currently considered a category III indication for
TPE, mostly on the basis of old anecdotal reports. ITP
has been treated with protein A immunoadsorption
columns that deplete IgG and some immune complexes.
This has been reported effective in open trials in ITP
associated with HIV. The protein A column is approved
by the Food and Drug Administration (FDA) for this
indication, and ITP is rated a category II indication for
protein A immunoadsorption.

SUMMARY

In summary,TPE has been tried in a number of child-
hood illnesses and seems to have a beneficial effect in
many of them. The most compelling evidence for clini-
cal benefit is found in diseases that also provide a strong
rationale, being caused, or thought to be caused, by cir-
culating antibodies of other toxic plasma macromole-
cules that have a long half-life. These diseases include
GBS, CIDP, MG, GS, FH, and Refsum’s disease. TPE
can be used in children with these illnesses with 
reasonable assurance of a favorable risk :benefit ratio.
The rationale for, and value of,TPE is less clear in other
disorders such as SLE, organ transplant rejection, and
atypical HUS. Readers are urged to consult the latest
clinical data before using TPE in these latter disorders.
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Nevo Y and Topaloğlu H. 2002. 88th ENMC International Workshop:
childhood chronic inflammatory demyelinating polyneuropathy
(including revised diagnostic criteria), Naarden, The Netherlands,
December 8–10, 2000. Neuromuscular Disorders 12:195–200.

Ohta T et al. 2001. Effect of pre- and postoperative plasmapheresis
on posttransplant recurrence of focal segmental glomerulosclero-
sis in children. Transplantation 71:628–633.

Olson JA et al. 2002. Type 1 diabetes mellitus and epilepsia partialis
continua in a 6-year-old boy with elevated anti-GAD65 antibod-
ies. Pediatrics 109:E50.

Pahl E et al. 2000. Reversal of severe late left ventricular failure after
pediatric heart transplantation and possible role of plasmaphere-
sis. Am J Cardiol 85:735–739.

Renard TH and Andrews WS. 1992. An approach to ABO-
incompatible liver transplantation in children. Transplantation
53:116–121.

Robson WL and Tsai HM. 2002. Thrombotic thrombocytopenic
purpura attributable to von Willebrand factor-cleaving protease
inhibitor in an 8-year-old boy. Pediatrics 109:322–325.

Robson WLM and Leung AKC. 1991. The successful treatment of
atypical hemolytic uremic syndrome with plasmapheresis. Clin
Nephrology 33:119–122.

Rogers R and Cooling LLW. 2003. Pediatric apheresis. In Apheresis:
principles and practice, 2nd ed. BC McLeod, TH Price, R Weinstein,
eds. Bethesda, MD: AABB Press.

Shishido S et al. 2001. ABO-incompatible living-donor kidney trans-
plantation in children. Transplantation 72:1037–1042.

Singer AL et al. 2001. Role of plasmapheresis in the management of
acute hepatic failure in children. Annals of Surgery 234:418–424.

Swedo SE. 2002. Pediatric autoimmune neuropsychiatric disorders
associated with streptococcal infections (PANDAS). Molecular
Psychiatry 2:S24–S25.

Weinstein R. 2000. Therapeutic apheresis in neurological disorders. J
Clin Apheresis 15:74–128.

Winters JL et al. 2000. Therapeutic apheresis in renal and metabolic
diseases. J Clin Apheresis 15:53–73.

Zimmering FD et al. 2000. Treatment of FSGS with plasma exchange
and immunoadsorption. Pediatric Nephrology 14:965–969.

Zwiene RJ et al. 1995. Low-density lipoprotein apheresis as long-term
treatment for children with homozygous familial hypercholes-
terolemia. The Journal of Pediatrics 126:728–735.

374 Bruce C. McLeod

Ch31.qxd  12/19/05  7:31 PM  Page 374



APPROXIMATE BLOOD 
VOLUMES (BV)

1. Preterm neonate = 100 ml/kg
2. Term neonate = 85 ml/kg
3. >1 month = 75 ml/kg

(Pisciotto, 2002)

PLASMA VOLUME (PV)

PV = BV ¥ (1 - Hematocrit [Hct])

(Pisciotto, 2002)

RED BLOOD CELL (RBC)
TRANSFUSION

1. Grams hemoglobin (Hgb) in the intravascular
space = total blood volume (TBV) ¥ Hgb concen-
tration

2. Volume of RBCs

3. Using Hct instead of Hgb yields:

If packed red blood cells (pRBC) are used,
Hgb donor unit = 22 to 24 g/dL
Hct donor unit = 70% (65–80%)

With additive solutions, Hct = 55 to 65%.
If whole blood is used,

=
¥ -( )TBV Hct desired Hgb observed

Hct donor unit

=
¥ -

Ê
Ë

ˆ
¯

=
¥ -( )

TBV
posttransfusion Hgb

pretransfusion Hgb

Donor blood Hgb concentration

TBV Hgb desired Hct observed
Hgb donor unit

Hgb donor unit = 11–12 g/dL
Hct donor unit = 35%

4. 3 ml/kg pRBC will raise Hgb by 1 g/dL
5. 10 ml/kg pRBC will raise Hct by 10
6. In an individual with a blood volume of 70–

75 ml/kg
Volume pRBC = weight (kg) ¥ change in 

Hct desired
Volume of whole blood = weight (kg) ¥ change in 

Hct desired ¥ 2

(Kasprisin, and Luban, 1987)

ESTIMATION OF BLOOD VOLUME
EXCHANGED

1. Percent (%) R = [(VT - VE) ∏ VT]n ,

R = percent of blood remaining in patient
VT = total blood volume
VE = aliquot size for infusion/removal
n = number of cycles of infusion/removal

Use of this equation helps determine that a single
volume exchange removes approximately 65% of the
patient’s blood volume, double volume exchange
removes 88%, triple-volume exchange removes 95%,
and a quadruple volume exchange removes 98%.

Double volume performed to remove plasma bound
substances: preterm = 2 ¥ 100 ml/kg

full term = 2 ¥ 85 ml/kg

Single volume for correction of coagulopathies or
anemia: preterm = 100 ml/kg

full term = 85 ml/kg

2.

(Kasprisin, and Luban, 1987)

Red cell mass
blood volume Hct

=
¥( )

100

375

Transfusion Formulas

CASSANDRA D. JOSEPHSON, MD

Handbook of Pediatric Transfusion Medicine
Copyright © 2004, by Elsevier.

All rights of reproduction in any form reserved.

A P P E N D I X

ChAP.qxd  12/19/05  7:32 PM  Page 375



PARTIAL EXCHANGE TRANSFUSION
FOR POLYCYTHEMIA

(performed to change Hgb level)

*replacement fluid will depend on clinical situation
(Pisciotto, 2002)

EXCHANGE TRANSFUSION FOR
ANEMIA

Partial volume to change hemoglobin level in anemia

(Pisciotto, 2002)

PREPARATION OF BLOOD PRODUCT
WITH SPECIFIC HCT USING FFP 

1. WFFP = [(Hctprbc/HctRB) - 1] ¥ Wprbc

W = weight in grams of product
HctRB = hematocrit of red cell product
Hctprbc = hematocrit of pRBCs

2. If one has a known exchange volume needed and
wants to use pRBCs reconstituted to a lower hema-
tocrit by using FFP or albumin, the following equa-
tions apply:

Volume of FFP = exchange volume 
- volume of pRBC

(Kasprisin and Luban, 1987)

PLATELET TRANSFUSION

Corrected count increment (CCI)

CCI

Posttransfusion count Pretransfusion count
Number of platelets per unit N

BSA

=
-

¥
¥

Volume of pRBC

Exchange volume reconstituted Hct
Hct prbc

=
¥

Volume RBC exchanged ml

BV Hgb desired Hgb initial
Hgb RBC approximately g dL Hgb initial

( ) =
¥ -( )

( ) -22

Volume replaced ml

BV Hct observed Hct desired
Hct observed

( ) =
¥ -( )

*

(Brecher M, Combs, MR, et al., 2002; Kasprisin and
Luban, 1987)

COAGULATION

1. Fresh frozen plasma contains all clotting factors in
a concentration of 1 unit/ml. The dose is 10–15
ml/kg and may be used to attain a minimal hemo-
static level of 20% to 30% for many coagulation
factors.

2. Cryoprecipitate contains a higher concentration of
Factor VIII (≥80 units) and a much higher concen-
tration of fibrinogen (≥150 mg). The dose is 1 to 2
units/10 kg and volume will vary, but each unit can
contain a maximum volume of 15 ml. The expected
increment should be 60 to 100 mg/dL rise in fib-
rinogen with a proper dose for body weight.

Number of units cryoprecipitate needed for fib-
rinogen replacement:

3. Factor VIII Dosing

Factor VIII (units) = (desired Factor VIII 
- initial Factor VIII) ¥ PV

Example: initial Factor VIII level = 0, desired
Factor VIII level is 50%, weight = 40 kg, Hct 30

Factor VIII (units) = (0.5 units/ml - 0) ¥ 75 ml/kg 
¥ 40 kg ¥ (1–0.3) 

= 1050 units

(Kasprisin and Luban, 1987)

desired fibrinogen level
initial fibrinogen level

PV ml dL

mg fibrinogen unit content of of units

-
Ê
Ë

ˆ
¯ ¥ ∏

( )

100

250 75%
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PLATELET
SOURCE PLATELET COUNTS VOLUMES

Whole blood derived ≥5.5 ¥ 1010 platelets* 50 ml plasma
Apheresis ≥3.0 ¥ 1010 platelets‡ 250–300 ml plasma

*There should be at least > 5.5 ¥ 1010 in at least 90% of the units
tested

† There should be at least ≥3.0 ¥ 1010 platelets in at least 90% of
the units tested.

‡Dose equivalent to 6–10 units of whole blood derived platelets.

Subsequent to platelet transfusion, 50% to 70% of
platelets are recovered in the peripheral circulation.The
remainder of the platelets are sequestered in the spleen.
The recovered proportions of peripheral platelets are
decreased further if splenomegaly is present.
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MASSIVE TRANSFUSIONS

Once the blood volume of a patient has been com-
pletely replaced, cross-matching RBCs is not usually
performed because the cross-match would reflect the
transfused blood and not the patient’s blood type.
However, a new cross-match is required if the blood
type were to be changed. The following chart provides
approximate cutoffs for determining when to discon-
tinue cross-matching.

COMPOSITION OF
ANTICOAGULANTS

Transfusion Formulas 377

TOTAL BOOD
AGE (years) WEIGHT (kg) VOLUME UNITS

2–3 10 700 2–3
4–5 20 1400 4–5
6–7 30 2100 6–7
8–9 40 2800 8–9

10–12 50 3500 10–11
Adolescent 60 4200 12–13

Massive bleeding transfusion guidelines:

1. Transfuse 1 unit of FFP and 1 platelet apheresis for
each 5 units of pRBCs administered.

2. Transfuse type-specific (ABO and Rh type) prod-
ucts as long as possible.

3. ABO/Rh type-specific blood or O negative packed
cells must be used when transfusing neonates for
hyperbilirubinemia.

(Kasprisin and Luban, 1987)

(Pisciotto, 2002)
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CPD, CPDA-1 AS-1, AS-3, AS-5

Hematocrit 70%–75% 55%–65%
Expected Hgb rise post 3 g/dL 2 g/dL

transfusion of 10 to 
15 ml/kg

Glucose + +++
Mannitol 0 AS-1, AS-5
Sodium Minimal ++
Adenine CPDA only Yes
Shelf-life 21–35 days 42 days
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2,3-DPG (2,3-diphosphoglycerate), 12

A
A antigen, 57, 63
A transferase, 45, 63
AABB (American Association of Blood

Banks), 3, 23, 89, 94, 297
donor screening criteria, 4
guidelines concerning use of therapeutic

apheresis, 345
Pediatric Hemotherapy Committee, 117,

119
Standards for Blood Banks and

Transfusion Services, 63
AAP (American Academy of Pediatrics) and

exchange transfusion, 160
ABO(H), 63–65
ABO and blood component compatibility

typing, 65T
ABO and Rh compatibility testing, 29
ABO antibodies, 47
ABO antigens, 63–65
ABO blood group system, 45, 47
ABO gene, 45, 47
ABO HDN (hemolytic disease of the

newborn), 194, 195, 206
ABO-incompatible blood, severity of

reaction, 303
ABO/Rh incompatible platelets, 32
ACD (acid-citrate-dextrose), 272
ACD-A, 18
Acetylcholinesterase, 53
Acidosis, 126, 211
Acquired hemorrhagic disorders, 238–241
Acquired inhibitors of coagulation, 241
ACS (acute chest syndrome), 210, 212
Activated Protein C, 36
Acute blood loss and RBCs (red blood cells)

transfusion, 139–140
Acute care hemostatic agents, 146
Acute GVHD (graft-versus-host disease),

292
Acute hemolytic anemia, 200

Acute hemolytic transfusion reactions,
318–319

Acute intravascular hemolysis, 304T
Acute myelogenous leukemia, 177, 259
Acute promyelocytic leukemia, 144
Acute renal failure, 36, 212
Acute respiratory distress syndrome, 115
Acute simple transfusion, 213
Acute splenic sequestration, 211
Acute symptomatic anemia, 210
ADAMTS13 defect, 145
Adenine, 18–19
Adolescents

autologous donation, 17
RBC transfusions, 131–133

Adults
granulocyte transfusions, 173–177
normal hemoglobin levels, 27

Afibrinogenemia, 237
AHTRs (acute hemolytic transfusion

reactions), 301–304, 306–307
AIDP (acute inflammatory demyelinating

polyradiculoneuropathy), 366
AIDS, 40, 329–330
AIHAs (autoimmune hemolytic anemias),

75, 245–251, 246T, 373–374
Air embolus, 163
Albumin, 34, 38–39, 40T, 345
Alkalosis, 322
ALL (acute lymphoblastic leukemia), 290,

291, 360
Allergic transfusion reactions, 114, 264,

309–311, 319
Alloantibodies, detecting, 68
Allogeneic adsorption, 83
Allogeneic donors, 5–6T, 18
Allogeneic transfusions

granulocyte, 167
PRBC alternatives, 30–31
whole blood, 19

Alloimmune HDN (hemolytic disease of the
newborn), 191–192, 195–198, 204

Alloimmune thrombocytopenia, 255
Alloimmune-induced neutropenia, 170
Alloimmunization, 30, 73, 254, 322

Alpha 2-antiplasmin, 237
Alpha aminocaproic acid (Amicar), 147
Alpha thalassemia, 201–202
Alphanine SD, 37
AMAN (acute motor axonal neuropathy),

366
Amegakaryocytic thrombocytopenia, 256
American Academy of Pediatrics Guidelines

for management of hyperbilirubinemia,
206

American Red Cross registry of donors, 4
AML (acute myeloid leukemia), 289–291, 360
Ammiotic fluid spectrophotometry, 197
AMOFS (acute multi-organ failure

syndrome), 211
Amotosalen HCI, 96–97
Amphotericin B infusion, 34
Anaphylactic allergic reactions, 36, 41
Anaphylaxis, 20, 114, 309–311
Anemia, 14, 132–133, 163, 191, 193, 201–202,

218
developing countries, 149, 150
Kell HDN, 195
malaria, 150
sickle cell disease, 354

Anemia of prematurity, 133
Anerobic infection, 199
Angina, 324
ANH (acute normovolemic hemodilution),

31
Anti-A antibodies, 302
Antianginal medication, 4
Anti-B antibodies, 302
Antibodies, 73

ABO (H), 63–64
ABO blood group system, 47
Cartwright blood group system, 53
Chido-Rogers blood group system, 56
Colton blood group, 55
confirming specificity, 76
Cost blood group system, 59
Cromer blood group system, 57
Diego blood group system, 53
Dombrock blood group system, 54
Duffy blood group system, 49
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Antibodies (continued)
Er blood group system, 59
frequency detected in children, 78T
frequency positive antibody detection tests,

77–78
Gerbich blood group, 57
Globoside collection, 60
Hh blood group system, 57
high-prevalence antigens, 61
identification panel, 74T
identification tests performed for, 74T
Ii blood group system, 60
Indian blood group system, 58
JMH blood group system, 59
Kell blood group system, 49
Kidd blood group system, 50
Knops blood group system, 58
Lewis blood group system, 52
low-prevalence antigens, 61
LW blood group system, 56
major blood group antigens, 46T
MNS blood group system, 50
OK blood group system, 58
P blood group system, 51
passive transfer of blood group, 41
prevalence in United States population,

46T
Raph blood group system, 59
red cell antigens, 67
Rh (D), 65–66
RH blood group system, 48
Scianna blood group system, 54
Xg blood group system, 53
XK blood group system, 57

Antibody detection tests, 68–69, 73, 77–83
Antibody identification methods, 73–77
Antibody identification panels/selected cell

panels and evaluation, 73–74
Anti-Ch antibody, 76
Anticoagulant-preservative solutions, 18–19
Anticoagulation, 183, 346
Anti-D antibody, 48
Antigen-antibody reactions, 74T
Antigen-Antibody reactions, methods for

detecting, 74T
Antigens

ABO(H), 63–64
ABO blood group system, 45, 47
blood group, 45
Cartwright blood group system, 53
Chido-Rogers blood group system, 56
Colton blood group, 55
Cost blood group system, 59
Cromer blood group system, 57
Diego blood group system, 53
Dombrock blood group system, 54
Duffy blood group system, 49
Er blood group system, 59
Gerbich blood group, 57
Globoside collection, 60
granulocytes, 175
Hh blood group system, 56
high prevalence characteristics, 60T
high-prevalence antigens, 61

Automated cell washers, 116
Avodart, 4

B
B antigen, 57, 63
B transferase, 45, 63
Babesia microti, 359
Babesiosis, 4, 336, 359
Bacillus cereus, 338
Bacteremia, 212
Bacterial contamination, 154, 322
Bacterial infections, 33, 337–339
Bacterial sepsis, 4, 168–169, 323
Bart’s hemoglobinopathy, 201
Bedside leukoreduction, 89
Benefix, 37
Bernard-Soulier syndrome, 141, 146, 257
Bethesda assay, 224
Biliary atresia, 240
Bilirubin encephalopathy, 191
Bilirubin reflect disease, 198
Bilirubin toxicity, 206
Bleeding disorders, 222
Bleeding problems, 223–225
Bleeding time, 223
Bleeding uremic patients and PRBCs

(packed red blood cells), 33
Blood

amount withdrawn, 7
artificial oxygenation, 181
donation issues, 17–18
filtering, 123–124
intraoperative salvage, 2
moderate to acute loss, 140T
partially phenotyped, 66–67
postoperative collection, 31
storage, 23–24
volume, 347T
volume shifts, 346–347

Blood banks, 29, 185, 187–188
Blood centers, 2–3, 18–18, 330
Blood collection, 3–7, 18–19
Blood components, 106

acute reactions to, 305–306T
albumin, 38–39
aseptic techniques, 15
CMV-seronegative, 87
coagulation factors, 37–38
cryoprecipitated antihemophiliac factor, 22,

36, 37
cryoprecipitate-poor plasma, 21
FFP (fresh frozen plasma), 21
filtering, 123–124
gamma-globulins, 39–42
gamma-irradiation, 358
granulocytes, 22, 33–34
inspecting before issuing, 23–24
irradiation, 14, 105T, 105–106
leukocyte-reduced, 13–14
leukocytes, 85
packaging into small containers, 15–17
plasma exchange, 344

Ii blood group system, 59
Indian blood group system, 58
JMH blood group system, 59
Kell blood group system, 48
Kidd blood group system, 49
Knops blood group system, 58
Lewis blood group system, 52
low-prevalence antigens, 60–61
Lutheran blood group system, 51
LW blood group system, 56
MNS blood group system, 50
OK blood group system, 58
P blood group system, 51
Raph blood group system, 58–59
Rh(D), 65–66
RH blood group system, 47
Scianna blood group system, 54
Xg blood group system, 53
XK blood group system, 57

Antihaptoglobin, 114
Anti-HCV antibody, 333
Anti-HIV-2 EIA, 331
Anti-HLA antibodies, 358
Anti-M antibody, 51
Anti-Rh antibody, 256
Anti-Sd antibody, 76
Anti-T antibody, 76
Apheresis, 8, 21, 343
Apheresis derived platelets, 20–21, 31–32,

253–254
Aplastic crisis, 14, 210–211
Apnea, 163, 205
Aprotinin, 146–147, 188
aPTT inhibitors, 224–225
Arachis hypogea, 115
ARDS (acute respiratory distress syndrome),

87, 184
Arthritis, 41
AS-1 RBCs (red blood cells), 18, 116–117
AS-3 RBCs (red blood cells), 18, 116
AS-5, 18
ASBMT (American Society of Blood and

Marrow Transplantation), 297
Ascites, 197
Aseptic meningitis, 41
ASFA (American Society for Apheresis), 345
ASPEN syndrome, 212
Asphyxia, 126
Aspirin-like drugs, 4
ATIII (antithrombin III) deficiency, 21, 36
ATL (adult T-cell leukemia/lymphoma), 333
At-risk pregnancy, 117
Autoantibodies specificity, 82
Autoanti-LW antibodies, 56
Autoimmune disorders, 241
Autoimmune hemolytic anemia, 67, 199, 304,

313
Autoimmune-induced neutropenia, 170
Autologous adsorption, 83
Autologous donation, 17, 27, 30
Autologous donors, 2–3
Autologous PBPCs (PB progenitor cells),

288
Autologous UCB (umbilical cord blood), 299
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plasma products, 34–36
platelets, 20–21, 31
PRBCs (packed red blood cells), 27–31
preparation records, 22–23
RBCs (red blood cells), 19–20
red cell exchange, 344
replacement cells/fluids, 344–345
therapeutic apheresis, 344–345
transmission of CJD, 337
WBC (white blood cell) content, 105, 105T
whole blood, 19, 27–31

Blood donors, 333–334
Blood drives, 1–2
Blood groups

See also human blood groups
antigens, 45
phenotypes and prevalence, 47T

Blood products
citrate, 138
for coagulopathy and ongoing needs,

185–186
CPB utilization, 188
designated storage area, 23
developing countries availability, 151
irradiation, 101, 103–104
priming ECMO (extracorporeal membrane

oxygenation), 185
protocols for ECMO start up, 185T
storage, 23–24

Blood reservoir, 182
Blood transfer bags, 16T
Blood warmers, 125–127
Blood-borne diseases, 4
Bloodmobiles, 2–3
Blue sclera, 223
BM (bone marrow), 271
BM-derived HPCs (hematopoietic progenitor

cells), 271
BM-derived stem collections, 271–272
BM-HPCs

ABO and Rh compatibility, 275–276
acute reactions during product infusion, 279
additives, 272
allogeneic transplants, 277–278, 278
alternative HPC sources, 279–280
anticoagulants, 272
autologous transplants, 277
buffered electrolyte solution, 272
cell selection, 274–275
cell separators, 276
chronic adverse effects, 279
collection and storage, 273–274
contraindications, 278
cryopreservation, 274
donor evaluation, 273
donor issues, 278
donors, 273
expected response, 278–279
genetic engineering, 275
GVHD (graft-versus-host disease), 279
HES (hydroxyethyl starch) sedimenation,

276
HLA compatibility, 273
human plasma contaminating, 272

identifying histocompatible donors, 277
indications, 277–278
infectious disease, 279
labeling requirements, 272–273
laboratory evaluation of bone marrow

harvest, 274
major red cell incompatibility approach,

276
malignant cell contamination, 275
medical history, 273
minor ABO red cell incompatibility

approach, 276
ordering and administration, 277
potential adverse effects, 279
RBC (red blood cell) crossmatches,

276–277
recipient issues, 278
red blood cell/plasma depletion, 274
sedimenation and dilution, 276
special preparation and processing,

274–280
stem cells, 272
storage and transport, 274
tissue culture media, 272
unprocessed, 272

BMT (bone marrow/stem cell
transplantation), 216

Bombay phenotype, 56
Bone marrow failure, 115, 132
Bone marrow transplants, 65, 75, 184
Bovine thrombin, 142
Bradycardia, 163, 205
Bronchitis, 334
Bruises, 7
BSE, “mad cow disease” (bovine spongiform

encephalopathy), 337
BUN (blood urea nitrogen) levels, 141
Burns, 36, 39, 184
Bystander hemolysis, 216

C
C antigen, 47
c antigen, 47
C1-esterase inhibitor deficiency, 34
Calcium, 138
Campylobacter jejuni, 367
Cannulae, 181, 182
CAP (College of American Pathologists),

23
Cardiac arrest, 12
Cardiac bypass surgery, 137
Cardiac disease, 133–134
Cardiac overload, 320, 322
Cardiopulmonary bypass pump priming, 39
Cardiothoracic surgery, 184
Cartwright blood group system, 53
CAS (cold agglutinin syndrome), 79, 247–248
Catheters, 122–123, 125, 349T
CCI (corrected platelet count index), 258
CCI (corrected count increment) formula, 32
CD34+ cells, 272, 288
CD99, 53

CDC (Center for Disease Control and
Prevention), 228, 329, 336

CDC website, 336
CDH (cogenital diaphragmatic hernia), 183
Celiac disease, 240
Cell removal procedures, 343–344
Cell savers, 30
Cell separators, 276
Cellular products, washing, 30
Central venous catheters, 123
Centrifugal pump, 182
Cerebrovascular accident (stroke), 210
CFR (Code of Federal Regulations), 3
CFU (colony-forming units), 168, 284
CFU-GM (granulocyte-macrophage colony

forming unit assays), 272
CGD (chronic granulomatous disease), 57
cGMP (current good manufacturing

practice), 22
Chédiak-Higashi syndrome, 141
Chagas’ disease, 4, 152–154, 336–337
CHD (cold hemagglutinin disease), 67
Chemotherapy, 65
Chido antigens, 56
Chido-Rogers antigen-negative phenotypes

prevalence, 56T
Chido-Rogers blood group system, 56
Childhood conditions leading to

thrombocytopenia, 256–257
Childhood neutropenia, 169–171
Children

assessing unexpected serologic findings, 77T
benefit of leukocyte reduction of

components, 13
chronic renal insufficiency, 132
clinically insignificant and significant

antibodies detected in, 78T
coumadin therapy, 143
granulocyte transfusions, 173–177
normal hemoglobin levels, 27
passive antibody source and specificity

found in, 78T
pediatric transfusion, 11
platelet products, 258
platelet transfusions, 256–259
RBC transfusions, 131–133
severe cardiac or pulmonary disease, 132
total blood volume estimate according to

age, 347T
Chimerism analysis, 279
Choreoathetoid cerebral palsy, 191
Chronic active hepatitis, 332
Chronic anemia, 132
Chronic benign neutropenia, 170
Chronic CAS (cold agglutinin syndrome), 79
Chronic DIC (disseminated intravascular

coagulation), 238
Chronic erythrocytapheresis, 215, 217
Chronic granulomatous disease, 22, 174
Chronic myelogenous leukemia, 298
Chronic RBC (red blood cell) exchange

transfusion, 215, 218
Chronic renal insufficiency, 132
Chronic simple transfusion, 213
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Chronic thrombocytopenia, 87, 257
Chronic ureteropelvic reflux, 372
Chronology of blood donor screening tests in

United States, 331T
CIDP (chronic inflammatory demyelinating

polyneuropathy), 367–368
“Cigarette paper” scar formation, 223
Cirrhosis, 228, 332
Citrate, 18, 138, 346
Citrate toxicity, 362
CJD (Creutzfeldt-Jakob disease), 228, 337
CLL (chronic lymphocytic leukemia), 360
Clofibrate, 160
Clostridia bacteremia, 304
Clostridial infections, 199, 202
Clotting abnormalities, 97
Clotting disorders, 4, 37
Clotting factor, 228–229
Clotting factors II, VII, IX, and X, 21
CML (chronic myelogenous leukemia),

290–291, 360–361
CMV (cytomegalovirus), 12–13, 85, 93–94,

170, 185, 297, 332, 367
blood product variables influencing

infectivity, 335
clinical manifestations from transfusions,

334
community-acquired, 94
demographics, 334
exchange transfusion, 163
factors predisposing to posttransfusion

infection, 335
fetal infection, 94
granulocyte transfusions, 177
high morbidity and mortality rate, 13
infants, 13
leukofiltration, 335
leukoreduction, 95
platelet transfusions, 264
primary infection, 334
recommendations, 335
risk of, 13
secondary infection, 334–335
seropositive mothers, 13
transfusion-transmitted infection

prevention, 335
transmission, 13
utero infection, 94

CMV (cytomegalovirus) “safe” components,
11, 94T, 95T

CMV seronegative, 2
CMV (cytomegalovirus)-seronegative

components, 2, 254
CMV-seronegative units, 87, 93–94
Coagulation, 138

acquired inhibitors, 241
inherited disorders, 225–238
overview, 221–222

Coagulation factors, 34, 37–38
Code of Federal Regulations, 23
Congenital hemochromatosis, 143
Congenital infectious hepatitis, 143
Cold agglutinin disease, 60
Cold antibody identification panel, 79
Cold-reactive alloantibody, 79

DAT-negative warm AIHA (autoimmune
hemolytic anemia), 250

DATs (direct antiglobulin tests), 63, 65, 75,
198, 290, 303

DHTRs (delayed hemolytic transfusion
reactions), 313

negative autoimmune hemolytic anemia,
83

neonates, 67
testing, 67

DDAVP, 233–234
D-dimer test, 225
Dedicated donors, 18
Delayed hemolytic transfusion reactions, 356
Delayed serologic transfusion reactions, 312
Dermatologic disease in antecubital fossa, 4
Desmopressin (DDAVP), 229
Developing countries

accidents, 151
acute blood-product shortage, 155
administration of transfusions, 156
anemias, 149–150
availability of transfusions, 156
bacterial contamination, 154
bacterial or viral infections, 151
blood collection and processing, 151–153
blood products availability, 151
blood transfusion systems and services,

149–150
Chagas’ disease, 154
conditions requiring transfusions, 150–151
current transfusion practices, 155–156
donor recruitment, selection, and

screening, 151–152
health status of blood donor population,

152
hemoglobinopathy, 151
hepatitis, 154
high risk of transfusion-transmitted

infectious disease, 155
hookworm, 151
intestinal parasitic infections, 151
IV (intravenous) replacement fluids, 156
laboratory testing, 152–153
lack of knowledge about HIV and

hepatitis, 153
limiting transfusions, 156
malaria, 150, 154, 156
nutrition, 156
nutritional anemia, 150–151
pediatric transfusion, 155
populations requiring transfusions, 150
PRBCs (packed red blood cells), 151
pretransfustion compatibility testing, 153
prevention measures to reduce need for

transfusion, 156
risk factor deferral criteria, 152
risks of infectious disease transmission by

transfusion, 153–155
screening of donated blood for

transfusion-transmitted infections,
152–153

sepsis, 154
syphilis, 154–155
thalassemia, 151

Cold-reactive autoantibody, 79–80, 80
Collection centers, 15
Collection set, 7
Colton blood group, 55, 55T
Column affinity technology/gel, 69
Commercially available transfer bags, 15–16
Community-acquired CMV, 94, 334
Compensatory erythropoiesis, 206
Complete/antiglobulin crossmatching, 70
Comprehensive Hemophilia Treatment

Center, 228
Concentrated FVIII, 142
Confidentiality, 4
Congenital hemochromatosis syndromes, 324
Congenital hemolytic anemia, 304
Congenital HUS (hemolytic uremic

syndrome), 370
Congenital SCIDS (severe combined

immunodeficiency), 40
Congenital syphilis, 202
Congenital thrombocytopenia syndromes, 259
Congenital TTP (thrombotic

thrombocytopenic purpura), 369
Congential granulocyte dysfunction, 33
Congestive cardiomyopathy, 324
Congestive heart failure, 140, 202, 261
Consumptive thrombocytopenia, 369
Corticosteroid, 8
Cost blood group system, 59
Coumadin therapy, 143
Counterflow centrifugal elutriation, 288
CPB (cardiopulmonary bypass), 181–183,

183T, 186–189
CPD (citrate-phosphate-dextrose), 18, 272
CPDA-1 (CPD-adenine), 18, 272
CPS (Canadian Paediatric Society), 160–161
Craniosynostosis, 114
CREG (crossreactive group), 273
Crigler-Najjar syndrome, 159
Critical care, 131–132
Crohn’s disease, 240
Cromer blood group system, 57–58
Crossmatched platelets, 255–256
Crossmatching, 69–71
CRP (cryoreduced plasma), 34
Cryoprecipitate, 21–22, 36–37, 142, 226, 234
Cryoprecipitated antihemophiliac factor, 22
Cryoprecipitate-poor plasma, 21
Cryosupernatant, 34
CSAs (clinically significant antibodies), 66, 68
C/T (crossmatch/transfusion) ratios, 71
CUF (conventional ultrafiltration), 188
CuSO, 4
Cyanotic heart disease, 140, 354
Cyclic neutropenia, 169
Cystic fibrosis, 202
Cytomegalovirus CMV transmission, 138
Cytomegalovirus infection, 202
Cytomegalovirus safe components, 12–13

D
D antigen, 47, 66, 192
DAF (decay accelerating factor), 57
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transfusion decision issues, 155–156
transfusion-transmitted HIV infection,

153–154
volume expanders, 156
whole blood, 151

Dexamethasone, 33
Dextrose, 18–19
DFO therapy, 217
DHTRs (delayed hemolytic transfusion

reactions), 215, 311–314
DIC (disseminated intravascular

coagulation), 22, 34, 36, 64, 115, 202, 256,
258, 302, 338

bleeding diathesis, 238
bleeding in, 144–145
causes, 143–144
clinical manifestations, 144
coagulation test features, 144
end-organ dysfunction, 238
management, 144–145
pediatric causes, 238B
purpura fulminans, 238
tests for, 225
thrombosis in, 144
treatment of, 238–239

Diego blood group, 53T
Diego blood group system, 53
Difficult-to-recruit plateletapheresis donors, 2
DiGeorge syndrome, 255
Dilutional coagulopathy, 323
Dilutional thrombocytopenia, 20
Diphosphoglycerate, 12, 139
Direct financial incentives, 2
Directed donation, 3, 17–18
Diseases treated with umbilical cord blood

transplantation, 296T
DL (Donath-Landsteiner) antibody, 249
Dombrock blood group system, 54–55, 55T
Donath-Landsteiner Test, 81
Donation, 17–18, 30
Donor registration card, 7
Donor T-cell replication and engraftment, 30
Donors

AABB screening criteria, 4
acute infection, 4
allogeneic exposures, 18
allogeneic qualification requriements, 5–6T
apheresis platelet, 8
autologous, 2–3
blood-borne diseases, 4
call back, 6
CMV seronegative, 2
collection set, 7
confidential exclusion, 6
confidentiality, 4
dedicated, 18
directed donation, 3
donor registration card, 7
exposure to prostitutes, 4
first-time, 1
focused health history, 3
high-risk behavior, 4
history, 4
HIV (human immuno-deficiency virus)

infection, 4

infection with chronic blood-borne agents,
4

intravenous drug abuse, 4
limited exposure, 3, 18
limited physical examination, 3
loss of, 1
medication history, 4
microhematocrit determination, 6
parenteral blood, 4
physical examination, 4
previously deferred, 3
reactions to collection, 7
recruitment, 1–2
registration, 4
requirements and guidelines, 3
screening, 3–4
Uniform Donor History Questions, 4
validation of identification, 7
verbal reidentification of, 7

“Dosage” effect, 49
Dose mapping, 108
Double volume exchange transfusions, 204
Drowning, 184
Drug-induced hemolytic anemia, 67, 75,

248–249, 304
Duffy blood group system, 49, 49T, 50T
Duke method, 223
Dysentery, 370
Dysfibrinogenemias, 22, 224–225, 237
Dyskeratosis congenita, 169
Dyspnea, 34

E
E antigen, 47, 192
e antigen, 47, 192
EACA (epsilon-aminocaproic acid),

229
EBV (Epstein-Barr virus), 13, 93, 95, 96, 170,

332, 367
EBV (Epstein-Barr virus)-associated PTLD

(posttransplant lymphoproliferative
disease), 298

ECMO (extracorporeal membrane
oxygenation), 137, 140–141, 321, 323

amount of time available for preparation,
185

anticoagulation, 183
blood bank support for, 185
blood products, 185–186
blood reservoir, 182
cannulae, 181–182
clotting, 186
coagulation complications, 185
course and outcomes, 184
decision to place patient on, 184
ECV (extra corporeal volume), 185
extracorporeal circuits, 181–183
fibrin deposition, 186
heat exchanger, 181–182
indications, 183T, 183–184
intracranial hemorrhage, 140
level of urgency, 185
oxygenator, 181–182

physiological and medical considerations in
priming, 183T

pump, 181–182
RBCs (red blood cells), 185
sepsis, 186
special conditions in neonatology, 263
transfusion of platelet concentrates, 186
VA (veno-arterial), 182
veno-arerial versus venovenous, 184

ECRCV (extracorporeal red cell volume),
348, 350

ECV (extra corporeal volume), 185, 346,
348–349

Eczema, 41
Edema, 197, 202
Ehrlichia chaffeensis, 96
EIA test, 333
Electromechanical infusion pumps, 124–125
Electronic crossmatching, 70
ELSO guidelines for neonatal ECMO, 184T
ELSO (Extracorporeal Life Support

Organization) registry, 185
Eluates, 75–76, 76T
Elutions, 76T, 83
Embden-Meyerhof pathway, 200
Emergency release, 29
Emergency transfusions, 29
End stage liver disease, 34
Endogenous carbon monoxide, 191
End-stage renal disease, 240
Enteral feeding intolerance, 39
Enzymatic defects, 159
Equine ALG (antihuman lymphocyte

globulin), 75
Er blood group system, 59
Erythrocytapheresis, 14, 353, 359

indications for, 355T
long-term, 356

Erythrocyte structural defect, 159
Erythropoiesis, 14, 218
Erythropoietin, 139, 206
Escherichia coli, 169, 370
Essential thrombocythemia, 361
Ethyl ether, 97
Eurocord, 295, 298
EVB, transfusion-transmitted, 95–96
Ewing’s sarcoma, 290
Exchange transfusions, 126, 321

alternatives to, 160
blood warmers, 127
CMV, 163
complications, 128T, 163–164, 205, 205T
continuous isovolumetric method, 161
discontinuous method, 161
double volume, 204
efficacy of albumin infusion for preventing,

160
glucose levels, 161
HDN (hemolytic disease of the newborn),

160, 203–204
hemoglobin S screening test, 162
hyperbilirubinemia, 160, 162
increased donor exposure, 356
indications, 159–161, 160T
infant stability, 127
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Exchange transfusions (continued)
in-line blood warmers, 161
irradiated blood, 204
irradiation, 163
isovolumetric method, 127
mechanics of manual, 127
metabolic and hematologic disturbances,

161
mortality rate, 128, 163–164
neonates, 159
newborns, 159
optimal timing for, 160
partial, 204
peripheral arterial catheters, 127
peripheral venous catheters, 127
potassium content, 162
practical considerations, 127–128
pretransfusional analyses, 162
procedure, 161, 204–205
procedure-related complications, 127
rate of adverse clinical problems, 128
rationale, 159–161
RBCs stored in additive solution, 162
reconstituted WB (whole blood), 162
removing toxic agents, 160
selection of blood for, 204
selection of donor blood, 162–163
serum bilirubin levels, 161
sickle cell disease, 355–357
single-volume, 204
stored WB or RBC units, 162–163
syringe pumps, 127
TA-GVHD (transfusion-associated graft-

versus-host disease), 163
temperature-controlled waterbath, 161
WB (whole blood), 162

Extracorporeal volume and priming, 182–
183

Extramedullary hematopoiesis, 218
Extrinsic (acquired) red cell disorders, 359

F
F24 plasma, 34, 36
FACT (Foundation for the Accreditation of

Cellular Therapy), 289
Factor II (hypoprothrombinemia), 236
Factor II (prothrombin) deficiency, 236–237
Factor IX, 37, 224–225, 225
Factor products available in United States,

230–231T
Factor V deficiency, 236
Factor VII deficiency, 224, 236
Factor VIII, 37, 224–225, 229
Factor VIII concentrates, 37
Factor VIII products, 228
Factor VIII-deficient hemophilia, 22
Factor vWF, 229
Factor X deficiency, 236
Factor XI deficiency (hemophilia C), 234–

236
Factor XIII deficiency, 22, 36, 222, 224–225,

236

Gemini infusion pump, 125
Gerbich blood group, 57
GIFT, LIFT (lymphocyte and granulcyte

immunoflourescence test), 175
Gilbert syndrome, 159
Glanzmann’s thrombasthenia, 141, 146, 257
Globoside collection, 60, 60T
Glucose intolerance, 324
Glycine soja, 115
Glycoprotein, 221
Goodpasture’s syndrome, 373
Graft-versus-tumor effect, 271
Gram-negative bacteria, 169
Gram-negative sepsis, 143
Granulocyte concentrates, 125, 173
Granulocyte transfusions

adults, 173–177
adverse reactions, 176
alloimmunization, 175–176
childhood neutropenia, 169–171
children, 173–177
CMV infection, 177
continuous flow filtration leukapheresis,

173
controlled studies of therapeutic in

neutropenic patterns, 174T
dose of granulocytes transfused, 173
fungal or yeast infections, 174–176
mobilization of donor granulocytes,

171–173
myelopoiesis, 168
neonatal neutropenia and dysfunction,

168–169
neonates, 177–178
prophylactic, 175
pulmonary complications following,

176–177
pulmonary infiltrates, 176
summary and recommendations of,

178–179
Granulocytes, 22

ABO compatibility, 33
adverse reactions, 34
antigens, 175
apheresis, 8
automated leukapheresis, 33
buffy coat prepartion, 22
collection, 171–173
continuous-flow centrifugation

leukapheresis, 177
contraindications, 34
cytapheresis, 22
description, 33
dosing, 34
expected response, 34
filtration leukapheresis, 173
HLA-match, 34
indications, 33
irradiation, 14, 22, 33, 107
kinetics following donor mobilization and

apheresis, 172
mobilization methods, 171–173
neonates, 22
ordering, 33–34

Factors, multiple deficiencies and
nonhemorrhagic deficiencies, 237–238

Fanconi’s anemia, 115, 256
FDA (Food and Drug Administration)

1% hemolysis for deglycerolized red blood
cells, 121

anticoagulant preservative solutions, 18
approved pediatric uses for intravenous

immunoglobulin, 41T
blood collection, 3
Code of Federal Regulations, 23
irradiation, 103
leukocyte reduction, 254
redefining donor exclusion criteria,

329–330
storage conditions of blood and blood

components, 23
Uniform Donor History Questions, 4

FDA Web site, 3
Febrile transfusion reactions, 319
Fetal anemia, 193, 195, 197
Fetal cells and P1 antigen, 51
Fetomaternal hemorrhage, 192, 196
Fetus, thrombocytopenic, 117–118
Fever, 34, 264
FFP (fresh frozen plasma), 19, 21, 34, 36, 97,

106, 345
FH (familial hypercholesterolemia), 370–371
Fibrinogen, 22, 36, 224
Fibrosis, 240
Filtering blood and blood components,

123–124
Filtration leukoreduction, 95
First-time donors, 1
Fluid overload, 41
Fluid warmers, 321
FNHTRs (febrile nonhemolytic transfusion

reactions), 13, 30, 85–86, 118, 215, 254,
307–309, 358

Freestanding irradiators, 104–105
Fresh, matched platelets, 255
Fresh blood, 12
Fresh whole blood, 187–188
Frozen/deglycerolized red cells, 19, 20
FSGS (focal segmental glomerulosclerosis),

371–372
Fungal infections, 33, 174
FVII-deficient patients, 146

G
G6PD (glucose-6-phosphate dehydrogenase),

199–200
G6PD gene, 199
Gamma globulins, 39–42
Gamma irradiation, 30, 255, 358
Gammagard S/D, 40
GAT (granulocyte agglutination test), 175
GBS (Guillain-Barré syndrome), 365–367,

366T
GBV-C, 332
G-CSF (granulocyte colony stimulating

factor), 8, 286
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PMN collection yield, 172T
short half-life, 173
thawed, 296

Group AB plasma, 2
Group O, Rh negative PRBCs (packed red

blood cells), 29
Group O, Rh positive PRBCs (packed red

blood cells), 29
Group O donors, 2
GS (goodpasture’s syndrome), 373
GVHD (graft-versus-host disease), 271, 273,

295
BM-HPCc, 279
clinical manifestations, 102
platelet transfusions, 264
prerequisites for development, 101–102
subsets of allogeneic donor T cells, 275
UCB (umbilical cord blood)

transplantation, 298
GVL (graft-versus-leukemia) effects, 273, 298

H
H antigen, 57
H transferase, 63
Hageman factor, 302
HAM (HTLV-associated myelopathy),

333–334
HAV (hepatitis A virus), 97
Hb Bryn Mawr, 358
Hb Rainier, 358
HbS (hemoglobin S), 209
HbSS (homozygous state), 209
HBV (hepatitis B virus), 93, 97–98, 149, 152,

154, 333
HCV (hepatitis C virus), 93, 97–98, 149, 152,

154, 332–333, 356
HCV NAT, 333
HDN (hemolytic disease of the newborn), 45,

47–55, 57, 61, 64, 66, 75, 159
alloimmune, 191–192
complications of exchange transfusion,

205
due to other red cell antibodies, 195–198
erythropoietin, 206
exchange transfusions, 160, 203–204
hydrops fetalis, 203
intrauterine fetal transfusions, 202–203
IVIG (intravenous immunoglobulin), 206
phototherapy, 206
platelet transfusions, 206
PRBCs (packed red blood cells)

transfusions, 206
prevention, 207
procedure of exchange transfusion,

204–205
therapy, 202–207

Heat exchanger, 181–182
Heat-treated plasma derivatives, 97–98
Heinz bodies, 199–200
Helinx INTERCEPT Blood System, 96–97
Hemagglutination assays, 114
Hematocrit, 4

Hematoma, 7
Hematopoietic disorders, 63
Hemochromatosis, 354
Hemoglobin, 4, 6, 14, 19
Hemoglobin H disease, 218
Hemoglobin S-negative red cell products, 14
Hemoglobin synthesis disorders, 201–202
Hemoglobinemia, 64, 116, 121–122, 302
Hemoglobinopathies, 151, 209
Hemoglobinuria, 64, 116, 121–122, 302, 359
Hemolysis, 18, 65, 68, 121–122, 322
Hemolytic anemias, 41–42, 75, 202, 248–249,

334, 359
Hemolytic disease, 126

causes in newborn, 192T
Kell, 195
other causes of, 202
predisposing, 29

Hemolytic transfusion reactions, 45, 48,
51–53, 63, 75

Hemolytic-delayed transfusion reactions,
319

Hemophilia, 37, 222–224
antifibrinolytics in treatment of, 229
average life expectancy, 226
Christmas disease, 225
clinical manifestations of, 225T
clotting factor types for treating, 228
Comprehensive Hemophilia Treatment

Center, 228
cryoprecipitate, 226
EACA (epsilon-aminocaproic acid), 229
factor replacement therapy guidelines,

227T
factor VIII, 225
home infusion programs, 226
inhibitor patients dosing factor

concentrates, 231–232
inhibitors, 227–228
inhibitors of single coagulation factors, 241
liver transplant, 228
prophylaxis, 226–227
severity, 225–226
surgery, 226
symptomatic carrier females, 229
tranexamic acid, 229

Hemophilia A, 36, 146, 225–227, 229, 241
Hemophilia B, 37, 146, 225–227, 229, 231
Hemophilus influenza infections, 143
Hemorrhage, 125
Hemorrhagic disorders, 221
Hemorrhagic lupus anticoagulant syndrome,

241
Hemosiderosis, 217
Hemostasis, 20, 34
Hemostatic agents, 146
Hemostatic measures for uremic bleeding,

141T
Hepatic disease, 258
Hepatic insufficiency, 19
Hepatitis, 154, 254, 331–333
Hepatitis A and B, 170
Hepatitis A transmission through transfusion,

333

Hepatitis B, 37, 228, 263–264, 297
Hepatitis C, 37, 42, 228, 264, 297
Hepatocellular carcinoma, 228, 332
Hepatomegaly, 324
Hepatosplenomegaly, 193–195, 197, 202
Hereditary elliptocytosis, 201
Hereditary spherocytosis, 206
Heredopathia atactic polyneuritiformis, 371
Hermansky-Pudlak syndrome, 141
Herpes viruses, 93–96
HES (hydroxyethyl starch) sedimentation,

276
Hetastarch, 8
Heterophile-negative mononucleosis

syndrome, 334
Heterozygous RBCs (red blood cells), 49
HGF (hematopoietic growth factors), 168
Hh blood group system, 56–57
Hh gene, 45, 47
HHV-8, 96
High dose IVIG (immune globulin), 75
High purity factor, 228
High-prevalence antigens, 61
High-risk behavior, 4
Histocompatibility, 297
HIT (heparin induced thrombocytopenia),

33
HIV (human immunodeficiency virus), 4, 37,

93, 97–98, 149, 152, 228, 254, 297, 356,
372

diagnostic tests, 331
effect of allogeneic transfusion in

progression of, 330
ELISA method, 329
genetic diversity, 330
history, 329–330
HIV-2, 330–331
HIV-EIA, 331
NAT (nucleic acid testing), 330, 331
p24 antigen, 330
platelet transfusions, 263, 264
screening, 329
subtypes, 330–331
supplemental testing, 331
transfusion-transmitted, 153–154
transmission of HIV infection through

transfusion, 330
window phase, 96

HIV-1 Western blot test, 331
HIV-1/HIV-2 test, 331
HIV-2, 330–331
HLA (human leukocyte antigen), 30, 33,

216
alloantibodies, 85–87

HLA alloimmunization, 13, 358
HLA (human leukocyte antigen) and/or

HPA (human platelet antigen)
alloimmunization, 33

HLA antigens, 13
HLA (human leukocyte antigen) haplotype,

101, 106
HLA (human leukocyte antigen)-matched

donors, 295
HLA-H (hereditary hemachromatosis), 324
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HLA-matched platelets, 256
Homozygous alpha thalassemia, 206–207
Hookworm, 151
HPAs (human platelet antigens), 117, 262
HPCs (hematopoietic progenitor cells),

271–272
HPP (hereditary pyropoikilocytosis), 201
HS (hereditary spherocytosis), 200–201
HTLA (high-titer, low avidity) antibodies,

58
HTLV (human T-cell lymphotropic virus),

297, 333–334
HTLV-3, 329
HTLV-I (human T-cell lymphotrophic virus

type 1), 13, 93, 333
HTLV-II (human T-cell lymphotropic virus

type 2), 93, 333–334
HTLV-I/II EIA tests, 334
HTLV-IV, 330
Human blood groups

ABO blood group system, 45–47
blood group system, 47–48
Cartwright blood group system, 53
Chido-Rogers blood group system, 56
Colton blood group, 55
Cost blood group system, 59
Cromer blood group system, 57–58
Diego blood group system, 53
Dombrock blood group system, 54–55
Duffy blood group system, 49
Er blood group system, 59
Gerbich blood group, 57
Globoside collection, 60
Hh blood group system, 56–57
high-prevalence antigens, 61
Ii blood group system, 59–60
Indian blood group system, 58
JMH blood group system, 59
Kell blood group system, 48
Kidd blood group system, 49–50
Knops blood group system, 58
Lewis blood group system, 52
low-prevalence antigens, 60–61
Lutheran blood group system, 51–52
LW blood group system, 56
MNS blood group system, 50–51
OK blood group system, 58
P blood group system, 51
Raph blood group system, 58–59
RBC (red blood cell) antigens, 45
Scianna blood group system, 54
Xg blood group system, 53–54
XK blood group system, 57

Human plasma-derived factor, 228
Humoral rejection, 372–373
HUS (hemolytic uremic syndrome), 145,

370
Hydrops, 195, 197
Hydrops fetalis, 200–203
Hyperbilirubinemia, 121, 159, 160, 162, 194,

199, 201, 206
Hyperextensible joints and skin, 223
Hyperglycemia, 114
Hyperinsulinemia, 205
Hyperkalemia, 113–114, 121, 163, 321, 360

leukocyte reduction of components, 13
low erythropoietin levels, 139
pathophysiology of anemia of, 133
platelet concentrate, 20
RBCs (red blood cells) transfusions, 133

Infection
with chronic blood-borne agents, 4
platelet transfusions, 263–264

Infectious agent testing, 297
Infectious disease transmission risks, 153–155
Infectious transfusion complications

babesiosis, 336
bacterial infections, 337–339
CJD (Creutzfeldt-Jakob disease), 337
CMV (cytomegalovirus), 334–335
hepatitis, 331–333
HIV (human immunodeficiency virus),

329–331
HTLV (human T-cell lymphotropic virus),

333–334
malaria, 336
parasitic infections, 336–337
parvovirus B19, 335–336
Trypanosoma cruzi, 336–337

Influenza, 304
Influenza A and B, 170
Infusion pumps, 124–125
Inhalation injury, 184
Inherited coagulation disorders

hemophilia A and B, 225–232
rare congenital hemorrhagic disorders,

234–236
von Willebrand’s disease, 232–234

Inhibitor patients, 231–232
Inhibitor screening tests, 224–225
In-laboratory leukoreduction, 89
INR (International Normalized Ratio), 224
Insulin dependent diabetes, 324
INTERCEPT Blood System for RBCs, 97
Interstitial pneumonitis, 334
Intestinal parasitic infections, 151
Intracranial hemorrhage, 32, 141
Intraoperative blood collection, 30
Intraoperative salvage, 2, 114–115
Intrauterine fetal transfusions, 202–203
Intravascular hemolysis, 50, 69, 304
Intravenous delivery systems

blood warmers, 125–126
catheters, 122–123
electromechanical infusion pumps, 124–

125
filters, 123–124
needle size, 121–122
rapid infusion devices, 125–126

Intravenous immunoglobulin preparations,
42T

Iron chelation, 324–325
Iron deficiency, 6
Iron deficiency anemia, 323
Iron overload, 323–325
Iron-deficiency anemia, 150–151
Irradiated cellular components, 11, 14
Irradiation

blood components, 105–106
clinical indications for, 103T

Hyperleukocytosis, 359–360
Hypernatremia, 114
Hyperosmolality, 114
Hyperphosphatemia, 114, 360
Hypersplenism, 218
Hypertonia, 191
Hypertransfusion, 14
Hyperuricemia, 360
Hyperventilation-induced hypocapnea, 7
Hypoalbuminemia, 126, 198
Hypocalcemia, 7–8, 126, 163, 205, 321–322,

347, 360
Hypofibrinogenemia, 22, 237
Hypogammoglobulemia diseases, 65
Hypoglycemia, 163, 198, 321
Hypoproteinemia, 39, 193
Hyporegenerative anemia, 206
Hypotension, 33–34, 41, 114, 211, 322, 347
Hypotensive reactions, 88
Hypothermia, 125–126, 138, 163, 211, 321
Hypovolemia, 125
Hypoxemia, 212
Hypoxia, 202, 211

I
Ii Blood group phenotypes and prevalence,

59T
IAT (indirect antiglobulin test), 29, 73
IBMTR (International Bone Marrow

Transplant Registry), 298
IFA (immunofluoroescence assays), 331
IgA deficiency, 20, 36, 40–41
IgG antibody, 47, 49–50, 52–61, 63–64,

248–249, 365
IgG autoantibodies, 246
IgG-type antibodies, 53
IgM antibody, 47, 49–53, 56–57, 61, 63–64,

248
IgM antigen, 60
IgM autoantibodies, 247
Ii blood group system, 59–60
Immediate spin/abbreviated crossmatching,

69–70
Immune cytopenia, 18
Immune hemolytic anemias, serologic

findings in, 76T
Immune mediated hemolytic disease,

191–192
Immune modulation, 254
Immune neutropenia, 170–171
Immune status, 138
Immune thrombocytopenic purpura, 256, 259,

373–374
Immune-mediated hemolysis, 115, 202
Immune-mediated thrombocytopenia, 246
Immunocompromised patients, 14
Immunoglobulin, 40, 41T, 42T
Immunosuppressed patients, 14
INACTINE, 97
Incompatible blood transfusions, 359
Indian blood group system, 58, 58T
Infants

CMV infection, 13
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confirming occurrence of, 108–109
dose mapping, 108
exchange transfusion, 163
FFP (fresh frozen plasma), 106
freestanding irradiators, 104–105
granulocytes, 107
instrumentation for, 104–105, 104F
linear accelerators, 104–105
neonatal RBC transfusion concerns, 107
platelets, 107
process of, 103–104
quality assurance, 108, 108T
radiation-sensitive indicator label, 108–109
RBCs (red blood cells), 105
selection of radiation dose, 107–108
storage of red cells and platelets after,

106–107
T lymphocytes, 105–106

IS (immediate spin), 73
IS crossmatch, 71
ISI (International Sensitivity Index), 224
Isohemagglutinins, 36
ITP (idiopathic thrombocytopenia purpura),

40, 77, 141
IVDA (intravenous drug abuse), 4
IVH (intraventricular hemorrhage), 260
IVIG (intravenous immunoglobulin), 39–42,

117
Ivy method, 223

J
Japanese Red Cross GVHD Study Group,

101
Jaundice, 126, 191, 193, 195, 199–200, 359
JMH blood group system, 59
Joint Commission on Accreditation of

Healthcare Organizations (JCAHO), 23

K
K+, 113–114
K antigen, 48
k antigen, 48
K+-adsorption filter, 114
Kaposi’s sarcoma, 96
Kasabach-Merritt syndrome, 202
Kawasaki syndrome (mucocutaneous lymph

node syndrome), 40
Kell blood group system, 48T, 48–49, 49T
Kell HDN, 195, 198, 206
Kernicterus, 126, 159, 191
Kidd blood group system, 49–50, 50T
Kidney disease, 59
Kleihauer-Betke test, 196, 207
Knops blood group system, 58
Kx antigen, 57

L
Laboratory testing, 152–153
LCA (lymphocytotoxicity assay), 175

LDA (limiting dilution assay), 107
Le gene, 52
Lectin reactivity with polyagglutinable red

cells, 77T
Lectin typing, 76
Leg ulcers, 212
Leukapheresis, 351, 359–361
Leukemias, 277, 360
Leukocyte reduction, 15, 20, 88–89, 254–

255
Leukocyte-mediated cytokine, 114
Leukocyte-reduced blood components, 11,

13
Leukocyte-reduced platelet products, 12
Leukocyte-reduced RBCs (red blood cells),

12, 19
Leukocytes

adverse effects in recipient, 13
blood components, 85
CMV, 13
inactivation of, 109
platelets, 106
PLT products, 86
transmission of infectious organisms

associated with, 254
Leukofiltration and CMV (cytomegalovirus),

335
Leukoreduced units, 86T, 90, 94–97
Leukoreduction, 8, 30, 85, 358

CMV, 95
contraindications, 88
effects on prion transmission, 96
filtration, 95
FNHTRs (febrile nonhemolytic transfusion

reactions), 85–86
hazards, 88
herpesviruses, 95–96
HLA (human leukocyte antigen)

alloantibodies, 86–87
pathogens, 96
products, 89
quality control, 89
RBCs (red blood cells), 105
side-effects, 88
specific indications for, 85–88
standards, 89
technologies, 88–89
TRIM (transfusion-associated

immunosuppression/
immunomodulation) prevention,
87–88

TT-CMV (transfusion-transmitted
cytomegalovirus), 87

universal, 89–90, 96
Leukoreduction filters, 96, 124
Lewis blood group system, 52, 52T, 53T
Life-threatening circulatory collapse, 114
Limited exposure donors, 18
Linear accelerators, 104–105
Lipid-enveloped viruses, 97
Lipocalin PP14, 88
LISS (low ionic strength solution), 73
Liver disease, 97, 239–240
Liver failure, 143, 239, 373
Liver resection, 114

Long wavelength UVA (ultraviolet
irradiation), 109

Low birth weight infants
thermal regulation, 138
volume-reduced platelet products, 14

Low-prevalence antigens, 60–61
LTCIC (long-term culture-initiating cell)

assay, 284
Lui Freeze-Thaw method, 75
Lung hypoplasia, 183
Lupus anticoagulant, 224
Lutheran blood group system, 51–52,

52T
LW antigen, 56
LW blood group system, 56, 56T
Lymphadenopathy-associated virus type-2,

329, 330
Lymphocytes, 105

antibodies from passenger, 75
inactivating, 14
proliferation, 107

Lymphoproliferative syndrome, 247

M
M antigen, 50
Major ABO incompatible bone marrow

transplant, 75
Malaria, 4, 150, 152, 154, 336, 359
Malarial parasites Plasmodium vivax, 49, 97,

150, 330
Malignant thrombocythemia, 361
Mannitol, 19
Manual exchange transfusion, 127
Marfan syndrome, 223
Marrow fibrosis, 278
MAS (meconium aspiration syndrome),

184
Massive blood loss, 125
Massive transfusion, 34
Material incentives, 2
Maternal blood, 3
Maternal plasma alloantibodies, 18
McLeod syndrome, 57
MDS (myelodysplastic syndrome), 290
Measles, 170
Mechanical devices, 121–126
Mechanical hemolysis, 304
Medical and Scientific Advisory Council of

the National Hemophilia Foundation,
226

Medical Event Reporting System-Transfusion
Medicine, 306

Medication
history, 77
inducing platelet dysfunction, 263

Meningoencephalitis, 334
Meningococcal sepsis, 36
MER2 (Raph) antigen, 58–59
Metabolic characteristics of selected plasma

proteins, 344T
Metabolism, 138–139
Metalloporphyrins, 160
Methylene blue, 97
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MHC (major histocompatibility complex), 101
Microaggregate filters, 123–124
Microangiopathic hemolytic anemia, 369
Microchimerism, time course of, 102–103
Microhematocrit determination, 6
Miller Fisher syndrome, 366, 367
Minor HA (minor histocompatibility

antigens), 101
Mixed-type AIHAs (autoimmune hemolytic

anemias), 60, 248
MNS blood group system, 50–51, 51T
Mobilization of donor granulocytes, 171–173
Monoclonal purified factor, 228
Mononine, 37
Mortality, 12
MUF (modified ultrafiltration), 188
Multi-organ failure syndrome, 355
Mumps, 170
Myasthenia gravis, 373
Mycoplasma pneumoniae infection, 247
Myelogenous leukemia, 87
Myelopoiesis, 168

N
N antigen, 50
NAIT (neonatal alloimmune

thrombocytopenia), 18, 117–118, 262
NANB (non-A, non-B) hepatitis, 332
NAT (nucleic acid testing), 93, 330–331
NEC (necrotizing enterocolitis), 76–77, 115,

163, 198–199, 322–323
Needle size, 121–122
Negatively charged filters, 124
Neisseria meningitidis, 145
Neonatal alloimmune thrombocytopenia,

117–118
Neonatal jaundice, 195
Neonatal kernicterus, 39
Neonatal neutropenia and dysfunction,

168–169
Neonates

ABO antibodies, 65
ABO antigens, 63
acute respiratory distress syndrome, 140
bacterial infections, 22, 33
benefit of leukocyte reduction of

components, 13
concerns about 2,3-DPG and potassium

levels, 12
congestive heart failure, 261
crossmatching, 70
DATs (direct antiglobulin tests), 63, 67
exchange transfusion, 159
granulocyte transfusions, 177–178, 178T
granulocytes, 22
identifying transfusion reactions, 13
immune status, 138
increasing fibrinogen, 36
irradiated blood products, 255
low erythropoietin levels, 139
maternal blood, 3
need to monitor fluids infused into, 16

Osteopenia, 218
Out-of-group platelets, 118
Oxygenator, 181–182

P
P. falciparum infection, 150
P. malariae, 336
P. ovale, 336
P. vivax, 336
P blood group system, 51
P1 antigen, 51
PAI-1 (plasminogen activator inhibitor-1),

237
Pain crises, 212
Pancreatic dysfunction, 324
Pancytopenia, 264
PANDAS (Pediatric Autoimmune

Neuropsychiatric Disorders Associated
with Streptococcal Infections), 368–369

Paracentesis, 39
Parental blood, 4
Paroxysmal cold hemoglobinuria, 67, 80–81,

246
Partial exchange transfusions, 204
Partially phenotyped blood, 66–67
Parvovirus B19, 97–98, 210, 264, 335–336
Passenger WBCs (white blood cells), 94
Passive antibody, 78, 78T
Paternal blood, 3
Patients, age and history, 77
PB-HPCs (peripheral blood – hematopoietic

progenitor cells), 283
ABO and Rh compatibility, 290
acute adverse reactions, 291–292
administering, 287
allogeneic donors, 285
allogeneic transplants, 286, 291
alternative HPC sources, 292
anticoagulants and additives, 285
autologous donors, 285
autologous transplants, 286, 290–291
CD34+ cell content, 284
cellular constituents, 283–284
CFU content, 285
characterization of HPC content, 284
chronic adverse reactions, 292
collection, 285–287
contraindications, 291
cryopreservation, 289
donor evaluation and preparation, 285–287
expected response, 291
HLA compatibility-allogeneic donors,

286–287
indications, 290–291
labeling, 285
laboratory evaluation, 287
MNC (mononuclear cell) count, 284
mobilization, 286
negative selection, 288–289
ordering and administration, 290
positive selection for CD34+ cells, 288
potential adverse effects, 291–292

passively acquired alloantibodies, 68
paternal blood, 3
pathophysiology of anemia of, 133
pediatric transfusion, 11
platelet concentrate, 20
platelet products, 261–262
platelet transfusions, 259–263
platelet transfusions recommended for,

261T
RBCs (red blood cells) transfusions, 133
red cell antigens, 66
renal disease, 261
TA-GVHD (transfusion-associated graft-

versus-host disease), 261
thrombocytopenia, 259–260
unique transfusion needs, 11–17
whole blood buffy coat transfusions, 178

Nephrotic syndrome, 39
Netcord, 298
Neuroblastoma, 290
Neuronal necrosis, 191
Neurotoxic hyperbilirubinemia, 202
Neutralizations, 76
Neutropenia, 22, 33, 167, 169–171, 169–170,

169T
Newborns

Cartwright antigens, 53
dilutional coagulopathy, 143
exchange transfusion, 126–128, 159
fibrinogen levels, 142
fresh blood, 12
Kell antigens, 48
polyagglutination, 77
thermal regulation, 138
transfusion reactions, 314

NHL (non-hodgkin lymphoma), 290
NICHD (National Institute of Child Health

and Human Development), 128
NMDP (National Marrow Donor Program),

272
Nonenveloped viruses, 37
Nonhemophilia surgical and trauma patients,

146
Nonimmune hemolysis, 303
Nonspherocytic hemolytic anemia, 200
Not required crossmatching, 70–71
Nucleic acid targeted inactivation strategies,

97
Nucleic acid testing, 93, 330–331
Nutritional anemia, 150–151
Nutritional hypoalbuminemia or

hypoproteinemia, 39

O
Obstructive jaundice, 240
OCD (obsessive compulsive disorders), 368
Off-label uses for intravenous

immunoglobulin, 41T
OK blood group system, 58
Organ donor CMV status, 13
Organ transplant, hyperacute rejection, 373
Orthotopic liver transplantation, 36
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purging tumor cells, 289
purifying HPCs, 287
RBC and plasma depletion, 287–288
selection, 288
special preparation, 287
storage and transport, 287
thawing, 290

PCH (paroxysmal cold hemoglobinuria), 67,
80–81, 249

PCR (polymerase chain reaction), 273
PCT (photochemical treatment), 109
Pediatric cardiothoracic surgery, 186
Pediatric Hemotherapy Committee, 117
Pediatric patients

autologous donation, 2–3, 17
clotting factor, 228
concerns about 2,3-DPG and potassium

levels, 12
directed donation, 17
leukocyte-reduced RBCs, 19
leukoreduced blood products, 90
unique transfusion needs, 11–17

Pediatric syringe sets, 17T
Pediatric transfusion, 11, 155
“Pedi-FFP,” 21
PEG (polyethylene glycol), 73
Perioperative and critical care, 134
Peripheral blood-derived HPCs

(hematopoietic progenitor cells), 271
Petechiae, 222–223
PFA-100 platelet function screen, 223
Phenotypes

ABO blood group system, 47
Colton blood group, 55
confirming antibody specificity, 74–75
Diego blood group system, 53
Dombrock blood group system, 54
Duffy blood group system, 49
Globoside collection, 60
Ii blood group system, 59
Kell blood group system, 48
Kidd blood group system, 50
Lewis blood group system, 52
Lutheran blood group system, 51
LW blood group system, 56
MNS blood group system, 50
RBCs (red blood cells), 74–75
RH blood group system, 48
Scianna blood group system, 54
Xg blood group system, 53

Phlebotomy, 6–7, 324
Phototherapy, 206
Phthalocyanines, 97
P1 antigen-negative phenotypes prevalence,

51T
PK (pyruvate kinase) deficiency, 200
P. knowlesi, 49
Placental edema, 193
PLAS+ SD, 97
Plasma

ABO(H), 64
description, 34
maintaining colloid oncotic pressure, 38
overuse of, 142

platelet-poor and platelet-rich, 20
single donor, 34
source, 34
sterilizing, 97
treated, 97

Plasma derivatives, 35T, 97–98
Plasma exchange, 344, 345T
Plasma products, 34–36
Plasma-derived factor products, 38T
Plasmapheresis, 2, 8, 34, 39, 344
Plasmodium falciparum, 97, 336, 359
Plasmodium vivax infection, 150
Platelet alloimmunization, 322
Platelet components

infusion pumps, 125
with reduced infectious risks, 93–97

Platelet concentrates, 20–21, 31, 119
Platelet counts, 223, 259
Platelet dysfunction, 141–143
Platelet products

centrifugation, 14
children, 258
leukocyte-reduced, 12
neonates, 261–262
platelet transfusions, 258
storage and bacterial contamination, 254
volume-reduced, 14–15, 32

Platelet refractoriness, 256
Platelet transfusions, 33, 140, 253

ABO and Rh compatibility, 256
allergic reactions, 255, 264
apheresis-derived platelets, 253–254
children, 256–259
CMV, 264
conditions where avoided or limited, 259
dosage, 140
ECMO (extracorporeal membrane

oxygenation), 140–141
fever, 264
GVHD (graft-versus-host disease), 264
HDN (hemolytic disease of the newborn),

206
hepatitis B and C, 263–264
HIV, 263–264
indications and contra indications, 257T
infection, 263–264
ITP (immune thrombocytopenic purpura),

141
massive transfusion, 140
meeting specific requirements of recipient,

254
neonates, 259–263
ordering and administration, 256
parvovirus, 264
platelet dysfunction, 141–142
platelet products and special preparations,

253–256, 258
poor response to, 258–259
posttransfusion purpura, 264–265
potential alternatives to, 265
reactions to, 263–265
special preparations, 254–256
TA-GVHD (transfusion-transmitted graft-

versus-host disease), 264

TRALI (transfusion-related acute lung
injury), 264

transfusion triggers, 257–258, 260–261,
261T

treatment of hemorrhage or prophylaxis,
257

uremic patients, 141
West Nile encephalitis, 264
whole blood-derived platelet concentrates,

253
Plateletpheresis thrombocytapheresis, 360T,

361–362
Platelet-poor plasma, 20
Platelet-rich plasma, 20
Platelets, 19–21

ABO and Rh matched, 32
ABO antigens, 65
ABO/Rh incompatible, 32
adverse reactions, 33
apheresis platelets, 8, 31
bacterial infections, 338
CCI (corrected count increment) formula,

32
clumping of, 14
contraindications, 33
crossmatched, 255
D antigen, 66
deficiencies in number and/or function,

20
description, 31
dosing, 32
expected response, 32–33
factors leading to decreased, 258T
fresh ABO-matched, 255
gamma-irradiation, 33
hemostasis, 20
HLA-matched, 256
indications, 31–32
informed consent, 32
irradiation, 14, 107
leukocytes, 106
leukoreduction, 30, 33
methods to wash, 119
normal platelet count, 31–32
ordering, 32
out-of-group, 118
platelet concentrates, 31
prevention of circulatory overload,

118–119
products, 31T
random donor platelets, 31
refractoriness approaches, 258T
Rh-positive, 66
single-donor platelets, 31
special processing, 33
type and screen/crossmatch order, 32
volume-reduced concentrates, 119
volume-reduced, 33, 255
washed and volume-reduced concentrates,

117–119
washing, 33, 255

Platelet-specific antigens, 216, 262
PMNs (polymorphonuclear neutrophil

leukocytes), 171
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Pneumococcal sepsis, 143
Pneumonia, 184, 334
PNH (paroxysmal nocturnal

hemoglobinuria), 115–116
Poiseuille’s Law, 125
Poliomyelitis, 366
Polyagglutinated red cells, 76–77
Polyagglutination, 77
Polycythemia vera, 361
Polygam S/D, 40
Polyneuropathy, 334
Polyspecific AHG (antihuman globulin), 79
Portal vein thrombosis, 163
Positive antibody detection tests, 77–83
Positive direct antiglobulin test, 246
Positively charged filters, 124
Postoperative blood collection, 31
Poststorage leukoreduction, 89
Poststreptokinase therapy

(hyperfibrinogenolysis), 36
Posttransfusion CMV infection, 12–13
Posttransfusion purpura, 33, 264–265
Potassium (K+), 138–139, 321
PPH (persistent pulmonary hypertension),

184
PRBCs (packed red blood cells), 27, 29–31,

134, 345, 350
bleeding uremic patients, 33
developing countries, 151
HDN (hemolytic disease of the newborn),

206
iron, 324
products, 28T

Pre-eclampsia/eclampsia, 212
Premature infants

fibrinogen levels, 142
with severe hepatic or renal compromise,

29
thermal regulation, 138

Premature neonates
dilutional coagulopathy, 143
fresh blood, 12

Preoperative autologous donation, 2
Prestorage leukoreduction, 89
Prestorage leukoreduction filters, 124
Preteen patients, 17
Pretransfusion compatibility testing, 64T, 153

ABO(H), 63–65
antibody detection test (screen), 67–69
crossmatch, 69–70
DATs (direct antiglobulin tests), 67
other red cell antigens, 66–67
Rh(D), 65–66
turnaround times, 70–71

Previous perinatal mortality, 212
Prewarm IAT, 79
Priapism, 14, 212
Prions, 96
Procedure manuals, 22–23
Proinflammatory cytokines, 86
Prophylactic granulocyte transfusions, 175
Prophylactic red cell matching, 358
Prophylactic transfusions, 32
Pseudomonas genus, 338
Pseudomonas sepsis, 171

accelerated clearance, 57
alloantibody formation, 29
alloimmunization, 322
alternative method of salvaging, 115
antibodies, 45
antigens, 45, 66–67, 68T
apheresis, 8
bacterial infections, 337–338
capable of sickling, 14
crossmatching, 69–70
cytapheresis techniques, 2
decreased lifespan, 191
deficiencies, 200
depletion, 345
destruction, 5, 53
ECMO (extracorporeal membrane

oxygenation), 185
enzyme deficiencies, 199–200
frozen/deglycerolized red cells, 19, 20
heterozygous, 49
intraoperative salvage of, 114–115
irradiation, 14, 105
leukocyte-reduced, 12, 19
leukocyte-reduction filters, 20
leukoreduction, 105
neonatal transfustion concerns about

irradiated, 107
overheating, 126
oxygen-carrying capacity, 19
phenotyping, 74–75
polyagglutinated, 76–77
with reduced infectious risks, 93–97
sickle cell disease, 19
storage after irradiation, 106–107
stored in CPDA-1, 18
symptomatic anemia, 19
thawed, 296
uncrossmatched emergency units, 69
in vivo destruction, 55
washed, 19–20, 113–117

RCV (red cell volume), 346, 349, 350
RDS (respiratory distress syndrome), 184
Reactive thrombocytosis, 361
Rebound hypoglycemia, 205
Recombinant activated factor VII, 98
Recombinant coagulation factors, 98
Recombinant factor products, 39T
Recombinant human erythropoietin, 206
Recombinant human factor VIII, 98
Recombinant-produced clotting factor, 228
Reconstituted WB (whole blood), 162
Records of component preparation, 22–23
recurrent ACS (acute chest syndrome),

212
Red cell disorders, 354–358
Red cell exchange, 344
Red cell membrane defects, 200–201
Red cell products, 18
Refractory pancytopenia, 14
Refrigerated centrifuge, 116
Refsum’s disease, 371
Renal disease, 240, 261
Renal failure, 41, 64, 114, 212, 338, 359–360,

371
Renal insufficiency, 19, 40–41

Pseudomonas species, 169
Pseudoxanthoma elasticum, 237
Psoralens, 96, 109
PT (prothrombin time), 224
PTH (posttransfusion hepatitis), 331–332
PTLD (posttransplant lymphoproliferative

disease), 96, 298
Public cord blood banks, 295
PUBS (percutaneous umbilical blood

sampling), 117, 197
PUBS (periumbilical blood sampling), 117
Pulmonary atresia, 12
Pulmonary edema, 41
Pulmonary failure, 140
Pulmonary hypertension, 183
Pulmonary toxicity, 34
Pump, 181–182
Purpura, 222
Purpura fulminans, 145, 238

R
Radiation-sensitive indicator label, 108–109
Random-donor platelets, 31, 253
Raph blood group system, 58–59
Rapid infusion devices, 125–126
Rapid RBC transfusion, 345
Rare congenital hemorrhagic disorders,

234–238
Rare hereditary coagulation factor

deficiencies, 235T
Rasmussen’s encephalitis, 369
RBC (red blood cell) transfusions, 131,

213–215, 354–355
ACS (acute chest syndrome), 210
acute blood loss, 139–140
anemia of prematurity, 133
anemias, 132
bone marrow failure, 132
cardiac disease, 133–134
children and adolescents, 131–133
children and adolescents guidelines, 132T
chronic anemia, 132
constituents, 134T
critical care, 131–132
erythropoietin, 139
infants, 133
neonates, 133
neonates and infants guidelines, 133T
perioperative and critical care, 134
pulmonary and cardiac failure, 140
rate of transfusion, 137–138
respiratory distress, 133–134
selecting product for, 132–133
selecting product for neonatal and infant,

134–135
small volume booster transfusions, 139
surgery, 131–132
symptomatic anemia, 134
transfusion target, 140
transfusion trigger, 140
volume replacement, 139–140

RBCs (red blood cells), 11–12, 19–20
ABO(H), 64
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Replacement cells/fluids, 344–345
Resource-restricted countries, 149–151
Respiratory distress, 12, 133–134
Respiratory failure, 184
Restrictive cardiomyopathy, 324
rFVIIa (recombinant activated human factor

FVII), 146
Rh(D), 65–66
Rh and ABO incompatibility comparison,

194T
Rh blood group system, 48T, 47–48
Rh HDN

bilirubin reflect disease, 198
clinical features, 193–194
fetomaternal hemorrhage, 192
genetics, 192
hemolysis, 193
hyperbilirubinemia, 206
laboratory diagnosis, 194
maternal alloimmunization, 192–193
pathogenesis, 192
RhIg (Rh immunoglobulin), 207
selection of blood for exchange

transfusion, 204
Rh isoimmunization, 126
Rh typing, 67T
Rh(c) antigen, 48
Rh(D) antigen, 47–48, 56, 66
Rh(E) antigen, 48
RHCE gene, 47
RHD gene, 47, 192
RhIG (Rh immune globulin), 359
Rh-negative blood, 66, 192
Rh-positive blood, 66, 192
Rh(D)-positive RBCs (red blood cells),

56
RIBA (recombinant immunoblot assays),

333
Rickettsial infections, 143
Rigors, 34
rIL-11 (recombinant IL-11), 265
Rogers antigens, 56
Roller pump, 182
RSV (respiratory syncytial virus), 170
rTpo (recombinant thrombopoietin), 265
Ru blood group phenotypes and prevalence,

48T
Rubella, 170, 202
RVV (Russell’s viper venom) time, 236

S
S. liquefaciens, 338
S. marcescens, 338
S antigen, 50
s antigen, 50
Saline-washed RBCs (red blood cells), 114,

116–117
Salvaged blood syndrome, 115
Satellite bags, 15
SBA (soybean agglutinin), 288–289
Sc:1 antigen, 54
Sc:2 antigen, 54
Sc:3 antigen, 54

SCD (sickle cell disease), 14, 66, 209, 275,
291, 304, 313, 354

ACS (acute chest syndrome), 210
acute pain crises, 212
acute simple transfusion, 213
acute splenic sequestration, 211
acute symptomatic anemia, 210
adverse effects of transfusion therapy,

215–217
alloimmunization to human leukocyte

antigens or platelet-specific
antigens, 216–217

alloimmunization to RBC antigens,
215–216

AMOFS (acute multi-organ failure
syndrome), 211

anemia, 354
aplastic crisis, 210–211
autoimmunization to RBC antigens,

216
bacterial or malarial infections with severe

anemia, 211
bystander hemolysis, 216
calculation of volume of RBCs, 213
cerebrovascular accident (stroke), 210
choice of transfusion method, 356T
chronic erythrocytapheresis, 215, 217
chronic organ failure, 212
chronic RBC (red blood cell) exchange

transfusion, 215
chronic simple transfusion, 213
chronic transfusion indications, 211–212
chronic transfusion therapy, 356, 357
clinical pathology, 209
complicated pregnancy, 212
component selection and modification,

357–358
controversial indications for acute or

chronic transfusion, 212
DHTRs (delayed hemolytic transfusion

reactions), 215
episodic transfusion indications, 210–211
FNHTRs (febrile nonhemolytic transfusion

reactions), 215
frequency of alloimmunization, 311
frequent pain episodes, 212
goals of transfusion therapy, 209
HbS (hemoglobin S), 209
HbS-negative donor blood and storage

time, 357–358
HbSS (homozygous state), 209
hemoglobin variants, 358
high red cell alloimmunization, 358
immune-related adverse effects, 215–217
iron overload, 217
leg ulcers, 212
methods of transfusion therapy, 213
modifications, 358
nonimmune-related adverse effects, 217
nonindications for transfusion, 212
normal pregnancy, 212
pathogenesis, 209
pretransfusion and compatibility testing,

358
priapism, 212

RBC (red blood cell) exchange
transfusion, 213–215

RBCs (red blood cells), 19
recurrent ACS (acute chest syndrome), 212
red cell transfusion, 354–355
simple transfusion, 213
simple versus exchange transfusion,

355–357
stroke prevention, 211–212
technical aspects, 357
thalassemia, 358
transfusion in peri-operative period, 211
transfusion therapy role, 209
transfusion therapy type indications, 210
transfusion-transmitted infections, 217

Scianna blood group system, 54, 54T
SCID (severe combined immunodeficiency

disease), 275
Scientific Subcommittee on DIC of the ISTH

(International Society on Thrombosis
and Haemostasis), 238

SD (solvent/detergent) plasma and
coagulation factor concentrates, 97

Se gene, 45, 47, 52
Secondary polycythemia, 354
SEN-V, 332
Sepsis, 39, 143, 163, 167, 184, 212, 338

developing countries, 154
ECMO (extracorporeal membrane

oxygenation), 186
unresponsive to antibiotic therapy, 22

Serologic findings in immune hemolytic
anemias, 76T

Seropositive mothers, 13
Serratia genus, 338
Severe acidosis, 114
Severe acute anemia, 212
Severe brochospasm, 114
Severe congenital neutropenia, 169–170
Severe heart failure, 181
Severe lung disease, 181
Severe meconium aspiration syndrome, 183
Severe respiratory distress syndrome, 183
Shigella species, 370
Shock, 39, 64, 338
Shwachman syndrome, 169
Sickle cell/HbSC (hemoglobin C) disease, 209
Simple transfusion and SCD (sickle cell

disease), 213, 355–357
Single donor plasma, 34
Single-donor platelets, 31
Single-volume exchange transfusions, 204
SIRS (systemic inflammatory response

syndrome), 184
Skeletal deformities, 223
SLE (systemic lupus erythematosus), 369,

373
Smallpox, 3–4
Sn-protoporphyrin, 206
Sodium phosphate, 18
Solid phase technology, 69
Soluble HLA antigens, 88
Source plasma, 34
Source plasma industry, 2
Southeast Asian ovalocytosis, 201
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Special conditions in neonatology, 262–263
Special preparations, 254–256
Specific factor assays, 225
Spinal surgery, 114
Splenic sequestration, 14
Splenomegaly, 201
SPRCA (solid-phase red cell adherence), 69
Standard blood filters, 124
Standards for Blood Banks and Transfusion

Services, 3, 81
Staphylococcus aureus, 169
Staphylococcus epidermidis, 338
Stem cell transplant recipients, 33
Sterile connection device, 15
Sterile docking device. See sterile connection

device
Storage, 23–24, 27
Streptococcal pneumonia, 145
Streptococcus pneumoniae, 115, 247, 304
Successful blood drives, 1–2
Surgery and RBCs (red blood cells)

transfusions, 131–132
Sydenham’s chorea, 368–369
Symptomatic anemia, 19, 134
Symptomatic leukocytosis, 360
Syphilis, 93, 152, 154–155, 297, 338–339
Syringe infusion pumps, 16
Syringe platelet storage, 21
Syringe sets, 17T
Systemic aspergillosis, 143

T
T activation, 115, 198–199, 202, 322–323
T lymphocytes, irradiation, 105–106
TA-GVHD (transfusion-associated graft-

versus-host disease), 17, 22, 30, 88, 101,
106, 138, 255, 322

clinical manifestations, 102
diagnosis of, 102
exchange transfusion, 163
groups at risk, 103
immunocompromised patients, 14
immunosuppressed patients, 14
long wavelength UVA (ultraviolet

irradiation), 109
lymphocyte content, 105
neonates, 261
new methods in prevention of, 109
PCT (photochemical treatment), 109
platelet transfusions, 264
prerequisites for developing, 101–102
psoralens, 109
treatment of, 110
WBC (white blood cell) content, 105

TAH (transfusion-associated hepatitis), 332
TBV (total blood volume), 346, 348–349
TCT (thrombin time (thrombin clotting

time)), 224
telangiectasias, 223
Telephone recruitment, 2
Teratogenic or mutagenic drugs, 4
Tests performed for antibody identification,

74T

Toxoplasmosis, 202
TPE (therapeutic plasma exchange), 365

AIHA (autoimmune hemolytic anemia),
373–374

CIDP (chronic inflammatory
demyelinating polyneuropathy),
367–368

FH (familial hypercholesterolemia),
370–371

FSGS (focal segmental
glomerulosclerosis), 371–372

GBS (Guillain-Barré syndrome), 365–367
GS (Goodpasture’s syndrome), 373
humoral rejection, 372–373
HUS (hemolytic uremic syndrome), 370
Immune (or idopathic) thrombocytopenic

purpura, 373–374
MG (myasthenia gravis), 373
PANDAS (Pediatric Autoimmune

Neuropsychiatric Disorders
Associated with Streptococcal
Infections), 368–369

Rasmussen’s encephalitis, 369
Refsum’s disease, 371
SLE (systemic lupus erythematosus),

373
solid organ transplantation, 372–373
Sydenham’s chorea, 368–369
TTP (thrombotic thrombocytopenic

purpura), 369–370
TRALI (transfusion-related acute lung

injury), 41, 114, 264, 319–320
Tranexamic acid, 147, 229
Transfer bags, 15–16, 16T, 21
Transfusion reactions, 49

acute hemolytic transfusion reactions,
318–319

AHTRs (acute hemolytic transfusion
reactions), 301–307

allergic, 309–311, 319
alloimmunization, 322
cardiac overload, 322
DHTRs (delayed hemolytic transfusion

reactions), 311–314
dilutional coagulopathy, 323
febrile, 319
FNHTR (febrile nonhemolytic transfusion

reactions), 307–309
hemolysis, 322
hemolytic-delayed, 319
hyperkalemia, 321
hypocalcemia, 321–322
hypoglycemia, 321
hypothermia, 321
initial approach to acute, 302T
iron overload complications from chronic

transfusion, 323–325
metabolic complications, 320–322
special considerations for newborn infants,

314
T antigen activation, 322–323
therapeutic apheresis, 347
TRALI, 319–320
transfusion safety, 317–318

Transfusion service, 11

Th1/Th2 paradigm, 101
Thalassemia major, 324
Thalassemias, 14, 151, 217–218, 275, 291, 324

frequency of alloimmunization, 311
low rate of alloimmunization, 319
sickle cell disease, 358

Therapeutic apheresis
anticoagulation, 346
ASFA and AABB indication categories,

345T
blood component exchanges, 344–345
blood prime, 350–351
category I, 345–346
category II, 346
category III, 346
cell removal procedures, 343–344
circulating red cell volume, 349
evidential basis for, 344T
goals, 343–345
hemodynamic challenges, 349
hypocalcemia, 347
hypotension, 347
immediate adverse effects, 347
indication categories, 345
intravascular fluid volume, 349
intravascular volume shift, 349–350
leukapheresis, 351
pediatric patients needing, 347
physiology and adverse effects, 346–347
planning pediatric procedures, 348
procedural modifications for pediatric

patients, 349–351
procedures, 344T
psychological considerations, 348
technical considerations, 348
transfusion reactions, 347
vascular access, 348–349
volume shifts, 346–347

Therapeutic cytapheresis, 353
adverse reactions, 362–363
erythrocytapheresis/red cell exchange

transfusion, 354–359
evidence-based practice guidelines, 353
extrinsic (acquired) red cell disorders, 359
general technical considerations for

pediatrics, 354
leukapheresis, 359–361
plateletpheresis thrombocytapheresis,

361–362
Therapeutic leukapheresis, 359–361, 360T
Therapeutic plasma exchange, 366T
Thrombocythemia, 361
Thrombocytopenia, 20, 140, 146, 163, 198, 205,

256–260, 257T, 259T, 334
Thrombocytopenic, 33, 117–118, 260
Thrombocytosis, 361–362
Thromboembolic events, 41
Thrombotic microangiopathic disorders, 145
Tick paralysis, 366
Tisseel VH Kit, 147
Tissue hypoxia, 14
TNBP, 97
TNC (total nucleated cells), 297
TNFa (tumor necrosis factor alpha), 86
Topical hemostatic agents, 147
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Transfusion-associated AIDS, 329
Transfusion-associated infection, 18
Transfusion-related CMV infection, 177
Transfusions

ABO(H), 64–65
ABO and Rh compatibility testing, 29
age of pediatric patients, 137
apparatus setup, 121–126
attachment of a syringe or transfer bags,

15–16
CMV (cytomegalovirus) “safe”

components, 11
coagulation, 138
components packaged into small volume

containers, 11, 15–17
cytomegalovirus safe components, 12–13
developing countries practices, 155–

156
developing countries systems and services,

149–150
dilutional thrombocytopenia, 20
emergency, 29
FFP (fresh frozen plasma), 21
fresh blood, 12
hemoglobin S-negative red cell products,

14
HIV transmission, 152
immune status, 138
incompatible, 359
individual components for, 19–22
infectious disease risks (developing

countries), 153–155
informed consent, 27, 29
irradiated cellular components, 11, 14
labeling smaller volume aliquots, 15
leukocyte-reduced blood components, 11,

13
metabolism, 138–139
mild to severe reactions, 53
mislabeled specimens, 317
necessity, 318
patient identification, 317
platelet, 33
prophylactic, 32
rate of, 137–138
RBCs (red blood cells), 11–12
relative risks of, 318T
Rh(D), 66
risk estimates of viral transmission by,

330T
safety, 317–318
satellite bags, 15
severe hemolytic reactions, 50
special issues in resource-restricted

countries, 149–151
special requirements, 318
sterile connection device, 15
thermal regulation, 138
type and crossmatch order, 29
type and screen order, 29
unique neonatal and pediatric patients,

11–17
units negative for hemoglobin S, 11
volume-reduced platelet products, 11,

14–15

vWF/factor VIII concentrate, 233–234
whole blood, 11

Transfusion-transmitted CMV
(cytomegalovirus) infection, 30

Transfusion-transmitted diseases, 6, 30
Transfusion-transmitted EBV, 95–96
Transfusion-transmitted hepatitis B, 333
Transfusion-transmitted malaria, 336
Transplanted organs, 75
TRAP (Trial to Reduce Alloimmunization to

Platelets Study Group), 87
Treated plasma, 97
Treponema pallidum, 338–339
TRIM (transfusion related

immunomodulation), 13, 30, 87–88
Triton X-100, 97
Trophoblastic hypertrophy, 193
Trypanosoma cruzi, 97, 154, 336–337
TSEs (transmissible spongiform

encephalopathies), 96
TSP (tropical spastic paraparesis), 333
TT-CMV (transfusion-transmitted CMV), 87,

94, 254–255
TTP (thrombotic thrombocytopenic

purpura), 21, 33–34, 145, 369–370
TTV, 332
Turnaround times, 70T, 70–71
Tween 80, 97
Twin pregnancy, 212
Type and crossmatch order, 29, 32
Type and screen order, 29, 32, 70–71

U
U antigen, 50
UCB (umbilical cord blood), 295–299
Unconjugated bilirubin, 191
Unconjugated hyperbilirubinemia, 159–

160
Uncrossmatched emergency units, 69
Uniform Donor History Questions, 4
United Kingdom Blood Services, 97
Units negative for hemoglobin S, 11
Universal leukoreduction, 89–90, 96
Universal versus selective leukoreduction in

United States, 89T
Unlicensed HIV-2 supplemental assay,

331
Upshaw-Schulman syndrome, 145
Uremia, 258
Uremic patients, 141
Urinary tract infections, 334

V
VA (veno-arterial) ECMO (extracorporeal

membrane oxygenation), 182
Varicella-zoster virus, 367
Vascular permeability, 115
Vascular spasm, 205
Vasovagal reactions, 7–8
vCJD (variant Creutzfeldt-Jakob disease), 1,

3–4, 96, 337

Veno-arerial versus venovenous ECMO
(extracorporeal membrane
oxygenation), 184

Viral infections, 37, 170
Viruses, lipid-enveloped, 97
Vitamin E deficiency, 202
Vitamin K deficiency, 240–241
Volume reduction, 15
Volume replacement, 139–140
Volume-reduced platelet products, 11, 14, 255
Volume-reduced RBCs (red blood cells),

116–117
von Willebrand’s disease, 36, 37, 222–225,

232–234, 233T, 234T, 257
acquired inhibitors, 241
symptomatic carrier females, 229

vWf (von Willebrand factor), 142, 221, 369

W
WAIHA (warm-reactive autoimmune

hemolytic anemia), 81, 82, 83, 314
Warfarin anticoagulation, 224
Warfarin effect, 34
Warm AIHAs (autoimmune hemolytic

anemias), 246–247
Warm-reactive alloantibody, 81
Warm-reactive antibody evaluation, 81–83,

82F
Warm-reactive autoantibody evaluation,

81–83
Washed and volume-reduced platelet

concentrates, 117–119
Washed RBCs (red blood cells), 19–20,

113–117
Washing platelets, 255
WB (whole blood) exchange transfusion, 162
WBCs (white blood cells), 94
West Nile virus, 3–4, 96
WHA (World Health Assembly), 151
Whole blood, 11–12, 117

ACT (activated clotting time)
measurements, 183

advantages and disadvantages, 19
adverse reactions, 30
allogeneic transfusion, 19
anticoagulant preservative solution, 30
autologous donation, 27
availability, 27
concomitant RBC and volume deficits,

19
derived platelets, 20
developing countries, 151
dosing, 29–30
elements of, 27
emergency transfusions or emergency

release, 29
expected response, 29
extended storage solution, 29
FFP (fresh frozen plasma), 19
identification, 29
indications, 27
platelets, 19
products, 28T
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RBCs (red blood cells), 19
recipient identification, 29
reconstituted, 19
removing most of plasma, 19
separation into specific components, 19
special processing to prevent

complications, 30
storage, 27

Whole blood buffy coat transfusions, 178
Whole blood transfusions, 116
Wilm’s tumor, 241, 290

Y
Yeast infection, nonresponsive to therapy, 33
Yersinia enterocolitica, 338

Z
ZZAP, 83

Wiskott-Aldrich syndrome, 256
Working Party of the ISBT (International

Society of Blood Transfusion), 45

X
X chromosone, 53
Xg blood group system, 53–54, 54T
XK blood group system, 57
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