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Preface


Vascular ultrasound is a speciality in its own right 
and vascular surgeons are becoming increasingly 
dependent on the skills of vascular sonographers for 
the investigation of patients suffering from periph­
eral vascular disease. This book aims to provide an 
understanding of the principles and practice of vas­
cular ultrasound. 

An introduction to some of the basic theory 
behind the science and technology of ultrasound is 
included. This will help sonographers to understand 
the function of scanner controls and enable them 
to obtain optimal images and Doppler recordings. 
B-mode imaging, color flow and spectral Doppler 
images are all prone to artefacts, and it is essential 
that their presence be recognized. The potential 

sources of errors in any measurements made by 
ultrasound should be understood. Specific disorders 
of the arterial and venous systems are covered, and 
the techniques for diagnosing these problems are 
described. Examples of normal and abnormal 
images and Doppler recordings are included and 
the interpretation of these discussed. British readers 
please note that the publishers have used American 
spelling in this edition. 

We hope this book will serve as a useful reference 
to sonographers new to this field. 

London, 2005 Abigail Thrush 
Leicester, 2005 Timothy Hartshorne 
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Chapter 1 

Introduction


Since the first edition of this book there have been 
significant developments in ultrasound technology, 
magnetic resonance imaging (MRI) and magnetic 
resonance angiography (MRA), computed tomo­
graphic (CT) scanning and vascular and endovascu­
lar surgical procedures. The latest generation of 
duplex systems produce clearer images, especially 
with the use of techniques such as harmonic imag­
ing and compound imaging. Scanners are more sen­
sitive to detecting flow in the arterial and venous 
systems. The images produced by MRA can be visu­
ally stunning, and it has been suggested that MRA 
and spiral CT may replace duplex investigations in 
the future. However, duplex scanning still has many 
advantages. Apart from improvements in image res­
olution, it is the ability to visualize flow in real time, 
make quantitative measurements of blood velocity 
and detect flow direction that will ensure duplex 
scanning will remain an important imaging tech­
nique for the foreseeable future. Cost and resource 
implications also are important factors. For instance, 
it is not cost-effective to screen patients for carotid 
disease or aortic aneurysm with MRI. However, 
MRI or CT scanning is essential for planning endo­
vascular repair of an aortic aneurysm. Therefore, 
each modality has its part to play in the management 
of patients with vascular disorders. In many centers, 
diagnostic angiography and venography have been 
largely replaced by the use of duplex ultrasound 
investigations. This has the advantage of allowing 
surgeons and physicians to select patients for surgi­
cal treatment or conservative management without 
the need for invasive investigations. In addition, vas­
cular radiologists can spend more time performing 
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therapeutic procedures, such as angioplasty, rather 
than diagnostic angiograms. 

Vascular ultrasound examinations rely on the use 
of ultrasound to produce a black and white anatom­
ical image that can demonstrate the presence of 
disease along an arterial wall or the presence of 
thrombus in a vein. Doppler ultrasound can provide 
a functional map in the form of a color flow image, 
which displays the blood flow in arteries and veins. 
Spectral Doppler analysis enables Doppler wave­
forms to be recorded from vessels. It is then possi­
ble to visualize changes in flow patterns in vessels 
and calculate velocity measurements, enabling the 
sonographer to grade the severity of the vascular 
disease (Fig. 1.1). 

Arterial disease is one of the major causes of mor­
bidity and mortality in the developed world. There 
are many risk factors associated with the develop­
ment of arterial disease, but it is widely accepted 
that tobacco smoking is one of the primary causes. 
Atherosclerotic plaques develop over time, leading 
to arterial obstruction or embolization. Radiologists 
and surgeons are able to perform a variety of proce­
dures to treat arterial disorders. Angioplasty involves 
the use of a balloon mounted on the end of a 

catheter which is guided, using angiography, to the 
area of stenosis (narrowing) or occlusion (blockage). 
The balloon is then positioned across the stenosis or 
occlusion and inflated for a short period of time, to 

Figure 1.1 An example of a carotid ultrasound scan 
showing how B-mode imaging, color flow imaging and 
spectral Doppler are used to investigate a stenosis. 

BA 

Figure 1.2 A: An angiogram demonstrating a significant stenosis in the right common iliac artery (arrow). B: The 
stenosis has been dilated by percutaneous balloon angioplasty. 
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dilate the lesion, increasing the diameter of the flow 
lumen (Fig. 1.2). Surgical bypass or endarterectomy 
can be performed when angioplasty is not possible 
or is not suitable to treat specific problems. Endo­
vascular or minimally invasive procedures can now 
be used to treat a range of vascular disorders, 
including the repair of aortic aneurysms, and are 
less traumatic for the patient. The long-term out­
come of endovascular procedures is still unknown, 
but duplex scanning has a role to play in the 
follow-up of patients who have undergone these 
techniques. 

Ultrasound has also had a significant impact on the 
investigation of venous disorders. Ultrasound allows 
the detection of deep vein thrombosis, which can 

lead to fatal pulmonary embolism. The investigation 
of venous insufficiency in the superficial and deep 
veins has proved extremely useful for assessing 
patients with varicose veins and venous ulcers. This 
enables surgeons to select patients for venous sur­
gery or nonsurgical treatments, such as compression 
dressings. 

It is recommended that the reader obtain 
an overview of other imaging modalities in order 
to have an understanding of the role of vascular 
ultrasound in relation to these other techniques for 
investigating vascular disorders. In addition, it is 
important to know about the different radiological 
and surgical techniques used to treat peripheral 
vascular disease. 



This page intentionally left blank 



  
 

 
 

 
 

 
 

 
 

 

 

 
 

 
 

 

Chap-02.qxd  29~8~04  13:19  Page 5

5 

Chapter 2 

Ultrasound and imaging
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INTRODUCTION


It is important to understand how ultrasound 
interacts with tissue to be able to interpret ultra­
sound images and to identify artifacts. Knowledge 
of how an image is produced allows optimal use of 
the scanner controls. The aim of this and the next 
two chapters is to give a simple explanation of the 
process involved in producing images and blood 
flow measurements. 

NATURE OF ULTRASOUND 

Ultrasound, as the name implies, is high-frequency 
sound. Sound waves travel through a medium by 
causing local displacement of particles within the 
medium; however, there is no overall movement 
of the medium. Unlike light, sound cannot travel 
through a vacuum as sound waves need a support­
ing medium. Consider a piece of string held at both 
ends: with one end briefly shaken, the vibration 
caused will travel along the string and in so doing 
transmit energy from one end of the string to the 
other. This is known as a transverse wave, as the 
movement of the string is at right angles to the direc­
tion in which the wave has moved. Ultrasound is a 
longitudinal wave, as the displacement of the par­
ticles within the medium is in the same direction as 
that in which the wave is travelling. Figure 2.1 
shows a medium with particles distributed evenly 
within it. The position of the particles within the 
medium will change as a sound wave passes 
through it, causing local periodic displacement of 
these particles (Fig. 2.1B). The size, or amplitude, 
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Figure 2.1 A: A medium consisting of evenly distributed 
particles. B: The positions of the particles change (shown 
here at a given point in time) as the ultrasound wave 
passes through the medium. C: The amplitude of the 
particle displacement. D: Excess pressure. 

of these displacements is shown in Figure 2.1C. 
As the particles move within the medium, local 
increases and decreases in pressure are generated 
(Fig. 2.1D). 

Wavelength and frequency 
Ultrasound is usually described by its frequency, 
which is related to the length of the wave pro­
duced. The wavelength of a sound wave is the dis­
tance between consecutive points where the size 
and direction of the displacement are identical and 
the direction in which the particles are travelling is 
the same. The wavelength is represented by the 
symbol � and is shown in Figure 2.1C. The time 

Table 2.1 Speed of sound in different tissues 

Medium Speed of sound (m/s) 

Air 330 
Water (20° C) 1480 
Fat 1450 
Blood 1570 
Muscle 1580 
Bone 3500 
Soft tissue (average) 1540 

taken for the wave to move forwards through the 
medium by one wavelength is known as the period 
(�). The frequency, f, is the number of cycles of dis­
placements passing through a point in the medium 
during 1 second (s) and is given by: 

11
ff �� (2.1)

tt

The unit of frequency is the hertz (Hz), with 
1 Hz being one complete cycle per second. 
Audible sound waves are in the range of 20 Hz to 
20 kHz, whereas medical ultrasound scanners typi­
cally use high frequencies of between 2 and 15 MHz 
(i.e., between 2 000 000 and 15 000 000 Hz). 

Speed of ultrasound 
Sound travels through different media at different 
speeds (e.g., sound travels faster through water 
than it does through air). The speed of a sound 
wave, c, is given by the distance travelled by the 
disturbance during a given time and is constant in 
any specific material. The speed can be found by 
multiplying the frequency by the wavelength and is 
usually measured in meters per second (m/s): 

c � �f (2.2) 

The speed of sound through a material depends 
on both the density and the compressibility of the 
material. The more dense and the more compress­
ible the material, the slower the wave will travel 
through it. The speed of sound is different for the 
various tissues in the body (Table 2.1). Knowledge 
of the speed of sound is needed to determine 
how far an ultrasound wave has travelled. This is 
required in both imaging and pulsed Doppler (as 



Chap-02.qxd  29~8~04  13:19  Page 7

7 ULTRASOUND AND IMAGING 

will be seen later), but ultrasound systems usually 
make an estimate by assuming that the speed of 
sound is the same in all tissues: 1540 m/s. This can 
lead to small errors in the estimated distance travelled 
because of the variations in the speed of sound in 
different tissues. 

GENERATION OF ULTRASOUND WAVES 

The term transducer simply means a device that 
converts one form of energy into another. In the 
case of an ultrasound transducer, this conversion is 
from electrical energy to mechanical vibration. The 
piezoelectric effect is the method by which most 
medical ultrasound is generated. Piezoelectric 
materials will vibrate mechanically when a varying 
voltage is applied across them. The frequency of 
the voltage applied will affect the frequency with 
which the material vibrates. The thickness of the 
piezoelectric element will determine the frequency 
at which the element will vibrate most efficiently; 
this is known as the resonant frequency of the 
transducer. The speed of sound within the element 
will depend on the material from which it is made. 
A resonant frequency occurs when the thickness of 
the element is half the wavelength of the sound 
wave generated within it. At this frequency, the 
reflected waves from the front and back faces of the 
element act to reinforce each other, so increasing 
the size of the vibration produced. When an 
appropriate coupling medium is used (e.g., ultra­
sound gel), this vibration will be transmitted into 
a surrounding medium, such as the body. The 
named frequency of a transducer is its resonant fre­
quency. This is not to say that the transducer will 
not function at a different frequency, but that it 
will be much less efficient at those frequencies. 
Many modern imaging transducers are designed 
as broad-band transducers, meaning that they 
will function efficiently over a wide range of fre­
quencies, and these are usually labelled with the 
frequency range over which they operate (e.g., 
4–7 MHz). Figure 2.2 shows how the transducer 
output of narrow-band and broad-band trans­
ducers varies with the frequency of the excitation 
voltage. A broad-band transducer is more efficient 
over a wider range of frequencies than a narrow­
band transducer. Ultrasound transducers also use 

Maximum 

Tr
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Narrow-band transducer 
Broad-band transducer 

Frequency 

Resonant frequency 

Figure 2.2 Plot of transducer output versus frequency 
for a broad-band and a narrow-band transducer. A broad­
band transducer will be more efficient over a wider range 
of frequencies than a narrow-band transducer. 

the piezoelectric effect to convert the returning 
ultrasound vibrations back into electrical signals. 
These signals can then be amplified, analyzed and 
displayed to provide both anatomical images and 
flow information. 

Pulsed ultrasound 
Simple Doppler systems operate with a continuous 
single-frequency excitation voltage, but all imaging 
systems and pulsed Doppler systems use pulsed 
excitation signals. If ultrasound is continuously 
transmitted along a particular path, the energy will 
also be continuously reflected back from any 
boundary in the path of the beam, and it will not be 
possible to predict where the returning echoes have 
come from. However, when a pulse of ultrasound is 
transmitted it is possible to predict the distance (d) 
of a reflecting surface from the transducer if the 
time (t) between transmission and reception of the 
pulse is measured and the velocity (c) of the ultra­
sound along the path is known, as follows: 

tctc
dd ��

22 (2.3) 

The factor 2 arises from the fact that the pulse 
travels along the path twice, once on transmission 
and once on its return. This can be used to predict 
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� 

� 

Figure 2.3 A signal is made up of, or can be broken 
down into, sine waves of different frequencies, different 
amplitudes and phases. (From Fish 1990, with 
permission.) 

where returning echoes have originated from within 
the body. 

Frequency content of pulses 
Typically, the pulses used in imaging ultrasound 
are very short and will only contain 1 to 3 cycles in 
order that reflections from boundaries that are close 
together can be easily separated. Pulsed Doppler 
signals are longer and contain several cycles. In 
fact, a pulse is made up not of a single frequency 
but of a range of frequencies of different ampli­
tudes. Different shaped pulses will have different 
frequency contents. Figure 2.3 illustrates how a 

Time 

A B 

Time 

C D 

Frequency 

Frequency 

Time 

E F Frequency 

Time 

G H Frequency 

Figure 2.4 Four different signals (amplitude plotted 
against time) and their corresponding frequency spectra 
(power plotted against frequency). A, B: For a continuous 
single frequency. C, D: Signal shown in Figure 2.3. E, F: A 
long pulse. G, H: A short pulse. The shorter the pulse, the 
greater the range of frequencies within the pulse. (After 
Fish 1990, with permission.) 

signal can be made up of the sum of several differ­
ent frequencies. The frequency content of a signal 
can be displayed on a graph, such as those shown 
in Figure 2.4 (right panels). This is known as a fre­
quency spectrum and displays the frequencies pres­
ent within the signal against the relative amplitudes 
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of these frequencies. Figure 2.4A provides an 
example of a continuous signal consisting of a sin­
gle frequency. As only one frequency is present in 
the signal, the frequency spectrum displays a single 
line at that frequency (Fig. 2.4B). Figure 2.4C, E 
and G give examples of three differently shaped 
signals along with their frequency spectra (Fig. 2.4D, 
F and H), showing the range of frequencies present 
in each of the different signals. As ultrasound imag­
ing uses pulsed ultrasound, the transducer is not 
transmitting a single frequency but a range of 
frequencies. 

Beam shape 
The shape of the ultrasound beam produced by 
a transducer will depend on the shape of the 
element(s), on the transmitted frequency and on 
whether the beam is focused. The shape of the 
beam will affect the region of tissue that will be 
insonated and from which returning echoes will be 
received. Multi-element array transducers use sev­
eral elements to produce the beam, as discussed 
later in this chapter. 

INTERACTION OF ULTRASOUND WITH 
SURFACES 

The creation of an ultrasound image depends 
on the way in which ultrasound energy interacts 
with the tissue as it passes through the body. When 
an ultrasound wave meets a large smooth interface 
between two different media, some of the energy 
will be reflected back, and this is known as specu­
lar reflection. The relative proportions of the 
energy reflected and transmitted depend on the 
change in the acoustic impedance between the two 
materials (Fig. 2.5). The acoustic impedance of a 
medium is the impedance (similar to resistance) 
the material offers against the passage of the sound 
wave through it and depends on the density and 
compressibility of the medium. The greater the 
change in the acoustic impedance, the greater the 
proportion of the ultrasound that is reflected. 
There is, for example, a large difference in acoustic 
impedance between soft tissue and bone, or 
between soft tissue and air, and such interfaces will 
produce large reflections. This is the reason why 
ultrasound cannot be used to image beyond lung 

Tissue boundary 
between tissues of similar 

acoustic impedance
A 

Tissue boundary

between tissues of different


acoustic impedance

B 

Figure 2.5 When the ultrasound beam meets a 
boundary between two media, some of the ultrasound 
will be transmitted and some will be reflected. A: When 
the two media have similar acoustic impedances, the 
majority of the ultrasound will be transmitted across the 
boundary. B: When the two media have different acoustic 
impedances, most of the ultrasound will be reflected. 

Table 2.2 The ratio of reflected to incident wave 
amplitude for an ultrasound beam perpendicular to 
different reflecting interfaces (after McDicken 1981, 
with permission) 

Reflecting interface Ratio of reflected to incident 
wave amplitude 

Muscle/blood 0.03 
Soft tissue/water 0.05 
Fat/muscle 0.10 
Bone/muscle 0.64 
Soft tissue/air 0.9995 

or bone, except in limited situations, as only a 
small proportion of the ultrasound is transmitted. 
It is also the reason for the loss of both imaging 
and Doppler information beyond calcified arterial 
walls (Fig. 8.26), bone (Fig. 10.12) and bowel gas, 
leading to an acoustic shadow beyond. Table 2.2 
shows the ratio of the reflected to incident wave 
amplitude for a range of reflecting interfaces. 
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The path along which the reflected ultrasound 
travels will also affect the amplitude of the signal 
detected by the transducer. If the beam is perpen­
dicular to the interface, the reflected ultrasound 
will travel back along the same path to the trans­
ducer. If, however, the beam intercepts the inter­
face at an angle of less than 90°, then the beam will 
be reflected along a different path. Figure 2.6 
shows that the angle of incidence (�i) is the same 
as the angle of reflection (�r) measured from a line 
perpendicular to the interface. This means that 
when the beam is at 90° to the interface, all the 

ui � u r � 0º 

Tissue boundary 

A 

ui � u r 

Transmitted 
Reflected 

Tissue boundary 

B 

Figure 2.6 A: When an ultrasound beam is 
perpendicular to an interface, the reflected ultrasound 
will return by the same path. B: If the interface is not 
perpendicular to the beam then the reflected ultrasound 
will travel along a different path. The angle of incidence 
of the beam (�i) is equal to the angle of reflection (�r). 

reflected ultrasound will travel back towards the 
transducer, but as the angle of incidence becomes 
smaller, the beam will be reflected away from the 
transducer and therefore the transducer will 
receive less of the reflected ultrasound. The best 
image of an interface will be obtained when the 
interface is at right angles to the beam, and like­
wise the poorest image will be obtained when the 
interface is parallel to the beam. Thus, when an 
artery is imaged in transverse section, the anterior 
and posterior walls can be seen more clearly than 
the side, or lateral, walls which are parallel to the 
beam (Fig. 8.5). 

If the ultrasound beam is not perpendicular to 
the interface and there is a change in the speed of 
sound in the media on either side of the interface, 
the path of the beam will be bent. This is known 
as refraction and is illustrated in Figure 2.7. Refrac­
tion causes the beam to change its direction of 
travel and can lead to artifacts whereby the signal 
detected by the transducer has originated from a 
different point in the tissue than that displayed on 
the image. This is most important where there are 
large changes in the velocity of sound between 
media, such as the interface between the uterus 
and amniotic fluid. It is not usually a major problem 

Lower speed 
of sound 

Tissue boundary 

Higher speed 
of sound 

Figure 2.7 Refraction. When a beam is transmitted 
through an interface between two media in which the 
sound travels at different speeds and the beam is not 
perpendicular to the interface, the path of the beam 
will be bent. 
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in vascular ultrasound, with the exception of the 
presence of the skull bone in the path of a tran­
scranial Doppler beam. 

Although specular reflection occurs at large, 
smooth boundaries, the majority of signals return­
ing from tissue are made up of ultrasound energy 
that has been back-scattered from rough surfaces or 
small structures within the tissue. When the ultra­
sound beam interacts with a rough surface or small 
structure it will be scattered in all directions rather 
than reflected back along one path. Figure 2.8 
shows the difference between specular reflection 
and scattering from rough surfaces and small struc­
tures. Scattering occurs when the small structures 
are of a similar size to or smaller than the wave­
length of the ultrasound and will result in less of the 
ultrasound returning to the transducer along the 
original beam path. The amount of energy lost 
from the beam by scattering is highly dependent on 
the frequency [proportional to the fourth power of 

A 

B 

C 

Figure 2.8 Specular reflections occur at large smooth 
interfaces (A), whereas ultrasound is scattered by rough 
surfaces (B) and small structures (C). 

the frequency (i.e., f 4) for structures that are much 
smaller than the wavelength of the ultrasound]. In 
the case of peripheral vascular ultrasound, specular 
reflection will occur at the vessel walls, which are 
often perpendicular to the beam, leading to large 
reflected signals. However, ultrasound will be scat­
tered by groups of red blood cells within the lumen, 
leading to much smaller returning signals, which will 
not normally be visible on an image. 

LOSS OF ULTRASOUND ENERGY 
IN TISSUE 

Attenuation is the loss of energy from the ultra­
sound beam as it passes through tissue. The more 
the ultrasound energy is attenuated by the tissue, 
the less energy will be available to return to the 
transducer or to penetrate deeper into the tissue. 
Attenuation is caused by several different processes. 
These include absorption, scattering, reflection 
and beam divergence. Absorption causes ultrasound 
energy to be converted into heat as the beam 
passes through the tissue. The rate of absorption 
varies in different types of tissue. Ultrasound energy 
can also be lost by scattering from small structures 
within the tissue or reflection from large bound­
aries that are not perpendicular to the beam, pre­
venting the ultrasound from returning to the 
transducer. The attenuation coefficients of various 
tissues are presented in Table 2.3, from which it 
can be seen that muscle attenuates the ultrasound 
more quickly than fat. The units of the coefficient 
of attenuation are in dB MHz�1cm�1, showing 
that the rate of attenuation depends on frequency 
of ultrasound, with higher frequencies being 

Table 2.3 Attenuation coefficients of different 
tissues 

Medium Attenuation coefficient 
at 1 MHz (dB cm�1) 

Water (20° C) 0.2 
Fat 60 
Blood 20 
Muscle 150 
Bone 1000 
Soft tissue (average) 70 
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Figure 2.9 If consecutive ultrasound pulses are sent along the same path and the returning echoes are displayed 
as adjacent scan lines, a motion mode, or M-mode, image (A) is produced that can be used to image movement, 
such as heart valve motion (B). 

attenuated more quickly than lower frequencies. 
This is why higher ultrasound frequencies pene­
trate tissue less effectively than lower ultrasound 
frequencies and can only be used for imaging 
superficial structures. This is similar to the situation 
in which you can hear your neighbor’s hi-fi bass 
through the partition wall better than the treble. 

PRODUCING AN ULTRASOUND IMAGE 

Ultrasound imaging uses information contained 
in reflected and scattered signals received by the 
transducer. If it is assumed that the speed of the 
ultrasound through the tissue is constant, it is pos­
sible to predict the distance from a reflective 
boundary or scattering particle to the transducer. 
When an ultrasound pulse returns to the trans­
ducer, it will cause the transducer to vibrate, and 
this will generate a voltage across the piezoelectric 
element. The amplitude of the returning pulse will 
depend on the proportion of the ultrasound 
reflected or back-scattered to the transducer and 
the amount by which the signal has been attenu­
ated along its path. The amplitude of the pulse 
received back at the transducer can be displayed 
against time. This display can be calibrated such 

that the time delay of the returning pulse repre­
sents the distance of the boundary from the trans­
ducer, thus showing the depth of the boundary in 
the tissue. The varying amplitude of the signal can 
be displayed as a spot of varying brightness that 
travels across the display with time. This type of 
display is known as a B scan (B-mode) or bright­
ness scan. If a second pulse is sent into the tissue 
along the same path, the B scan generated by the 
second pulse can be displayed next to that of the 
first, as shown in Figure 2.9A. This display now 
shows the time of travel of the pulses converted 
into distance along the vertical axis and the time 
between consecutive pulses along the horizontal 
axis, with the amplitude of the received signal rep­
resented by the brightness of the spot on the 
screen. This type of scan is known as M-mode (or 
motion mode), and Figure 2.9A displays the 
motion of the mitral valve, obtained by placing a 
transducer over the heart (Fig. 2.9B). 

If the transducer is moved slightly so that the 
beam now passes through the tissue along a path 
that is adjacent to the first, and the returning signal 
is displayed next to that from the first pulse, a 
B-mode image can be produced, as shown diagra­
mmatically in Figure 2.10A. In this display the 



Chap-02.qxd  29~8~04  13:20  Page 13

ULTRASOUND AND IMAGING 13 

Brightness proportional 
to amplitude of echoes

D
ep

th
 

Distance(A) (B) 

Skin 

Tissue interface 

Artery walls 

ICA 

ECA 
CCA 

Figure 2.10 If consecutive ultrasound pulses are transmitted along adjacent paths (A) and displayed in brightness 
mode in adjacent scan lines, a B-mode image (B) is produced. 

distance travelled by the pulse is shown along the 
vertical axis and the distance between adjacent 
pulses is shown along the horizontal axis, with the 
amplitude of the received signal represented by the 
brightness on the screen. An example of a B-mode 
image showing a bifurcating artery is presented in 
Figure 2.10B. 

In fact, modern scanners use electronic transduc­
ers, which typically comprise 128 piezoelectric ele­
ments that are capable of producing many adjacent 
beams, or scan lines, without the need to move the 
transducer itself. The quality of the image will obvi­
ously depend on the distance between adjacent 
beam paths, known as the line density. The more 
closely the scan lines are arranged, the more time it 
will take to produce an image of a given size, which 
will affect the rate at which the image is updated. 
This would not be important if a stationary object 
was being imaged, but most structures in the body 
are in motion due to cardiac and respiratory move­
ments. The rate at which complete images are 
produced per second is known as the frame rate and 
is affected by the number of scan lines and by the 

width and depth of the region of tissue being 
imaged. The deeper the tissue being interrogated, 
the longer it will take for the returning signal to 
reach the transducer before the next pulse can be 
transmitted. In B-mode imaging, it is rarely a prob­
lem to produce images with a high enough line 
density and frame rate. 

AMPLIFICATION OF RECEIVED 
ULTRASOUND ECHOES 

There are two methods of increasing the amplitude 
of the returning signal: increasing the output 
power and increasing the receiver gain. Increasing 
the voltage of the excitation pulse across the trans­
ducer will cause the transducer to transmit a larger 
amplitude ultrasound pulse, thus increasing the 
amplitude of reflections. However, increasing the 
output power causes the patient to be exposed to 
more ultrasound energy. The alternative is to 
amplify the received signal, but there is a limit at 
which the amplitude of the received signal is no 
greater than the background noise, and at which 
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Figure 2.11 Echoes returning from similar boundaries 
at different depths (A) will be of different amplitudes (B) 
due to attenuation. The receiver gain of the scanner can 
be increased during the time that the echoes are received 
(C) using the gain controls (D) to produce signals of 
similar amplitude (E). 

no amount of amplification will assist in differenti­
ating the signal from the noise. For a given frequency 
of transducer, the depth at which the reflected or 
back-scattered signals are no longer greater than 
the noise is known as the penetration depth. 
Increasing the overall gain of the received signal 

will increase both the high-amplitude signals detec­
ted near the transducer and the lower amplitude 
signals detected from deeper in the tissue, which 
have been attenuated to a greater extent. 

It is useful to be able to image the reflections 
from similar boundaries that lie at different depths 
at a similar brightness on the image. Equally, it is 
useful to image the back-scattered signals from tis­
sues at different depths at a similar level of gray on 
the B-mode image. Figure 2.11A and B show 
signals returning from four identical boundaries at 
different depths in an attenuating medium. It can 
be seen that the echoes received from the deeper 
boundaries have been attenuated more than those 
from the shallower boundaries. If the gain of the 
receiver amplifier is increased over the time during 
which the pulse is returning to the transducer (Fig. 
2.11C), it is possible to use greater amplification 
for the signal received from the deeper boundaries. 
By changing the gain over time, the returning 
echoes from the four boundaries can now be dis­
played at a similar brightness (Fig. 2.11E). When 
the next pulse is transmitted, the gain would return 
to the baseline value and increase with time as 
before. This method of varying gain over time is 
known as time gain compensation (TGC) or depth 
gain compensation (DGC). The TGC control can 
usually be altered by a set of sliding knobs or pad­
dles to allow different gains to be set for signals 
returning from different depths, as shown in 
Figure 2.11D. 

DYNAMIC RANGE, COMPRESSION 
CURVES AND GRAY-SCALE MAPS 

Echoes reflected from tissue–air or tissue–bone 
interfaces are large compared with the low-
amplitude back-scattered signals from small struc­
tures within the tissue. The larger signal amplitudes 
are of an order of 100 000 times greater than the 
smallest signal detected, just above the noise level 
of the scanner. This large range of signal amplitudes 
can best be described using the decibel scale (see 
Appendix A) as 100 dB. The range of signals that 
can be displayed by the scanner monitor is much 
less than 100 dB, typically about 20 dB, and there­
fore the range of signal amplitudes needs to be 
reduced in order to be displayed. This can be 
achieved either by selecting not to display the 
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Figure 2.12 A: An example of a compression curve, 
showing how the amplitude of the signal to be displayed 
relates to the amplitude of the input signal. This 
compression curve accentuates the differences in the 
lower to mid-range amplitude signal. B and C show the 
same carotid plaque imaged using two different 
compression curves. 

lowest or the highest signals present or by com­
pressing the signal. The signal can be compressed 
using a nonlinear amplifier. This applies more gain 
to lower amplitude signals than higher amplitude 
signals, so reducing the dynamic range of the signal 
to be displayed. Figure 2.12A gives an example of 
a compression curve, showing how the amplitude 

of the signal to be displayed relates to the amplitude 
of the input signal. The input signal is the received 
signal, which has already been amplified by the 
TGC. This compression curve accentuates the dif­
ferences in lower to mid-range amplitude signals. 
The choice of compression curve used depends on 
what aspect of the image is important in a given 
application—for example, the fine detail of back­
scatter from tissue or the presence of large bound­
aries, such as vessel walls. There are usually a range 
of compression curves available on modern scan­
ners, which are often selected automatically by the 
system, depending on the selected application (e.g., 
vascular or abdominal). Figure 2.12B and C shows 
the same carotid plaque imaged using two different 
compression curves. The dynamic range of signals 
arriving at the transducer that can be displayed is 
defined as the ratio of the largest echo amplitude 
that does not cause saturation, resulting in peak 
white, to the smallest echo that can be differenti­
ated from noise. Some modern scanners claim to 
have a dynamic range of 150 dB. 

Finally, the scanner uses a gray-scale map to 
assign a level of gray dependent on the amplitude of 
amplified signal, to produce the gray-scale image. 
Some systems have a choice of gray-scale maps, used 
in different applications, and these will affect the 
appearance of the image. It is helpful for the sonog­
rapher to refer to the scanner operator manual and 
to explore the effect of the compression curves and 
gray-scale maps used on the image obtained. 

TRANSDUCER DESIGNS AND 
BEAM FORMING 

In order to produce a two-dimensional (2D) image, 
the ultrasound beam has to pass through adjacent 
areas of the tissue. This can be done by physically 
moving the transducer, and in early real-time scan­
ners this was performed by rocking or rotating 
the transducer element. Many modern electronic 
imaging transducers are typically made up of 128 
elements arranged in a row (Fig. 2.13A), often 
about 4 cm long. These are known as linear array 
transducers. If a group of elements are all excited 
simultaneously (Fig. 2.14A), the wavelets will 
interfere to produce a beam that is perpendicular 
to the transducer face. The groups of elements 
within the array that are excited can be varied to 
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Figure 2.13 A: Linear array transducer. This is typically 
made up of 128 elements in a row and produces a 
rectangular field of view. B: Curvilinear array transducer. 
This produces a sector image, with a field of view that 
diverges with depth. C: Phased array transducer. This uses 
a smaller array of elements and electronically steers the 
beam to produce a sector image. 

produce ultrasound beams that follow parallel 
adjacent paths (Fig. 2.14B)—e.g., elements 1–5 
produce the first beam, 2–6 the second, 3–7 the 
third and so on. A linear array transducer produces 
a rectangular image in which the field of view is the 

Wavelets 
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A 

1 2 3 4 5 6 7 8 9 

1–5 first beam 

2–6 second beam 

3–7 third beam 
B 

Figure 2.14 A: A group of elements within an array can 
be excited simultaneously, and the resulting wavelets will 
interfere to produce a wavefront perpendicular to the 
transducer face. B: The group of elements excited within 
an array can be varied to produce beams following 
parallel adjacent paths. 

same at depth as it is close to the transducer (Fig. 
12.13A). 

A sector image can be produced by arranging 
the elements in a curvilinear array (Fig. 2.13B). 
As the beam paths diverge, the image fans out and 
therefore the scan lines run more closely in the 
portion of the image near to the transducer and 
become more spread out at depth. This leads to 
some loss of image quality at depth but allows a 
larger field of view compared with that produced 
by a linear array transducer. Curvilinear arrays are 
mainly used for abdominal imaging. 

Using several elements to form the ultrasound 
beam enables the beam shape to be manipulated. If 
the elements used to form the beam are excited at 
slightly different times, the wavefronts produced 
by the elements will interfere differently than they 
would if they were all excited at the same time. For 
example, if the element on the far right in the array 
(Fig. 2.15A) is excited first, with the next element 
excited after a very short delay, and so forth, the 
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Figure 2.15 A: Introducing a time delay between 
exciting consecutive elements within the array causes 
the wavelets to interfere in such a way that the beam 
is steered away from the path perpendicular to the 
transducer face (e.g., steered left or right). B: Delays 
between excitation of the elements in the array can 
be used to focus the beam. 

wavefronts produced will interfere in such a way 
that the beam is no longer perpendicular to the 
front of the transducer. The angle at which the beam 
is produced will depend on the delay between the 
excitation pulses of the different elements. By 
changing the delay between each set of excitation 
pulses, it is possible to steer the beam through a 
range of angles from left to right. 

Vessel wall 

Ultrasound beams 

Figure 2.16 Compound scanning sums several images 
obtained with the ultrasound beam steered at slightly 
different angles, to improve imaging of boundaries that 
are perpendicular to the transducer face and to reduce 
noise and speckle. 

Phased array transducers use a smaller array of 
elements and electronically steer the beam in this 
way to produce a sector image (Fig. 2.13C). This 
type of transducer produces a large field of view 
compared with the size of the transducer face, also 
known as the transducer footprint. Phased array 
transducers are used, in particular, in cardiac ultra­
sound, as the heart can only be imaged through 
small spaces between the ribs, thus requiring a 
transducer with a small footprint to image a large 
field of view at depth. Beam steering is also used in 
linear array transducers when a beam that is not 
perpendicular to the transducer face is required, 
such as in Doppler ultrasound (see Chs 3 and 4) 
and in compound imaging. In compound imaging, 
the target is insonated several times with the beam 
steered at several different angles (Fig. 2.16). The 
returning echoes from these different imaging 
beams are combined to produce a single image. 
This gives improved imaging of interfaces that are 
not parallel to the transducer face, such as the lat­
eral walls of a vessel, and reduces noise and speckle. 
Figure 2.17 shows the improvement in the image 
that can be provided when imaging a carotid 
plaque with compound imaging compared to 
conventional imaging. 



Chap-02.qxd  29~8~04  13:20  Page 18

18 PERIPHERAL VASCULAR ULTRASOUND 

A 

B 

Figure 2.17 Images showing the improvement that can 
be provided by compound imaging of a carotid artery 
plaque (B) compared to conventional imaging (A). 

FOCUSING THE BEAM 

The ultrasound beam can be focused to improve 
the image quality within the focal zone. By using 
several elements, excited with a range of delays, it 
is possible to focus the beam. Figure 2.15B shows 
how, if the elements at each end of the group of 
active elements are excited first, with the next two 
elements being excited after a short delay, and so 
forth, the wavelets will interfere to produce a con­
cave wavefront causing the beam to converge at 
the focal point. The distance of the focal point 
from the front of the transducer is governed by the 

}Beam-former delays 

B A B 

Figure 2.18 Introducing delays before summing the 
signals received at different elements allows dynamic 
focusing of the received beam. In this case, dynamic 
focusing allows the signals that have travelled farther 
along path B to be added to the signal that has travelled 
along path A by delaying the signal received by the 
middle element before summing it with the signals 
received by the outer elements. 

length of the delays, with longer delays producing 
a shorter focal length. 

Many modern scanners use multiple zone focus­
ing whereby the image will be created in zones, 
using different focal lengths for different depths. 
The upper portion of the image, near to the trans­
ducer, will be produced using a short focal length, 
a second set of scan lines with a longer focal length 
will be used for the next zone of the image, and so 
on. The advantage is that image quality is improved 
throughout the image; however, the disadvantage 
is that the frame rate is reduced by a factor of 
1/(number of focal zones). 

The focus of the beam can also be altered during 
reception. This is known as dynamic focusing. In 
this case, delays are introduced between consecutive 
elements on reception, rather than transmission, 
before the received signals are summed together. 
With regard to Figure 2.18, dynamic focusing 
allows the signals that have travelled farther along 
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Figure 2.19 Parallel beam forming of two or more 
received beams from a single wide transmitted beam 
permits improvements in imaging frame rate. (After 
Whittingham 2003, with permission.) 

path B to be added to the signal that has travelled 
along path A by delaying the signal received by the 
middle element before summing it with the signals 
received by the outer elements. The focal point of 
the received signal again depends on the lengths of 
the delays introduced. As the delay can be varied 
while the signal is being received from different 
depths, the focal length can be optimized through 
the image without a reduction in frame rate. 

A technique known as parallel beam forming may 
be used to improve the frame rate (i.e., the number 
of images produced per second). This uses a wide, 
weakly focused transmitted beam. The received sig­
nal produced from this transmitted beam can then 
be processed using different sets of delays in order 
to form two or more different received beams, simul­
taneously, as shown in Figure 2.19 (Whittingham 
2003). This allows two or more received signals, 
producing two or more scan lines, for each trans­
mitted pulse, so enabling higher frame rates. 

IMAGE RESOLUTION 

The resolution of a system is defined as its ability 
to distinguish between two adjacent objects. 
Figure 2.20 demonstrates how the echoes from 
two reflecting surfaces can be resolved and also 
how they can no longer be distinguished from each 
other if the two objects are moved closer together. 

A 

Echo 
amplitude 

DepthB 

C 

Echo 
amplitude 

D Depth 

Figure 2.20 Echoes returning from two boundaries (A) 
can be resolved (B). However, if the boundaries are close 
together (C), they can no longer be seen as different 
echoes (D). 

The resolution of an ultrasound image can be 
described in three planes—axial (along the beam), 
lateral (across the image) and slice thickness—as 
shown in Figure 2.21. Axial resolution depends on 
the length of the excitation pulse, which in turn 
depends on the operating frequency of the trans­
ducer. The higher the frequency, the better the res­
olution. There is, however, a compromise, as the 
higher the frequency, the greater the attenuation 
and therefore the poorer the penetration. The lat­
eral resolution depends on factors such as the density 
of the scan lines and the focusing of the beam. 
Lateral resolution is poorer than axial resolution. 

The out-of-imaging plane beam thickness, or 
slice thickness, will affect the region perpendicular 
to the scan plane over which returning echoes will 
be obtained. Ideally, the slice thickness should be 
as thin as possible to maintain image quality, so 
focusing is often used in this plane as well as in 
the imaging plane. This can be done either by 
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Figure 2.21 Resolution of a transducer can be described 
in different planes—axial and lateral. The slice thickness 
of the beam relates to the width of the beam in the 
non-imaging plane and governs the thickness of the slice 
of tissue being imaged. 

incorporating a fixed lens into the front face of the 
transducer or by electronic focusing using a 2D 
array of elements, which allows focusing in both 
the imaging plane and the plane at right angles to 
the image. These 2D arrays are often called 11⁄2D 
arrays as there are relatively few elements along the 
width of the array compared with the length. 

Resolution of an ultrasound system can be 
assessed using a test object consisting of fine wires 
embedded in a tissue-mimicking material. The 
groups of six wires are positioned so the wires are at 
different distances apart, allowing the user to assess 
what is the smallest separation at which the wires can 
still be resolved. The tissue-mimicking material is 
designed to have similar attenuation to tissue and 
to produce a similar back-scattered signal. Figure 
2.22A is a schematic diagram of the wires in the test 
object and in Figure 2.22B and C the images are 
obtained from the test object with 2.25 MHz 
phased array and 10 MHz linear array transducers, 
respectively. It can be seen that the 10 MHz trans­
ducer gives better axial resolution, as all six wires are 
seen, whereas the 2.25 MHz transducer provides 

Tissue 
equivalent 
gel 

Six fine 
wires 

A 

cm scale2.25 MHz 

Five wires 
12 cm seen 
penetration 

B 

cm scale 

10 MHz 

3 cm  
Six wires penetration
seen 

C 

Figure 2.22 Assessing ultrasound axial resolution. 
A: Schematic diagram of a group of six unevenly 
spaced wires in a test object. B, C: Images of the test 
object in (A) obtained with 2.25 and 10 MHz transducers, 
respectively. The 10 MHz transducer gives better axial 
resolution and the 2.25 MHz transducer provides better 
penetration. 
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Figure 2.23 A: An undistorted pulse with its frequency spectra (B) showing a center frequency f. C: Large-amplitude 
signals become progressively distorted as they pass through tissue. D: The distorted pulse contains harmonics (2f, 3f, 
etc.) of the fundamental frequency f. (After Whittingham T A 1999 Tissue harmonic imaging. European Radiology 
9(Suppl 3): S323–S326. © Springer-Verlag, with permission.) 

better penetration, to 12 cm depth compared with 
3 cm for the 10 MHz transducer. Choosing the fre­
quency of transducer to use for a given examination 
depends on a compromise between the depth of the 
region to be imaged and the axial resolution that can 
be obtained. It is preferable to select the highest fre­
quency transducer that will provide adequate pene-

A
tration. The ability to visualize objects within an 
image also depends on the appropriate use of imag­
ing controls, such as gain settings. 

Frequency f 

Transmitted pulse 
Transducer band width 

Frequency 2f 

Frequency f 2f 

Received echo TISSUE HARMONIC IMAGING


Tissue harmonic imaging (THI) can improve the 
B

image quality in difficult subjects; however, in good 
subjects poorer images may be obtained than with 
conventional imaging. THI utilizes the fact that 
high-amplitude ultrasound pulses undergo nonlinear 
propagation, whereby the pulse becomes progres-

Second harmonic 
echo—used to 
produce image 

sively distorted as it passes through tissue (Fig. 2.23A 
and B (Whittingham 1999)). This distortion of the 
pulse results in the frequency content of the return- C 
ing pulse being significantly different to that of the 
transmitted pulse. Figure 2.23D shows how the 
energy spectrum of the distorted pulse will contain 
harmonic frequencies (2f, 3f, etc.) that are multiples 
of the original transmitted frequency, f. In THI 
mode, the receiver is tuned to a center frequency that 
is twice the center frequency of the transmitted pulse, 
as seen in Figure 2.24. Usually the transmitted pulse 

Figure 2.24 Tissue harmonic imaging. Wide transducer 
bandwidths enable pulses of center frequency f to be 
transmitted and use only the received harmonic 
frequencies, center frequency 2f, to produce the image. 
(After Whittingham T A 1999 Tissue harmonic imaging. 
European Radiology 9(Suppl 3): S323–S326. © Springer-
Verlag, with permission.) 
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A B 

Figure 2.25 Tissue harmonic imaging can provide improved image quality as seen by comparing conventional 
imaging (A) with tissue harmonic imaging (B) of an aorta. 

used in THI is a lower frequency than that used in 
conventional imaging. For example, in an abdominal 
application, a center frequency of 3.5 MHz would 
typically be used in conventional imaging whereas 
a center frequency of 1.75 MHz would be used for 
THI, producing a second harmonic at 3.5 MHz. 
Improvements in transducer sensitivity over the 
years have enabled the production of broad-band 
transducers with large bandwidths, allowing the 
transducer to transmit ultrasound with a center 
frequency f and selectively receive the returning 
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THE DOPPLER EFFECT


The detection and quantification of vascular dis­
ease using ultrasound depends very heavily on the 
use of the Doppler effect. The Doppler effect is the 
change in the observed frequency due to the rela­
tive motion of the source and the observer. This 
effect can be heard when the pitch of a police car’s 
siren changes as the car travels towards you and then 
away from you. Figure 3.1 helps to explain the 
effect more thoroughly. In Figure 3.1A the source 
of the sound and the observer are both stationary, 
so the observed sound has the same frequency as 
the transmitted sound. In Figure 3.1B the source 
is stationary and the observer is moving toward it, 
causing the observer to cross the wavefronts of 
the emitted wave more quickly than when stationary, 
so that the observer witnesses a higher frequency 
wave than that emitted. If, however, the observer 
is moving away from the source (Fig. 3.1C), the 
wavefronts will be crossed less often and the fre­
quency witnessed will be lower than that emitted. 
Figure 3.1D shows the opposite case, in which the 
source is moving toward a stationary observer. 
The source will move a short distance toward 
the observer between the emission of each wave, 
and in so doing shorten the wavelength, so the 
observer will therefore witness a higher frequency. 
Similarly, if the source is moving away from 
the observer, the wavelength will be increased, 
leading to observation of a lower frequency (Fig. 
3.1E). The resulting change in the observed fre­
quency is known as the Doppler shift, and the 
magnitude of the Doppler shift frequency is 
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Figure 3.1 The Doppler effect is the change in the 
observed frequency due to motion between the source 
and the observer. A: The source of the sound and the 
observer are both stationary, so the observed sound has 
the same frequency as that transmitted. B: The source is 
stationary and the observer is moving toward the source 
(with velocity v), so that the observer witnesses a higher 
frequency than that emitted. C: The observer is moving 
away from the source, so the frequency detected is lower 
than that emitted. D: The source is moving toward a 
stationary observer, so the detected frequency is 
increased. E: The source is moving away from the 
observer, thus decreasing the frequency observed. 

proportional to the relative velocities of the source 
and the observer. 

History behind the discovery of the
Doppler effect 
This effect was first described by an Austrian physi­
cist named Christian Doppler in 1842. He used 
the Doppler effect to explain the ‘color of double 
stars’. A rival Dutch scientist working at the same 
time tried to prove Doppler’s theory wrong by 
hiring a train and two trumpeters. One trumpeter 
stood on the train while the other stood by the 
track, and an observer compared the pitch of the 
trumpeter who passed by on the train with that of 
the stationary trumpeter. This experiment actually 
verified Doppler’s theory, although Doppler’s use 
of this effect to explain the ‘color of double stars’ 
was actually incorrect. The Doppler effect is very 
important in modern cosmology, as it is used to 
estimate the velocity of stars, which shows that the 
universe is expanding. 

DOPPLER EFFECT APPLIED TO VASCULAR 
ULTRASOUND 

In the case of vascular ultrasound, the Doppler 
effect is used to study blood flow. The simplest 
Doppler ultrasound instruments use transducers 
consisting of two piezoelectric elements, one to 
transmit ultrasound beams and the other to receive 
the returning echoes back-scattered from the mov­
ing blood cells (Fig. 3.2). In this situation, the 
Doppler effect occurs twice. First, the transducer is 
a stationary source while the blood cells are mov­
ing receivers of the ultrasound waves (Fig. 3.1B). 
The ultrasound is then back-scattered from the 
blood cells, which now act as a moving source, 
with the transducer acting as a stationary observer 
(Fig. 3.1D). The Doppler shift observed depends 
on the frequency of the ultrasound originally trans­
mitted by the transducer and the velocity of the 
blood cells from which the ultrasound is back-
scattered. The observed frequency also depends on 
the angle from which the movement of the blood 
is observed (i.e., the angle between the ultrasound 
beam and the direction of the blood flow). The 
Doppler shift frequency, fd (i.e., the difference 
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Blood flow 

Tissue Gel 

Figure 3.2 Simple Doppler ultrasound instruments 
use transducers consisting of two piezoelectric elements, 
one to transmit ultrasound and the other to receive 
the returning echoes back-scattered from the moving 
blood cells. 

between the transmitted frequency, ft, and received 
frequency, fr) is given by: 

f � f � f � 
2vft cos u 

(3.1)d r t c 

where v is the velocity of the blood, � is the angle 
between the ultrasound beam and the direction of 
blood flow (also known as the angle of insonation) 
and c is the speed of sound in tissue. The factor of 
2 is present in the Doppler equation as the 
Doppler effect has occurred twice, as explained 
above. 

Consider, for example, a 5 MHz transducer used 
to interrogate a blood vessel with a flow velocity 
of 50 cm/s using an angle of insonation of 60°. 
Taking the speed of sound in tissue to be 
1540 m/s, the Doppler equation can be used to 
estimate that the Doppler shift frequency produced 
will be 1.6 kHz. In fact, it is a useful coincidence 
that the typical values of blood velocity found in 
the body and the transmitted frequencies used in 
medical ultrasound result in Doppler shift frequen­
cies that are in the audible range (from 20 Hz to 
20 kHz). The simplest Doppler systems can extract 
the Doppler shift frequency and output it to a 
loudspeaker, enabling the operator to listen to the 
Doppler shifts produced from the blood flow. 

The Doppler equation shows that the detected 
Doppler shift depends on the angle of insonation, 

Table 3.1 Variation of the cos � term of the

Doppler equation with the angle of insonation


� (°) cos � 

0 1 
30 0.87 
45 0.71 
60 0.5 
75 0.26 
90 0 

Blood flow 

Figure 3.3 The detected Doppler shift frequency 
changes as the angle of insonation changes. 

�, through the term ‘cos �’. Table 3.1 shows how 
the cos � term varies between 0 and 1 as the angle 
changes from 0° to 90°. When the angle of inso­
nation is 90°, the cos � term is 0, so virtually no 
Doppler shift is detected. When the angle of inso­
nation is 0° (i.e., the Doppler beam is parallel to 
the direction of flow), the cos � term is 1, giving 
the maximum detectable Doppler shift frequency 
for a given velocity of blood and transmitted fre­
quency. Figure 3.3 shows how the detected Doppler 
shift frequencies change as the Doppler angle 
changes. When the transducer is pointing toward 
the flow, a positive frequency shift is seen, but once 
the transducer is pointing away from the direction 
of flow, a negative frequency shift is seen. The 
smaller the angle of insonation, the larger the fre­
quency shift detected, but as the angle of insonation 
approaches a right angle, very small frequency shifts 
are detected. 
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Back-scatter from blood 
Blood is made up of red blood cells (erythrocytes), 
white blood cells (leukocytes) and platelets sus­
pended in plasma. Red blood cells occupy between 
36% and 54% of the total blood volume. They have 
a biconcave disc shape and a diameter of 7 �m, 
which is much smaller than the wavelength of 
ultrasound used to study blood flow. This means 
that groups of red blood cells act as scatterers of 
the ultrasound (see Fig. 2.8). 

The back-scattered signal from blood received at 
the transducer is small, partly due to the back-
scattered energy being radiated in all directions, 
unlike specular reflections, and partly because the 
effective cross-section of the blood cells is small 
compared with the width of the beam. The back-
scattered power is proportional to the fourth power 
of the frequency (i.e., f 4), and therefore as the trans­
mitted frequency selected to detect flow is increased, 
there is an increase in back-scattered power. How­
ever, this is offset by the increase in attenuation of 
the overlying tissue with the increase in frequency. 
Ultrasound systems will often use a lower trans­
mitted frequency for Doppler than for B-mode 
imaging, and the imaging and Doppler transmitted 
frequencies are usually indicated on the image. In 
situations in which blood velocity is low or blood 
cells are stationary, such as aneurysms or venous 
flow, the cells may aggregate into clumps, which 
can sometimes produce sufficiently high-amplitude 
back-scattered echoes to be displayed on the B-mode 
image (see Fig. 12.19). 

EXTRACTING THE DOPPLER SIGNAL 

The simplest Doppler systems consist of a trans­
ducer with two piezoelectric elements (Fig. 3.2), 
one continuously transmitting ultrasound and the 
other continuously receiving back-scattered signals 
from both stationary tissue and flowing blood. This 
received signal therefore consists of both the trans­
mitted frequency reflected by stationary objects 
and the Doppler-shifted frequencies back-scattered 
from moving blood cells. As the returning echoes 
are of low amplitude, first they must be amplified. 
The Doppler shift frequency can then be extracted 
from the received signal by a process known as 
demodulation. One method of demodulation used 

Transmitted 
signal 
voltage Time 

A 
multiplied by 

Received 
signal 
voltage Time 

B equals 

Product 
Time 

Filter 

C 

Doppler 
signal 
voltage Time 

D 

Figure 3.4 Demodulation. This is used to extract the 
Doppler frequency, in this case by multiplying the 
transmitted signal (A) by the received signal (B) and 
filtering out the high-frequency component (C) to leave 
the Doppler signal (D). (After Fish 1990, with permission.) 

in Doppler systems is shown in Figure 3.4. Here, 
the received signal is multiplied by the transmitted 
signal and the product is filtered to remove the 
high frequencies, thus providing the Doppler shift 
frequency. The received signal has a different fre­
quency from the transmitted frequency, owing to 
the Doppler effect, and a lower amplitude, owing to 
attenuation of the signal by overlying tissue. As 
mentioned earlier, once the Doppler shift fre­
quency has been extracted (by demodulation) and 
amplified, it can simply be output to a loudspeaker 
or investigated using a spectrum analyzer (Fig. 
3.5). With experience, it is possible for the opera­
tor to recognize the different sounds produced by 
normal and diseased vessels. 
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Figure 3.5 Elements of a simple continuous wave Doppler system. 

Loudspeaker 

The instruments described so far will not give 
information about the direction of flow relative to 
the transducer. This information is available in the 
returning signal, as objects moving toward the 
transducer will produce an increase in the detected 
frequency, while those moving away will produce a 
decrease in the detected frequency. Extracting direc­
tional information from the received Doppler sig­
nal requires more sophisticated electronics or 
software and this will not be explained in this text­
book. When the flow directions have been sepa­
rated, stereo loudspeakers can be used with one 
channel for forward flow and the other for reverse. 

It is preferable to display both the forward and 
reverse Doppler signals simultaneously on the same 
spectrum. This is done by displaying the signals 
either side of a baseline, with flow toward the trans­
ducer displayed above the baseline and flow away 
from the transducer displayed below. Figure 3.6A 
shows the flow in the vertebral artery and vein dis­
played in different directions on the spectrum. Most 
Doppler systems allow the operator to invert this 
display, if desired, so that the flow away from the 
transducer can be displayed above the baseline, and 
it is important that the operator be aware that this 
has been done in order to correctly interpret any 
results. The fact that the display is inverted is usually 
indicated on the screen (Fig. 3.6B). The baseline can 
also be shifted up and down to make maximum use 
of the spectral display (Fig. 3.6C). 

As well as obtaining Doppler shift frequencies 
from the flowing blood, the slow moving vessel 
walls act as large reflective surfaces, producing 
large-amplitude, low-frequency Doppler shift sig­
nals along with the low-amplitude high frequencies 
obtained from blood. These signals are known as 
wall thump, due to their sound, and are removed 
by high-pass filters. The high-pass filter will 
remove any signals with a frequency below the cut­
off frequency of the filter, and this can be con­
trolled by the operator. If this is set too low, the 
wall thump signal (Fig. 3.7A) will not be removed, 
whereas if it is set too high, important Doppler 
information will be removed, possibly altering the 
waveform shape (Fig. 3.7C) (e.g., by suggesting 
the absence of diastolic flow). The ideal filter set­
ting (Fig. 3.7B) should remove unwanted signals 
such as wall thump without removing important 
blood flow information. 

ANALYSIS OF THE DOPPLER SIGNAL 

The Doppler signal can be investigated using spec­
tral analysis, allowing waveforms to be displayed 
(as seen in Fig. 3.6) and blood velocity to be mea­
sured. The blood cells flowing through a vessel will 
be moving at different velocities within the vessel; 
for example, cells near the vessel wall will be mov­
ing more slowly than those in the center (see Ch. 5). 



Chap-03.qxd  29~8~04  13:20  Page 28

C 

28 PERIPHERAL VASCULAR ULTRASOUND 

VEIN 
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Base line 

A 

Figure 3.6 The use of an offset, or 
baseline, allows both forward and 
reverse flows to be displayed on the 
same spectrum (A), which can be 
inverted if required (B). The baseline 
can be altered to make maximum use 
of the spectral display (C). The values 
of the transmitted imaging and 
Doppler frequencies are often 
displayed on the screen. 

VEIN 

ARTERY 

Inverted 

Base line 

B 

Base line 

The velocity of the blood cells will vary with time, 
owing to the pulsatile nature of arterial blood flow. 
This means that the Doppler shift signal obtained 
from flowing blood will contain a range of fre­
quencies, due to the range of velocities present, 
and the frequency content will vary with time. It 
has already been explained in Chapter 2 (Figs 2.3 
and 2.4) how a signal is made up of sine waves 
of different frequencies. Spectral analysis can be 
used to break down the Doppler signal into its 

component frequencies and to show how these 
component frequencies vary with time. Figure 3.8 
shows how a spectrum is displayed, with time along 
the horizontal axis and the Doppler shift frequency 
along the vertical axis. The third axis, the bright­
ness of the display, shows the back-scattered power 
of the signal at each frequency (i.e., the propor­
tion of the blood cells moving at a particular 
velocity). Spectral analysis is carried out by com­
puter using mathematical techniques such as the 
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Figure 3.7 A: Wall thump gives a low-frequency, high-
amplitude signal. B: A filter can be used to remove wall 
thump from the Doppler signal, but if the filter cut-off 
frequency is set too high (as in C), this can alter the 
appearance of the waveform. 

fast Fourier transform (FFT). Figure 3.6C shows 
a typical spectral display produced by a Doppler 
system. In this case, each vertical line of data is pro­
duced every 5–10 ms (i.e., 100–200 lines of data 
per second). 

D
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New line of 
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Time 
Brightness proportional to back-scattered 
power of Doppler signal at each frequency 

Figure 3.8 Spectral analysis of the Doppler signal 
enables the frequencies present within the signal to be 
displayed as consecutive spectra. This produces a display 
of the changes in blood velocity over time. 

Continuous wave (CW) Doppler 
Continuous wave (CW) Doppler continuously 
emits a single frequency while the receiving ele­
ment continuously detects any echoes from the 
sensitive region of the beam (i.e., where transmit­
ted and received beams overlap) (shaded region in 
Fig. 3.5). This region usually covers a depth of a 
few centimeters, and any flow within this area will 
be detected. This means that CW Doppler is 
unable to provide information about the depth 
from which the Doppler signal is returning. CW 
Doppler is therefore said to have poor range reso­
lution. Veins often lie adjacent to arteries and so, in 
many cases, the CW Doppler will simultaneously 
detect arterial and venous flow. 

Pulsed Doppler 
The poor range resolution of CW Doppler can be 
overcome by using a pulse of ultrasound energy 
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Figure 3.9 Pulsed Doppler ultrasound. The system 
transmits a pulse (A), waits for a specified time (B) 
and then only receives from a given depth (C); it 
waits again, with the receiver off (D), for all the echoes 
to return from greater depths before transmitting the 
next pulse. 

and only acquiring the returning signal at a known 
time after the pulse has been transmitted. Thus, by 
knowing the speed of sound in tissue, the depth 
from which the signal has returned can be calcu­
lated, in the same way as described for pulsed echo 
imaging (equation 2.3). As the piezoelectric ele­
ment is only emitting ultrasound for a short period 
of time, it is possible to use the same element to 
receive the returning signal. Figure 3.9 shows how 
the pulse of ultrasound is transmitted and how the 
receiver then waits a given time before acquiring 
the signal over a short period of time. Although 
the system acquires no further signals, it has to wait 
for the echoes from greater depths to return before 
sending the next pulse. The time during which the 
received signal is acquired is known as the range 
gate, and this can be altered by the operator in 
order to determine the sample volume size. The 
sample volume is the region from which returning 
signals can be detected. Its size depends not only 
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Sample volume, or 
sensitive region 

Figure 3.10 The sample volume, or sensitive region, of a 
single element pulsed Doppler system is shaped like a 
teardrop. 

on the size of the range gate but also on the shape 
of the transmitted pulse and the shape of the ultra­
sound beam; it is sometimes described as being 
teardrop-shaped (Fig. 3.10). The depth of the sam­
ple volume is determined by the time the electronic 
circuit waits before acquiring the signal, which also 
is controlled by the operator. The size of the sam­
ple volume has a significant effect on the Doppler 
spectrum produced. For example, a large sample 
volume is required if the operator wishes to record 
both the fast-moving blood in the center of the 
vessel and the slower moving blood near the walls. 
This is discussed further in Chapter 6. 

In order to measure the frequencies present in the 
blood flow, thousands of pulses are sent along the 
beam path per second. The frequency at which 
these pulses are sent is known as the pulse repeti­
tion frequency (PRF) and is in the kHz range. The 
upper limit of the PRF is given by the constraint 
that the system has to wait for all the returning 
echoes from the last pulse before transmitting the 
next one. In fact, the pulsed Doppler method, 
unlike CW systems, does not actually measure the 
Doppler shift. However, the shape of the detected 
signal is similar to the Doppler shift that would be 
obtained from a CW system, so it can be described 
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Figure 3.12 Aliasing. If the speed of a minute hand is observed once every 45 minutes, the hand will appear to be 
moving slowly anticlockwise. 

by the Doppler equation and is typically referred to 
as the Doppler signal. The ultrasound pulses 
enable the changing velocity of the blood to be 
sampled, and the resulting signal can be analyzed 
to obtain a frequency spectrum using an FFT. The 
FFT requires either 64 or 128 consecutive pulses 
to produce one line of the spectrum, and Doppler 
systems are able to process these data fast enough 
to produce real-time Doppler spectra. 

The path of the Doppler beam and the size and 
position of the sample volume are displayed on the 
pulse echo image. The values of the PRF, sample 
volume size and depth are usually displayed at the 
side of the image, as shown in Figure 3.11. Pulsed 
Doppler is able to provide good range resolution, 
but the disadvantage is that pulsed Doppler suffers 
from an artifact, known as aliasing, that puts an 
upper limit on the maximum frequency that can be 
detected. 

Imaging frequency Figure 3.11 The path of the 
band width Doppler ultrasound beam, 
Doppler frequency sample volume size and 
Sample volume size position are displayed on the 
Sample volume depth image. 

6 

3 

Aliasing 

Aliasing is the incorrect estimation of the frequency 
of a signal due to insufficient sampling of the signal. 
Imagine that you have a clock with only a minute 
hand and you wish to estimate the speed at which 
the hand is moving. If you look at the face every 
45 min (Fig. 3.12), starting on the hour, first the 
hand would point at 12, then, 45 min later, it would 
point at 9, then at 6, at 3 and at 12 again. This 
would give the impression that the hand was travel­
ling slowly anticlockwise. The speed of the hand 
would appear to be one complete revolution every 
3 hours rather than as expected, once an hour. In 
order to correctly estimate the speed of the hand, 
the clock would have to be viewed at least twice in 
a complete cycle (i.e., at least twice an hour). 

Figure 3.13 shows how the frequency of a sim­
ple sine wave, indicated by the solid line, can be 
underestimated when the signal is sampled less 
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than twice in a complete cycle. If the dots (•) rep­
resent the points at which the signal is sampled, 
then the lowest frequency sine wave that would fit 
the sampled data is that shown by the dashed line. 
If, instead, the signal is sampled at least twice in a 
complete cycle, shown by the crosses (�), it is no 
longer possible to fit a lower frequency sine wave 
to the sampled data and the correct frequency is 
measured. Aliasing occurs when the sampling fre­
quency is less than twice the frequency to be esti­
mated, a limit known as the Nyquist frequency. 

An example of aliasing of a Doppler signal can 
be seen in Figure 3.14A, where the frequency 
detected at peak systole is underestimated and dis­
played below the baseline of the spectrum. Aliasing 
can be overcome by increasing the sampling rate 
(i.e., increasing the PRF in this case from 2500 
[Fig. 3.14A] to 3704 Hz [Fig. 3.14B]). There is, 
however, an upper limit to the PRF that can be 

Figure 3.13 Aliasing. The frequency of a simple sine wave 
(solid line) can be underestimated (dashed line) when the 
signal is sampled less than twice in a complete cycle. 

used, as the system has to wait for each pulse to 
return before the next pulse can be transmitted, in 
order to prevent confusion as to where a returning 
signal has originated. Therefore, there is also a 
limit to the maximum Doppler shift frequency that 
can be detected. This limits the maximum 
detectable Doppler frequency (fdmax) and velocity 
(Vmax) as follows: 

fdmax � 
PRFmax 

2 
� 

V f 
c 

t2 max cos u 
(3.2) 

This can be rewritten as 

Vmax � 
PRF c 

ft 

max 

cos4 u 
(3.3) 

For a depth of interest, d, and speed of sound, c, 

cc
PRFPRFmax �� (3.4)max 22dd

The 2, in the equation above, arises from the fact 
that the pulse has to go to and return from the 
target. This gives 

2c
Vmax � 

8dft cos u 
(3.5) 

The maximum velocity that can be detected 
without aliasing therefore depends on the depth of 
the vessel. When measuring very high blood flow 

PRF 2500 

PRF 3704 

A B 

Figure 3.14 A: Aliasing leads to the high frequencies within the signal being underestimated and displayed below the 
baseline of the spectrum. B: Aliasing can be overcome by increasing the PRF. 
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velocities, especially at depth, some scanners will 
allow a ‘high PRF’ mode to be selected. This allows 
more than one pulse to be ‘in flight’ at a given 
time. The higher PRF allows higher velocities to be 
measured, but it also introduces range ambiguity 
(i.e., a loss of certainty as to the origin of the 
Doppler signal). In this mode, the scanner will typ­
ically show more than one sample volume dis­
played on the scan line. Using a lower transmitted 
frequency would produce a lower Doppler shift 
frequency. This lower frequency would not require 
as high a PRF to prevent aliasing. Therefore, reduc­
ing the transmit frequency would increase the max­
imum velocity that could be measured. 

Limitations of CW versus pulsed Doppler 
CW Doppler and pulsed Doppler have different 
limitations. There is no upper limit to the velocity 
of blood that can be detected by CW Doppler, but 
no information is available regarding the depth of 
the origin of the signal, and it is not always possi­
ble to detect arterial flow without the venous flow 
from a nearby vein also being detected. CW is most 
commonly used in simple hand-held systems to lis­
ten to blood flow, enabling ankle blood pressures 
to be measured (see Ch. 9) or for fetal heart detec­
tion. It can also be used in cardiology to allow high 
velocities to be measured through the heart valves. 
Pulsed Doppler provides information regarding the 
origin of the signal, enabling detailed studies of a 
specific vessel; however, this restricts the maximum 
velocity that can be detected. Pulsed Doppler is 
used in duplex systems for both spectral Doppler 
and color flow imaging. 

DUPLEX ULTRASOUND 

Duplex ultrasound systems, combining pulse echo 
imaging with Doppler ultrasound, have been com­
mercially available for about 25 years. Combining 
the pulse echo imaging with Doppler ultrasound 
allows interrogation of a vessel in a known location 
and permits close investigation of the hemody­
namics around areas of atheroma visualized on the 
image. Ideally, to produce a good image of a vessel 
wall, the vessel should be at right angles to the 

ultrasound beam. This is the case in the majority of 
peripheral vessels, as they mainly lie parallel to the 
skin. However, the Doppler equation shows that 
no Doppler signal will be obtained when the angle 
of insonation is at right angles to the direction of 
flow (as cos � � 0). The greatest Doppler shift is 
detected when the beam is parallel to the direction 
of flow. Therefore, there is a conflict between the 
ideal angle of the beam used for imaging and that 
used for Doppler recordings. A compromise would 
involve the ability to steer or angle the Doppler 
beam independently of the imaging beam. Some 
early duplex systems did this by mounting a sepa­
rate Doppler element, with an adjustable angle, 
next to the imaging element. Modern linear array 
and phased array transducers overcome this by pro­
ducing a steered beam, as described in Chapter 2 
(see Fig. 2.15). The transducer elements are most 
sensitive to the returning signals that are at right 
angles to the front face of the element. This means 
that, as the beam is steered, the sensitivity of the 
Doppler transducer will fall to some extent, and 
therefore the Doppler beam can only be steered by 
about 20° left and right of center. There is thus a 
compromise between the choice of Doppler angle 
and sensitivity. 

Velocity measurements using duplex 
ultrasound 
An important consequence of duplex ultrasound 
is that it allows the image of the vessel to be used 
to estimate the angle of insonation between the 
Doppler beam and the vessel. This enables the 
detected Doppler frequency to be converted into a 
velocity measurement using the Doppler equation 
(equation 3.1). Figure 3.11 demonstrates how the 
image of a vessel can be used to line up an angle 
correction cursor (which sits in the center of the 
sample volume display) with the vessel wall, so giv­
ing the angle of insonation. Very large errors in 
velocity measurement can be generated by incorrect 
alignment of the angle correction cursor. Although 
there are many potential sources of errors when 
using Doppler ultrasound to calculate blood flow 
velocity (see Ch. 6), it is a powerful technique for 
detecting and quantifying the degree of disease 
present in a vessel. 
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Creation of a color flow image
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INTRODUCTION


Ultrasound scanners also use the Doppler effect to 
form a color map of blood flow superimposed onto 
the anatomical map provided by pulse echo imaging. 
This map provides a means for rapid interrogation 
of a region of interest (ROI) and enables the oper­
ator to be selective in the points from which to 
obtain spectral Doppler information. The develop­
ment of color flow imaging has greatly extended 
the capabilities of imaging small vessels and has also 
allowed for a reduction in investigation time, dra­
matically increasing the role of vascular ultrasound. 
The first real-time color flow images were pro­
duced in 1985 and were only possible due to the 
use of different mathematical methods to extract 
the mean velocity of flow relative to the beam 
(mean Doppler frequency). This made collection 
and analysis of the Doppler frequency information 
fast enough to enable the production of color flow 
maps capable of displaying pulsatile blood flow in 
real time. 

COLLECTION OF 2D DOPPLER 
INFORMATION 

The two-dimensional (2D) color flow map is cre­
ated by detecting the back-scattered signals from 
hundreds of sample volumes along each scan line and 
using hundreds of scan lines to cover the ROI, as 
shown in Figure 4.1. The scanner divides the back-
scattered signal into hundreds of samples along the 
scan line, each sample being at a different time delay 
after the transmitted pulse, and therefore returning 
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Figure 4.1 The color flow image is created by detecting 
the back-scattered ultrasound from hundreds of sample 
volumes along hundreds of different scan lines. 

from a slightly different depth in the tissue. The 
depth from which a signal has returned can be cal­
culated from this time delay, using the speed of 
sound in tissue, in the same way as is used in pulse 
echo imaging. Several pulses must be transmitted 
and received along the scan line for the movement 
of the blood to be detected. Once sufficient samples 
have been detected from each sample volume to 
allow estimation of the blood velocity relative to the 
beam, a second scan line adjacent to the first can be 
produced. Hundreds of scan lines may be used to 
produce the 2D color flow image. The estimated 
mean relative velocity (equivalent to the Doppler 
frequency) from each sample volume within the tissue 
can be displayed in color, as shown in Figure 4.2. In 
this image of an artery lying next to a vein, the 
Doppler shift frequencies produced by flow toward 
the transducer are displayed in red, and those pro­
duced by flow away from the transducer are shown 
in blue. The higher relative velocities are shown as 
yellow and turquoise, whereas the lower relative 
velocities are displayed as deep red and deep blue. 

A 

V 

Baseline 

Figure 4.2 The color flow image displays the mean 
velocity of the flow relative to the ultrasound beam 
(equivalent to Doppler frequency) detected within each 
sample volume. This image of an artery, A, overlying a 
vein, V, demonstrates the difference in the velocity and 
direction of the blood flow in the two vessels. In this image, 
the color scale shows that flow in the artery is toward the 
transducer and is displayed as red, whereas flow in the vein 
is away from the transducer and is displayed as blue. 

METHODS OF ESTIMATING THE 
VELOCITY OF BLOOD 

Spectral Doppler ultrasound uses fast Fourier trans­
form (FFT) to provide detailed information on the 
frequency content of the Doppler signal. However, 
the time needed to collect sufficient data to per­
form an FFT on the signals obtained from several 
scan lines would be so great that it would take 
several seconds to produce each color image. This 
would not be a suitable method for imaging pul­
satile blood flow. The FFT would also produce 
more information than could be easily displayed 
on the image, as each color pixel can only represent 
one value of frequency at any point in the color 
image, unlike the range of frequencies that can be 
displayed on the spectral display. Real-time color 
flow imaging has been made possible by the use of 
alternative techniques to estimate the mean veloc­
ity of blood relative to the beam. It requires only a 
few pulses to estimate the mean relative velocity, 
making the process faster to perform. The method 
used relies on the facts that the ultrasound is back-
scattered from groups of blood cells that remain in 
the same formation during the time taken to per­
form the velocity estimate and that the echo inten­
sity pattern is different for different groups of cells. 
This allows a group of cells to be tracked as it 
moves through the sample volume. The velocity of 
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Pulse 1 

Pulse 2 

Pulse 3 

Figure 4.3 Signals from three consecutive pulses 
returning from a given group of cells as they move 
farther away from the transducer. Note the short delay 
introduced. (After Ferrara & DeAngelis 1997, with 
permission.) 

the group of cells does not change significantly 
during the short time over which the blood flow 
velocity is being estimated. Figure 4.3 shows the 
shapes of three consecutive returning pulses as a 
group of blood cells passes through the sample vol­
ume. A short delay is introduced into the signal 
returning from a given group of cells as they move 
farther away from the transducer between pulses. 
An estimate of the velocity can be made by detec­
ting this delay in the echo complex. This shift in 
the waveform can be understood in two ways. First, 
it can be considered as a time delay introduced 
between returning pulses as the group of cells moves. 
Second, it can be considered as a phase shift of the 
signal between two pulses scattered from the same 
sample volume. To understand the concept of a 
phase shift, consider an example using two clocks. 
If both the clocks are set to read the same time, 
both minute hands will be moving at the same 
speed, giving a frequency of one complete revolu­
tion of the clock face an hour. Both clocks will also 
be in phase with each other (i.e., the minute hand 
will appear at the ‘12’ on both clocks at the same 
time), giving a phase shift of zero. If, however, one 
clock has the minute hand set 30 min behind the 
other, the minute hands will still complete one rev­
olution of the clock face an hour, but the two clocks 
will now be out of phase and the clock hands will 

appear at different places on the clock face. The 
time delay between the two clocks will be 30 min, 
or alternatively this delay could be measured as a 
phase shift, which in this case would be half a cycle 
of the clock face. 

The delay between the returning ultrasound 
signals from the first and second pulses shown in 
Figure 4.3 can be measured in terms of a phase 
shift. We can see that the second signal is the same 
shape as the first but is delayed. This is analogous 
to the clock hands travelling at the same speed but 
with the second clock being half a cycle behind 
the first. A similar phase shift can be measured 
between signals 2 and 3. These phase shifts can 
be used to estimate the velocity of the blood. This 
method does not actually measure the Doppler 
shift frequency; however, the shape of the detected 
signal is similar to the Doppler shift that would be 
obtained from a continuous wave system and there­
fore can be described by the Doppler equation. 

Modern color flow imaging scanners use the 
phase shift approach, employing a process known 
as autocorrelation detection to estimate the mean 
Doppler shift frequency. Autocorrelation compares 
two consecutive pulses returning from a given sam­
ple volume to produce an output that is dependent 
on the phase shift (i.e., dependent on the Doppler 
frequency). If the echoes are returning from sta­
tionary objects there will be no phase shift. The 
phase shifts between four or more pulses are used 
to estimate the frequency. The more pulses used, 
the more accurate is the result, as long as the time 
taken is not so great that the velocity of the blood 
cells has changed. This relatively small number of 
pulses required to estimate the mean relative 
velocity (Doppler shift frequency) enables several 
color images to be produced every second. 

Another method, not currently used by ultra­
sound manufacturers, uses time-domain processing, 
which employs time delay rather than phase shift 
to estimate the velocity of blood. From the opera­
tor’s perspective, both the frequency and time-
domain processes produce similar color images. 

ELEMENTS OF A COLOR FLOW 
SCANNER 

Figure 4.4 shows the basic elements of a color 
flow scanner. Before any analysis of the returning 
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Figure 4.4 The basic elements of a color flow scanner. 

echoes is carried out, the signal is filtered by the 
clutter filter to remove the high-amplitude signals 
returning from the surrounding stationary tissue 
and the slow moving vessel walls, while preserving 
the low-amplitude signals from the blood. The fil­
tered signal is then analyzed to obtain an estimate of 
the mean relative velocity (Doppler shift frequency) 
in each sample volume, by the Doppler statistic 
estimator, as described earlier. Post-processing is 
then used to smooth the data in order to produce 
a less noisy color image. This can be done by com­
bining the data obtained from consecutive images, 
known as frame-averaging. As each point on the 
image can only be assigned either a specific color or 
level of gray, a decision has to be made as to whether 
to display the pulse echo information or any flow 
information detected. This involves the process 
known as blood–tissue discrimination. 

Blood–tissue discrimination 
Generally, the returning pulse echo signals from the 
vessel lumen are very low in amplitude compared 
with those from the vessel walls and surrounding 
tissue. In addition, larger Doppler frequencies are 
detected from the rapidly moving blood in com­
parison to the low Doppler frequencies obtained 
from the slow moving vessel walls. No Doppler 
shift would be detected from stationary surround­
ing tissue. Ultrasound imaging systems are designed 
with an adjustable control called the ‘color write 
enable’ or ‘color write priority’ control. This control 
allows the operator to select the imaging signal 

intensity above which the gray-scale image is dis­
played rather than the color information. If a 
Doppler signal is obtained from an area in which 
the gray-scale signal is higher than the level set by 
the operator, the scanner assumes that the Doppler 
signal results from moving tissue and therefore does 
not display it. Below this level of gray, providing 
there is an adequate Doppler shift frequency, it is 
assumed that any Doppler signal originates from 
blood, and color will overwrite the gray-scale in areas 
where a Doppler signal is detected. If, for instance, 
the operator wishes to demonstrate flow in a small 
vessel that does not have an anechoic (echo-free) 
lumen on the image, the threshold for displaying 
gray-scale information will need to be increased, 
thus giving priority to writing color information. 

Most systems also have a flash filter. This is 
designed to remove color flashes, known as flash 
artifacts, that are generated by rapid movement 
between the transducer and tissue, such as when the 
sonographer moves the transducer during scanning. 

Color coding the Doppler information 
Having obtained a value of the mean Doppler fre­
quency present in the multiple sample volumes, 
these data now have to be displayed on the image. 
This is done by color-coding the Doppler informa­
tion. The color on the screen has three attributes: 
luminosity, hue and saturation. Luminosity is the 
degree of brightness or shade of the displayed color; 
hue is the wavelength (i.e., the actual color dis­
played, from violet through red), and saturation 
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A B C D E 

Figure 4.5 A, B, C, D: Examples of different color scales, 
used to accentuate different parts of the range of 
velocities detected in various clinical situations. E: The 
inversion of the color scale shows that the image will 
now display flow toward the transducer as blue. The 
arrows on D and E show how the scanner displays the 
color write priority selected. The setting selected in D 
will display color in the presence of a brighter B-mode 
echo than the setting selected in E. 

is the degree to which the color is mixed with 
white light (e.g., from red through light pink, 
producing up to 20 identifiable tints). These three 
attributes can be used to produce a variety of color 
scales, as shown in Figure 4.5, which can be dis­
played as a bar at the side of the image. The scale 
usually consists of a different color representing dif­
ferent flow directions, with red often used to show 
flow toward the transducer and blue depicting flow 
away from the transducer. Most scanners allow the 
operator to invert the color scale in order to display 
flow toward the transducer as blue and flow away 
as red. This is indicated by inverting the color scale 
displayed at the side of the image (Fig. 4.5E). It is 
essential for the operator to be aware of which 
colors represent which directions of flow within the 
image, otherwise serious diagnostic errors can 
occur. Ultrasound scanners provide a range of color 
scales, and certain scales are more appropriate in 
particular imaging situations. The various color 
scales may be selected to accentuate the different 
parts of the range of detected relative velocities 
seen in different clinical situations. For example, in 
an arterial scan, the color scale may accentuate the 
differences in the upper portion to highlight veloc­
ity changes in the higher range of velocities. 

The velocity estimator can calculate not only the 
mean relative velocity but also the variance. The 
variance is a measure of the range of velocities pres­
ent within the sample volume and may relate to the 
presence of a flow disturbance. The variance can be 

displayed along with the mean frequency by using 
a red and blue scale with increasing amounts of 
yellow or green introduced as the variance increases, 
although this form of display is not widely used. 
Another form of color display uses increasing lumi­
nosity of orange to display the increasing back-
scattered power detected. This is known as power 
Doppler and is discussed later in this chapter. 

EFFECT OF ANGLE OF INSONATION 
ON THE COLOR FLOW IMAGE 

As the colors used to display the flow depend on the 
Doppler frequencies detected, which in turn depend 
on the angle of insonation between the blood flow 
and the color Doppler beam, the appearance of the 
color image is very much dependent on the angle of 
insonation. Many of the peripheral vessels run paral­
lel to the skin, perpendicular to the imaging beam. 
However, the color Doppler beam should ideally be 
less than 70° in order to obtain a Doppler signal. If 
the angle of insonation is near 90°, only a small 
Doppler shift will be detected; this will be removed 
by the high-pass filter, known as the clutter filter, 
and no signal will be displayed on the image. 

When using a linear array transducer, it is possi­
ble to steer the beam, used to create the color 
image, from left or right as described in Chapter 2 
(see Fig. 2.15). The direction of the color Doppler 
beam runs parallel to the sides of the color box dis­
played on the image. Figure 4.6 demonstrates the 
change in the color image seen when the color box 
is steered in three different directions relative to 
the flow. The beam can only be steered either left 
or right by a maximum of 20–25° because the sen­
sitivity of the transducer decreases as the beam 
is steered. There is thus a compromise between 
optimizing the angle of insonation and main­
taining the sensitivity. This is not usually apparent 
when imaging large vessels with good flow but can 
become a problem when imaging smaller diseased 
vessels with low flow, as the intensity of the Doppler 
signal may be very low and the vessel may have to 
be insonated at an angle above 70° to maintain 
transducer sensitivity. If demonstrating color filling 
of such a vessel proves difficult, it is worth chang­
ing the angle of insonation of the color beam to 
obtain the optimum compromise between the 
angle of insonation and sensitivity. 
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When imaging tortuous vessels, it is useful to 
obtain images with the color box steered in differ­
ent directions to visualize the blood flow along the 
entire vessel. If the direction of the blood flow 
changes in relation to the Doppler beam, a differ­
ent Doppler frequency will be detected even 
though the blood velocity is the same. The color 
image will demonstrate a change of color within 
the vessel as the path of the vessel alters direction. 
Figure 4.7 shows an image of an internal carotid 
artery as its path dips deep into the neck. The arrows 
on the image show how the blood flow changes 
direction relative to the color Doppler beam, caus­
ing a change in the Doppler frequency detected. 
This leads to a change in the color displayed, from 
red to orange and yellow then finally turquoise, 

due to aliasing, even though the velocity of the 
blood within the vessel has remained unchanged. 

Curvilinear and phased array transducers pro­
duce scan lines that fan out over the sector image. 
These probes do not usually have the facility to 
steer the Doppler beam along a path independ­
ently of the direction of the imaging scan lines. If 
a straight vessel is imaged with a curvilinear or 
phased array transducer, there will be a change in 
the angle of insonation along the vessel, unless the 
vessel is parallel to the Doppler beam. This will lead 
to a change in the Doppler frequencies detected 
and therefore will affect the color displayed on the 
image, as shown in Figure 4.8. On the left of the 
image, Doppler shift frequencies are detected, as 
there is a suitable angle of insonation and flow is 

A B C 

Figure 4.6 Effect of changing the angle of insonation (shown on the image), by steering the color box, on the image 
produced. A: A small angle gives a good image. B: A moderate angle displays flow but is not optimal. C: A large angle 
gives an unusable image. 

Figure 4.7 An internal carotid artery as it dips deep in 
the neck. As the path of the artery changes relative to the 
Doppler beam (shown by the arrow), the relative velocity 
(Doppler frequency) detected will alter, leading to a 
change in the color displayed, despite the fact that the 
velocity of the blood flow has not changed. 

Figure 4.8 As the scan lines of a curvilinear transducer 
diverge, the angle between the straight vessel and the 
beam will change. This will lead to a change in the 
detected velocity relative to the ultrasound beam 
(Doppler frequency), altering the color displayed. 
No flow is displayed in the center of the image, where 
the flow is at right angles to the beam. 
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toward the probe. In the very center, the angle of 
insonation is approximately 90°, so low or no 
Doppler frequency is detected or displayed. On the 
right side of the image, the angle of insonation is 
now such that the flow is away from the trans­
ducer, and it is therefore displayed in red. 

When interpreting a color image, it is important 
to remember that it is the Doppler shift frequency 
(the velocity relative to the beam) that is being 
displayed, and it is essential to consider the angle 
of insonation used to produce each point of the 
image. To be certain of the velocities present, spec­
tral Doppler can be used as this has the facility to 
provide angle correction for velocity estimates. 
Diagnosis should be made using a combination of 
color and spectral Doppler investigations. 

ALIASING IN COLOR FLOW IMAGING 

The range of frequencies displayed by the color 
scale is governed by the pulse repetition frequency 
(PRF) used to obtain the Doppler frequency shift. 
The maximum frequency that can be detected with 
color flow imaging is limited by the sampling fre­
quency in the same way as described for spectral 
Doppler (see Ch. 3). Aliasing due to undersampling 
will limit the maximum frequency that can be dis­
played correctly, causing frequencies beyond this 
limit to be displayed as flow on the opposite side of 
the baseline. An example of aliasing occurring in a 
color image is shown in Figure 4.9A. The highest 
velocities present are in the center of the vessel, but 
because of aliasing, these are displayed as turquoise 
(i.e., as high velocities in the opposite direction) 

instead of yellow (i.e., top of the color scale). If the 
PRF is increased, aliasing no longer occurs, and all 
the flow is displayed in the correct color (Fig. 4.9B). 
If the PRF is set too high, however, it may prevent 
low velocities, such as those near the vessel walls or 
during diastole, from being detected (Fig. 4.9C). 
One potential problem is differentiating aliasing 
from true flow reversal. True flow reversal, shown 
as a change in color within a vessel (i.e., from red 
to blue), can be seen where there is both forward 
and reverse flow present within a vessel due to a 
hemodynamic effect. Flow reversal is often seen 
in a normal carotid artery bulb, as described in 
Chapter 5. Apparent flow reversal can be due to an 
artifact and occurs when a vessel changes direction 
relative to the Doppler beam, although flow within 
the vessel has not changed direction. 

Figure 4.10 shows an image of a slightly tortuous 
carotid artery, with flow away from the transducer 
on the right (shown in blue) and toward the 

Figure 4.10 Image of a bend in a carotid artery showing 
flow toward and away from the transducer in different 
colors. The path of the flow is shown by the arrows. 
No flow is displayed in the center of the image, where 
the flow is at right angles to the beam. 

PRF 14 000 HZ PRF 1500 HZ PRF 4000 HZ 

A B C 

Figure 4.9 Aliasing. A: This will lead to the assignment of the incorrect color to represent the velocity present within 
the vessel, shown here in blue. B: Increasing the PRF may overcome aliasing. C: If the PRF is set too high, it may prevent 
low velocities, present at the vessel walls, from being detected. 
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transducer on the left (shown in red). The arrows 
marked on the image show how the direction of 
flow changes relative to the ultrasound beam. In 
the center of the image, where the direction of 
flow is close to being at right angles to the ultra­
sound beam, low frequencies are detected; these 
are removed from the signal by the high-pass filter 
and therefore no color is displayed in this region. 

It is possible to distinguish between aliasing and 
changes in the direction of flow relative to the 
transducer by the fact that the color transition seen 
in aliasing wraps around the farthest ends of the 
color scale. In contrast, the colors displayed when 
the flow changes direction are near the baseline 
and pass through black at the point where no or 
low Doppler shift frequencies have been detected. 
Figure 4.11 shows an image of a carotid artery that 

ICA 

A 

R 
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A 

R 

Figure 4.11 Image demonstrating aliasing (A) and 
flow reversal (R) in an internal carotid artery. Aliasing can 
be recognized as a color change that wraps around from 
the top to the bottom of the color scale, or vice versa. A 
change in color due to a relative change in the direction 
of flow can be recognized as a change in color across the 
baseline, at the center of the color scale, passing through 
black (see color scale on right of image). 

1 2 3 

Pulse 
train 

PRF 

demonstrates both flow reversal and aliasing. The 
transitions in the colors displayed in both cases are 
shown on the color scales. 

LOWER AND UPPER LIMITS TO THE 
VELOCITY DISPLAYED 

The highest frequency that can be displayed with­
out aliasing occurring is half the PRF, as with spec­
tral Doppler. However, unlike spectral Doppler 
displays, aliasing does not necessarily make inter­
preting the image difficult and can sometimes be 
useful in highlighting sudden increases in velocity, 
as would be seen at a stenosis. The aliasing artifact 
can be overcome, up to a limit, by increasing the 
PRF, using a larger Doppler angle or using a lower 
ultrasound transmitting frequency. 

When investigating low-velocity flow, such as 
that seen in the venous system, the lower limit of 
the velocity that can be detected is governed by 
the length of time spent interrogating the flow. 
Suppose you wanted to estimate the speed at 
which the hands of a clock are moving. You would 
have to watch the clock for a much longer time to 
estimate the speed of the hour hand than to esti­
mate the speed of the minute hand. The same is 
true of color Doppler (i.e., the lower the velocity 
flow that is to be detected, the longer the time that 
has to be spent measuring it). The length of time 
over which pulses are sent along a scan line in 
order to estimate the frequency is known as the 
dwell time (Fig. 4.12). If a low PRF is selected, 
the time taken for the eight to ten pulses to be 
transmitted along the scan line will be longer, and 
consequently the dwell time will be greater than 

4 7 8 

Next scan line 

Dwell time 

Figure 4.12 The dwell time is the time the beam spends interrogating the blood flow to produce one scan line. 
This depends on the number of pulses, the ensemble length, used to perform the frequency estimate and the pulse 
repetition frequency of the signal. 
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that produced by a higher PRF. It is therefore very 
important to select the appropriate PRF for the flow 
conditions to be imaged. If a low PRF is selected 
to image high-velocity flow, aliasing will occur, and 
if a high PRF is selected to image low-velocity flow, 
the flow may not be detected at all, as the dwell 
time will be too short (Fig. 4.9C). Ideally, a PRF 
should be selected that displays the highest velocities 
present with the colors near the top of the scale. 

The cut-off frequency of the high-pass clutter 
filter will also affect the lowest frequencies that can 
be displayed. The high-pass filter will only allow 
frequencies greater than the cut-off frequency to 
be displayed, so that if this is set too high, the 
Doppler frequencies detected from the lower 
velocity blood flow will be removed. The level of 
the high-pass filter is usually displayed on the color 
scale (Fig. 4.13). Using the wrong filter setting has 
led to removal of the low velocities at the vessel 
walls or of low flow during diastole. The high-pass 
filter is linked to the PRF and therefore, as the PRF 
is increased, the high-pass filter is also automati­
cally increased. However, some systems will allow 
the filter to be altered independently of the PRF, 
in which case the high-pass filter setting should be 
considered when the PRF is lower in order to 
image low-velocity flow. 

FRAME RATE 

The frame rate is the number of new images pro­
duced per second. For color flow imaging to be 

useful for visualizing pulsatile blood flow, a reason­
ably high frame rate is required. With pulse echo 
imaging alone, the frame rate can be greater than 
50 images per second. However, the time required 
to produce a color flow image is much longer and 
therefore the frame rates are much lower. The 
frame rate is dependent on several factors when 
using color flow imaging (Fig. 4.14). The ROI 
refers to the color box, which can be placed any­
where within the image to examine blood flow. 
The size and position of the ROI have a significant 
effect on the frame rate. The width is especially 
important, as the wider the ROI, the more scan 
lines are required and therefore the longer it will 
take to collect the data for an image. The line den­
sity (the number of scan lines per centimeter across 
the image) also affects the time taken to produce 
the image as the pulses for each scan line have to 
return before the next line can be produced. The 
length of the color box is less important. This is 
because the scanner has to wait for all the return­
ing echoes before sending the next pulse, even if 
the information is not used to produce the image, 
so as not to suffer from range ambiguity. 

The depth of the ROI is, however, an important 
factor. To image at depth, lower frequency ultra­
sound is used, which will penetrate farther, allow­
ing the ROI to be set at a greater depth. Therefore, 
the scanner will have to wait longer for the echoes 
to return from the greater depth and it will take 
longer to create each scan line, so reducing the 
frame rate. 

A B 

Figure 4.13 Effect of using the filter. A: The filter is set too high, removing the low-velocity flow near the vessel walls 
(vertical arrows). B: The filter setting is reduced to display the low frequencies detected near the vessel walls. The filter 
setting may be displayed on the color scale (horizontal arrows). 
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Figure 4.14 The color image frame rate can be improved 
by (A) reducing the size of the color region of interest 
(ROI) or (B) reducing the density of the color scan lines. 
(C) The scanner may improve the frame rate by 
interleaving the acquisition of data from different parts of 
the ROI. (After Ferrara & DeAngelis 1997, with permission.) 

Interleaving the acquisition from different scan 
lines that are a distance apart can enable more than 
one pulse to be transmitted at a time, allowing an 
improvement in the frequency estimate without a 

decrease in the frame rate. Figure 4.14C shows 
how the data from scan line 2 can be acquired 
while data from scan line 1 are being obtained, as 
scan line 1 will not detect pulses transmitted along 
scan line 2. The same is true for scan lines 3 and 4, 
and so forth. Extra lines of data can be created by 
averaging two adjacent lines to produce a scan line 
between them. As no new information is acquired 
to perform this, no change in the frame rate occurs. 

The number of pulses used to produce each scan 
line of the color image is known as the ensemble 
length. Typically, an ensemble length of between 2 
and 16 pulses is used to estimate the Doppler fre­
quency. However, the more pulses that are used, 
the more accurate the estimate will be, and in situ­
ations in which the returning Doppler signal is poor, 
a high number of pulses is required. There is, there­
fore, a compromise between the accuracy of the fre­
quency estimate and frame rate. The time taken for 
these 2 to 16 pulses to be transmitted and to return, 
the dwell time, obviously depends on the rate at 
which the pulses are transmitted (i.e., the PRF). 
When a low PRF is used, it will take longer for the 
pulse ensemble to be transmitted, leading to a lower 
frame rate. 

These various limitations require a compromise 
to be made between the area over which the color 
Doppler information is acquired, the accuracy of 
the Doppler frequency estimate and the time it 
takes to acquire it. The selection of PRF, position 
of the ROI and frequency of the transducer are 
governed by the region of the body being imaged 
and the type of blood flow in that region. 
However, it is possible to optimize the frame rate 
by using as narrow an ROI as possible for the 
examination. The quality of the color image may 
be improved by averaging consecutive images, to 
reduce the noise, and displaying the image for a 
longer period of time. This control is sometimes 
known as the persistence. 

RESOLUTION AND SENSITIVITY OF 
COLOR FLOW IMAGING 

The spatial resolution of the color image can be 
considered in three planes, as described for B-mode 
imaging (see Fig. 2.21). However, as blood flow 
imaging is dynamic, the temporal resolution (i.e., 
the ability to display changes that occur during a 
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short period of time) is also an important factor. 
The axial resolution of the color image is governed 
by the length of the individual sample volumes 
along each scan line. The lateral resolution of the 
color image depends on the width of the beam and 
the density of the scan lines across the field of view. 
The ability of the color image to follow the 
changes in flow over time accurately depends on 
the system having an adequate frame rate. Imaging 
arterial flow effectively usually requires a higher 
frame rate than does demonstrating venous flow, as 
changes in arterial flow occur much more rapidly. 

The sensitivity of an ultrasound system to flow is 
another indication of the quality of the system and 
depends on many factors. First, the ultrasound fre­
quency and output power must be appropriately 
selected to allow adequate penetration. Second, 
the time spent detecting the flow must be long 
enough to distinguish blood flow from stationary 
tissue. The filters used to remove wall thump and 
other tissue movement must be set so as not to 
remove signals from blood flow. The resolution 
and sensitivity of modern color flow systems have 
rapidly improved over the last decade, improving 
the range and quality of vascular examinations. 

POWER DOPPLER IMAGING 

So far, this chapter has described how the Doppler 
shift frequency can be displayed as a color map 
superimposed onto the gray-scale image. However, 
instead of displaying the detected frequency shift, 
it is possible to display the back-scattered power 
of the Doppler signal. The color scale used shows 
increased luminosity with increased back-scattered 
power. This allows the scanner to display the pres­
ence of moving blood, but it does not indicate the 
relative velocity or direction of flow, as shown in 
Figure 4.15. This method of display has some 
advantages in that the power Doppler display is not 
dependent on the angle of insonation, and it has 
improved sensitivity compared with conventional 
Doppler frequency displays. The diagram in Figure 
4.16A shows how the beam used to produce the 
scan lines actually produces a range of angles of 
insonation within a vessel due to the range of ele­
ments used to form the beam. When the center of 
the beam is at an angle of 90° to the vessel, parts 
of the beam will actually produce an angle of 

Figure 4.15 Power Doppler image of a diseased 
internal carotid artery, showing a narrow flow 
channel. 

insonation of less than 90°, and the blood flow will 
be toward part of the beam and away from other 
parts of the beam. Therefore, the range of fre­
quencies detected will be as shown in Figure 4.16B, 
with the blood appearing to be travelling both 
toward the beam (producing a positive Doppler 
shift) and away from the beam (producing a nega­
tive Doppler shift). The mean of this range of 
Doppler frequency shifts is zero, and therefore no 
flow would be displayed with a color Doppler fre­
quency map. If, however, the total power (i.e., the 
area under the curves in Fig. 4.16B) is displayed, 
this will not be too dissimilar to a signal obtained at 
a smaller angle of insonation. The display of back-
scattered power is therefore practically independent 
of the angle. As the frequency is not displayed, power 
Doppler does not suffer from aliasing. The back-
scattered power will, however, be affected by the 
attenuation of the tissue through which the ultra­
sound has travelled and will be lower for deep-lying 
vessels than for superficial vessels. 

At the vessel walls, where the sample volume 
may be only partially filled by the vessel, the 
detected back-scattered power will be lower, and 
the power Doppler will be displayed by darker pix­
els than at the center of the vessel. Color Doppler 
imaging displays the mean frequency detected 
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Vessel 

A 

Amplitude 

B 
Doppler shift frequency 

Figure 4.16 A: The beam used to detect the flow 
actually produces a range of angles of insonation. B: 
When the beam is at right angles to the blood flow, this 
will result in both negative and positive Doppler shift 
frequencies within the signal. 

within a sample volume and therefore does not 
depend on whether the sample volume is totally or 
partially filled with the blood flow. Power Doppler 
is therefore able to provide better definition of the 
boundaries of the blood flow than color Doppler. 

The improved sensitivity of the power Doppler 
is due to the relationship between the noise and 

the Doppler signal. If the color gain is increased to 
visualize the background noise, the operator will see 
the noise as a speckled pattern of all colors within 
the color box. This is because the noise generated 
within the scanner is a low-amplitude signal con­
taining all frequencies. As the noise occurs in all 
frequencies, this noise is impossible to remove 
using the high-pass filter. As power Doppler dis­
plays power rather than frequency, it is less suscep­
tible to this low-amplitude noise since it is displayed 
as a darker color or not displayed at all. 

The main disadvantage with power Doppler is 
that in order to improve sensitivity, a high degree 
of frame-averaging is used, which means that the 
operator has to keep the transducer still to obtain 
a good image. Therefore, this modality is less suit­
able for rapidly scanning along vessels. The lack 
of angle dependence makes power Doppler useful 
in imaging tortuous vessels. Power Doppler also 
provides improved edge definition (e.g., around 
plaque). Some ultrasound systems provide a color 
flow display that combines the power Doppler dis­
play with directional information. In this mode, 
the power of the signal is displayed as red for flow 
detected travelling toward the transducer, and the 
power of the signal detected from blood moving 
away from the transducer is displayed as blue. 
No velocity information is displayed in this mode. 

ENHANCED FLOW IMAGING USING 
CONTRAST AGENTS AND HARMONIC 
IMAGING 

A limiting factor in ultrasound imaging of flow is 
that the power of the ultrasound back-scattered 
from blood is much lower than that reflected from 
the surrounding tissue. Increasing the output power 
of the scanner will not overcome this problem as it 
would increase the signal from the surrounding tis­
sue as well as from the blood. The concept behind 
the use of contrast agents in ultrasound is to intro­
duce a substance into the blood that provides a 
higher back-scattered power than is available from 
blood alone. Contrast agents used clinically at 
present consist of microparticles to which gas 
microbubbles adhere. It is these microbubbles that 
provide the increase in back-scattered power. 
Contrast agents are divided into two types: right 
heart and left heart agents. Right heart agents are 
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destroyed as they pass through the lungs and, 
therefore, when injected intravenously, are only 
suitable for imaging the right side of the heart. Left 
heart, or transpulmonary, agents can pass through 
the lungs and can therefore be used to enhance the 
back-scattered signal from peripheral arteries. 
These agents effectively enhance the Doppler sig­
nal for approximately 5–10 min, so are only really 
suitable for investigations that do not take longer 
than this to perform. 

Bubbles insonated with ultrasound will oscillate 
and will back-scatter ultrasound both at the fre­
quency at which they were insonated and at higher 
frequencies. These higher frequencies are harmon­
ics of the original frequency (i.e., they are multiples 
of the fundamental frequency) (see Ch. 2). If, for 
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example, a broad-band transducer is used to insonate 
the contrast agent at a frequency of 3 MHz, the 
scanner will be able to detect a back-scattered sig­
nal from the microbubbles at a frequency of 
6 MHz. The surrounding tissue, however, does 
not oscillate to the same extent and will therefore 
not produce as big a back-scattered signal at the 
higher harmonic frequency. The Doppler shift 
imposed on the harmonic frequency can be extracted 
and displayed on a color image or as a Doppler 
spectrum. This technique, known as harmonic 
imaging, used in conjunction with contrast agents, 
may improve the sensitivity of Doppler ultrasound. 
One of the negative aspects of the use of contrast 
agents is that the ultrasound examination becomes 
an invasive procedure. 
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Chapter 5 

Blood flow and its appearance
on color flow imaging 
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INTRODUCTION


Arterial blood flow is complex and consists of 
pulsatile flow of an inhomogeneous fluid through 
viscoelastic arteries that branch, curve and taper. 
However, a useful understanding of hemodynam­
ics can be gained by first considering simple models, 
such as steady flow in a rigid tube. Factors affecting 
venous flow will also be considered. This will allow 
us to interpret spectral Doppler and color Doppler 
images of blood flow more easily. However, when 
interpreting color flow images it is important 
to remember that the color represents the mean 
Doppler frequency obtained from the sample 
volumes and that this will depend on the angle 
between the ultrasound beam and blood flow. The 
pulse repetition frequency (PRF) and filter setting 
used and the length of time over which the image 
is created may also affect the appearance of the 
image. Artifactual effects also have to be consid­
ered carefully before drawing conclusions about 
the blood flow. 

STRUCTURE OF VESSEL WALLS 

The arterial and venous systems are often thought of 
as a series of tubes that transport blood to and from 
organs and tissues. In reality, blood vessels are highly 
complex structures that respond to nervous stimula­
tion and interact with chemicals in the blood stream 
to regulate the flow of blood throughout the body. 
Changes in cardiac output and the tone of the 
smooth muscle cells in the arterial walls are crucial 
factors that affect blood flow. The structure of a 
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blood vessel wall varies considerably depending on 
its position within the vascular system. 

Arteries and veins are composed of three layers 
of tissue, with veins having thinner walls than arter­
ies. The outer layer is called the adventitia and is 
predominantly composed of connective tissue with 
collagen and elastin. The middle layer, the media, 
is the thickest layer and is composed of smooth 
muscle fibers and elastic tissue. The intima is the 
inner layer and consists of a thin layer of epithelium 
overlying an elastic membrane. The capillaries, by 
contrast, consist of a single layer of endothelium, 
which allows for the exchange of molecules through 
the capillary wall. It is possible to image the struc­
ture of larger vessel walls using ultrasound and to 
identify the early stages of arterial disease, such as 
intimal thickening. 

The arterial tree consists of elastic arteries, mus­
cular arteries and arterioles. The aorta and subcla­
vian arteries are examples of elastic or conducting 
arteries and contain elastic fibers and a large amount 
of collagen fibers to limit the degree of stretch. 
Elastic arteries function as a pressure reservoir, as the 
elastic tissue in the vessel wall is able to absorb a 
proportion of the large amount of energy generated 
by the heart during systole. This maintains the end 
diastolic pressure and decreases the load on the left 
side of the heart. Muscular or distributing arteries, 
such as the radial artery, contain a large proportion 
of smooth muscle cells in the media. These arteries 
are innervated by nerves and can dilate or constrict. 
The muscular arteries are responsible for regional 
distribution of blood flow. Arterioles are the smallest 
arteries, and their media is composed almost entirely 
of smooth muscle cells. Arterioles have an impor­
tant role in controlling blood pressure and flow, 
and they can constrict or dilate after sympathetic 
nerve or chemical stimulation. The arterioles dis­
tribute blood to specific capillary beds and can dilate 
or constrict selectively around the body depending 
on the requirements of organs or tissues. 

WHY DOES BLOOD FLOW? 

Energy created by the contraction of the heart forces 
blood around the body. Blood flow in the arteries 
depends on two factors: (1) the energy available to 
drive the blood flow, and (2) the resistance to flow 
presented by the vascular system. 

A scientist named Daniel Bernoulli (1700–1782) 
showed that the total fluid energy, which gives rise 
to the flow, is made up of three parts: 

●	 Pressure energy (p)—this is the pressure in the 
fluid, which, in the case of blood flow, varies due 
to the contraction of the heart and the disten­
sion of the aorta. 

●	 Kinetic energy (KE)—this is due to the fact that 
the fluid is a moving mass. KE is dependent on 
the density (�) and velocity (V) of the fluid 

KEKE ��
11
rrVV 22 (5.1)

22
●	 Gravitational potential energy—this is the ability 

of a volume of blood to do work due to the effect 
of gravity (g) on the column of fluid with density 
(�) because of its height (h) above a reference 
point, typically the heart. Gravitational potential 
energy (�gh) is equivalent to hydrostatic pressure 
but has an opposite sign (i.e.��gh). For example, 
when a person is standing, there is a column of 
blood—the height of the heart above the feet— 
resting on the blood in the vessels in the foot (Fig. 
5.1A) causing a higher pressure, due to the hydro­
static pressure, than that seen when the person is 
lying down (Fig. 5.1B). As the heart is taken as the 
reference point, and the feet are below the heart, 
the hydrostatic pressure is positive. If the arm is 
raised so that it is above the heart, the hydrostatic 
pressure is negative, causing the veins to collapse 
and the pressure in the arteries in the arm to be 
lower than the pressure at the level of the heart. 

The total fluid energy is given by: 

Total fluid energy � pressure energy 
� kinetic energy 
� gravitational energy 

EEtot pp ( rrgh) � 
1 
rrV 2 

(5.2)2 
Figure 5.2 gives a graphical display of how the 

total energy, kinetic energy and pressure alter with 
continuous flow through an idealized narrowing. 
Usually the kinetic energy component of the total 
energy is small compared with the pressure energy. 
When fluid flows through a tube with a narrowing, 
the fluid travels faster as it passes through the nar­
rowed section. As the velocity of the fluid increases 
in a narrowed portion of the vessel, the kinetic 
energy increases and the potential energy (i.e., the 
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Figure 5.1 Schematic diagram showing typical 
pressures in arteries and veins with the subject standing 
(A) and lying (B). The component due to hydrostatic 
pressure when the subject is vertical is shown alongside A. 

pressure) falls. The pressure within the narrowing 
is therefore lower than the pressure in the portion 
of the vessel before the narrowing. As the fluid passes 
beyond the narrowing, the velocity drops again and 
the kinetic energy is converted back to potential 
energy (the pressure), which increases. Energy is 
lost as the fluid passes through the narrowing (Fig. 
5.2), with the extent of the entrance and exit losses 
depending on the geometry and degree of the nar­
rowing (Oates 2001). In normal arteries, very little 
energy is lost as the blood flows away from the heart 
toward the limbs and organs, and the mean pressure 
in the small distal vessels is only slightly lower than 
in the aorta. However, in the presence of significant 
arterial disease, energy may be lost from the blood 
as it passes through tight narrowings or small collat­
eral vessels around occlusions, leading to a drop 
in the pressure greater than that which would be 
expected in a normal artery; this can lead to reduced 
blood flow and tissue perfusion distally. Because 
the entrance and exit losses account for a large 

Figure 5.2 Diagram showing how energy losses can 
occur across a narrowing. (After Oates 2001, with 
permission.) 

proportion of the pressure loss, it is likely that two 
adjacent stenoses will have a more significant effect 
than one long one (Oates 2001). 

RESISTANCE TO FLOW 

In 1840, a physician named Poiseuille established a 
relationship between flow, the pressure gradient 
along a tube and the dimensions of a tube. The 
relationship can simply be understood as: 

Pressure drop � flow � resistance (5.3) 

where the resistance to flow is given by: 

RR ��
rr

 viscosityviscosity lengthlength 
44

�� ��

pp��

 88
(5.4) 

where r is the radius. 
Viscosity causes friction between the moving 

layers of the fluid. Treacle, for example, is a highly 
viscous fluid, whereas water has a low viscosity and 
therefore offers less resistance to flow when travel­
ling through a small tube. Poiseuille’s law shows 
that the resistance to flow is highly dependent on 
changes in the radius (r4). In the normal circulation, 
the greatest proportion of the resistance is thought 
to occur at the arteriole level. Tissue perfusion is 
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controlled by changes in the diameter of the arte­
rioles. The presence of arterial disease in the arteries, 
such as stenoses or occlusions, can significantly alter 
the resistance to flow, with the reduction in vessel 
diameter having a major effect on the change in 
resistance seen. In severe disease, the arterioles dis­
tal to the disease may become maximally dilated 
in order to reduce the peripheral resistance, thus 
increasing blood flow in an attempt to maintain tis­
sue perfusion. Poiseuille described nonpulsatile flow 
in a rigid tube, so his equation does not completely 
represent arterial blood flow; however, it gives us 
some understanding of the relationship between 
pressure drop, resistance and flow. 

VELOCITY CHANGES WITHIN STENOSES 

We have already seen that fluid travels faster through 
a narrowed section of tube. The theory to deter­
mine these changes in velocity is described below. 
The volume flow through the tube is given by: 

Flow � velocity of the fluid � cross-sectional area 

Q � V � A (5.5) 

where V is the mean velocity across the whole of 
the vessel, averaged over time, and A is the cross-
sectional area of the tube. If the tube has no outlets 
or branches through which fluid can be lost, the flow 
along the tube remains constant. Therefore, the 
velocity at any point along the tube depends on the 
cross-sectional area of the tube. Figure 5.3 shows a 
tube of changing cross-sectional area (A1, A2); now, 
as the flow (Q) along the tube is constant: 

Q � V1 � A1 � V2 � A2 (5.6) 

This equation can be rearranged to show that 
the change in the velocities is related to the change 
in the cross-sectional area, as follows: 

VV22 AA11�� (5.7)
VV11 AA22

As the cross-sectional area depends on the radius 
r of the tube (A � �r2), we have: 

VV AA rr 22
22 �� 11 �� 11 (5.8)

VV11 AA22 rr22
22
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Figure 5.3 Change in cross-sectional area. As the flow 
is constant through the tube, the velocity of the fluid 
increases from V1 to V2 as the cross-sectional area 
decreases from A1 to A2. 

This relationship actually describes steady flow 
in a rigid tube, but it does give us an indication as 
to how the velocity will change across a stenosis in 
an artery. 

Figure 5.4 shows how the flow and velocity 
within an idealized stenosis vary with the degree 
of diameter reduction caused by the stenosis, based 
on the predictions from a simplified theoretical 
model. On the right-hand side of the graph, where 
the diameter reduction is less than 70–80%, the 
flow remains relatively unchanged as the diameter 
of the vessel is reduced. This is because the pro­
portion of the resistance to flow due to the stenosis 
is small compared with the overall resistance of the 
vascular bed that the vessel is supplying. However, 
as the diameter reduces farther, the resistance 
offered by the stenosis becomes a significant pro­
portion of the total resistance, and the stenosis 
begins to limit the flow. This is known as a hemo­
dynamically significant stenosis. At this point, the 
flow decreases quickly as the diameter is reduced. 

The graph also predicts the behavior of the veloc­
ity as the vessel diameter is reduced and shows that 
the velocity increases with diameter reduction. 
Noticeable changes in velocity begin to occur at 
much smaller diameter reductions than would pro­
duce a flow reduction. Therefore, measurement of 
velocity changes is a more sensitive method of 
detecting small-vessel lumen reductions than meas­
urement of flow. Measurements of velocity made 
using Doppler ultrasound are also more accurate 
than measurement of flow, as will be discussed later 
(see Ch. 6). Therefore, it is often the change in 
velocity of blood within a diseased artery that is used 
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Figure 5.4 Changes in flow and velocity as the degree of 
stenosis alters, predicted by a simple theoretical model of a 
smooth, symmetrical stenosis. (After Spencer & Reid 1979 
Quantitation of carotid stenosis with continuous-wave (C-W) 
Doppler ultrasound. Stroke 10(3):326–330, with permission.) 

to quantify the degree of narrowing. Eventually, 
there comes a point at which the resistance to flow 
produced by the narrowing is so great that the flow 
drops to such an extent that the velocity begins to 
decrease, as shown on the left side of the graph. This 
is seen as ‘trickle flow’ within the vessel. It is espe­
cially important to be able to identify trickle flow 
within a stenosis as the peak velocities seen may be 
similar to those seen in healthy vessels, but the color 
image and waveform shapes will not appear normal. 

As blood flow is pulsatile and arteries are non­
rigid vessels, it is difficult to predict theoretically the 
velocity increase that would be seen for a particular 
diameter reduction. Instead, velocity criteria used to 
quantify the degree of narrowing are produced by 
comparing Doppler velocity measurements with 
arteriogram results, as arteriography is considered to 
be the ‘gold standard’ for the diagnosis of arterial 
disease. 

Figure 5.5 The change in velocity profile with 
distance along a vessel from a blunt to a parabolic. 
(After Caro et al 1978, with permission.) 

FLOW PROFILES IN NORMAL ARTERIES


There are three types of flow observed in arteries: 

● laminar 
● disturbed 
● turbulent. 

The term laminar flow refers to the fact that the 
blood cells move in layers, one layer sliding over 
another, with the different layers being able to 
move at different velocities. In laminar flow, the 
blood cells remain in their layers. Turbulent flow 
occurs when laminar flow breaks down, which is 
unusual in normal healthy arteries but can be seen 
in the presence of high-velocity flow caused by 
stenoses, as discussed later in this chapter. 

Figure 5.5 is a schematic diagram showing how 
the flow profile is expected to change as fluid 
enters a vessel. When flow enters a vessel from a 
reservoir (in the case of blood flow, this is the 
heart), all the fluid is moving at the same velocity, 
producing a flat velocity profile. This means that 
the velocity of the fluid close to the vessel wall is 
similar to that at the center of the vessel. As the 
fluid flows along the vessel, viscous drag exerted by 
the walls causes the fluid at the vessel wall to 
remain motionless, producing a gradient between 
the velocity in the center of the vessel and that at 
the walls. As the total flow has to remain constant 
(as there are no branches in our imaginary tube), 
the velocity at the center of the vessel will increase 
to compensate for the low velocity at the vessel 
wall. This leads to a change in the velocity profile 
from the initial blunt flow profile to a parabolic 
flow profile. This is often known as an entrance 
effect. The distance required for the flow profile to 
develop from the blunt to the parabolic profile 
depends on vessel diameter and velocity, but it is 
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SFA 

Figure 5.6 Color flow image showing high velocities 
(shown as yellow) in the center of a normal superficial 
femoral artery, with lower velocities (shown as red) 
nearer the vessel wall. 

usually several times the vessel diameter. With blood 
flow, the velocity profiles are complicated by the pul­
satile nature of the flow. 

A color flow image obtained from the superficial 
femoral artery, during systole, is shown in Figure 5.6. 
This image shows high velocities in the center of 
the mid-superficial femoral artery and lower veloci­
ties near the artery wall. 

Pulsatile flow 
The flow profiles considered in Figure 5.5 describe 
steady flow, but clearly arterial flow is pulsatile. So 
how will this affect the velocity profile across the 
vessel? The mean velocity profile of the pulsatile 
flow will develop as described for steady-state flow 
but will have a pulsatile component superimposed 
upon it. The flow direction and velocity are governed 
by the pressure gradient along the vessel. The pres­
sure pulse generated by the heart is transmitted 
down the arterial tree and is altered by pressure 
waves reflected from the distal vascular bed. Figure 
5.7A shows the pressure waveforms, typical of 
those seen in the femoral arteries, from two differ­
ent points along the vessel, ‘a’ and ‘b’. The pres­
sure difference between these two points is given 
by a � b, as shown in Figure 5.7B, such that a neg­
ative pressure gradient is produced at periods 
during the cardiac cycle. This leads to periods of 
reverse flow as seen in a typical Doppler waveform 
obtained from a normal superficial femoral artery 
(Fig. 5.8). If we consider a slowly oscillating pres­
sure gradient applied to the flow, this will slow down, 
stop and then reverse the direction of flow. If this 
oscillation is gradual, the parabolic velocity profile 
will be maintained, but if the pressure gradient is 
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Figure 5.7 A: Idealized pressure waveforms obtained 
from two sites (a and b) along the femoral artery. B: 
The direction of blood flow between ‘a’ and ‘b’ will be 
governed by the pressure difference, given by ‘a � b’. 
(After Nichols & O’Rourke 1990, with permission.) 

Figure 5.8 Velocity waveform in a normal superficial 
femoral artery. The arrows represent points in the cardiac 
cycle where both forward and reverse flows are seen 
simultaneously. 
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Figure 5.9 Color flow image showing forward and 
reverse flow simultaneously in a normal superficial 
femoral artery. The red represents forward flow near the 
vessel wall while the blue represents reverse flow in the 
center of the vessel. 

cycled more frequently, the velocity profile will 
become increasingly complex. 

As the laminae of flowing blood near the vessel 
wall tend to have a lower velocity (due to the effect 
of viscosity), and hence lower momentum, they will 
reverse more easily when the pressure gradient 
along the vessel reverses. This can lead to a situation 
in which flow near the vessel wall is in a different 
direction to flow at the center of the vessel. Figure 
5.9 shows a color image obtained from a normal 
superficial femoral artery during diastole. The image 
shows forward flow near the vessel wall, while flow 
in the center of the vessel is reversed. This would 
occur at the point in the cardiac cycle marked by 
the long arrow in Figure 5.8. The short arrow 
shows another point at which both forward and 
reverse flow may occur simultaneously. Figure 5.10 
shows velocity profiles, as they vary over the cardiac 
cycle, for the common femoral artery (Fig. 5.10A) 
and the common carotid artery (Fig. 5.10B) that 
have been calculated from mean velocity wave­
forms. They show that reversal of flow is seen in the 
common femoral artery, but that, although the 
flow is pulsatile, reverse flow is not seen in the nor­
mal common carotid artery. Reversal of flow will 
only be seen if the reverse pulsatile flow component 
is greater than the steady flow component upon 
which it is superimposed. This greatly depends on 
the distal vascular bed. Total reversal of flow is 
rarely seen in normal renal or internal carotid arter­
ies, both of which supply highly vascular beds with 
low resistance. However, there are hemodynamic 
effects at bifurcations and branches that may cause 
areas of localized flow reversal. There is a different 
appearance between waveform shapes obtained 
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Figure 5.10 Velocity profiles from a common femoral 
artery (A) and a common carotid artery (B), calculated 
from the mean velocity waveforms. (After Evans & 
McDickens et al 1999, with permission.) 

from vessels supplying a low-resistance vascular bed 
(i.e., organs such as the brain and kidney) and those 
obtained from peripheral vessels in the arms and 
legs, which supply high-resistance vascular beds. 

Changes in peripheral resistance will change the 
flow pattern. For example, the waveform in the 
dorsalis pedis artery in the foot changes from 
bi-directional flow at rest (Fig. 5.11A) to hyper­
emic monophasic flow (i.e., flow that is always in 
the same direction; Fig. 5.11B) following exercise. 
Hyperemic flow can also be induced by temporary 
occlusion of the calf arteries using a blood pressure 
cuff. The lack of blood flow during the arterial occlu­
sion with the cuff, or the increase in demand during 
exercise, causes the distal vessels to dilate in order to 
reduce peripheral resistance and maximize blood 
flow, and this is reflected in the change in shape of 
the waveform seen directly after cuff release. The 
hyperemic flow soon returns to bi-directional flow 
once adequate perfusion has occurred. This change 
in shape can also be seen when hyperemic flow is 
induced by infection. Monophasic flow is also seen 
in the lower limb, distal to severe stenoses or 
occlusions (Fig. 5.11C). This waveform shape is 
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A 

B 

Figure 5.11 Doppler spectra obtained from a normal 
dorsalis pedis artery in the foot showing bi-directional 
flow at rest (A) and monophasic hyperemic flow following 
exercise (B). Low volume monophasic flow seen in the foot 
distal to an occlusion (C). 

also due to distal vasodilatation, in an attempt 
to maximize flow distal to the diseased vessel, but 
this can usually be distinguished from hyperemic 
flow as the velocity of the flow is low and the 

Vein 

ICA 

CCA 

A 

B 

Figure 5.12 A: Color flow image showing reverse 
flow in the origin of a normal internal carotid artery. 
B: Spectral Doppler waveform obtained from the area 
of flow separation shown by the arrow in A. 

systolic rise time may be longer. The systolic rise 
time is the time between the beginning of systole 
and peak systole. 

Flow at bifurcations and branches 
The arterial tree divides many times, and each 
branch will affect the velocity profiles seen. The 
hemodynamics of the carotid bifurcation has been 
extensively investigated using multigate pulsed 
Doppler systems, and more recently using color 
Doppler systems, and these investigations show 
that localized reversed flow is seen at the carotid 
bifurcation in normal subjects. Figure 5.12A 
shows reversal of flow, due to flow separation, at 
the origin of a healthy internal carotid artery. The 
schematic diagram in Figure 5.13 indicates how 
the asymmetric flow profile in a normal proximal 
internal carotid artery develops, with the high-
velocity flow occurring toward the flow divider and 
the reverse flow occurring near the wall away from 
the origin of the external carotid artery. The effect 
is primarily due to a combination of the pulsatile 
flow, the relative dimensions of the vessels, the angle 
of the bifurcation and the curvature of the vessel 
walls, making it difficult to predict these profiles. 
Figure 5.12B is a spectral Doppler signal obtained 
from the area of flow separation shown by an arrow 
in Figure 5.12A, illustrating reverse flow during 
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ECA 
ICA 

CCA 

Flow 
divider 

Figure 5.13 Schematic diagram of the velocity patterns 
commonly observed in the normal carotid bifurcation. The 
velocity profile is flat and symmetric in the CCA and flat 
but slightly asymmetric in the ICA. In the carotid bulb 
the velocities are highest near the flow divider. Flow 
separation with flow reversal is observed on the opposite 
side to the flow divider. (From Reneman et al 1985 Flow 
velocity patterns in and distensibility of the carotid artery 
bulb in subjects of various ages. Circulation 71(3): 
500–509, with permission.) 

systole in that part of the vessel. This normal finding 
could potentially be misleading if the whole bifur­
cation is not observed and, typically, spectral 
Doppler recordings are made beyond the bifurca­
tion unless the presence of disease indicates other­
wise (see Ch. 8). 

Flow reversal can also occur when a daughter 
vessel branches at right angles from the parent ves­
sel. Figure 5.14 is a schematic diagram of the 
results obtained with dye in steadily flowing water 
in a tube with a right-angled branch and shows how 
the flow is divided between the main vessel and its 
branch. The flow is seen to separate from the inner 

Inner wall 
Flow divider 

Figure 5.14 Flow in a right-angle junction. The dashed 
line shows the surface that divides fluid flowing into the 
side branch from that continuing down the parent vessel. 
(After Caro et al 1978, with permission.) 

A 

B 

Inside bend Outside bend 

Figure 5.15 A: Distortion of parabolic flow caused by 
tube curvature. B: Secondary flow, in the form of two 
helical vortices. (After Caro et al 1978, with permission.) 

wall of the junction and a region of reverse flow 
develops, primarily due to the sharp bend. 

Flow around curves in a vessel 
Curvature of vessels can also have an effect on the 
velocity profile. When a fluid flows along a curved 
tube, it experiences a centrifugal force, as well as 
the viscous forces at the vessel wall, and the com­
bination of these forces results in secondary flow, 
in the form of two helical vortices (Oates 2003). In 
the case of parabolic flow, the fluid in the center 
of the vessel has the highest velocity and will thus 
experience the greatest force. These vortices will 
cause the high-velocity flow to move toward the 
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Figure 5.16 A: Color flow image from a tortuous 
internal carotid artery, with flow going from right to left, 
shows the highest velocities beyond the bend (left), 
represented in orange due to aliasing, skewed toward the 
outside of the bend. Spectral Doppler recordings showing 
that the peak velocity recorded on the outside of the bend 
(B) measures 70 cm/s compared to the peak velocity on 
the inside of the bend (C), which measures 55 cm/s. 

outside wall of the vessel, as seen in Figure 5.15. 
Figure 5.16 shows a color flow image obtained 
from a tortuous internal carotid artery, with flow 
going from right to left. The image shows the 
highest velocities beyond the bend (left), repre­
sented in orange due to aliasing, skewed toward 
the outside of the bend. This is confirmed by 

spectral Doppler recordings showing that the 
peak velocity recorded on the outside of the bend 
(Fig. 5.16B) measures 70 cm/s compared to the 
peak velocity on the inside of the bend (Fig. 5.16C), 
which measures 55 cm/s. If the flow profile is 
blunt, when it enters a bend in the vessel (as seen in 
the ascending aorta), the profile becomes skewed 
in the opposite direction (i.e., toward the inner 
wall of the curve). Secondary helical flow also 
occurs at bifurcations, as the daughter vessels bend 
away from the path of the parent vessel, leading 
to skewed velocity profiles in the daughter vessels 
(Fig. 5.13). 

FLOW THROUGH STENOSES 

Flow separation leading to flow reversal can also 
be seen in diseased arteries. At an arterial stenosis, 
the velocity of the blood has to increase because the 
same volume of blood needs to pass through a 
smaller cross-sectional area. If the vessel lumen 
rapidly returns to its normal diameter following the 
narrowing, flow separation can occur. Whereas 
the velocity increases as the blood passes through the 
constriction, the pressure within the stenosis falls, 
but the pressure rises again just distal to the stenosis 
as the lumen expands, having the effect of retarding 
the flow. As the flow near the vessel wall has a lower 
velocity, and therefore lower inertia, it will reverse, 
while the higher velocity flow in the center of the 
vessel is reduced but not reversed. A schematic dia­
gram of this effect is shown in Figure 5.17. The color 
image in Figure 5.18 demonstrates the increase in 
velocity as the blood flows through a stenosis, with 
flow reversal occurring along the distal wall beyond 
the stenosis as the vessel lumen returns to its normal 
diameter. 

The geometry of stenoses is very variable, 
and these narrowings are often not symmetrical, 
sometimes producing eccentric jets, so it is impos­
sible to predict the typical velocity profiles. As the 
degree of narrowing increases, the velocity within the 
vessel will increase, making the breakdown of lam­
inar flow to turbulent flow more likely. Turbulent 
flow can withstand more acute geometric changes 
than laminar flow, so flow separation is less likely 
to be seen beyond a stenosis that has produced 
turbulent flow. 
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Figure 5.17 Schematic diagram of flow through a 
constriction followed by a rapid expansion downstream, 
showing the regions of flow reversal. The velocity 
increases as the blood flows through a stenosis (from 
right to left) followed by an area of flow reversal beyond 
the narrowing. (After Caro et al 1978, with permission.) 

Vein 

CCA 
ICA 

Figure 5.18 The increase in velocity as the blood 
flows from right to left through a stenosis (arrow) 
produces the color change from red to turquoise (due to 
aliasing). Beyond the stenosis, flow reversal occurs along 
the posterior wall, represented by the deep blue, as the 
vessel lumen returns to its normal diameter. 

Transition from laminar to turbulent flow 
Turbulent flow occurs when laminar flow breaks 
down and the particles in the fluid move randomly 
in all directions with variable speeds. The transition 
from laminar flow to disturbed and then to turbu­
lent flow is shown in Figure 5.19. Turbulent flow is 
more likely to occur at high velocities (V), and the 
critical velocity at which flow becomes turbulent 
depends on the viscosity (�) and the density (�) of 
the fluid and the diameter of the vessel (d). Reynolds 
described this relationship, which defines a value 
called the Reynolds number (Re): 

dVdVrr
ReRe �� (5.9)

mm

Once the Reynolds number has exceeded the 
critical value of approximately 2000, turbulent flow 
will occur. Table 5.1 gives typical values of the 
Reynolds number in various arteries in the body and 
shows that in normal vessels the velocity of blood 
is such that turbulent flow does not occur, with the 

A 

B 

C 

Figure 5.19 A: Laminar flow. B: Disturbed flow. C: 
Turbulent flow. (After Taylor et al 1995, with permission.) 

Table 5.1 Typical values of the Reynolds number 
in various arteries in the body (after Evans & 
McDicken 1999, with permission) 

Artery Reynolds number 

Ascending aorta 1500

Abdominal aorta 640

Common carotid 217*

Superficial femoral 200

Posterior tibial 35*


* Estimated values. 

exception of the proximal aortic flow during heavy 
exercise, for which cardiac output is increased. The 
presence of an increase in the blood velocity, due 
to arterial disease, can cause turbulent flow. Figure 
5.20 is a Doppler waveform demonstrating turbulent 
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Figure 5.20 Doppler waveform demonstrating 
turbulent flow. 

flow. In the presence of turbulence, not all the blood 
is travelling in the same direction, resulting in the 
angle of insonation being smaller for some parts of 
the blood flow. This results in turbulent spikes seen 
on the Doppler spectrum. It is possible for turbulent 
flow to occur only during the systolic phase of the 
cardiac cycle, when the systolic flow exceeds the crit­
ical velocity and the diastolic flow does not. 

The presence of turbulent flow causes energy to 
be lost, leading to an increased pressure drop across 
the stenosis. It is thought that bruits in the tissue 
near a stenosis (see Fig. 11.18A) may be due to 
perivascular tissue vibration caused by turbulence, 
and this may also lead to post-stenotic dilatation of 
the vessel. Vortices or irregular movement of a large 
portion of the fluid are more correctly referred to as 
disturbed flow rather than turbulent flow. 

VENOUS FLOW 

The venous system acts as a low-resistance pathway 
for blood to be returned to the heart. Veins are col­
lapsible, thin-walled vessels capable of distending to 
a larger cross-sectional area than their corresponding 
arteries, so acting as a blood volume storage system 
which is important in the regulation of cardiac out­
put. In addition, they also have a thermoregulation 
role in which blood is diverted to the superficial 
veins to reduce body temperature. The venous sys­
tem can be divided into the central system (within 
the thorax and abdomen), the deep peripheral sys­
tem and the superficial peripheral veins. 

An important structural feature of the vein is the 
presence of very thin, but strong, bicuspid valves 
which prevent retrograde flow away from the heart. 
The vena cava and common iliac veins (see Fig. 12.3) 

Figure 5.21 Doppler waveform showing the effect of 
changes in the pressure in the right atrium on blood 
flow in the jugular vein. 

are valveless. Valves are found in the external iliac or 
common femoral veins in a proportion of the pop­
ulation. Generally the more distal the vein, the 
greater the number of valves. 

Venous flow back to the heart is influenced by 
respiration, the cardiac cycle and changes in posture. 

Changes in flow due to the cardiac cycle 
The central veins include the thoracic and abdominal 
veins, which drain to the right side of the heart via 
the inferior and superior venae cavae. The flow pat­
tern and pressure in the central venous system are 
affected by changes in the volume of the right 
atrium, which occur during the cardiac cycle. 
Reverse flow occurs in the thoracic veins when the 
right atrium contracts, as there is no valve in the vena 
cava. This flow reversal can also be seen in the prox­
imal veins of the arm and neck (Fig. 5.21) due to 
their proximity to the chest. During ventricular 
contraction, the atrium expands, increasing venous 
flow into the right atrium, and then flow gradually 
falls during diastole, only increasing briefly as the tri­
cuspid valve opens. Flow patterns in the lower limb 
veins and peripheral arm veins are not significantly 
affected by the cardiac cycle due to vein compliance 
(which allows damping of the pressure changes), the 
presence of valves and changes in intra-abdominal 
pressure during respiration. 

Effects of respiration on venous flow 
Respiration has an important effect on venous pres­
sure and flow because of changes in the volume of 
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Figure 5.22 Doppler waveform demonstrating the 
effect of respiration on the blood flow in the common 
femoral vein. The large arrow indicates the cessation of 
flow during inspiration and the small arrows show small 
changes in flow due to the cardiac cycle, which may not 
always be seen in the common femoral vein. 

the thorax brought about by movement of the 
diaphragm and ribs. Inspiration during calm breath­
ing expands the thorax, leading to an increase in the 
volume of the veins in the chest, which in turn causes 
a reduction in the pressure in the intra-thoracic 
veins. This creates a pressure gradient between the 
veins in the upper limb and head and those in the 
thorax, producing an increase in flow into the chest. 
Flow is decreased during expiration as the volume 
of the thorax decreases, leading to an increase in 
central pressure. 

The reverse situation is seen in the abdomen as 
the diaphragm descends during inspiration, increas­
ing intra-abdominal pressure. This leads to a decrease 
in the pressure gradient between the peripheral veins 
and the abdominal veins, thus reducing flow. During 
expiration the diaphragm rises, producing a reduc­
tion in intra-abdominal pressure, and the pressure 
gradient between the abdominal veins and peripheral 
veins increases, causing increased blood flow back to 
the heart. The effects of respiration are observed as 
phasic changes in flow in proximal deep peripheral 
veins (Fig. 5.22). Breathing maneuvers are often 
used to augment flow when investigating venous 
disorders (see Ch. 12). 

Changes in venous blood pressure due to
posture and the calf muscle pump 
Large pressure changes occur in the venous system, 
due to the effects of hydrostatic pressure generated 
by posture (Fig. 5.1). If an individual is lying supine, 

for example, there is a relatively small pressure dif­
ference between the venous pressures at the ankle 
and right atrium. However, when an individual is 
standing, there is a column of blood between the 
right atrium and the veins at the ankle. If the hydro­
static pressure is assumed to be zero in the right 
atrium, the hydrostatic pressure at the ankle will be 
equal to the distance between the two, which is 
obviously dependent on the person’s height, but is 
usually between 80 and 100 mmHg. Therefore, in 
a standing position, there is a significant pressure 
gradient to overcome in order for blood to be 
returned to the heart; this is achieved by the calf 
muscle pump mechanism assisted by the presence 
of the venous valves. 

The muscle compartments in the calf contain 
the deep veins and venous sinuses, which act as 
blood reservoirs. Regular small contractions occur 
in the deep muscles of the calf, causing compression 
of the veins, thereby propelling blood flow out of 
the leg, with the venous valves preventing the 
blood refluxing back down. This also generates a 
pressure gradient between the superficial and deep 
veins in the calf, and blood drains through the per­
forating veins and major junctions from the super­
ficial to the deep venous system. The valves in the 
perforators prevent blood flowing from the deep 
to the superficial veins. During more active exercise, 
such as walking or running, the calf muscle pump 
mechanism is able to produce a significant pressure 
reduction in the deep and superficial venous systems 
to approximately 30 mmHg. The pressure change 
that occurs during exercise is called the ambulatory 
venous pressure. At rest, because the hydrostatic 
pressure is the same on both the arterial and venous 
sides, the pressure drop across the capillary bed is 
the same whether the person is standing or lying 
down. However, after exercise the pressure on the 
venous side of the capillary bed will drop, but the 
pressure on the arterial side will remain the same, 
creating a pressure drop across the capillary 
bed and aiding the return of blood to the heart. 
Once the muscle contraction stops, the venous 
pressure in the lower leg will begin to rise due to 
filling of the venous system from the arterial system 
via the capillaries. 

It is possible to measure the ambulatory venous 
pressure by inserting a small cannula into a dorsal 
foot vein, which is then connected to a pressure 
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transducer and recorder. The pressure in the vein is 
first recorded with the patient standing. The patient 
is asked to perform 10 tiptoe maneuvers and then 
to stand still. The pressure recording demonstrates 
the pressure reduction during the exercise, and the 
venous refilling time can also be calculated. With 
normal veins, the refilling of the venous system 
occurs gradually by capillary inflow and takes 18 s 
or more to return to pre-exercise pressures (Fig. 
5.23A). If there is significant failure of the venous 
valves in either the superficial or the deep venous 
system, reflux will occur, leading to a shorter refilling 
time and a higher post-exercise pressure (Fig. 5.23B). 
Reflux in the deep or superficial venous systems, or 
in both, can lead to chronic venous hypertension in 
the lower leg and may result in the development of 
venous ulcers. Failure of the calf muscle pump due 
to poor flexion of the ankle and poor contraction of 
the calf muscle can lead to a reduction in the volume 
of blood ejected from the calf. This results in an 
inability to lower venous pressure adequately and 
can cause chronic venous hypertension. Patients at 
greatest risk due to poor calf muscle pump mecha­
nism include those with limited ankle flexion due to 
chronic injury, osteoarthritis or rheumatoid arthritis. 

Abnormal venous flow 
Venous disease can dramatically alter the flow pat­
terns seen in the veins. Valve incompetence allows 
retrograde flow in the veins, which can easily be 
demonstrated with color flow imaging and spectral 
Doppler (see Figs 12.15 and 12.16). Venous outflow 
obstruction results in the loss of the spontaneous 
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INTRODUCTION


The shape of the Doppler spectrum can provide 
much useful information about the presence of dis­
ease and enables the sonographer to make measure­
ments to quantify the degree of vessel narrowing. 
However, the shape of the spectrum will also 
depend on other factors, such as the velocity profile 
of the blood flow being interrogated and how evenly 
the ultrasound beam insonates the vessel. Factors 
that relate to the equipment rather than the blood 
flow can also affect the shape of the waveform. It is 
important to understand how these factors influ­
ence the waveform shape in order to be able to 
interpret the Doppler waveform. The sonographer 
should also be aware of potential errors involved in 
any measurements made. 

FACTORS THAT INFLUENCE THE 
DOPPLER SPECTRUM 

Blood flow profile 
The Doppler spectrum displays the frequency con­
tent of the signal along the vertical axis, with the 
relative brightness of the display representing the 
proportion of back-scattered power at each fre­
quency, and the time along the horizontal axis. The 
velocity profiles seen within arteries can be quite 
complex and will vary over time, as discussed in 
Chapter 5. The frequency content displayed in the 
Doppler spectrum will depend on the velocities of 
the cells present within the blood. If we assume that 
the vessel is uniformly insonated by the Doppler 
beam, all the different velocities of blood present 
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Figure 6.1 A, D: Velocity profiles for blunt flow and parabolic flow, respectively. B, E: If a wide ultrasound beam is 
used to insonate the vessel, all the velocities present will be detected. C, F: Idealised Doppler spectra that would be 
obtained from complete insonation of blunt flow and parabolic flow, respectively. 

within the vessel will be detected and displayed on 
the spectrum. If blood is travelling with a blunt 
flow profile, most of the blood cells will be moving 
with the same velocity, and the spectrum will show 
only a small range of frequencies (Fig. 6.1A–C). If, 
however, the blood is travelling with a parabolic 
flow profile, then the blood in the center of the ves­
sel will be travelling faster than that near the vessel 
walls and therefore the Doppler spectrum will dis­
play a wide range of frequencies (Fig. 6.1D–F). 

The spread of frequencies present within the 
spectrum at a given point in time is known as 
the degree of spectral broadening. Figure 6.1 shows 
the way in which the degree of spectral broadening 
depends on the velocity profile of the flow being 
interrogated, with greater spectral broadening seen 
in Figure 6.1F than in Figure 6.1C. The presence 
of turbulent flow (e.g., as a result of a stenosis) will 
increase spectral broadening, as the blood cells will 
be travelling with different velocities in random 
directions (see Fig. 5.20). Therefore, increased spec­
tral broadening may indicate the presence of disease. 
However, the degree of spectral broadening can also 
be influenced by Doppler instrumentation, and this 
is known as intrinsic spectral broadening (discussed 
later in this chapter). 

Nonuniform insonation of the vessel 
The examples of idealized spectra given in Figure 
6.1 assume that the beam evenly insonates the whole 
cross-section of the blood vessel in order to detect 
the correct proportions of all the blood velocities 
present. This is, however, an unrealistic situation as 
the Doppler beam can be quite narrow (of the order 
of 1 to 2 mm wide) and therefore may insonate only 
part of the artery or vein. If the beam passes through 
the center of the vessel (Fig. 6.2A), only part of the 
flow near the vessel walls (i.e., near the anterior and 
posterior walls) will be detected. The blood flow 
along the lateral walls will not be detected as it is not 
insonated by the Doppler beam. Therefore, in the 
presence of parabolic flow, the low-velocity flow 
near the walls will only be partially detected and the 
Doppler spectrum will no longer truly represent the 
low-velocity flow present within the vessel. 

Sample volume size 
The size and position of the sample volume, which 
can be controlled by the operator, will also affect 
the proportion of the vessel insonated. A small 
sample volume placed in the center of a large vessel 
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Figure 6.2 Incomplete insonation of the vessel will 
occur when a narrow beam is used. A, B: Large sample 
volume length. C, D: Small sample volume length. 

may not detect any of the flow near the vessel wall 
at all (Figs 6.2C and D). However, a larger sample 
volume, which could cover the whole depth of the 
vessel (Figs 6.2A and B), would detect the flow near 
the anterior and posterior walls but not the lateral 
walls. The size of the sample volume (i.e., the sen­
sitive region of the beam) will therefore affect the 
range of Doppler frequencies detected and should 
be taken into account when interpreting the degree 
of spectral broadening. A narrow Doppler beam 
with a small sample volume placed in the center of 
the vessel may detect only the fast-moving blood 
and therefore, in normal circumstances, would not 
demonstrate much spectral broadening. However, 
in the presence of disease, increased spectral broad­
ening may be seen due to the presence of turbulent 
flow. 

Pulse repetition frequency, high-pass 
filter and gain 
The high frequencies present in the Doppler signal 
will be incorrectly displayed on the Doppler 

Figure 6.3 Doppler spectrum demonstrating the 
appearance of a mirror image below the baseline when 
the scanner’s Doppler gain control is set too high. 

spectrum if aliasing has occurred as a result of a 
low pulse repetition frequency (PRF) (see Fig. 
3.14A). This results in misleading waveform shapes 
and errors in velocity measurement. The effect of 
aliasing is easily visualized, as the Doppler wave­
form appears to ‘wrap around’ from the top of the 
spectrum to the bottom. Aliasing can be corrected 
by increasing the PRF. 

The shape of the Doppler spectrum can also 
be altered if the high-pass filter is set too high, 
removing important information from the spec­
trum, such as the presence of low-velocity diastolic 
flow (see Fig. 3.7C). The gain used to amplify the 
Doppler signal may also alter the appearance of the 
spectrum. If the gain is set too low, flow may not 
be detected. Increasing the gain can increase the 
appearance of spectral broadening. An inappropri­
ately high gain can lead to the overloading of the 
instrument, causing poor direction discrimination, 
and this may result in a mirror image of the spec­
trum appearing in the reverse direction on the 
display (Fig. 6.3). 

Intrinsic spectral broadening 
Intrinsic spectral broadening (ISB) is broadening 
of the Doppler spectrum that is an artifact, related 
to the scanner rather than the blood flow interro­
gated. Linear array transducers use several elements 
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Figure 6.4 A schematic diagram showing the range 
of angles of insonation produced by a linear array 
transducer when making blood velocity measurements. 
�1 and �3 represent the smallest and largest angles of 
insonation generated by the array, respectively, and �2 
represents the angle produced by the midpoint of the 
active elements. � is the angle produced by the aperture 
of the active elements generating the Doppler beam. The 
arrow represents the direction of the blood flow. (From 
Thrush & Evans 1995, with permission.) 

to form the beam (see Ch. 2). Figure 6.4 shows 
how the ultrasound beam from a linear array trans­
ducer can produce a range of angles of insonation, 
with the Doppler signals being detected at many 
angles. As the Doppler shift frequency detected is 
proportional to the cosine of the angle of insonation, 
�, this will lead to a range of frequencies being 
detected even in the presence of a single target. A 
test object constructed of a string driven at a con­
stant speed by a motor can be used to investigate 
this effect (Fig. 6.5A). The spectrum obtained 
from the moving string shows that a large range of 
Doppler shift frequencies have been detected 
despite the fact that the target is a single object 
moving at a constant velocity (Fig. 6.5B). This is 
due to the range of angles of insonation produced 
from different elements within the active portion 
of the probe and is the effect known as ISB. The 
degree of ISB depends on the range of angles over 
which back-scattered ultrasound is received by the 
transducer (� in Fig. 6.4)—i.e., it depends on the 
aperture of the transducer—and on the angle of 
insonation of the beam (�). 

A 

B 

Figure 6.5 A: The moving string test object mounted 
in a water tank at 45° to the ultrasound transducer. 
B: A typical spectrum obtained from the moving string, 
showing the spread of frequencies detected. (From 
Thrush & Evans 1995, with permission.) 

VELOCITY MEASUREMENTS 

Converting Doppler shift frequencies
to velocity measurements 
The combination of imaging and spectral Doppler 
ultrasound allows an estimate of the angle of 
insonation (�) between the Doppler ultrasound 
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beam and the blood flow. The angle of insonation 
is measured by lining up the angle correction cur­
sor with the estimated direction of flow. 

The Doppler equation (equation 3.1) can be 
used to estimate the velocity of the blood (V ) from 
the measured Doppler shift frequency ( fd), as the 
transmitted frequency of the Doppler beam ( ft) is 
known and the speed of sound in tissue (c) is 
assumed to be constant (1540 m/s). As the veloc­
ity of the blood usually varies across the vessel, a 
range of velocities will be recorded at any given 
point in time. The velocity of blood also varies with 
time, due to the pumping action of the heart. This 
means that the velocity of the blood is not actually 
a single value. A choice has to be made as to which 
value to use to represent the velocity of the blood. 
The value most commonly used in vascular ultra­
sound is maximum peak systolic velocity. This is 
the maximum velocity recorded within the spectrum 
at the point in time that represents peak systolic 
flow, as shown on the sonogram in Figure 6.6A. 
This velocity represents the fastest moving blood in 
the vessel. The maximum velocity can similarly be 
measured at end diastole. These measurements do 
not take into account the slower moving blood near 
the vessel walls. 

An alternative is to measure mean velocity at any 
point in time. This can be calculated by the scan­
ner by finding the average of all the velocities 
recorded at an instant in time, as shown as a black 
line superimposed on the Doppler spectrum in 
Figure 6.6B. As with maximum velocity, the mean 
velocity will obviously change during the cardiac 
cycle. If the mean velocity for each line of the 
sonogram is averaged over a complete cardiac 
cycle, this will give the value known as the time-
averaged velocity (TAV). This can be used to esti­
mate volume flow (discussed later in this chapter). 

Many diagnostic criteria are based on velocity 
ratios rather than on absolute velocity measure­
ments. For example, stenoses may be categorized 
by the velocity ratio of the maximum peak systolic 
velocity within the stenosis, Vsten, divided by the 
maximum peak systolic velocity in the normal 
proximal vessel, Vprox: 

Velocity ratioVelocity ratio ��
VVstensten (6.1)VVproxprox

A 

S 

D 

B 

Figure 6.6 A: Doppler spectrum showing the 
measurement of maximum peak systolic velocity, S, and 
maximum end diastolic velocity, D. B: The mean velocity 
can be calculated from the Doppler spectrum, displayed by 
the black line. A large sample volume will allow the blood 
velocity at the anterior and posterior walls, as well as in the 
center of the vessel, to be estimated but may not detect 
the flow along the lateral wall. The time-averaged mean 
velocity, TAM, can be found by averaging the mean velocity 
over one or more complete cardiac cycles. Volume flow can 
be calculated by multiplying the TAM measurement by the 
cross-sectional area of the vessel (displayed bottom left). 

Errors in maximum velocity measurements
relating to the angle of insonation 
An estimate of the angle of insonation is required 
to convert the detected Doppler shift frequency 
into a velocity measurement. Any inaccuracy in 
placing the angle correction cursor parallel to the 
direction of flow will lead to an error in the 
estimated angle of insonation. This in turn will lead 



Chap-06.qxd  29~8~04  14:41  Page 68

68 PERIPHERAL VASCULAR ULTRASOUND 

P
er

ce
nt

ag
e 

er
ro

r 
in

ve
lo

ci
ty

 m
ea

su
re

m
en

t 

35 

30 

25 

20 

15 

10 

5 

0

20 40 60 800


Angle of insonation 

Figure 6.7 Graph showing the relationship between 
the percentage error in the velocity measurements as 
the angle of insonation increases, for a 5° error in the 
placement of the angle correction cursor. (After 
Evans D H & McDicken W N 2000 Doppler ultrasound: 
physics, instrumentation, and signal processing. © John 
Wiley & Sons Limited, with permission.) 

to an error in the velocity measurement. The 
velocity calculation depends on the cos � term, so 
the error created will be greater for larger angles of 
insonation. Figure 6.7 shows the relationship 
between the percentage error in the velocity mea­
surement as the angle of insonation increases where 
there is a 5° error in the placement of the angle 
correction cursor. For example, Figure 6.7 shows 
that this 5° error in cursor placement causes an 
error in velocity measurement of 23% when the 
angle of insonation is 65°. In order to minimize 
this error, angles of insonation of greater than 60% 
should not be used. However, estimating the angle 
of insonation is not always straightforward, espe­
cially in the presence of disease. Some of the limi­
tations are listed below. 

Errors relating to the direction of flow
relative to the vessel walls 
The direction of the blood flow may not be paral­
lel to the vessel wall, especially in the presence of 
a stenosis, vortices or helical flow. Therefore, in 
these cases lining the angle correction cursor paral­
lel to the walls may lead to large errors. If there is 
a clear image of the flow channel through a nar­
rowing it may be possible to line up the angle cur­
sor with the flow channel. However, the maximum 
velocity may be just beyond the stenosis, and the 
direction of flow may be less obvious at that point. 
The color image may be used to identify the site of 

maximum velocity, although this can be misleading 
as the color image displays mean frequency, which 
is related to the blood motion in the direction of the 
beam, rather than the actual blood velocity. What 
appears to be the maximum velocity on the image 
may instead be the site at which the angle between 
the Doppler beam and the direction of the blood 
flow is smallest. It is important to consider this 
when estimating the site of maximum velocity and 
the direction of flow from the color image. The 
blood velocity may need to be measured at a few 
points through and beyond a stenosis to ensure the 
highest velocity has been obtained. 

Errors relating to the out-of-imaging
plane angle of insonation 
It is important to remember that the interception 
of the ultrasound beam with the blood flow occurs 
in a three-dimensional space and not just in the 
two-dimensional plane shown on the image. An 
underestimate of the true velocity will be obtained 
if the out-of-imaging plane angle of insonation is 
not close to 0°. Therefore, the transducer should 
be aligned with a reasonable length of the vessel, as 
seen on the image, to ensure a minimal error. 

Creation of a range of insonation angles
by the Doppler ultrasound beam aperture 
The large aperture used by linear array transducers 
not only results in ISB but also leads to another 
problem. For velocity to be calculated from the 
Doppler shift frequency, the cos � term is required, 
but clearly only a single value for the angle can be 
used. Substituting the two extreme angles shown 
in Figure 6.4 (�1 and �3) into the Doppler equa­
tion would obviously give different values for the 
velocity. A decision has to be made as to which 
angle is most suitable for use in converting the 
detected Doppler frequency into velocity. Typically, 
ultrasound scanners use the angle between the cen­
ter of the active elements and the direction of flow 
(i.e., angle �2). This would be an appropriate angle 
to select for estimation of the mean velocity, but it 
leads to an overestimation of the calculated maxi­
mum velocity. In fact, in order to obtain a correct 
value for the peak velocity from the frequency 
spectrum, the smallest angle of insonation present 
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unless the ISB produced by a given scanner is taken 
into account when developing velocity criteria for 
the quantification of disease. Early duplex scanners, 
before the development of linear array transducers, 
used single-element Doppler probes that produce 
low ISB. The velocity measurements made using 
these older ultrasound scanners were not prone to 
ISB errors, and therefore the velocity criteria pro­
duced using them may differ from those produced 
using linear array transducers. The error produced 
due to spectral broadening can vary with changes in 
the active aperture that accompany changes in the 
sample volume depth. The error also varies among 
manufacturers. It is therefore recommended that 
departments compare their ultrasound results with 
those obtained from angiography or other imaging 
techniques. 

Diagnosis of vascular disease often depends on 
velocity ratio measurements, and these are not 
affected by the errors produced by ISB as long as 
both measurements used to calculate the ratio are 
made with a similar angle of insonation. If the veloc­
ity ratios are calculated using two velocity measure­
ments made with significantly different angles of 
insonation, significant errors may be introduced. 

30 

Optimizing the angle of insonation 
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Figure 6.8 A: Graph showing an example of the 
overestimation of peak velocity measured at a given angle 
of insonation by a typical linear array transducer due to 
intrinsic spectral broadening (solid line). Dashed line 
shows correct value of velocity. B: Graph showing an 
example of how the error in peak velocity measurements 
may increase with an increase in the angle of insonation. 

(i.e., �1) should be used; however, this is not under 
the sonographer’s control. Figure 6.8 gives an exam­
ple of the possible errors in peak velocity measure­
ments on a typical ultrasound scanner caused by 
ISB. The graphs show that the larger the angle of 
insonation, the greater the potential source of error 
in velocity measurement. It is therefore important 
not to use a Doppler angle greater than 60°. These 
overestimates in peak velocity measurements could 
lead to an overestimate in the degree of narrowing 

velocity measurement should be zero to minimize 
errors; however, as peripheral vessels often lie par­
allel to the skin, this is not possible. No single 
choice of angle of insonation is completely reliable, 
especially when comparisons between velocity mea­
surements are being made. The possibilities are 
discussed below: 

Velocity ratio measurements 

Ideally the angle of insonation used to make the 
velocity measurement proximal to and at the steno­
sis should be similar. This will result in the two 
velocities having similar errors that will cancel out 
when calculating the ratio. 

Absolute velocity measurements 

There are two schools of thought about selecting 
the angle of insonation when making absolute 
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velocity measurements: 

●	 Always set the angle of insonation to 60° 

This ensures that any error in alignment of the 
angle correction cursor only leads to a moderate 
error in the velocity estimate (Fig. 6.7) and that 
the errors caused by ISB are kept similar between 
measurements. However, it can be difficult to 
insonate all vessels at a fixed 60° angle. 

●	 Always select as small an angle of insonation as 
possible 

This ensures that any error in the alignment of the 
angle correction cursor produces as small an error 
in velocity estimation as possible. The error due to 
ISB will also be minimized. However, this error 
will be different for measurements made at differ­
ent angles of insonation. This makes comparisons 
between measurements made at different angles 
less meaningful. 

Doppler criteria developed over the years may 
not have been produced with a full understanding 
of all these possible sources of error. Different mod­
els of ultrasound system may produce different 
results for the same blood flow. However, despite 
these sources of error, velocity measurements have 
been successfully used to quantify vascular disease for 
the past two decades. A greater understanding of 
the sources of error in velocity measurement may 
lead to improvements in accuracy. 

Other potential sources of error in
maximum velocity measurements 
Figure 3.7 has already shown how high-pass filters 
can be used to remove unwanted signals. The 
high-pass filter setting will not affect the peak sys­
tolic velocity measurements, but the shape of the 
peak velocity envelope (the outline of the spec­
trum) may be affected if the filter is set so high that 
it removes the diastolic flow. This would lead to an 
incorrect finding that the end diastolic velocity is 
zero. Figure 3.14 shows how aliasing will lead to 
an underestimation in the mean velocity and the 
maximum velocity due to the incorrect estimation 
of the high frequencies present within the signal. 
Noise may be introduced into the Doppler signal, 
especially if the signal is recorded at depth, requiring 

significant amplification. The maximum Doppler fre­
quency may be difficult to define in the presence of 
high levels of noise. 

MEASUREMENT OF VOLUME FLOW 

Volume flow is a potentially useful physiological 
parameter (see Fig. 5.4) that can be measured 
using ultrasound, although it involves several pos­
sible sources of error (Evans & McDicken 2000). 
An estimation of the volume flow of blood can 
be made if the cross-sectional area of the vessel 
and the velocity of the blood through the vessel 
are known. Ultrasound scanners usually have the 
facility to perform volume flow measurements by 
enabling the sonographer to measure diameter or 
cross-sectional area from the image and then to 
measure the TAV from the Doppler spectrum, cal­
culating the flow as follows: 

Flow � cross-sectional area � TAV (6.2) 

The most straightforward method of obtaining 
the vessel cross-sectional area is to measure the ves­
sel diameter (d) and calculate the area as follows: 

AA ��
pp

44
dd22

(6.3) 

Some scanners also allow the sonographer to 
outline the circumference of the vessel, imaged in 
transverse section, using a cursor. This method 
tends to be less reliable as it requires a steady hand 
and a good image of the lateral walls of the vessel. 
The cross-sectional area can then be multiplied 
by the TAV to give the flow, as shown in 
Figure 6.6B. 

Sources of error in vessel diameter 
measurement 
Errors in either the velocity measurement or the 
diameter measurement will introduce errors into 
the estimation of volume flow. As flow is propor­
tional to the cross-sectional area of the vessel, 
which in turn depends on the square of the radius, 
any error in the diameter will produce a fractional 
error in the flow measurement that is double the 
fractional error in the radius. The possible sources 
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of error in vessel diameter measurement are dis­
cussed below. 

Image resolution 

The ability to image an object is dependent on the 
resolution of the scanner, as described in Chapter 2. 
The resolution along the axis of the beam is better 
than that across the image (i.e., the lateral resolu­
tion). The axial resolution is of the order of 
the wavelength of the ultrasound. For example, 
the wavelength of a 3 MHz transducer is 0.5 mm, 
whereas the wavelength of a 10 MHz transducer is 
0.15 mm, the latter therefore providing more accu­
rate distance measurements. Lateral measurements 
are much less accurate, as a result of the poorer 
image resolution and reduced image quality due to 
the beam being parallel to the vessel wall. The ves­
sel diameter is especially difficult to measure in the 
presence of disease. 

Calliper velocity calibration 

Accurate diameter measurements rely on correct 
calliper velocity calibration. Most scanners assume 
the mean velocity in tissue to be 1540 m/s; how­
ever, the velocity of sound in blood is actually 
1580 m/s. This results in a systematic underesti­
mate of the order of 2.6% in diameter measurement, 
leading to a 5% error in cross-sectional area. 

Variable vessel diameter 

The arterial diameter is not, in fact, constant but 
varies during the cardiac cycle due to the changing 
pressure within the vessel. This means that a single 
measurement of the diameter may not be repre­
sentative of the mean diameter. It has been shown 
that vessel wall pulsatility may result in up to a 10% 
change in vessel diameter between systole and dias­
tole. This cyclical variation in diameter will lead to 
errors in volume flow estimation, but it may be 
reduced by taking several diameter measurements 
and finding a mean value. Ideally, an instantaneous 
diameter measurement should be multiplied by the 
instantaneous mean velocity to obtain a more accu­
rate volume flow measurement, but this technique 
is not currently available on commercial ultrasound 
scanners. 

Noncircularity of the vessel lumen 

The calculation of cross-sectional area from the 
diameter measurement assumes that the vessel 
lumen is circular, which may not be the case, espe­
cially in the presence of disease. 

Errors in measuring TAV 

Incomplete insonation of the vessel will lead to 
an underestimation of the proportion of slower 
moving blood at the vessel wall, which in turn will 
lead to errors in the mean velocity measurements. 
For example, if a Doppler recording is obtained 
from a vessel with parabolic flow using a narrow 
beam (as shown in Fig. 6.2A and B), the high-
velocity flow in the center of the vessel will be ade­
quately sampled, but a large proportion of the 
slower moving blood at the vessel wall will not be 
detected. When the mean velocity is calculated 
from the spectra, this will be an overestimate of the 
true mean velocity due to the undersampling of 
the flow at the lateral edges of the vessel. This is 
true even if the sample volume is set to cover the 
near and far walls of the vessel as the out-of-imaging 
plane flow will not be sampled. Incomplete inso­
nation of the vessel can lead to errors of up to 30% 
in the TAV (Evans & McDicken 2000). 

Alternatively, the mean TAV can be estimated 
from the maximum TAV if the flow is measured at 
an adequate distance from geometric changes 
(e.g., bifurcations or stenosis) and the shape of the 
flow profile in the vessel is known. If there is a 
blunt flow, the maximum velocity will be equal to 
the mean velocity across the vessel. However, if 
the velocity is parabolic then the maximum veloc­
ity will be twice the value of the mean. One advan­
tage of the maximum velocity measurement is 
that it is not affected by the width of the beam, 
provided the beam passes through the center of 
the vessel. 

If the wall thump filter is set too high, the low-
frequency signals from the slower moving flow will 
be removed, and this would lead to an overesti­
mate in the mean velocity. Aliasing would lead to 
underestimation of the mean velocity due to the 
incorrect estimation of the high frequencies present 
within the signal. The presence of high-amplitude 
noise will bias the estimate of the mean velocity, 
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Figure 6.9 Pulsatility index (A & B) and resistance index 
(A) can be calculated from the peak systolic, S, minimum 
diastolic, D, end diastolic, E, and the mean velocity (or 
frequency), M, shown here on two different waveforms. 

as the Doppler system is unable to differentiate 
between the noise and the Doppler signals. 

WAVEFORM ANALYSIS 

As well as the blood velocity and flow changing with 
the presence of significant disease, the shape of the 
waveform will also be altered (as discussed in Ch. 5). 
The waveform may indicate whether the disease is 
proximal or distal to the site at which the Doppler 
signal is obtained. Over the years, several researchers 
have attempted to quantify these changes in wave­
form shape by defining various indices, and many 
modern scanners incorporate facilities to calculate 
such quantities, some of which are listed below. 

Pulsatility index 
The pulsatility index (PI) is probably the most 
commonly used of all the indices. It can be used to 

quantify the degree of pulse wave damping at dif­
ferent measurement sites. It is defined as the max­
imum height of the waveform, S, minus the 
minimum diastolic, D (which may be negative), 
divided by the mean height, M, as shown in 
Figure 6.9A and B: 

SS �� DD
PIPI �� (6.4)

MM

Damped flow beyond significant disease will have 
a lower PI value than a normal pulsatile waveform. 

Pourcelot’s resistance index 
The resistance index (RI) was first used on com­
mon carotid waveforms as an indicator of the 
peripheral resistance and has also been used to study 
neonatal cerebral hemodynamics. It is defined as 
follows (Fig. 6.8A): 

SS �� EE
RIRI �� (6.5)

SS

where E is end diastolic velocity. The value of RI 
can be calculated by the scanner and displayed on 
the screen. 

Spectral broadening 
There have been several definitions of spectral 
broadening (SB) described over the years in an 
attempt to quantify the spread of frequencies pres­
ent within a spectrum. One such definition is as 
follows: 

SBSB ��
ffmamaxx � ffmin (6.6)min 

ffmaxmax

Increased SB indicates the presence of arterial 
disease but can, to some extent, also be introduced 
by the scanner itself, as in ISB (described above). 

Pulse wave velocity 
The pressure pulse and the associated velocity wave 
travel along the vessel at a different speed from the 
flowing blood. The speed at which the pulse is 
transmitted along the vessel depends on the elas­
ticity of the vessel wall. For example, the pulse will 
travel much faster down the stiff-walled artery of a 
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Figure 6.10 The pulse wave velocity can be calculated 
using two transducers at a distance ‘d ‘ apart along the 
vessel and measuring the transit time of the pulse. 

diabetic patient than down the normal artery of a 
younger person. The pulse wave velocity of a pulse 
can be measured using two Doppler transducers to 
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detect the transit time of the pulse along a known 
length of vessel. The transit time is given by the 
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compared with that detected by the proximally 
positioned transducer (Fig. 6.10). The pulse wave 
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time. Measurement of the pulse wave velocity has 
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Subjective interpretation 
Subjective interpretation of the Doppler spectrum 
can give many clues as to the level and extent of 
any disease. For example, changes in the pulsatility 
of the waveform shape can help to identify disease. 
The systolic rise time of the waveform is influenced 
by changes in the cardiac impulse and circulation 
proximal to the measurement site, whereas the 
decay of the velocity tends to relate to the distal 
circulation. Even if these various indices are not 
quantified, understanding the concept behind 
them can help when interpreting waveform shapes. 
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INTRODUCTION


The preceding chapters have covered some of 
the basic scientific principles behind ultrasound, the 
Doppler effect and hemodynamics. The sonographer 
should now have a clearer understanding of how a 
B-mode image is created and how color flow imaging 
can be used to rapidly interrogate blood flow in ves­
sels, allowing the blood flow in selected areas to be 
assessed with spectral Doppler. This has made duplex 
scanning a powerful technique for the investiga­
tion of patients with vascular diseases, and many 
vascular surgeons are making clinical decisions on the 
basis of duplex scanning alone. It is therefore vitally 
important that the operator understands the use 
of the scanner controls and the limitations of the 
technique. Some manufacturers have introduced 
auto-optimization controls, but there are still many 
situations in which the controls will need to be 
adjusted manually. Manufacturers often use different 
names or terms for the same scanner control or func­
tion, such as power imaging and color angiography, 
both of which relate to power Doppler imaging. 
It is important to consult the operator’s manual or 
ask the manufacturer if the function of any control 
is not clear. 

Contemporary duplex scanners have a range of 
examination-specific presets that optimize the sys­
tem for a particular examination. However, in many 
instances the scanner controls need adjusting, or 
optimizing, to demonstrate pathology. In addition, 
a number of imaging and Doppler artifacts may be 
confused or misinterpreted as significant disease, 
leading to serious diagnostic errors. The aim of 
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this chapter is to introduce the sonographer to the 
practical aspects of scanning, covering the basic 
use of scanner controls and reiterating some of the 
principles discussed in the preceding chapters. 
Imaging artifacts will also be discussed to assist the 
sonographer in the interpretation of images. It is 
likewise essential that the sonographer has a good 
understanding of the principles relating to ultra­
sound safety in order to minimize any exposure 
risks to the patient. 

THE PATIENT 

It is an ironic fact that a sonographer may use a 
state of the art duplex scanner but fail to obtain 
any useful diagnostic information because of an 
inadequate approach to the examination and the 
patient. For example, an introduction and simple 
explanation of the test may put patients more at 
ease and willing to cooperate, especially if they are 
nervous or in some discomfort. Local protocols 
that are rigid and do not allow any flexibility can 
also lead to problems. For example, a protocol that 
requires that patients always be completely flat 
with the head fully extended during carotid scans 
may lead to severe discomfort for patients with 
breathing difficulties, dizziness, angina or spondy­
losis of the neck. It is possible they will not be able 
to tolerate the examination at all. An alternative 
would be to perform the scan with the patient sit­
ting up on a low chair. It is still possible to obtain 
good images from this scanning position. Most 
problems can be solved with a little careful thought 
and the occasional inventive approach. 

STARTING THE SCAN 

The scan should be carried out in a dimly lit room 
to optimize visualization of the black and white 
image. The transducer selected should be of the 
highest frequency that allows adequate penetration 
to the area to be examined. Most duplex systems use 
a broad-band transducer, and some allow the sono­
grapher to alter the imaging, color and spectral 
Doppler transmit frequencies to optimize the image 
or enable better penetration. When scanning, it is 
important to adopt a logical approach. Using a sys­
tematic technique cuts down on examination time 
and ensures that pathology is less likely to be missed. 
The scan is best started by examining the region of 

interest with B-mode imaging alone, to identify rel­
evant structures. In general, a cross-sectional survey 
should be performed before a longitudinal scan as 
this helps to relate structures to each other. Avoid 
switching on the color flow or spectral Doppler 
straight away, unless they are essential for identifying 
vessels, as the imaging frame rate will be reduced and 
the display may be confusing if anatomy has not been 
clearly identified. 

B-MODE CONTROLS 

Always set the focal zones at the depth of interest 
on the scan image. B-mode frame rates of modern 
scanners are generally high even when multiple 
focus zones have been selected, but reducing the 
number of focal zones will increase the frame rate 
even further. If the region of interest in the B-mode 
image is very small, or very deep, consider using 
the zoom control to magnify the area. This will 
improve the frame rate. Scanners usually allow the 
operator to adjust the size and position of the area 
to be magnified. Most systems have a write zoom 
facility that will improve image resolution. Many 
vascular sonographers prefer B-mode images with 
a reasonable degree of contrast using a lower 
dynamic range. Duplex systems have examination-
specific presets that are optimized to produce the 
best images of vascular structures. It is also worth­
while experimenting with different pre- and post­
processing controls in order to understand the 
function of these controls. Try this when imaging 
a carotid plaque and note the difference in the 
appearance of the image. Optimize the total gain 
and depth gain compensation sliders so that the 
returning echoes are of relatively uniform intensity 
throughout the image. In general, the gain should 
be set so that the lumen of any large nondiseased 
vessel appears clear or black but any further increase 
in gain would introduce noise or speckle. Harmonic 
imaging can be especially useful in the abdomen 
and may produce clearer and less noisy images. 
The use of compound imaging, if available, may 
also improve the overall image. 

IMAGING ARTIFACTS 

An imaging artifact is a feature on the image that 
does not relate exactly to a structure within the 
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Figure 7.1 Imaging artefacts 
can be produced by multiple 
reflections from strongly 
reflecting surfaces. The solid line 
shows the true path of the 
ultrasound beam. The dashed 
lines show the path of the beam 
assumed by the ultrasound 
scanner and the assumed 
interfaces displayed on the 
ultrasound images. A: Multiple 

A C	 reflections between the 
transducer and a strongly 
reflecting boundary. B: Multiple 
reflections between two parallel, 
strongly reflecting surfaces. C: 
Multiple reflections not returning 
along the same path. D: Mirror 
image produced in the presence 
of a strongly reflecting surface.

True object Strongly reflecting interface 

B	 D 
Ghost object 

tissue being investigated. This can be due to a fea­
ture being misplaced on the image, a feature 
appearing that is not present within the tissue or an 
existing structure that is absent from the image. 
The creation of an image relies on the assumption 
that the ultrasound beam travels in a straight path 
between the transducer and the structures within 
the tissue and returns along the same path once 
reflected. It is also assumed that the attenuation of 
tissue is constant. Any process that alters this situ­
ation can lead to the misplacement or absence of 
information. This can be caused by the following: 

●	 Multiple reflections can lead to reverberation 
artifacts, seen as several equidistant echoes that 
reduce in brightness with depth. This is due 
to multiple reflections, along the same path, 
between the transducer and a strongly reflecting 
boundary (Fig. 7.1A) or between two parallel, 
strongly reflecting surfaces (Fig. 7.1B). If the 
multiple reflections do not return along the 
same path, the structure may be misplaced on 
the image (Fig. 7.1C). 

●	 A mirror image of a structure can be produced 
in the presence of a strongly reflecting surface. 

Figure 7.1D shows how the true position of a 
structure is displayed, with a second ghost image 
also displayed. The ghost image has been detec­
ted by an ultrasound beam that has undergone 
multiple reflection from the strongly reflecting 
surface. 

●	 Refraction can lead to bending of the path of 
the ultrasound when the beam passes through 
an interface between two media in which the 
speed of sound is significantly different (see 
Fig. 2.7). 

●	 Range ambiguity can occur if an echo from the 
previously transmitted pulse is received back 
from a distant boundary after the current ultra­
sound pulse has been transmitted. The scanner 
will assume that the echo is from the current 
pulse and place it nearer to the top of the image 
rather than at its true depth. 

●	 Grating lobes are areas of lower intensity ultra­
sound outside the main beam and are produced 
as a function of the multi-element structure of 
array transducers. These grating lobes can lead 
to strongly reflecting surfaces outside the main 
beam being displayed in the image. 
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Figure 7.2 An image showing how an artefact (arrow) 
can give the impression of a dissection or tear, of the 
carotid artery wall. 

Figure 7.3 Differences in attenuation can be observed in 
this image of a synthetic bypass graft. The graft has spaced 
external supporting rings that are causing increased 
attenuation in the tissue lying below the rings (arrows). 

The image in Figure 7.2 shows how an artifact 
can give the appearance of a dissection, or tear, of 
the carotid artery wall. If an artifact is suspected, 
the vessel should be imaged in different planes or 
from different angles. The artifact may then appear 
in a different position relative to the vessel or may 
not appear at all, confirming that it is not a true 
structure that has been visualized. It is usually eas­
ier to identify artifacts in real-time imaging than 
on a frozen image. If there is a significant differ­
ence in the attenuation seen by different scan lines, 

the tissue at depth may appear as different levels of 
gray, despite having similar backscatter properties 
(Fig. 7.3). For example, the tissue beneath a low-
attenuation, anechoic region, such as a cyst, may 
appear brighter than adjacent areas. Highly atten­
uating tissue, however, such as calcified plaque, can 
cause loss of ultrasound information beneath the 
region, leading to a shadow (see Fig. 9.12). 

COLOR DOPPLER CONTROLS 

Color pulse repetition frequency 
The pulse repetition frequency (PRF) should be 
adjusted to optimize the image of the blood flow 
in the vessel under examination. Many duplex sys­
tems display the value of the PRF in Hz. However, 
some systems only indicate the PRF as a mean veloc­
ity on the color bar, in cm/s, or specify the sam­
pling rate as high-, medium- or low-velocity flow. 
The examination preset selects a nominal PRF to 
start a specific examination. The PRF is generally 
set moderately high for sampling normal arterial 
flow, typically a PRF of 3000–4000 Hz, so that the 
peak systolic phase of the cardiac cycle appears in 
the upper portion of the color scale without alias­
ing, as demonstrated in Figure 4.9B. If the PRF 
is set too low, aliasing will be demonstrated in a 
normal vessel during the peak systolic phase, mak­
ing it more difficult to identify areas of true flow 
disturbance. If the PRF is set too high, the peak 
systolic phase of the cardiac cycle will appear in the 
lower region of the color scale, flow changes will 
be less well differentiated on the image and minor 
flow disturbances could be overlooked. Low-velocity 
flow in diastole may also go undetected. 

In situations in which there is significant pathol­
ogy, the flow velocities may be much lower than 
normal. For example, the flow velocities in a calf 
artery distal to a long superficial femoral and 
popliteal artery occlusion may be very low. Using a 
default PRF setting of 3000 Hz may not adequately 
demonstrate the low-velocity flow in the patent calf 
artery because the sampling rate is too high (Fig. 
7.4). The PRF should be lowered to demonstrate 
the low-velocity flow, showing the systolic phase in 
the upper part of the color scale (Fig. 7.4C). An 
alternative technique to altering the PRF to opti­
mize the flow display is to change the position of 
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A B C 

Figure 7.4 A: Poor color filling is seen in the posterior tibial artery distal to a long arterial occlusion because the PRF is 
set too high at 2500 Hz, and the color controls have not been optimized. B: The Doppler waveform confirms low-velocity 
damped flow with a peak systolic velocity of 10 cm/s. C: In order to improve the color flow display, the PRF has been 
lowered to 1000 Hz, the color write priority increased and the color sensitivity control increased. Note that only 79% 
color gain is needed in image C, compared to 85% in image A. 

the color baseline to either extend or decrease the 
range of velocities displayed in one direction. By 
optimizing the PRF for the flow velocities present 
in a vessel, it is possible to investigate longer seg­
ments of an artery using color flow imaging, reduc­
ing the amount of time spent taking spectral Doppler 
measurements, provided that the color display 
remains unchanged. Color aliasing is an artifact 
rather than the representation of a true change in 
flow direction. If a vessel changes direction it can 
result in a change in insonation angle (and thus to 
detected frequency), leading to a change in color. 
In this situation, angle-corrected spectral Doppler 
should be used to record the flow velocities in the 
vessel, to confirm the absence of a stenosis, as the 
peak systolic velocity should remain the same 
despite the change in vessel direction. 

The flow velocities recorded in the venous sys­
tem are lower than those recorded in the arterial 
system and therefore the PRF will have to be low­
ered. A PRF setting of 1000 Hz is a typical starting 
value for many venous examinations. Most ultra­
sound systems link the high-pass filter to the PRF, 
and in most examinations there may be little need 
to make any adjustments to the filter setting. 
However, in situations in which there may be very 
low-velocity flow, such as that found in a sub-
occluded internal carotid artery, the filter should 
be lowered as far as possible to avoid missing the 
flow. Conversely, the color filter can be increased 
to cut out the low-frequency noise, such as that 
produced by bowel movement seen when scanning 

the iliac arteries. In practice, many experienced 
sonographers can cope with additional color noise 
in the image. 

Color box angle and size 
When using linear array transducers it is possible to 
steer the color box to the left or right by 20° to 25° 
depending on the system. It is therefore possible to 
optimize the color box angle to the flow direction 
in order to obtain the highest Doppler shift fre­
quencies. Inexperienced sonographers often find 
this one of the most confusing aspects of duplex 
scanning when learning color Doppler techniques, 
and it may be a case of trial and error to get used 
to optimizing the color image. Areas of poor filling 
in the image may be caused by a poor angle 
of insonation, preventing the signal from being 
detected. It may be necessary to image a vessel 
with the color box steered in more than one direc­
tion in order to demonstrate flow in all parts of the 
vessel (Fig. 7.5). For curvilinear array transducers, 
it is necessary to optimize the transducer position 
and the position of the color box in the sector dis­
play to obtain suitable Doppler angles. An example 
is shown in Figure 9.8B. 

It is important to keep the color box size reason­
ably small and to keep the area of interest within it 
by adjusting the color box or transducer position. 
Increasing the color box width means that more 
time is spent producing the color flow image, and 
consequently the imaging frame rate will decrease. 
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Figure 7.5 Images of a carotid artery showing how a vessel may need to be imaged with the color box steered in more 
than one direction to demonstrate flow in the whole vessel. 

This is less of a problem in modern duplex systems. 
As the time taken to produce an image lengthens, 
especially when imaging with a large color box or at 
depth, a time delay may be introduced between the 
signals detected from different sides of the image. 
This can result in the color image displaying flow 
detected at different parts of the cardiac cycle. For 
example, both end diastolic and peak systolic flow in 
a vessel may be displayed on different sides of the 
image. Many systems have a control for increasing 
the color sensitivity, which increases the number of 
pulses sent down each scan line. This can improve 
the color image but decreases the overall frame rate. 
In certain situations, pulsatile low-volume flow in a 
vessel may be seen as a brief flash of color on the 
image, and it may be difficult to follow the vessel. 
Increasing the color persistence will display the color 
in the vessel for a longer period of time and can 
make the vessel easier to follow. The color write 
priority control can be adjusted to write color on 
an image where a high B-mode gain is necessary 
(see below). 

COLOR IMAGING ARTIFACTS 

Color flow imaging artifacts can lead to failure to 
display flow when, in fact, it is present, as shown in 
Figure 7.5. A bright black and white imaging arti­
fact (as seen in Fig. 7.2) may be displayed in pref­
erence to the color flow information, and this may 
give the appearance of a structure within the vessel 
lumen, around which the flow is displayed. If the 

color write priority is set too low in the presence 
of a noisy black and white image, flow detected 
may not be displayed due to the lack of a clear 
vessel lumen. Giving priority to the color flow 
imaging means that the B-mode image can be rea­
sonably bright without losing color information on 
the screen. 

A strongly reflective surface can lead to the loss 
of ultrasound signals beyond the interface. For 
example, calcification within the vessel wall or the 
presence of bowel gas can produce shadowing on 
both the black and white image and color flow 
image and will prevent spectral Doppler recordings 
(see Fig. 8.26). 

Artifacts can also be introduced into the color 
image whereby color is displayed when blood flow 
is not present. This can occur when the color gain 
is set too high, giving the appearance of the color 
‘bleeding’ out of the vessel (Fig. 7.6). Alterna­
tively, anechoic areas can be filled with speckled 
color due to noise, if the gain is set high or if there 
is low-velocity tissue motion present (e.g., due to 
respiration). Tissue bruits (e.g., near a stenosis) may 
result in color appearing outside the vessel wall 
(see Fig. 11.18A). 

Multiple reflection can produce color image 
artifacts. Figure 7.7 shows a mirror image of the 
subclavian artery produced by multiple reflections 
from the pleura overlying the lung. This mirror 
image artifact can be seen where a vessel overlies a 
strongly reflecting surface, such as the tissue–air 
interface present at the pleura. The tibial vessels or 
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Figure 7.6 The color flow image may give the 
impression of flow ‘bleeding out’ of the vessel if the color 
gain is set too high (arrow shows position of posterior 
artery wall). 

S 

M 

P 

Figure 7.7 Color image of the subclavian artery (S) with 
a mirror image (M) below the pleura (P). 

bypass grafts may also suffer from this artifact 
when lying above bone. The path of the reflected 
ultrasound that has undergone multiple reflections 
is different from that of the ultrasound back-
scattered directly from the blood to the transducer. 
Therefore, the Doppler shift frequency detected 

and displayed for the mirror image may not be the 
same as for the vessel itself. The artifactual Doppler 
signal displayed on the color image can also be 
detected with spectral Doppler, if the sample volume 
is placed over the mirror image. 

The color image may not give a true representa­
tion of the relative blood velocities within the ves­
sel. Changes in the angle of insonation, owing to 
changes in vessel direction, can lead to color imag­
ing artifacts, giving the false impression of changes 
in blood velocity (see Fig. 4.7). Aliasing artifacts 
will also change the appearance of the color image 
(see Figs 4.9A and 4.11). 

SPECTRAL DOPPLER OPTIMIZATION 

The spectral Doppler PRF should be set to avoid 
aliasing and the high-pass filter should be set to 
remove wall thump but not useful Doppler signals. 
The spectral Doppler PRF may be referred to as 
‘scale’ or ‘flow rate’ on some systems. The selection 
of the size of the sample volume is an important 
consideration. If detailed investigation of flow 
within a stenosis is to be performed, a small sample 
volume is required. The sample volume should be 
placed in the center of the vessel or at the point of 
maximum velocity indicated by the color image. 
However, if the presence of flow within a vein is to 
be detected, a large sample volume may be more 
appropriate. The issue of spectral Doppler angle cor­
rection remains a contentious subject. Some units 
insist that all measurements be taken with the cursor 
lined up with the direction of flow at a fixed angle of 
60° whereas other departments use the smallest 
angle of insonation possible (see Ch. 6). In practice, 
the decision on which technique to use may be dic­
tated by local protocols. The position of the angle 
correction cursor should be carefully lined up with 
the vessel wall, or the direction of blood flow, to 
minimize angle-related errors. There are three pos­
sible reasons why a Doppler signal may be displayed 
both above and below the baseline, and the sonog­
rapher should be able to identify these: 

●	 aliasing (see Fig. 3.14A) 
●	 mirroring due to the gain being set too high 

(see Fig. 6.3) 
●	 flow reversal during the cardiac cycle (see 

Fig. 5.8). 
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REPETITIVE STRAIN INJURY AND 
OCCUPATIONAL HAZARDS 

Sonographers are at high risk of developing 
occupational injuries due to prolonged periods of 
bad posture during ultrasound examinations. Back 
problems and repetitive strain injuries of the wrist 
and shoulder are increasingly common. To mini­
mize the risk it is essential that vascular ultrasound 
units be equipped with variable height examination 
tables that have adjustable upper and lower sec­
tions. Ideally, it should be possible to tilt the table, 
especially for venous examinations. The operator’s 
chair should have a variable height adjustment, 
adjustable back rest and swivel capability. Sonog­
raphers should vary the workload and types of 
scans performed during the day and take regular 
breaks. The ability to scan with either hand also 
reduces strain on one side. The probe should 
not be gripped too hard, and excessive pressure 
should not be used to make contact between the 
patient and the probe. Most vascular examinations 
can be performed with relatively light probe con­
tact. If the sonographer develops problems, these 
should be treated at an early stage as long-term 
chronic problems may be difficult to resolve. Care 
should be taken when moving apparatus around 
the hospital, as it is easy to strain muscles, trap 
hands between the scanner and door frames or run 
over toes. 

SAFETY OF DIAGNOSTIC ULTRASOUND 

During the scan, the patient is exposed to ultra­
sound energy, and it is therefore important that the 
sonographer be aware of the possible risks and how 
to minimize them. Over the years there has been a 
steady increase in the output power generated by 
ultrasound systems. The potential risks have been 
regularly assessed by various safety committees, 
including that of the World Federation of Ultra­
sound in Medicine and Biology (WFUMB 1998). 
Information on safety issues can be found on the 
website of the European Federation of Societies for 
Ultrasound in Medicine and Biology (EFSUMB 
2002). The British Medical Ultrasound Society has 
also produced a statement on the safe use and 
potential hazards of diagnostic ultrasound equip­
ment (BMUS Safety Group 2002). 

Table 7.1 The upper limits of exposure required by 
the United States Food and Drug Administration 

Application Derated Ispta 
(mW cm2) 

Derated Isppa 
(W cm2) 

MI TI 

All except 
ophthalmology 

720 190 1.9 (6.0)* 

Ophthalmology 50 NS 0.23 1.0 

*The upper limit of 6.0 is advisory. At least one of the quantities 
MI and Isppa must be less than the specified limit. NS: not specified. 

It is believed that the two main potential risks of 
tissue damage due to ultrasound exposure are tis­
sue heating and cavitation. Cavitation refers to the 
formation, growth, oscillation and violent collapse 
of small, gas-filled cavities within the ultrasound 
beam. Inertial cavitation—that is, large variation in 
size and possible violent collapse of bubbles— 
occurs above a threshold of negative acoustic pres­
sure (Duck & Shaw 2003). 

Ultrasound intensity 
The intensity is the energy crossing a unit area 
(usually 1 cm2) in unit time. The spatial peak tem­
poral average intensity, Ispta, is the peak within the 
beam averaged over time. Another value of inten­
sity that is used is the spatial peak pulse average 
intensity, Isppa, which is the spatial peak intensity 
averaged over the duration of the pulse. These have 
been used by the Food and Drug Administration 
(FDA) in the United States to define the upper 
limit of exposure produced by ultrasound systems 
for diagnostic use (Table 7.1). Manufacturers often 
supply data on the maximum Ispta and Isppa in the 
operator’s manual. 

Mechanical and thermal indices 
The output power produced by a system will vary 
with the modality used and the control settings. So 
that the ultrasound user can be aware of the poten­
tial risks of any given scanner set-up, two new, 
potentially more meaningful indices have been 
developed. These are the thermal index (TI) and the 
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mechanical index (MI). These indices are displayed 
on the screen of modern scanners in real time and 
will demonstrate any changes in the potential risk as 
the scanner modalities or controls are altered. 

The TI has been developed to indicate the 
potential risk of producing thermal effects during 
the scan. It is the ratio of acoustic power emitted 
at the time to the power required to heat the tissue 
by 1° C. A TI of 1 would therefore indicate the 
potential to heat the tissue in the beam by 1° C. 
A TI of 2 indicates a potential rise of 2° C, and so 
forth. An ultrasound exposure that does not pro­
duce a temperature rise of greater than 1.5° C 
above normal body temperature of 37° C is not 
thought to pose any risk of producing thermal 
damage. The power required to heat the tissue will 
depend greatly on what tissue is lying in the path 
of the ultrasound beam and is especially affected by 
the presence of bone, as bone is a strongly absorb­
ing medium. For this reason, three models for the 
TI have been developed: 

●	 soft tissue (TIS) 
●	 tissue with bone present at the focus (TIB) 
●	 the cranial thermal index (TIC), used in tran­

scranial Doppler. 

The appropriate TI should be displayed depend­
ing on the scanner examination set-up selected. The 
development of these indices suffers from some 
limitations, as it is not straightforward to estimate 
the heat lost from the various regions of the body 
that are scanned. 

The mechanical index (MI) indicates the likeli­
hood of the onset of inertial cavitation. It is related 
to the peak negative pressure of the ultrasound pulses 
being used at the time. For an MI �0.7, the physical 
conditions probably cannot exist for bubble growth 
and collapse to occur (Duck & Shaw 2003). How­
ever, if this threshold is exceeded, it does not mean 
that bioeffects due to cavitation will occur. The 
higher the value of MI above this threshold, the 
greater the potential risk. There is currently no evi­
dence that diagnostic ultrasound causes cavitation in 
the soft tissue, except in the presence of gas, such as 
in the lung and intestines, and in the presence of 
contrast agents. 

Another potential thermal hazard that the sonog­
rapher should be aware of is heating of the trans­
ducer itself, which may occur if the transducer has 

been damaged. Malfunction of the scanner may 
potentially lead to a higher than expected output 
power. 

User’s responsibility 
Diagnostic ultrasound has been used for many 
years with no reported evidence of harmful effects. 
However, it is prudent to keep patient exposure 
to the minimum required to obtain an optimal 
diagnostic result. This can be done by keeping 
the time of the examination of a particular area to 
a minimum, especially when using color and spectral 
Doppler ultrasound, as these modes are more likely 
to cause heating. Controls such as the gain should 
be optimized before increasing the output power. 
Changes in the TI and MI with changes in scanner 
set-up should be monitored. It is important to 
keep up-to-date with current guidelines on the safe 
use of diagnostic ultrasound (BMUS Safety Group 
2000, EFSUMB). 

Probably the biggest risk of ultrasound is misdi­
agnosis, and it is therefore important to obtain an 
adequate scan. The sonographer should be aware 
of new technologies and new developments in 
scanning techniques. If the sonographer is in any 
doubt of the result at the end of the scan, the lim­
itations of the scan should be reported. 

Infection control 
Cross-infection of patients by the ultrasound trans­
ducer is a possible risk, therefore the transducer 
should be cleaned between each examination. The 
front face of transducers can be made of delicate 
material and the use of strong cleaning fluids is often 
not recommended. Consult the operating manual 
or manufacturer for advice on suitable cleaning pro­
cedures. The best method to overcome this problem, 
when there is a known risk, is to use a disposable 
probe cover. If the scan is to be performed near an 
open wound, a sterile probe cover and sterile gel 
should be used. Alternatively, a sterile transparent 
plastic dressing may be used to cover the wound, 
ensuring no air bubbles are trapped under the dress­
ing that would prevent imaging. Disposable gloves 
should always be worn if scanning infected or dis­
charging regions. 
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Ultrasound assessment of the 
extracranial cerebral circulation 
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INTRODUCTION


Ultrasound can be used to evaluate the extracranial 
cerebral circulation in order to investigate patients 
who may be at risk of suffering a stroke or who have 
already suffered a stroke. Stroke is the third most 
common cause of death in the United Kingdom, 
with the stroke rate being approximately 2 in 1000 
of the population per year. Approximately 80% of 
strokes are ischemic (i.e., thrombotic or embolic or 
both) as opposed to hemorrhagic. Up to 80% of 
ischemic strokes occur in the carotid territory, the 
area of the brain supplied by the carotid arteries. 
Recent trials have shown that patients with signifi­
cant carotid artery disease and relevant symptoms 
may benefit from surgery in order to prevent a 
stroke. The majority of carotid artery disease devel­
ops at the carotid bifurcation, and in the presence 
of a significant stenosis, carotid endarterectomy can 
be performed. In this procedure, the diseased inner 
wall of the artery, the plaque, is removed, thus elim­
inating a potential source of emboli or flow-limiting 
stenosis. Carotid ultrasound examinations can be 
used to screen patients for carotid artery disease 
before further investigation with angiography. Alter­
natively, many centers now use ultrasound examina­
tion to select patients directly for surgery, without 
preoperative angiography, as angiography is known 
to carry its own risks of transient and permanent 
neurological deficit. Developments in magnetic 
resonance angiography (MRA) may make this a 
safer alternative to x-ray angiography for confirming 
ultrasound findings prior to surgery or for further 
investigations, when ultrasound has provided only 
limited results. 
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ANATOMY


The brain is supplied by four vessels—the right and 
left internal carotid and vertebral arteries—and 
receives 15% of the cardiac output. The term extra­
cranial cerebral arteries refers to all the arteries 
that carry blood from the heart up to the base of 
the skull. The left and right sides of the extracranial 
circulation are not symmetrical (Fig. 8.1). On the 
left side, the common carotid (CCA) and subcla­
vian arteries arise directly from the aortic arch, 
whereas on the right side the brachiocephalic 
artery, also known as the innominate artery, arises 
from the aorta and divides into the subclavian 
artery and CCA. The CCA, which has no branches, 
divides into the internal and external carotid arteries, 
but the level of the carotid bifurcation in the neck 
is highly variable. In approximately 90% of cases, 
the internal carotid artery (ICA) lies posterolateral 
or lateral to the external carotid artery (ECA) and, 
unlike the ECA, has no branches below the skull. 
The proximal branches of the ECA are the superior 
thyroid, lingual, facial and maxillary arteries. The 
carotid artery widens, at the level of the bifurcation, 
to form the carotid bulb. In some cases, the carotid 
bulb may only involve the proximal ICA, and not 
the distal CCA, and the degree of widening of the 
carotid bulb is quite variable. Within the skull, the 
distal segment of the ICA follows a curved path, 
known as the carotid siphon. The most important 
branch of the ICA is the ophthalmic artery, which 
supplies the eye. The terminal branches of the oph­
thalmic artery, the supratrochlear and supraorbital 

Common carotid artery 
Vertebral artery 

Subclavian artery 
Brachiocephalic artery Subclavian artery 

(also known as innominate) 
Aorta 

Ophthalmic artery 
Posterior cerebral artery 

Right Basilar artery 
External carotid artery 

Internal carotid artery 

Anterior cerebral artery 
Middle cerebral artery 

Carotid bulb 

Figure 8.1 Diagram of cerebrovascular anatomy. 

arteries, unite with the terminal branches of the 
ECA. The ICA finally divides into the middle 
cerebral artery (MCA) and the anterior cerebral 
artery (ACA). 

The posterior circulation of the brain is mainly 
supplied by the left and right vertebral arteries, via 
the basilar artery. The vertebral artery is the first 
branch of the subclavian artery, arising from the 
highest point of the subclavian arch. At the sixth 
cervical vertebra, the vertebral artery runs posteriorly 
to travel upward through the transverse foramen of 
the cervical vertebrae. It is common for one vertebral 
artery to be larger than the other, with the left often 
being larger than the right. The two vertebral arter­
ies join, at the base of the skull, to form the basilar 
artery, which then divides to form the posterior cere­
bral arteries. Figure 8.2A shows how the circle of 
Willis, situated at the base of the brain, joins the 
cerebral branches of the ICAs and basilar artery via 
the anterior and posterior communicating arteries. 
Blood flow to the brain is regulated by changes in 
cerebrovascular resistance, with carbon dioxide play­
ing a major role in vasodilation. 

Collateral pathways and anatomical
variants 
In the presence of severe vascular disease, the cere­
bral circulation has many possible collateral (alterna­
tive) pathways, both extracranially and intracranially. 
Not all of these can be assessed using ultrasound; 
however, two pathways that can be assessed are the 
following: 

●	 The ophthalmic artery. The ECAs do not normally 
supply blood to the brain, but in the presence of 
severe ICA disease, branches of the ECA can act 
as important collateral pathways. One important 
collateral pathway is via the terminal branches of 
the ECA, communicating with the terminal 
branches of the ophthalmic artery. This colla­
teral pathway can be observed using continuous 
wave (CW) Doppler to detect reversal of flow in 
the supraorbital artery, a terminal branch of the 
ophthalmic artery, as retrograde flow travels 
from the ECA branches toward the brain. 

●	 The circle of Willis. In the normal circulation, there 
is little blood flow through the communicating 
arteries in the circle of Willis, but in the presence 
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of severe vascular disease they perform an impor­
tant role in flow distribution. For example, in 
the presence of a left ICA occlusion, it is possi­
ble for the right ICA to supply blood flow to 
the left MCA via the right ACA, the ante­
rior communicating artery and the left ACA, 
with flow reversal occurring in the left ACA 
(Fig. 8.2B). 

The vertebral arteries may also supply flow to the 
MCA via the posterior communicating arteries of 
the circle of Willis. If the circle is well developed, it is 
possible for a single extracranial artery to provide 
adequate cerebral blood flow. However, in about 
75% of the population, parts of the circle may be 
hypoplastic (very small) or absent, making the cir­
cle incomplete and therefore preventing the devel­
opment of good collateral flow (von Reutern & 

Anterior communicating artery 

Anterior cerebral artery 

Middle cerebral artery 

Internal carotid artery 

Posterior communicating 
artery 
Posterior cerebral artery 
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Basilar artery 
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von Büdingen 1993), but this may only become 
apparent in the presence of severe disease. Adequate 
collateral pathways have a better chance to develop 
in the presence of slowly developing disease. 

An unusual collateral pathway can occur when 
the CCA is occluded and flow in the proximal ECA 
reverses, being supplied by retrograde flow in an 
ECA branch, to supply a patent ICA. Severe nar­
rowing or occlusion of the proximal subclavian or 
brachiocephalic artery can result in a collateral 
pathway that ‘steals’ blood from the brain to supply 
the arm. In this case, blood will be seen to flow ret­
rogradely down the ipsilateral vertebral artery to 
supply the distal subclavian artery beyond the dis­
eased segment (Fig. 8.3). This is known as subcla­
vian steal syndrome. 

There are few variations in the extracranial cir­
culation. In rare cases, the left CCA and subclavian 
artery may share a common origin or a single 
trunk. Other anomalies are the left vertebral artery 
arising directly from the aortic arch and, even more 
unusually, the right vertebral origin arising from 
the aortic arch. 

Right 

Vertebral arteries 

Occluded proximal 
subclavian artery 

Figure 8.2 Diagram of the circle of Willis. A: Arrows Figure 8.3 Arrows indicate the direction of collateral flow 
indicate normal flow direction. B: Arrows indicate in subclavian steal syndrome, via reverse flow in the 
cross-over flow from the right ICA to the left MCA in vertebral artery to supply the arm, in the presence of a severe 
the presence of a left ICA occlusion. stenosis or occlusion of the proximal subclavian artery. 
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POSSIBLE SYMPTOMS OF CAROTID AND 
VERTEBRAL ARTERY DISEASE 

Patients with carotid artery stenosis may suffer 
from transient ischemic attack (TIA) or amaurosis 
fugax, a form of visual disturbance. Symptoms of 
TIA may only last a few minutes and the patient 
will make a full recovery within 24 hours, whereas 
patients suffering from a stroke will have symptoms 
lasting more than 24 hours and may not make a 
full recovery. Symptoms include single or multiple 
episodes of loss of power or sensation in an arm or 
leg (monoparesis), in both (hemiparesis), or in one 
side of the face; slurring or loss of speech (dyspha­
sia); or visuospatial neglect (Box 8.1). As the right 
side of the brain controls the left-hand side of the 
body and the converse, the symptoms will relate to 
the contralateral carotid artery. The speech is usually 
controlled by the dominant side of the brain (i.e., a 
right-handed patient’s speech will typically be con­
trolled by the left side of the brain). Patients suffer­
ing from episodes of amaurosis fugax often complain 
of ‘a curtain drawing across one eye’ lasting for a few 
minutes, which is due to emboli within the retinal 
circulation. In this situation, the symptoms in the eye 
will relate to the ipsilateral carotid artery. Typical 

Typical carotid territory symptoms 
● Hemimotor/hemisensory signs 
● Monocular visual loss (amaurosis fugax) 
● Higher cortical dysfunction (dysphasia— 

incomplete language function, visuospatial 
neglect, etc.) 

Typical vertebrobasilar symptoms 
● Bilateral blindness 
● Problems with gait and stance 
● Hemi- or bilateral motor/sensory signs 
● Dysarthria 
● Homonymous hemianopia (loss of visual field 

in both eyes) 
● Diplopia, vertigo and nystagmus (provided it is 

not the only symptom) 

Box 8.1 Typical carotid territory and 
vertebrobasilar symptoms (after Naylor et al 
1998, with permission) 

vertebrobasilar symptoms are shown in Box 8.1. 
Vague symptoms, such as dizziness and blackout, 
are not usually associated with carotid artery dis­
ease. Subclavian steal syndrome does not usually 
cause significant symptoms. Patients with symp­
toms of TIA are thought to have a risk of stroke of 
the order of 7–8% per year for the first 2–3 years 
following a TIA. Patients suffering from crescendo 
TIA (i.e., very frequent TIA) may require urgent 
surgery and should be scanned, as a matter of pri­
ority, to assess the severity of any carotid disease. 

Symptoms similar to TIA can also be caused by 
other neurological problems, such as epilepsy, 
intracranial tumor, multiple sclerosis or migraine. 
Asymptomatic carotid disease is usually discovered 
clinically by the presence of a carotid bruit, heard 
as a murmur when listening to the neck with a 
stethoscope. However, the presence of a carotid 
bruit may not be due to an ICA stenosis, but could 
instead relate to an ECA or aortic stenosis or to no 
stenosis at all. A large proportion of patients with 
a �70% stenosis will not have a carotid bruit, and 
therefore its presence or absence is not accurate 
enough to predict the presence of disease. 

Only about 15% of patients suffer symptoms of 
TIA prior to a stroke. Fifty per cent of ischemic 
strokes are due to thromboembolism of the ICA or 
MCA or both, whereas 25% are due to small vessel 
disease and 15% are due to emboli originating from 
the heart. Only 1–2% of all strokes are hemodynamic 
strokes (i.e., due to flow-limiting stenoses) (Naylor 
et al 1998). 

Trauma to the neck can lead to dissection of the 
carotid artery wall, possibly causing the vessel to 
occlude. This condition may be suspected in patients 
suffering a stoke following a neck injury. Ultrasound 
examination may also be requested in the presence 
of a pulsatile swelling in the neck to identify the 
presence of a carotid aneurysm or carotid body 
tumor, both of which are quite rare. 

SCANNING 

Objectives and preparation 
The purpose of the carotid scan is to identify the 
extent of any atheroma within the CCA and extra­
cranial ICA and ECA and to determine the degree 
of narrowing of the vessels. The examination should 
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also demonstrate the presence and direction of flow 
in the vertebral arteries. No specific preparation is 
required, but the patient must be capable of lying or 
sitting still during the examination. The optimal 
position for scanning the carotid arteries is with the 
sonographer sitting behind the patient’s head. This 
allows easy access to the neck and enables the opera­
tor to rest the arm on the examination table while 
performing the scan (Fig. 8.4). Alternatively the 
sonographer can sit by the side of the patient while 
resting the arm on the patient’s upper chest. The 
patient should lie supine on the couch with the head 
resting on a pillow. The neck should be extended and 
the head turned in the opposite direction to the side 
being examined. If the patient has difficulty in 
breathing or has back problems it may be necessary 
to sit the patient in a more upright position. If the 
patient is in a wheelchair (e.g., following a disabling 
stroke), it may be easier to do the scan in the wheel­
chair with the head resting on a pillow for support, 
preventing unnecessary movement of the patient. 

The examination can be performed with a 
medium- to high-frequency (e.g., broad-band 4–7 
or 5–12 MHz) flat linear array transducer. The 
higher the frequency, the better the resolution of 
the vessel wall structure; however, in some cases the 
carotid bifurcation lies deep in the neck, requiring 
a lower frequency transducer for visualization. Blood 
flow velocities detected in the majority of normal 
and diseased carotid arteries are reasonably high, 
so the scanner should be configured to visualize 

Figure 8.4 The optimal position for scanning the 
carotid arteries. 

high-velocity pulsatile flow. Most ultrasound systems 
have examination presets available that are suitable 
for the majority of carotid examinations, but it may 
be necessary to alter these to enable the detection 
of low-velocity flow when differentiating carotid 
artery occlusion from a subtotal occlusion. A small 
spectral Doppler sample volume is usually used 
to interrogate the carotid arteries, as it allows for 
more selective investigation of areas of velocity 
increase or flow disturbance. 

Technique 
The carotid arteries are best visualized through the 
sternocleidomastoid muscle, which provides a good 
ultrasonic window, and this is done using a lateral 
rather than an anterior approach. The procedure is 
as follows: 

1.	 Using B-mode imaging only, the CCA should 
be visualized in transverse section (Fig. 8.5A), 
starting at the base of the neck. On the right 
side, it is usually possible to visualize the distal 
brachiocephalic artery and the origin of the 
CCA and subclavian arteries. On the left side, 
the origin of the CCA cannot be visualized as it 
lies too deep in the chest. The CCA should be 
scanned along its length, in transverse section, 
up to the bifurcation, and along the ICA and 
ECA (Fig. 8.5B) as high up the neck as can be 
seen. This allows the sonographer to ascertain 
the level and orientation of the carotid bifurca­
tion and also gives the first indications of the 
presence and location of any arterial disease. 
The jugular vein lies over the CCA (Fig. 8.5A) 
and is usually easily compressed. However, it is 
important not to apply too much transducer 
pressure when scanning the carotid arteries as 
there is a possibility of dislodging an embolus 
from the vessel wall. 

2.	 The CCA is now visualized in longitudinal sec­
tion using B-mode imaging, starting at the base 
of the neck. A longitudinal image of the CCA 
can be easily obtained by imaging the CCA in 
transverse section and then, keeping the CCA 
in the center of the image, rotating the probe 
so the CCA first appears as an ellipse and finally 
can be seen in longitudinal section. Prior knowl­
edge of the orientation of the ICA and ECA 
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Figure 8.5 Transverse B-mode images. A: CCA and jugular vein. B: The ICA and ECA just above the carotid bifurcation. 

B 
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Figure 8.6 Longitudinal scan planes used to visualize 
the carotid arteries. A: Posterior. B: Lateral. C: Anterior. 

gained from transverse imaging is helpful for 
locating the correct longitudinal imaging plane 
to view the bifurcation. It is necessary to use a 
range of longitudinal scan planes to visualize 
the carotid arteries, especially at the bifurcation 
(Fig. 8.6). Typically, the ICA lies posterolateral 
or lateral to the ECA and is usually the larger of 
the two vessels. In a small percentage of cases, 
the bifurcation will appear as a tuning fork 
arrangement (Fig. 8.7), but in the majority of 
cases the ECA and ICA will not be seen in the 

ECA 

ICA 

CCA 

Figure 8.7 Longitudinal B-mode image of the carotid 
bifurcation with the ICA and ECA seen in the same plane. 
The arrows mark where the intima-media layer can be seen. 

same plane and will have to be imaged individ­
ually. This is achieved by keeping the lower por­
tion of the probe face over the CCA and slowly 
rotating the upper portion through a small 
angle to image first the ICA and then the ECA, 
or vice versa. Only small probe movements are 
required when imaging the ICA and ECA, as 
the vessels usually lie close together. 

3.	 Having located the three vessels and observed 
any evidence of disease in the B-mode image, 
color flow imaging can be used to investigate 
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Figure 8.8 B-mode image of the ECA showing the 
superior thyroid branch (arrow). 

the flow from the proximal CCA up into the 
ICA and ECA. Identification of ECA branches 
(either on B-mode or color imaging) serves as a 
further indication as to which vessel is the ECA, 
as the ICA has no branches below the jaw (Fig. 
8.8). Color flow imaging can provide evidence 
of disease, such as velocity changes due to steno­
sis, areas of filling defects due to the presence of 
atheroma and the absence of flow due to occlu­
sion. Diagnosis should not be made based on 
the color flow imaging alone, but it greatly aids 
the sonographer in selecting areas that require 
close investigation with the spectral Doppler. 

4.	 The spectral Doppler is now used to observe the 
inflow to the carotid arteries by placing the sam­
ple volume in the proximal CCA at the base of 
the neck. The shape of the waveform may reveal 
the presence of proximal or distal disease, such 
as an ICA occlusion. In the absence of signifi­
cant distal or proximal disease, the left and right 
CCA waveforms should appear symmetrical. 

5.	 The examination so far has provided many clues 
as to which of the two vessels beyond the 
bifurcation is the ICA, such as the relative size 
and position of the two vessels and the presence 
of ECA branches. Spectral Doppler can now be 
used to confirm the identification of the ICA 
and ECA, as the ICA waveform shape is less 
pulsatile and has higher diastolic flow than the 
ECA (Fig. 8.9). Differentiation of the vessels 
may be further helped by tapping the temporal 
artery, an ECA branch (which runs in front of 

A 

B 

C 

Figure 8.9 Typical normal Doppler spectra obtained 
from the CCA (A), the ICA (B) and the ECA (C). The effect 
of temporal tapping on ECA diastolic flow is marked 
with arrows. 

the upper part of the ear), as this will cause 
changes in the ECA flow during diastole (Fig. 
8.9C) but will have little effect on the ICA. It 
is imperative that the ICA and ECA should 
be correctly identified, as it is the presence of 
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Figure 8.10 A: A color image of an occluded ICA 
showing flow in the CCA with retrograde flow seen in 
the stump of the ICA occlusion and an absence of flow in 
the ICA beyond. B: Doppler spectrum obtained from a 
CCA proximal to an ICA occlusion showing low-volume, 
high-resistance flow. 

disease in the carotid bifurcation and ICA, not 
the ECA, that is the possible cause of carotid 
artery symptoms. If significant disease is pres­
ent in the ICA, the upper limit of the disease in 
relation to the level of the jaw should be 
assessed. If no clear vessel can be seen beyond 
the stenosis, angiography may be required to 
confirm the endpoint of the disease. 

6.	 Using spectral Doppler, peak systolic and end 
diastolic velocity measurements should be made 
in the CCA, ICA and ECA and at the site of the 
maximum velocity increase within any stenoses to 
allow the degree of narrowing to be graded. 
Untypical waveform shapes should also be noted. 

7.	 If no flow is detected in the ICA (Fig. 8.10) or 
CCA using the high-flow scanner settings, it 
is necessary to rule out the presence of low-
volume flow due to a critical stenosis or subtotal 
occlusion (Fig. 8.11) before reporting the ves­
sel to be occluded. This is achieved by optimiz­
ing the scanner controls to detect low-velocity 

WF Low 
PRF 1500 Hz 
Flow Opt: Med V 

Figure 8.11 Color image showing a narrow channel 
of low-velocity flow detected in a subtotal occlusion 
of the ICA. A low PRF (arrow) is required to detect 
the low-velocity flow. 

flow (i.e., by lowering the PRF and high-pass 
filter setting). If low-velocity flow is detected, 
the cause should be identified. For example, 
low-velocity flow may be detected in the CCA 
because of an ICA occlusion (Fig. 8.10B), or it 
may be detected in the ICA due to a very severe 
stenosis of the ICA origin. 

8.	 To conclude the first side of the examination, 
the vertebral artery should be located using 
B-mode or color imaging. The patient’s head 
should be turned slightly to one side. First 
image the mid-CCA in longitudinal section and 
then slowly angle the transducer into a more 
anteroposterior plane. The vertebral processes, 
seen as bright echoes, should slowly be seen to 
stand out. Only short sections of the vertebral 
artery and vein can be seen at this level as they 
run through the transverse foramen of the 
vertebrae. The walls of the vertebral artery and 
vein can often be seen on the B-mode image, 
but color flow imaging can also help visualize 
the vessels (Fig. 8.12). Spectral Doppler is then 
used to confirm the direction and quality of 
flow in the vertebral artery. 

9.	 Having completed the first side of the examina­
tion, the patient is asked to turn the head in the 
opposite direction, and the other side is exam­
ined in the same way. It is important to remem­
ber that the carotid and vertebral arteries on 
both sides are linked via several possible colla­
teral pathways and that the presence of severe 
disease in one extracranial vessel may affect flow 
in another extracranial vessel if it is supplying 
a collateral pathway. 
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Figure 8.12 Color flow image of the vertebral artery 
(A) and vein (V) seen between the vertebral processes 
of the spine (marked by the arrows). 

B-MODE IMAGING


Normal appearance 
The normal vessel walls will often appear as a 
double-layer structure when imaged in longitudi­
nal section (Fig. 8.7), especially if a high-frequency 
transducer is used. This represents the intima-
media layer and adventitia (Ch. 5) and is most 
clearly seen on the posterior wall in the CCA, when 
the vessel lies at right angles to the ultrasound 
beam. The normal thickness of the intima-media 
layer is of the order of 0.5 mm (Pignoli et al 1986). 
A normal vessel lumen should appear anechoic, but 
it is possible for the sonographer to remove echoes 
from within the lumen by reducing the time gain 
compensation (Ch. 2), so careful use of the imaging 
controls is important. Reverberation artifacts can 
also give the appearance of structures within the 
lumen. Occasionally, it is difficult to obtain adequate 
B-mode images of the bifurcation. In this case, 
color flow imaging may help locate the vessels and 
enable spectral Doppler measurements to be made. 

Abnormal appearance 
The ultrasound appearance of the early stages of 
carotid artery disease is a thickening of the intima-
media layer. As the disease progresses, more 

substantial areas of atheroma can be visualized, and 
this is most likely to occur at the carotid bifurca­
tion. However, in a small proportion of patients, 
significant disease may be seen in the CCA and 
may even involve the CCA origin. It is important 
to remember the way ultrasound interacts with tis­
sue and the effects of scanner setup, such as gain 
control and compression curve selection (Ch. 2), 
before drawing conclusions about the appearance 
of plaque surface or composition. A high-frequency 
transducer should be used when investigating 
plaque composition. There have been many stud­
ies carried out comparing the ultrasound appear­
ance of atheromatous plaque with histological 
investigation of specimens removed during carotid 
endarterectomy (Fig. 8.13) in an attempt to pre­
dict which plaques are more likely to be the source 
of emboli. Several of these studies show an associ­
ation between the symptoms and the presence of 
intraplaque hemorrhage (i.e., bleeding into the 
plaque) (Merrit & Bluth 1992). If the surface of a 
plaque containing intraplaque hemorrhage or lipid 
pools ruptures, the contents of the plaque are dis­
charged into the vessel lumen, causing distal 
embolization and leading to symptoms such as TIA 
or stroke. A multicenter European study (European 
Carotid Plaque Study Group 1995) showed that 
the echogenicity on the B-mode image was inversely 
related to the content of soft tissue (including 
hemorrhage or lipid) and directly related to the 
presence of calcification. In this study, they described 
the plaque by using a scale of 1 to 3, with 1 repre­
senting ‘strong’ echoes and 3 representing low 
echogenicity or anechoic areas. The plaques were 
also described as being homogeneous or hetero­
geneous. Irregularity of the plaque surface was 
not found to relate well to the presence of 
ulceration. 

An international consensus meeting (de Bray 
et al 1997) used a similar method of describing 
plaque features: echogenicity (from anechoic to 
hyperechoic), surface (from smooth to cavitated) 
and texture (from homogeneous to heterogeneous). 
It was suggested that echogenicity can be stan­
dardized against blood (anechoic), mastoid muscle 
(isoechogenic) or bone (hyperechogenic cervical 
vertebrae). Lumen surface was classified as regular, 
irregular (0.4–2 mm) and ulcerated (�2 mm 
depth and 2 mm in length with well-defined back 
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Figure 8.13 Atheroma removed from the carotid 
bifurcation during carotid endarterectomy. 

wall at its base, with flow vortices seen on color 
imaging). Figure 8.14 shows a heterogeneous 
plaque with a crater, filled with blood flow, sug­
gesting an ulcer. 

A slightly different method of categorizing the 
plaque, imaged in longitudinal views, was reported 
by Bock & Lusby (1992) whereby the plaque was 
graded from 1 to 4, as shown in Figure 8.15. Type 
1 appears as an anechoic area seen to have a thin 
cap (Fig. 8.16A). Anechoic areas were shown to 
relate to either lipid or intraplaque hemorrhage. 
Echogenic plaques were categorized as type 4 and 
were considered to be more benign. Figure 8.16D 
demonstrates a more echogenic plaque. Types 2 
and 3 were heterogeneous plaques (Fig. 8.16B and 
C), with type 3 appearing more echogenic than 
type 2. Plaque types 1 and 2 were seen significantly 
more frequently in symptomatic patients, whereas 
types 3 and 4 were more commonly found in 
asymptomatic patients. 

These and many other studies over recent years 
suggest that the most useful quality of the B-mode 
appearance of a plaque is the proportion of 

ICA CCA 

Figure 8.14 An image of a heterogeneous plaque with 
a crater (arrow) suggesting an ulcer. 

Anechoic Echogenic 
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Figure 8.15 Plaque categorization based on ultrasound 
imaging described by Bock & Lusby. (From Bock & Lusby 
1992, with permission.) 

anechoic areas or areas of low echogenicity within 
the plaque. Clearly the appearance of a plaque 
is dependent on the scanner controls being set 
to give an optimal image. Studies have shown a 
correlation of histological appearance with an 
increased risk of ischemic cerebrovascular events 
(Mathiesen et al 2001); however, the benefits of 
surgery over medical treatment in the management 
of asymptomatic patients based on plaque appear­
ance have not been proven. Several research centers 
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Figure 8.16 A: Anechoic plaque (arrow) with a thin cap, type 1. B: Type 2 plaque. C: Type 3 plaque. Types 2 and 3 are 
heterogeneous, with type 3 appearing more echogenic than type 2. D: Homogeneous echogenic plaque, type 4. 

have attempted to use image analysis methods to 
objectively quantify features in images of plaques, 
which may in time improve plaque characterization. 

Large areas of atheroma will often be seen in the 
origin of an occluded ICA and, if the occlusion is 
long-standing, the occluded ICA may appear much 
smaller as its lumen contracts over time (Fig. 8.18). 

COLOR IMAGING 

Normal appearance 
Flow in normal carotid arteries is pulsatile, with 
forward flow present throughout the cardiac cycle. 
With the appropriate PRF selected, color should 
continually fill the vessel lumen up to the walls. The 
flow may appear more pulsatile in the ECA than in 
the ICA and CCA. At the bifurcation, changes in the 
vessel geometry often lead to areas of flow reversal 
within the bifurcation, on the opposite side of the 

vessel to the ECA origin, giving the normal 
appearance seen in Chapter 5 (see Fig. 5.12A). 

Abnormal appearance 
The lack of color filling to the vessel wall may indi­
cate the presence of atheroma. However, it is 
important to ensure that filling defects are not due 
to a poor Doppler angle, inappropriately high PRF 
or high-pass filter setting or to the presence of an 
image artifact preventing the color from being dis­
played. The presence of a filling defect at the ves­
sel wall, where atheroma is not apparent on the 
B-mode image, may indicate an area of anechoic 
atheroma. 

Increased velocity within a stenosis usually 
causes a change in the color displayed on the image, 
often associated with aliasing (Fig. 8.17A) and some­
times with flow recirculation (see Fig. 5.18). The 
color flow image can help to locate the area of 
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Figure 8.17 A: Color image showing a narrowed 
proximal ICA. B: Doppler recording obtained from within 
the narrowing, demonstrating a significant velocity 
increase (peak systolic velocity 500 cm/s, end diastolic 
velocity 300 cm/s) with increased spectral broadening, 
suggesting a significant stenosis (�80% diameter 
reduction). 

greatest narrowing within a diseased segment of a 
vessel, which should then be investigated with the 
spectral Doppler (Fig. 8.17B). High-velocity jets 
may be seen within and just beyond a stenosis and 
the path of the flow may no longer be parallel to 
the vessel wall. In this case, the color image allows 
more accurate angle correction for velocity meas­
urements. The complete absence of color Doppler 
filling within a vessel could indicate that the vessel 
is occluded, but this should be confirmed by opti­
mizing the color controls for detection of low-
velocity flow to rule out the presence of a very 
tight stenosis somewhere along the vessel. The 
apparent lack of color filling within the CCA or 
ICA during diastole may indicate high-resistance 
flow due to an occlusion or tight stenosis distally. 
Spectral Doppler should be used to confirm the 
absence of diastolic flow, and both color and spec­
tral Doppler should be used to investigate the dis­
tal vessels carefully. 

Vein 
CCA 

ICA 

Figure 8.18 A long-standing ICA occlusion. 

SPECTRAL DOPPLER WAVEFORMS


Normal appearance 
Spectral Doppler recordings obtained from the ECA 
show a high-resistance flow pattern with a pulsatile 
waveform shape and low diastolic flow (Fig. 8.9C) 
compared with the low-resistance waveform shape 
seen in the ICA (Fig. 8.9B). The normal CCA wave­
form (Fig. 8.9A) has a shape somewhere between 
that of the ICA and the ECA. The peak systolic 
velocities seen in the carotid arteries depend on the 
relative size of the vessel but are typically less than 
110 cm/s in the normal ICA. The flow profiles in 
the normal bifurcation seen in color flow imaging 
(see Fig. 5.12) will affect the spectral Doppler 
waveform shapes detected in the ICA origin, which 
may appear disturbed or demonstrate areas of 
reverse flow. Distal to the bifurcation, the wave­
form shapes should no longer appear disturbed. 

Abnormal appearance 
The presence of a narrowing within the carotid 
arteries will lead to an increase in the velocity of the 
blood across the stenosis, and this can be measured 
using spectral Doppler. Significant changes in the 
velocity within and just beyond a stenosis will be 
detected once the vessel is narrowed by a �50% 
reduction in diameter. The increase in velocity is 
related to the degree of narrowing (see Ch. 5). 
These velocity changes can be used to grade the 
degree of narrowing. The Doppler waveforms 
obtained within or just beyond a significant stenosis 
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Figure 8.19 High-resistance waveform detected in a 
non-diseased ICA origin proximal to an MCA occlusion. 

Figure 8.20 CCA waveform showing reverse diastolic 
flow in the presence of aortic valve regurgitation. 

will also demonstrate an increase in spectral broad­
ening (Fig. 8.17B). 

Unusually low velocities can indicate the presence 
of disease proximal or distal to the site at which the 
Doppler recording is made. High-resistance wave­
forms, with an absence of flow during diastole, 
obtained from the CCA may indicate a severe ICA 
stenosis or occlusion (Fig. 8.10B). Figure 8.19 
shows another example of a high-resistance wave­
form, obtained from a disease-free origin of the 
ICA proximal to an MCA occlusion. A reversal of 
flow during the whole of diastole in the carotid 
arteries (Fig. 8.20) may relate to a heart problem, 
such as aortic valve regurgitation (Malaterre et al 
2001). In this case this abnormal appearance will 
be seen in both the left and right carotid arteries 
and not be associated with only one side. 

The waveform detected distal to a very severe, 
flow-limiting stenosis will often demonstrate tur­
bulent flow with an increased systolic rise time 

Figure 8.21 Doppler recording demonstrating turbulent 
flow beyond a significant stenosis. 

(Fig. 8.21). These untypical waveform shapes can 
give the sonographer useful clues as to the pres­
ence of significant disease. The total absence of flow 
within a vessel, as demonstrated by color flow 
imaging, can be confirmed using spectral Doppler. 
However, it is sometimes possible to pick up low-
velocity signals, due to wall thump, at a point just 
within the occluded vessel. The presence of small 
veins in the area of the bifurcation can also produce 
misleading Doppler signals, as venous flow in the 
neck can appear pulsatile. 

GRADING THE DISEASE 

The results from two large multicenter trials have 
been published, the North American Symptomatic 
Carotid Endarterectomy Trial Collaborators 
(NASCET) (1991, 1998) and the European Carotid 
Surgery Trialists’ Collaborative Group (ECST) 
(1998). These trials compared the benefits of carotid 
surgery, which carries some risk of mortality and 
morbidity, with the best medical treatment for 
patients with symptomatic carotid artery disease. 
The carotid disease was quantified using angiogra­
phy. However, the method used to report the 
degree of narrowing from an angiogram differed 
between the European and North American trials. 
In the ECST trial, the degree of stenosis was meas­
ured by comparing the residual lumen diameter 
with the estimated diameter of the carotid bulb, 
whereas the NASCET trial compared the residual 
lumen diameter with the diameter of the normal 
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distal ICA, as shown in Figure 8.22. Using these 
two different methods can lead to significant dif­
ferences in grading the disease. For example, the 
narrowing in Figure 8.22 would be reported as a 
70% diameter reduction by the European method 
but as only a 50% reduction by the North American 
method. Figure 8.22 also gives the approximate 
equivalent degree of stenosis, measured (from the 
same stenoses) using the different methods 
employed by the NASCET and ECST trials. It has 
been proposed that a better method of measure­
ment may be to compare the residual lumen with 
the diameter of the distal CCA. 

The difference in methods used to grade the 
degree of narrowing has made the comparison of 
the results from the two trials complicated. The 
ECST study showed that surgery reduced the risk 
of stroke in patients with ECST70–99% stenosis. 
However the NASCET reported similar results for 
patients with NASCET70–99%, which is equivalent to a 
ECST80–99% stenosis. Taking the results of both trials 
together Rothwell (2000) concluded that carotid 
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A � B 
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Estimated position 
of vessel wall 

C 

NASCET ECST 
30 65 
40 70 
50 75 
60 80 
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C � B and ECST measurement

ECST 
C methods 

Figure 8.22 The NASCET and ECST trials used different 
methods of reporting the degree of narrowing seen on 
carotid angiograms. (After Donnan et al 1998, with 
permission.) 

endarterectomy reduces the overall risk of stroke in 
patients with a recently symptomatic ECST70–99% 
stenosis (NASCET50–99%). Rothwell states that using 
these criteria, it would be necessary to operate on 
8 to 10 patients to prevent one stroke over the next 
3 years. Another trial studying patients with signifi­
cant (60–99%) asymptomatic stenosis, the Asympto­
matic Carotid Atherosclerosis Study (ACAS) (1995), 
showed limited benefit of surgery in this group. 
Future developments in patient selection may enable 
the group of patients at high risk of stroke to be 
more closely targeted. The fact that the symptoms 
are likely to relate to embolic rather than hemo­
dynamic phenomena means that there is still some 
clinical debate as to whether plaque type and volume, 
along with the degree of vessel narrowing, are criti­
cal factors in the cause of stroke. 

Angioplasty and stenting can also be used to 
treat carotid artery stenosis, as an alternative to 
endarterectomy, but the risks involved still make this 
a controversial method requiring randomized con­
trolled trials comparing the two methods of treat­
ment (Rothwell 2000). Stents are expandable mesh 
tubes that can be used to keep a diseased vessel 
patent. Although stent placement does not involve 
a general anesthetic, unlike carotid endarterec­
tomy, there is a potential risk of stroke during the 
procedure. 

Imaging 
Angiographic grading of carotid artery disease, as 
with other arterial disease, is described in terms of 
diameter reduction. Therefore, ultrasound grading 
of stenoses is also typically described in terms of 
diameter reduction, although the use of area 
reduction would seem more appropriate, especially 
in the presence of eccentric disease. Table 8.1 gives 
the percentage area reduction associated with a 
given percentage diameter reduction, assuming a 
symmetrical lumen reduction; however, these val­
ues are not correct in the presence of eccentric dis­
ease. B-mode imaging is the most appropriate 
method to evaluate the degree of narrowing, if the 
degree of lumen diameter reduction is less than 
50%. However, if disease is eccentric, it is possible 
to overestimate the degree of narrowing if the 
atheroma lies on the anterior or posterior wall 
when imaged longitudinally. It is equally possible 
to underestimate the degree of narrowing on a 
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Color flow imaging can help in identifying any 
lumen reduction. It is possible to obtain a color 
flow image in longitudinal and transverse section 
and this may help in estimating the degree of 

Table 8.1 Relationship between diameter 
reduction and cross-sectional area reduction 
assuming a concentric stenosis 

longitudinal image if the plaque is situated on the 
lateral walls (Fig. 8.23). Therefore, the diseased 
vessel should be visualized in transverse section 
first, in order to select the optimal longitudinal 
imaging plane, although this is obviously limited 
by the range of longitudinal scan planes available. 

The percentage diameter reduction can be esti­
mated from diameter measurements as follows: 

Diameter reduction (%) Cross-sectional area
 

 
diameter ofdiameter of
reduction (%)














 





5 

A 

1 

2 

D
1 
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2 

% diameter patent lumenpatent lumen
1
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Figure 8.23 It is possible to overestimate and underestimate eccentric disease when imaging in longitudinal section. 
The schematic diagrams show examples of disease imaged in transverse and longitudinal section from the numbered 
transducer positions. A: An area of atheroma may not be seen in one longitudinal plane (1) and may appear more significant 
in another (2). B: Atheroma on the lateral walls may protrude into the centre of the vessel and give the appearance of 
atheroma floating in the vessel. C, D: These longitudinal images give a similar appearance despite very different degrees 
of narrowing. The longitudinal image may give the appearance of the vessel being occluded (E) or stenosed (F) depending 
on the imaging plane used. 
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narrowing, but there are potential pitfalls. Spurious 
flow voids can be created due to a poor angle of 
insonation or inappropriate PRF or filter settings, 
which may lead to an overestimate of the degree of 
narrowing. If the color gain is set too high, it is 
possible for the color to appear to ‘bleed’ out of 
the vessel lumen, and this can lead to an underes­
timate of the degree of narrowing (Fig. 7.6). 

Spectral Doppler 
As the quantity of atheroma in the vessel increases, 
it becomes more difficult to estimate the degree of 
narrowing from the image, especially in the pres­
ence of calcified or anechoic atheroma. However, 
velocity criteria are used to grade the degree of 
stenosis once the vessel becomes narrowed by a 
�50% reduction in diameter. Over the years, several 
criteria have been produced for grading carotid 
artery disease, many of which have been published, 
and this has revealed many discrepancies. 

The various criteria have been produced by 
comparing Doppler measurements with those of 
angiography, which has its own limitations, as the 
gold standard. 

Most criteria for grading carotid stenoses are 
based on the peak systolic velocity (PSV) and end 
diastolic velocity (EDV) in the ICA, and the ratio 
of the PSV in the ICA to that in the CCA. Unlike 
the grading of stenosis in other parts of the arterial 
system, where there is often a proximal segment of 
normal vessel which can be used to calculate a 
velocity ratio, the geometry of the carotid bulb 
makes the situation less straightforward. The ratio 
of the PSV in the ICA to that in the CCA will 
partly depend on the relative dimensions of the CCA 
and ICA, and this is further complicated by the 
variable geometry of the carotid bulb. Many crite­
ria use absolute velocities in grading the narrowing. 
Using a combination of absolute velocity measure­
ments and velocity ratios potentially reduces the 
pitfalls of using velocity criteria alone. For example, 
an increase in PSV can arise due to hypertension, 
age-related changes in vessel wall compliance or 
increased flow to supply a collateral pathway. 
However, an increase would be seen in both the 
CCA and ICA, and the absence of a significant 
velocity increase would reassure the sonographer 

that there was no significant evidence of a stenosis. 
Conversely, an abnormal velocity ratio in the pres­
ence of low velocities, possibly due to low cardiac 
output, may help to identify a stenosis. 

Table 8.2 gives some examples of criteria for 
grading carotid stenosis that have been developed 
by investigators at different centers over the years. 
These centers have divided the degree of narrow­
ing into different bands. Following the ECST and 
NASCET trials, it is especially useful to distinguish 
between stenoses of �70% and �70% in order to 
select the group of patients who would benefit 
from surgery, given the appropriate symptoms. 
Bluth et al (1988) produced their criteria using an 
early duplex scanner with a stand-off Doppler ele­
ment, as opposed to a linear array transducer. 
These older systems were less prone to intrinsic 
spectral broadening and therefore produced differ­
ent results from many modern linear array systems, 
which tend to overestimate peak velocities. 
Intrinsic spectral broadening (see Ch. 6) may lead 
to errors in velocity measurements that are depend­
ent on the angle of insonation. Some centers choose 
to overcome angle-dependent variations in velocity 
recordings by using a fixed angle of 60°. 

Most of the sets of criteria listed in Table 8.2 
have been correlated against angiography using the 
NASCET method of reporting angiographic find­
ings. Therefore a �70% stenosis as defined by 
these criteria would relate to a �80% diameter 
reduction as measured by the ECST method. 
Staikov et al (2002) compared ultrasound criteria 
for detecting stenosis using both the NASCET and 
ECST methods of measuring angiograms and 
showed that the velocity criteria produced for 
a �70% stenosis by the NASCET method are sim­
ilar to the criteria produced for a �80% stenosis 
using the ECST method. The criteria suggested by 
Sidhu & Allan (1997) are based on results reported 
by Moneta et al (1993, 1995). Table 8.2 includes 
criteria published following the Carotid Artery 
Stenosis Consensus conference (Grant et al 2003). 
The consensus makes many recommendations, 
including the use of plaque estimate (% diameter 
reduction) with B-mode and color Doppler ultra­
sound, along with ICA PSV criteria as primary 
parameters. ICA/CCA PSV ratio and ICA EDV are 
recommended as additional parameters. Nicolaides 
et al (1996) have described another velocity ratio, 
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Table 8.2 Summary of a selection of reported Doppler ultrasound criteria for diagnosing stenosis 

Author Percentage stenosis ICA PSV (cm/s) ICA EDV (cm/s) ICA PSV to 
diameter reduction CCA PSV ratio 

Bluth et al (1988) 40–59 �130 40* �1.8 
60–79 �130 �40* �1.8 
80–99 �250 �100* �3.7 

Robinson et al (1988) �50 �150 �50 �2 
(NASCET) �50 �150 �50 �2 

�70 �225 �75 �3 

Hunik et al (1993) 70–99 �230 
(NASCET) 

Fraught et al (1994) 50–69 �130 �100 
(NASCET) 70–99 �130 �100 

Sidhu & Allan (1997) 50–59 �130 �40 �3.2 
60–69 �130 40–110 3.2–4 
70–79 �230 110–140 �4 
80–95 �230 �140 �4 
96–99 ‘String flow’ 
100 ‘No flow’ 

Filis et al (2002) �50 �150 �50 �1.8 
(NASCET) 50–59 150–200 50–70 �2.2 

60–69 200–250 70–90 2.2–2.8 
70–79 250–330 90–130 2.8–3.8 
80–89 330–400 130–180 3.8–5 
90–99 �400 �180 �5 
Occlusion ‘No flow detected at ICA by PW/CDI using sensitive 

scale settings. Unilateral blunted CCA flow’ 

Staikov et al (2002) 70–99 (NASCET) �220 �80 
70–99 (ECST & CC†) �190 �65 
80–99 (ECST) �215 �90 

Grant et al (2003) �50 �125 �40 �2.0 
(NASCET) 50–69 125–230 40–100 2.0–4.0 

�70 but less than �230 �100 �4.0 
near occlusion 
Near occlusion High, low or Variable Variable 

undetectable 
Total occlusion Undetectable Not applicable Not applicable 

*Peak diastolic velocity; †common carotid method. 

the ICA PSV to CCA EDV ratio, shown in Table 
8.3. An important factor that may affect the crite­
ria selected for grading stenoses is whether ultra­
sound is to be used as a screening test before 
angiography, for which a high sensitivity is 

required (see Appendix B), or to select patients for 
surgery, without angiography, for which sensitivity 
and specificity should both be equally high, to keep 
the number of false-positive results as low as possi­
ble. The publications describing the criteria listed 
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in Table 8.2 include details of the sensitivity and necessary to check the criteria used on each machine 
specificity obtained by these criteria. Each center as different models of scanner may give different 
should verify its criteria locally by comparing the 
ultrasound findings with angiography or MRA. 
If a department has more than one scanner, it is 

Table 8.3 ICA peak systolic velocity to CCA end 
diastolic velocity criteria (after Nicolaides et al 1996 
© International Society of Endovascular Specialists, 
with permission) 

Angiographic percentage ICA PSV to 
diameter stenosis CCA EDV ratio 

NASCET ECST 

�11 �50 �7 
11–60 50–77 7–10 
60–70 77–83 10–15 
70–82 83–90 15–25 
�82 �90 �25 

A 

ICA 

ECA 

ICA ECA 

results. It is important for sonographers to under­
stand how the results of their scans are used by the 
surgical or medical teams that have requested them 
and that these teams are aware of the method the 
sonographers use to define the degree of disease. 

COMBINING B-MODE, COLOR IMAGING 
AND SPECTRAL DOPPLER INFORMATION 

The information obtained from all three modalities 
should be used to estimate the degree of narrowing, 
as all modalities have their strengths and weaknesses. 
Figure 8.24 gives an example of how this can be 
done. Figure 8.24A shows a transverse image of a dis­
eased ICA, with evidence of calcified atheroma 
(shown by arrow). This image suggests a diameter 
reduction of 50–70%. Figure 8.24B shows a longitu­
dinal image of the vessel with an absence of flow seen 
in the proximal ICA. However, when the vessel is 

C 

ICA 

ECA 

DB 

Figure 8.24 A combination of B-mode, color flow imaging and spectral Doppler can be used to assess carotid disease. 
A: A transverse image of a diseased ICA, with calcified atheroma (arrow) suggesting a 50–70% diameter reduction. 
B: A longitudinal image of the vessel with an absence of flow seen in the proximal ICA. C: When the vessel is imaged in a 
different plane, flow can be seen within the vessel. Although the vessel lumen looks to be only slightly narrowed in this 
plane, a velocity increase, demonstrated by aliasing, is seen. D: Spectral Doppler velocity measurement gives a peak systolic 
velocity of 200 cm/s and an end diastolic velocity of 75 cm/s in the ICA, indicating a 60–69% (NASCET) diameter reduction. 
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imaged in a different plane (Fig. 8.24C) the flow can 
be seen within the vessel. Although the vessel lumen 
looks to be only slightly narrowed on the color 
image, the presence of a velocity increase, demon­
strated by aliasing, should alert the sonographer to 
the possible presence of a more significant narrowing. 
Spectral Doppler velocity measurement (Fig. 8.24D) 
gives a PSV of 200 cm/s and an EDV of 75 cm/s in 
the ICA. Using the velocity criteria of Filis et al 
(2002) (Table 8.2) these velocity measurements 
would indicate a narrowing of 60–69% (NASCET) 
diameter reduction. By using the appearance of both 
B-mode and color images in transverse and a variety 
of longitudinal imaging planes, along with velocity 
measurements, the sonographer is able to estimate 
the degree of narrowing. There will, however, be sit­
uations in which imaging and velocity measurement 
are limited and the sonographer is unable to make a 
judgment on the severity of the disease, and this 
should be made clear in the scan report. 

NORMAL AND ABNORMAL APPEARANCES 
OF VERTEBRAL ARTERY FLOW 

The vertebral artery and vein can be seen between 
the vertebral processes. The vein normally lies 

A 

B 

C 

Figure 8.25 A: Flow seen in a normal vertebral artery. 
B: Complete flow reversal. C: Partial flow reversal seen in 
the vertebral artery due to subclavian steal syndrome. 

above the artery, and flow in the artery is normally 
seen travelling toward the head (cephaled flow) 
(Figs 8.12 and 8.25A). It is not uncommon to see 
a larger vertebral artery or higher velocities on one 
side, usually the left, compared with the other. 
Occasionally, it may only be possible to visualize 
one of the vertebral arteries. The Doppler spec­
trum obtained from the vertebral artery demon­
strates a low-resistance waveform shape with high 
diastolic flow (Fig. 8.25A). 

Reverse flow (i.e., flow away from the head) in 
one of the vertebral arteries would suggest subcla­
vian steal syndrome (Figs 8.25B and 8.3). Doppler 
recordings obtained from the ipsilateral distal sub­
clavian artery will appear damped (see Ch. 10), and 
sometimes it is possible to detect a stenotic jet in 
the proximal subclavian artery due to a stenosis. In 
some cases the appearance of the vertebral artery 
flow can be very confusing, showing flow away 
from the head during systole and toward the head 
during diastole, as shown in Figure 8.25C. Here, 
the pressure drop across the diseased subclavian 
artery is not sufficient to cause flow reversal in the 
vertebral artery throughout the whole cardiac cycle. 
To ensure this abnormal flow is due to subclavian 
steal, the patient should be asked to exercise the 
arm ipsilateral to the abnormal vertebral flow, by 
bending the forearm toward the shoulder once per 
second for 1 minute. Alternatively, a sphygmo­
manometer cuff can be used to induce hyperemia 
by inflating the cuff around the upper arm to a pres­
sure above systolic pressure for 2–3 minutes and then 
deflating. The exercise or hyperemia will increase the 
blood flow to the arm and cause the flow in the ver­
tebral artery to reverse throughout the whole car­
diac cycle. It is not possible to scan the entire length 
of the vertebral artery because sections of it are 
obscured by the vertebral processes; however, if 
indicated, it is sometimes possible to image the ver­
tebral artery origins in the base of the neck, although 
this can be quite difficult. 

PROBLEMS ENCOUNTERED IN IMAGING 
CAROTID ARTERY FLOW 

Calcified atheroma 
Extensive calcified plaque within the carotid bifur­
cation leading to significant shadowing on the 
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Figure 8.26 Calcification of the anterior arterial wall 
may prevent B-mode imaging, color flow imaging and 
spectral Doppler recordings within the calcified segment 
of vessel. A: Color flow imaging does not suggest a 
significant change in velocity across the calcified segment. 
B: Marked flow disturbance (increased velocity and flow 
recirculation) is seen beyond the area of calcification. 

image can cause problems with grading the disease. 
Calcification may prevent any B-mode, color or 
spectral Doppler information from being obtained 
from within the vessel. The initial appearance of 
the absence of flow detected by the color flow 
imaging may mislead the sonographer into think­
ing that the vessel is occluded. However, the pres­
ence of bright echoes on the anterior wall and an 
absence of echoes below this should suggest calci­
fication (Fig. 8.26). Images of the vessel distal to 
the calcification should be obtained and the pres­
ence of flow established. If the distal vessel can be 
seen clearly, with no evidence of further calcifica­
tion, but no flow is detected even when the scan­
ner is optimized to detect low-velocity flow, the 
vessel is probably occluded. If flow is detected dis­
tal to a calcified area, the spectral Doppler wave­
form may assist in grading the degree of stenosis 
present within the calcified area. 

The presence of extensive calcified atheroma 
may not necessarily relate to a significant narrow­
ing. If the calcified atheroma only extends a short 
way along the vessel wall, the presence of a normal 
Doppler waveform beyond it would suggest that it 
was not causing a severe stenosis. If, however, the 
calcification extends for more than 1 cm, a normal 

ICA CCA 

Vein 

CCA 
ICA 

Figure 8.27 Color flow image of a tortuous ICA. 

waveform beyond it cannot be used to indicate the 
absence of any significant narrowing as normal 
flow can be established within a short distance dis­
tal to a stenosis. If an abnormal waveform is detected 
beyond the calcification, the presence of a signifi­
cant stenosis can be more confidently predicted. 
High peak systolic and end diastolic velocities (Fig. 
8.17B) produced by a jet extending beyond a 
stenosis, post-stenotic flow turbulence (Fig. 8.21) 
or low-velocity, damped flow would all suggest the 
presence of a significant stenosis. If any doubt 
about the presence or absence of significant disease 
remains at the end of the examination, the sono­
grapher should make this clear in the report, as 
angiography may be required to clarify the degree 
of narrowing. In cases of less severe calcification, 
the sonographer may be able to overcome poor 
imaging by viewing the vessels in a different plane 
(Fig. 8.24). 

Vessel tortuosity 
Imaging tortuous vessels can be a problem as the 
vessel may not appear in a single plane. Its path 
may run parallel to the ultrasound beam, thus pro­
ducing poor images of the vessel walls. Color 
Doppler imaging can be used to assist in following 
tortuous arteries (Fig. 8.27), but the changing direc­
tion of the vessel may require regular changes in 
the steering angle of the color box to allow the 
flow to be visualized. Poor Doppler angles may 
limit the color flow imaging and, in this situation, 
power Doppler may help to image the vessel and 
assist in ruling out filling defects in the vessel due 
to the presence of atheroma. 
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POSTOPERATIVE AND POST-ANGIOPLASTY 
CAROTID ARTERY APPEARANCE ON 
ULTRASOUND 

Only a small percentage of patients develop severe 
recurrent stenosis or occlusion following surgery 
and, of these, only a few suffer from any symptoms. 
It has been shown that routine postoperative 
ultrasound surveillance does not significantly affect 
patient management, and patients are often rescan­
ned only if symptoms recur. The scan procedure is 
the same as that already described, but the post­
operative appearance differs slightly from the appear­
ance of a normal carotid bifurcation. First, the 
vessel wall no longer has the double layer appear­
ance where the plaque has been removed. It is 
often possible to see a step in the posterior CCA 
wall at the beginning of the site of the endarterec­
tomy (Fig. 8.28). A vein or prosthetic patch may 
be used to close the site of the endarterectomy, as 
it is thought that this may reduce the risk of early 
postoperative thrombosis or late re-stenosis. If a 
patch has been used to widen the vessel, it will often 
produce a slightly dilated bifurcation compared to 
normal. A prosthetic patch produces a brighter 
echo than a vein patch or adjacent arterial wall, and 
it can therefore usually be seen quite easily on the 
image. Vein patches can be susceptible to rupture 
whereas prosthetic patches can be susceptible to 
infection. Ultrasound can be used to measure the 
dimensions of the endarterectomy site and investi­
gate any recurrent disease. Ultrasound can also be 
used to follow up patients who have had a carotid 
stenosis treated by angioplasty and stenting. Figure 
8.29 shows how the stent can be clearly seen within 
the carotid artery. 

Figure 8.28 A montage image of a 
postoperative carotid endarterectomy 
site. The small arrows demonstrate the 
length of the endarterectomy site. 
The large arrow demonstrates the 
intima-media layer proximal to the 
endarterectomy site. 

Figure 8.29 Color image showing a carotid artery that 
has been treated with angioplasty and stenting. 

NONATHEROMATOUS CAROTID ARTERY 
DISEASES 

Nonatheromatous extracranial carotid diseases 
include aneurysms, carotid body tumors and dis­
section, but all are relatively rare. Patients may have 
a pulsatile swelling in the neck, which can be inves­
tigated with ultrasound to rule out an aneurysm. 
The carotid arteries should be scanned along their 
length, especially in the area of the suspected 
swelling, and the cross-sectional diameter mea­
sured. Any unusual appearances relating to the arter­
ies should be reported. In many cases, the ‘pulsatile 
swelling’ is due to a superficial brachiocephalic 
bifurcation or carotid bifurcation, often associated 
with tortuous vessels, leading to the vessel being 
easily palpated. Another possible cause of a pulsatile 
swelling is the presence of a carotid body tumor. 
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The carotid body is a small structure within the ves­
sel wall, situated at the carotid bifurcation, and is 
responsible for detecting blood gases and pH. As a 
carotid body tumor grows, it causes the ICA and 
ECA to be splayed apart, and small tortuous vessels 
can often be seen within the tumor with color flow 
imaging (Fig. 8.30). However, further investigation 
is required to confirm any ultrasound findings. 
Carotid artery wall dissection, which can be due to 
trauma, can create a false lumen within the carotid 
arteries (Fig. 8.31). This may remain patent and be 
seen as a second flow lumen on color flow imaging. 
Alternatively, the false lumen may occlude, causing 
a reduction in the residual vessel lumen or possibly 
a complete occlusion of the vessel. An intimal flap 
may be seen on the image as a fine line within the 
lumen that may move due to the pulsatile blood 
flow; however, it may be difficult to image. 

TRANSCRANIAL DOPPLER ULTRASOUND 

Generally, ultrasound is not easily transmitted 
through bone, making imaging within the skull dif­
ficult. However, the temporal bone is thinner than 
the rest of the skull and, by using low-frequency 
ultrasound (e.g., 2 MHz), it is possible to obtain both 
color flow images and spectral Doppler recordings 
from segments of some of the intracranial vessels. 
Nonimaging transcranial Doppler has been used to 
monitor flow in the MCA during carotid surgery 
for many years. Carotid endarterectomy involves 
exposing the carotid bifurcation and clamping the 
CCA, ICA and ECA. This can lead to compromised 
cerebral circulation, and, where appropriate, a tem­
porary plastic shunt can be used to maintain flow 
between the CCA and ICA while the plaque is 
surgically removed. Transcranial Doppler enables 
MCA blood velocity to be measured, allowing fail­
ure of the shunts to be detected. Air and particulate 
emboli generated at the site of the endarterectomy 
can be detected, using Doppler ultrasound, as they 
travel through the MCA. Emboli give a characteris­
tic ‘chirp’ on the audible Doppler signal and may 
appear as a brighter line on the spectral Doppler 
waveform. 

Transcranial color flow imaging is performed 
using low-frequency phased array transducers and 
can provide a color map of part or all of the MCA, 
ACA, PCA and circle of Willis (Fig. 8.32). 

ICA 

ECA 

Figure 8.30 Transverse image of a carotid body tumor 
lying between the ICA and ECA. 

A 

CCA 
ICA 

B 

Figure 8.31 B-mode image of a carotid artery wall 
dissection showing a false lumen imaged in transverse 
section (A) and in longitudinal section (B). 

However, views can sometimes be limited by atten­
uation caused by the temporal bone. Transcranial 
color flow imaging requires an in-depth under­
standing of possible collateral pathways and, as yet, 
does not have a clear role in routine ultrasound 
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LMCA 

LACA 

RACA 

LPCA 

P2 

RPCA 

RMCA 

P1 

● Locations and appearance of any atheroma 
seen within the CCA, bifurcation and ICA 

● Significant velocity increases seen in the 
carotid arteries and an estimation of the 
degree of narrowing present 

● Abnormal waveforms seen within the CCA, 
ICA and ECA 

● Endpoint of ICA disease 
● Presence and direction of vertebral artery flow 
● Level of the carotid bifurcation in relation to 

the angle of the jaw 
● Limitations of the examination 

Box 8.2 Information to include in a carotid 
scan report, especially when surgery is performed 
on the basis of ultrasound alone 

Figure 8.32 Transcranial color flow imaging can be used 
to investigate the intracerebral circulation (see Fig. 8.2A). 

assessment of the cerebral circulation. The tech­
niques used in transcranial Doppler assessment are 
beyond the remit of this book, and the reader is 
referred to the Further reading section at the end 
of this chapter. 

REPORTING 

The ultrasound report should describe the pres­
ence, locations and appearance of any atheroma 
seen within the CCA and ICA. Any significant 
velocity increases along the carotid arteries should 
be reported and interpreted to estimate the degree 
of narrowing present. Abnormal waveforms seen 
within the CCA, ICA or ECA should also be 
described, along with a suggestion as to what they 
may indicate. The presence and direction of verte­
bral artery flow should be noted. The report 
should make it very clear if there was any limitation 
of the carotid examination, such as the following: 

●	 Inconclusive identification of an occlusion or 
subocclusion 

●	 Calcification obscuring the vessel for more than 
1 cm  

●	 No visible endpoint to ICA disease 
●	 Whether the scan was otherwise suboptimal. 

L R

ICA ICA


Figure 8.33 Example of a diagrammatic method of 
reporting a carotid ultrasound scan result. 

When ultrasound is to be used to select patients 
for surgery, without the use of angiography, it is 
essential that the examination and report should 
cover the points listed in Box 8.2. The report can 
consist of a written report alone or may include 
images of atheroma and waveforms seen. 
Alternatively, a diagrammatic representation of the 
disease seen can be produced. Figure 8.33 is an 
example of a diagrammatic method of producing a 
report. It is important that the department has a 
written protocol, including the criteria used to 
interpret the Doppler findings and the method of 
reporting to be used. 
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Duplex assessment of lower limb
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INTRODUCTION


Duplex scanning of the lower limb arteries is a 
well-established technique and provides comparable 
results to arteriography (Legemate et al 1989, 
Pemberton & London 1997). In most cases, this 
allows the vascular surgeon or physician to formulate 
a management plan without the aid of diagnostic 
arteriograms, which are known to carry a complica­
tion rate of 1–2% (Egglin et al 1995). For instance, 
it may be decided to treat the patient by conservative 
methods without further investigations. Vascular 
radiologists can spend less time performing diagnos­
tic arteriograms, concentrating their skills on thera­
peutic treatment by balloon angioplasty. In some 
centers the patient undergoes surgery on the basis 
of diagnostic duplex scanning alone (McCarthy et al 
1999, Proia et al 2001). This chapter provides an 
overview of lower limb arterial disorders and offers 
practical advice on color duplex scanning of periph­
eral arteries. 

ANATOMY OF THE LOWER LIMB 
ARTERIAL SYSTEM 

The anatomy of the lower limb arterial system is 
demonstrated in Figure 9.1. The abdominal aorta 
has been included in this section, as it can be a source 
of lower limb symptoms. 

The aorta lies slightly to the left of the midline 
in the abdomen, and its bifurcation is located at the 
level of the fourth lumbar vertebra in the region 
of the umbilicus. The aorta divides into the left 
and right common iliac arteries (CIA) at the 
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Lumbar artery 

Deep iliac circumflex 
artery 

Common femoral artery 

Lateral circumflex artery 

Profunda femoris artery 

Superficial femoral artery 

Descending genicular 
artery 

Recurrent anterior tibial 
artery 

Anterior tibial artery 

Dorsalis pedis artery 

A 

Renal artery 

Aorta 

Common iliac artery 

Internal iliac artery 

Inferior epigastric artery 
Superficial epigastric artery 

Medial circumflex artery 

B 

Popliteal artery 

Sural artery 
Inferior medial 

genicular artery 

Tibioperoneal 
trunk 

Posterior tibial 
artery 

Adductor canal 

Above-knee popliteal 
artery 

Superior lateral 
genicular artery 

Inferior lateral 
genicular artery 

Proximal anterior 
tibial artery 

Peroneal artery 

Figure 9.1 A: Arterial anatomy of the aortoiliac and lower limb arteries from an anterior view. B: Arterial anatomy of 
the lower limb from a posterior view. 

aortic bifurcation. The CIA is variable in length 
(3.5–12 cm) and in some cases it is very short, with 
the iliac bifurcation occurring close to the aorta. 
The CIA divides into the external and internal iliac 
arteries at the iliac bifurcation, which lies deep in the 
pelvis. The internal iliac artery supplies blood to 
the pelvis and pelvic viscera. The external iliac artery 
varies in length (6–12 cm) and gives off the deep 
circumflex iliac artery and inferior epigastric artery, 
before becoming the common femoral artery (CFA) 

at the level of the inguinal ligament. The aorta and 
iliac arteries lie behind the peritoneum, containing 
the bowel, which can make imaging of these vessels 
difficult due to overlying bowel gas. One branch of 
the CFA that can often be identified with ultrasound 
is the superficial epigastric artery. 

The CFA divides into the deep femoral artery, 
also known as the profunda femoris artery, and the 
superficial femoral artery (SFA) at the level of the 
groin. The profunda femoris artery usually runs 
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posterolateral to the SFA and supplies blood to the 
thigh. It also acts as an important collateral path­
way in the presence of an SFA occlusion. The pro­
funda femoris artery usually gives off the medial 
and lateral circumflex arteries just beyond its ori­
gin. The SFA follows a medial course down the 
thigh, becoming the popliteal artery at the level of 
the adductor canal above the knee. The SFA gives 
off relatively few major branches, although the 
descending genicular artery can act as an important 
collateral pathway. The popliteal artery then runs 
behind the knee, or popliteal fossa, and bifurcates 
below the knee into the anterior tibial (AT) artery 
and tibioperoneal trunk. The popliteal artery has a 
number of genicular and sural branches supplying 
blood to the knee joint and gastrocnemius and 
soleus muscles. The proximal AT artery runs in an 
anterolateral direction through the interosseous mem­
brane to the anterolateral aspect of the upper calf. 
It then continues to run to the lower calf, becoming 
the dorsalis pedis artery over the dorsum of the foot. 
The tibioperoneal trunk can vary in length and bifur­
cates into the posterior tibial (PT) and peroneal 
arteries (Fig. 9.1B). The PT artery follows a medial 
course along the calf and runs behind the medial 
malleolus (or ankle bone) in its distal segment. The 
peroneal artery lies deeper than the PT artery against 
the border of the fibula and runs toward the lateral 
malleolus (outer aspect of the ankle) in its distal seg­
ment. It is important to note that the peroneal artery 
is often spared in the presence of tibial artery disease. 
This is why its identification can be useful if a distal 
bypass procedure is being considered. 

The distal area of the foot is mainly supplied by 
the dorsalis pedis artery and the medial and lateral 
plantar arteries, which are terminal branches of the 
PT artery. The dorsalis pedis and plantar arteries 
anastomose to form the plantar arch, which supplies 
the arteries to the toes. 

Collateral pathways and anatomical
variations 
If an arterial segment is severely diseased or occluded, 
there are often alternative pathways that are able to 
carry blood flow around the diseased segment, 
referred to as collateral vessels. In this situation, 
reverse flow is observed in major branches of arteries 
just distal to an area of severe disease, where they 

O 

Figure 9.2 An example of collateral flow. The CIA is 
occluded (O) and reverse flow (blue) is demonstrated in 
the internal iliac artery, as it supplies flow to the external 
iliac artery (red). 

help to resupply blood flow to the main vessel. 
One such example is flow reversal observed in the 
internal iliac artery, supplying blood to the external 
iliac artery in the presence of a CIA occlusion 
(Fig. 9.2). It should be noted that it is actually very 
difficult to follow collateral vessels for any length 
using the duplex scanner, especially in the pelvis. 
This is not really a problem, as it is the length and 
severity of the disease in the main vessels that the 
sonographer is attempting to document. However, 
the quality of the collateral circulation is very impor­
tant, and this can be determined by assessing the 
patient clinically and measuring the ankle–brachial 
pressure index (ABPI). Common collateral pathways 
are summarized in Table 9.1. 

There are a number of anatomical variations 
in the lower limb arterial system that may be occa­
sionally encountered during routine examinations. 
The most common variations are listed in Table 9.2. 

ANKLE–BRACHIAL PRESSURE 
MEASUREMENTS AND EXERCISE 
TESTING 

In the vascular laboratory the measurement of 
the ABPI using continuous wave Doppler is one 
of the simplest and commonest ways of detecting 
and grading arterial disease. The test normally takes 
10–15 min and is performed as follows. The patient 
should be fully rested and lying supine to remove the 
effect of hydrostatic pressure. A blood pressure cuff 
is then placed around the ankle. A high-frequency 
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Table 9.1 Common collateral pathways of the lower limb arteries 

Diseased artery Distal normal artery Common collateral pathway 

Common iliac artery External iliac artery 

External iliac artery Common femoral artery 

Common femoral artery Femoral bifurcation 

Superficial femoral artery Above-knee popliteal artery 

Superficial femoral artery Below-knee popliteal artery 

Popliteal artery Distal popliteal artery 

Proximal tibial arteries Distal tibial arteries 

Table 9.2 Anatomical variations of the lower limb 
arterial system 

Artery Variation 

Common femoral The bifurcation can sometimes be 
artery bifurcation very high; the proximal course of 

the profunda femoris artery can 
sometimes be variable and lies 
posterior medial to the superficial 
femoral artery in 5% of cases 

Anterior tibial artery High origin across the knee joint 

Anterior tibial artery May be small or hypoplastic 

Peroneal artery Origin from anterior tibial artery 
rather than the tibioperoneal trunk 

(8–10 MHz) continuous wave Doppler probe is used 
to listen to the Doppler signals in the dorsalis pedis 
and PT arteries at the ankle, as shown in Figure 9.3. 
It is sometimes necessary to examine the peroneal 
artery, as it may be the only vessel supplying the foot 

Lumbar arteries communicating with the iliolumbar arteries 
of the ipsilateral internal iliac artery, which supply the 
external iliac artery via retrograde flow; there can also be 
communication between the contralateral internal iliac 
artery and ipsilateral internal iliac artery 

Ipsilateral internal iliac artery via pelvic connections to the 
deep iliac circumflex artery or inferior epigastric artery 

Ipsilateral pelvic arteries filling the profunda femoris artery 
via the femoral circumflex arteries, which supply the 
superficial femoral artery via retrograde flow 

Flow via profunda femoris artery (or branches of the 
proximal superficial femoral artery if patent) to the 
descending or superior genicular arteries, depending on 
the length of the superficial femoral artery occlusion 

Profunda femoris artery branches to inferior genicular 
branches of the popliteal artery 

Flow via the superior genicular arteries to inferior genicular 
arteries, depending on the level of the occlusion 

There are numerous arterial collateral connections in the 
calf, but they may not be large enough to carry sufficient 
flow to the foot 

in patients with severe arterial disease. The systolic 
blood pressure is measured at each of these points 
by briskly inflating the cuff to above the patient’s 
systolic blood pressure, at which point the arterial 
flow signal disappears. The cuff should be inflated 
to at least 30 mmHg above the pressure that is 
required to occlude the artery. The cuff is then 
deflated, and the pressure at which the arterial signal 
reappears, corresponding to the systolic pressure at 
the position of the cuff, is recorded. The systolic 
brachial pressure is then measured in a similar way 
from both arms, in case there is upper extremity dis­
ease. The highest recorded ankle pressure is then 
divided by the highest brachial pressure to calcu­
late the ABPI. This index is independent of the 
patient’s systemic blood pressure and can be used 
to grade the severity of arterial disease as shown in 
Table 9.3 (AbuRahma 2000). The index is equal to, 
or greater than, 1 in normal subjects due to amplifi­
cation of the arterial pulse wave along the limb. 
Conversely, an index of 0.25 would indicate a patient 
with severe ischemia and possible rest pain. Care 
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Figure 9.3 Measurement of the ABPI. Probe positions 
are shown to detect flow in the dorsalis pedis artery 
(probe) and the PT (large arrow). The peroneal artery is 
located on the outer aspect of the ankle (small arrow). 
The probe position has also been shown to detect flow 
from the plantar arch (curved arrow). 

Table 9.3 Grading arterial disease using the 
ankle–brachial pressure index (ABPI) 

ABPI Comment 

�1 Normal 
�0.9 to �1 Mild disease 
0.5–0.9 Claudication 
0.3–0.5 Severe occlusive disease 
�0.3 Ischemia 

must be taken when interpreting ABPI measure­
ments from diabetic patients as the arterial walls of 
the calf arteries are often calcified and rigid (Fig. 9.4). 
This means that the vessels may not collapse under 

Figure 9.4 Color flow image of an anterior tibial 
artery taken from a diabetic patient. There is marked 
calcification of the vessel walls, demonstrated by the 
strong reflections (arrows). Note the beaded appearance 
of the color flow display due to vessel disease and 
attenuation caused by the calcification. 

the pressure of the cuff as it is inflated, leading 
to falsely elevated recordings. An example of such 
a measurement would be an ankle pressure of 
280 mmHg and a brachial pressure of 120 mmHg 
(ABPI � 2.3). Abnormal ABPI measurements can 
confirm the presence of arterial disease but do not 
give any indication of the position of the disease in 
the leg. Segmental pressures can help to isolate the 
diseased segment with the use of multiple pressure 
cuffs placed at the ankle, below the knee, above the 
knee and at the top of the thigh. Significant pressure 
differences between cuffs would indicate disease 
between those segments. 

Resting ABPI measurements may be normal 
in patients with mild to moderate claudication. 
However, ABPI measurements can be carried out 
before and after exercise on a treadmill to measure 
claudication distance and the degree of pressure 
reduction following exercise. This is because exercis­
ing muscles require increased blood flow. However, 
to increase flow an increase in the pressure gradient 
across the stenosis occurs, with a reduction in pres­
sure distal to the stenosis. Eventually a point will 
be reached at which the stenosis limits any further 
increase in flow and the patient experiences the 
onset of claudication in the muscle groups distal to 
the disease. It is important to monitor patients 
closely during exercise testing as many with claudi­
cation have associated coronary artery disease. It is 
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essential to have an emergency call system close at 
hand. In the absence of a treadmill it is possible to 
exercise the patient along the known length of a 
corridor. Another alternative is to use commercially 
available foot flexion devices to exercise the calf 
muscles while the patient sits on the examination 
table. This reduces cardiac stress. Exercise testing is 
also a particularly useful screening test, as some 
patients exhibiting symptoms of claudication may 
have other disorders producing their symptoms, such 
as spinal stenosis, sciatica or musculoskeletal prob­
lems. In these cases, the post-exercise pressures will 
be normal. Unfortunately, there is a wide range 
of exercise protocols used by vascular laboratories 
(e.g., speed 2–4 km/hour, exercise duration 2–5 min 
and treadmill incline 10–12%). This can make com­
parisons of results among units difficult. However, 
individual patients’ performance can be measured 
on sequential visits to monitor their treatment or 
progress. 

SYMPTOMS OF LOWER LIMB ARTERIAL 
DISEASE 

Intermittent claudication 
Atherosclerosis is a major health problem in devel­
oped countries where lifestyle factors, such as diet 
and smoking, can accelerate the progression of the 
disease. It is estimated that intermittent claudication 
affects approximately 4.5% of the population aged 
between 55 to 74 years, and there is evidence that 
persons with claudication have a significantly higher 
mortality rate from cardiac disease than non­
claudicants (Fowkes et al 1991). Intermittent clau­
dication is caused by arterial narrowing in the 
lower limb arteries, and symptoms may develop 
over a number of months or years. Claudication is 
typified by pain and cramping in the muscles of the 
leg while walking, which usually forces the patient 
to stop and rest in order to ease the symptoms. 
The severity of pain experienced and the distance a 
patient is able to walk can vary from day to day, 
but, generally, walking briskly or on an incline will 
produce rapid onset of symptoms. The location of 
pain (i.e. calf, buttock or thigh) is often associated 
with the distribution of disease. For instance, aortoil­
iac disease often produces thigh, buttock and even­
tually calf claudication whereas femoropopliteal 

disease is associated with calf pain. There are some­
times physical signs of deteriorating blood flow in 
the lower limb, such as hair loss from the calf and 
an absence of nail growth. Claudication only 
occurs during exercise because, at rest, the muscle 
groups distal to a stenosis or occlusion remain ade­
quately perfused with blood. However, during 
exercise the metabolic demand of the muscles 
increases rapidly, and the stenosis or occlusion will 
limit the amount of additional blood flow that can 
reach the muscles, so causing claudication. 

Many patients with intermittent claudication are 
treated by conservative methods. This includes 
reduction or elimination of risk factors associated 
with atherosclerosis, such as smoking. Patients are 
also advised to undertake a controlled exercise pro­
gram to build up the collateral circulation around 
the diseased vessel, which may ease symptoms over 
time. If necessary, serial ABPI measurements or 
exercise tests can be performed to monitor the 
patient’s progress. Interventional treatment is mainly 
by angioplasty which involves the dilation of stenoses 
or occlusions with percutaneous balloon catheters 
(see Ch. 1). Arterial stents are sometimes used to 
prevent re-stenosis, although in-stent stenosis is 
known to occur in a proportion of cases due to the 
development of intimal hyperplasia (see Fig. 9.21). 
Sometimes the arterial lesion is so hard, the stent 
will not fully expand, leaving a residual stenosis. 
Duplex scanning can be used to detect and monitor 
in-stent stenosis. Surgical bypass is usually avoided, 
unless the patient is suffering from severe claudica­
tion, as there is a small but potential risk of compli­
cations occurring during or after surgery, which in 
extreme cases could lead to amputation or even 
death. 

Chronic critical lower limb ischemia 
Critical lower limb ischemia occurs when blood 
flow beyond an arterial stenosis or occlusion is so 
low that the patient experiences pain in the leg at 
rest because the metabolic requirements of the distal 
tissues cannot be maintained. This is frequently typi­
fied by severe rest pain at night, forcing the patient 
to sleep in a chair or to hang the leg in a dependent 
position over the side of the bed. This improves 
blood flow due to increased hydrostatic pressure. 
Ulceration and gangrene may also be present 
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Figure 9.5 The appearance of critical lower limb 
ischemia with gangrene of the small toe. 

(Fig. 9.5). The European Working Group (1992) 
on critical limb ischemia (CLI) defined CLI as: 

… persistently recurring ischaemic rest pain requir­
ing regular analgesia for more than two weeks, 
with an ankle systolic pressure of �50 mmHg 
and/or a toe systolic pressure of �30 mmHg; or 
ulceration or gangrene of the foot or toes, with 
ankle systolic pressure of �50 mmHg and/or a toe 
systolic pressure of �30 mmHg. 

This may be a strict definition of CLI, as 
patients with ulceration are frequently seen in the 
vascular laboratory with ankle pressures above 
50 mmHg. The treatment of lower limb ischemia 
includes angioplasty or arterial bypass grafting. 
Unfortunately some patients are not suitable can­
didates for any form of limb salvage, and amputa­
tion is the inevitable outcome. 

Acute ischemia 
Acute ischemia, as the name suggests, is due to sud­
den arterial obstruction in the lower limb arteries. 

The position of the obstruction can be variable. 
There are two main causes of acute ischemia. 

First, acute thrombosis of an existing arterial 
lesion, a so-called acute-on-chronic occlusion, can 
occur when the blood flow across a diseased seg­
ment of an artery is so slow that it spontaneously 
thromboses. Long segments of an artery may 
occlude in this situation. Acute ischemia is more 
likely to occur if the collateral circulation around 
the disease is poorly developed. Occasionally, patients 
have predisposing coagulation disorders that lead 
to spontaneous arterial thrombosis. 

Second, an embolus may be released from other 
areas of the body, such as the heart or from an 
aneurysm, which then blocks an artery in the 
extremity. An embolus frequently obstructs bifurca­
tions such as the common femoral bifurcation or 
distal popliteal artery and tibioperoneal trunk. 
Another example is obstruction of the aortic bifur­
cation by an embolus projecting down both CIA 
origins, referred to as a saddle embolus. The body 
has very little time to develop collateral circulation 
around embolic occlusions, and the limb may be 
very ischemic. 

The symptoms of acute ischemia are of rapid 
onset, and the patient classically presents with a 
cold, painful, pulseless, paresthetic leg. In this situa­
tion, emergency intervention by surgical embolec­
tomy, bypass surgery or thrombolysis should be 
performed, provided that the patient is fit enough 
for treatment. Left untreated, acute ischemia can 
lead to muscle death or necrosis. This can cause 
swelling of the calf muscle, and eventually the 
sac, or fascia, surrounding the muscles will restrict 
any further swelling, leading to a pressure increase 
within the muscle compartments. This is known as 
a compartment syndrome, and the increased intra-
compartmental pressure can further exacerbate the 
muscle ischemia. If limb salvage is possible, surgical 
splitting of the fascia, called a fasciotomy, may be 
required to release the excess pressure. 

Severe muscle ischemia can produce toxins caus­
ing systemic symptoms that can lead to organ failure 
and death. An urgent amputation is usually per­
formed if there is no viable option to restore blood 
flow to the limb. Acute ischemia can also occur due 
to microembolization to the foot, leading to occlu­
sion of the small vessels. The microemboli can origi­
nate from the heart, from atherosclerotic plaques or 
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from an aneurysm. In this situation it is not unusual 
for the patient to have a palpable popliteal pulse. 

Microembolization into the foot is often called 
‘trash foot’. Localized tissue necrosis can occur and 
the outcome is sometimes poor when a large area 
of tissue is affected. 

PRACTICAL CONSIDERATIONS FOR 
LOWER EXTREMITY DUPLEX SCANNING 

The objective of the examination is to locate and 
grade the severity of arterial disease in the lower 

limb arterial system. The time allocated for the exam­
ination depends on the number of segments that 
need assessing. The femoropopliteal segment can 
normally be examined in both legs in half an hour. 
However, a bilateral aortoiliac to ankle scan may 
take up to an hour and a half, depending on experi­
ence. There is usually no special preparation required 
before a lower limb duplex scan. Nevertheless, some 
vascular units request patients to fast overnight 
prior to an examination of the aortoiliac arteries to 
improve imaging of this region. In our experience 
this is of little help, especially if patients require scans 
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Figure 9.6 The anatomy of the right femoral artery and vein at the groin, with corresponding transverse B-mode

images at four different levels. Vessels shown on the diagram are: 1 common femoral artery, 2 common femoral vein,

3 saphenofemoral junction, 4 superficial femoral artery, 5 profunda femoris artery, 6 superficial femoral vein, 

7 profunda vein. Vessels demonstrated on the images are the common femoral vein (V), common femoral artery (CFA),

saphenofemoral junction (SFJ), superficial femoral artery (SFA), profunda femoris artery (PA), superficial femoral vein

(SFV) and profunda vein (PV). Note that the femoral artery bifurcation is sometimes found above the level of the

saphenofemoral junction. In addition, the superficial femoral artery tends to roll on top of the superficial femoral vein, as

shown in the B-mode image.
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at short notice. Bowel preparations have proved use- Assessment of the aortoiliac artery
ful, although in practice they can be difficult to and CFA 
administer to elderly or diabetic patients and are 
impractical in a single visit clinic. 

The patient should have an empty bladder prior 
to an aortoiliac scan as this improves the visualization 
of these segments and also causes less patient dis­
comfort if transducer pressure has to be applied. 
The examination room should be at a comfortable 
ambient temperature (�20°C) to avoid peripheral 
vasoconstriction. 

Scanner setup 
A peripheral arterial scanning option should be 
selected before starting the examination, but 
adjustment of the control settings will often be 
required in the presence of significant disease 
(see Ch. 7). The color PRF is usually set in the 
2.5–3 kHz range for demonstrating moderately 
high velocity flow. 

STARTING THE SCAN 

It is useful to start the assessment by examining 
the CFA at the groin, as the observed blood flow 
patterns at this level can reveal information about 
the condition of the aortoiliac arteries and also pro­
vide some clues to the condition of the superficial 
femoral artery (SFA) (i.e., origin occlusion or high 
resistance flow pattern due to proximal obstruction). 
It is important to have a good understanding of 
the anatomy of the arteries and veins at the level of 
the groin and to be able to identify the major 
branches and junctions and their relationship to each 
other (Fig. 9.6). A 5 MHz, or broad-band equivalent, 
linear array transducer is the most suitable probe 
for scanning the femoral, popliteal and calf arteries. 
A 3.5 MHz, or broad-band equivalent, curved linear 
array abdominal transducer is used for the aortoiliac 
segment. The segmental guidelines can be used in 
any order. A combination of B-mode imaging, color 
flow imaging and spectral Doppler recordings should 
be used throughout the examination. Color flow 
imaging is essential for identifying the aortoiliac 
and calf arteries. Spectral Doppler velocity measure­
ments should be made at an angle of 60° or less 
(see p. 69). 

The patient should be relaxed and lying in a supine 
position with the head supported by a pillow. The 
patient should be asked to relax the abdominal mus­
cles and to rest the arms by the sides. The scanning 
positions for assessing the inflow arteries are shown 
in Figure 9.7, and a color image of the arteries is 
shown in Figure 9.8. The procedure for assessment 
is as follows: 

1.	 Using a 5 MHz, or broad-band equivalent, linear 
array transducer, the CFA is identified at the level 
of the groin in transverse section, where it lies lat­
eral to the common femoral vein (Figs 9.6 and 
9.7A). The CFA is then followed proximally in 
longitudinal section until it runs deep under the 
inguinal ligament and can no longer be assessed 
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Figure 9.7 Probe positions for imaging the CFA and 
aortoiliac arteries. A: CFA transverse. B: Origin of external 
and internal iliac arteries transverse. C: Aortic bifurcation 
transverse. D: Arteries in the longitudinal plane. Starting 
at the groin and pushing bowel gas upward with the 
transducer (arrow) can help visualization. Positioning the 
color box to the edge of the scan sector can improve the 
angle of insonation with spectral Doppler. 
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Figure 9.8 A: A color montage of the inflow arteries showing the CIA, external iliac (EIA) and internal iliac arteries (IIA) 
and the CFA. Note the stenosis at the iliac artery bifurcation (arrow), demonstrated by aliasing. B: Spectral Doppler 
demonstrates a high-grade stenosis of the EIA, indicated by high systolic velocity, aliasing and spectral broadening. The 
color box has been positioned to the edge of the sector to improve the angle of insonation. 

with this probe. A 3.5 MHz curved array trans­
ducer should then be selected. Using the probe 
to push any gas upwards and driving the color 
box toward the edge of the sector can help in 
visualizing the aortoiliac region and in maintain­
ing adequate spectral Doppler angles (Fig. 9.7D). 

2.	 The external iliac artery is then identified in lon­
gitudinal section and followed proximally toward 
its origin using color flow imaging. Sometimes, 
tilting or rolling of the transducer and the use 
of oblique and coronal probe positions along 
the abdominal wall are useful in imaging 
around areas of bowel gas. 

3.	 The common iliac bifurcation should be identi­
fied by locating the origin of the external iliac 
and internal iliac arteries. This can be achieved 
in the longitudinal plane, but transverse imaging 
is also helpful for confirmation if the image is 
adequate, as the internal iliac artery usually 
divides in a posteromedial direction (Fig. 9.7B). 
This area serves as an important anatomical land­
mark for localizing areas of disease in the aorto­
iliac system. Sometimes it is not possible to 
identify the internal iliac artery, and the position 
of the common iliac bifurcation has to be 
inferred, as it usually lies in the deepest part of 
the pelvis, as seen on the scan image. 

4.	 The CIA is then followed back to the aortic bifur­
cation in longitudinal section (Fig. 9.7D). At this 

point, it is useful to confirm the level of the aor­
tic bifurcation in transverse plane (Fig. 9.7C). 
The origins of the CIA are assessed in the longi­
tudinal plane. The aorta should also be examined 
in transverse and longitudinal planes to exclude 
an aortic aneurysm or stenosis (see Ch. 11). 

Assessment of the femoral and 
popliteal arteries 
To start the examination, the patient should be lying 
reasonably flat with the leg rotated outward and 
the knee gently flexed and supported. A color image 
of the femoropopliteal and calf arteries is shown in 
Figure 9.9. The scanning positions for imaging the 
femoropopliteal arteries are shown in Figure 9.10. 
The procedure for assessment is as follows: 

1.	 The CFA is identified in transverse section with 
a 5 MHz, or broadband equivalent, flat linear 
array transducer at the groin and followed distally 
to demonstrate the femoral bifurcation (Figs 9.6 
and 9.10A). The CFA lies lateral to the common 
femoral vein (Fig. 9.6). 

2.	 Turning to a longitudinal plane, the femoral 
bifurcation is examined (Fig. 9.10B). The pro­
funda femoris artery usually lies posterolateral 
to the SFA, requiring a slight outward turn of 
the transducer. The profunda femoris artery can 
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Figure 9.9 A color montage of the femoropopliteal and calf arteries. The image shows the profunda femoris artery 
(PA), SFA, popliteal artery (POP), tibial peroneal trunk (TPT), PT, AT and peroneal artery (PER). 
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Figure 9.10 Probe positions for imaging the 
femoropopliteal arteries. A: Femoral artery bifurcation 
transverse. B: Femoral bifurcation longitudinal. C: SFA 
longitudinal. D: SFA transverse. E: Proximal popliteal 
artery above-knee longitudinal. F: Popliteal artery 
transverse. G: Popliteal artery longitudinal, from the 
popliteal fossa. H: Origin of the AT. 

often be followed for a considerable distance, 
particularly if the SFA is occluded and it is sup­
plying a collateral pathway to the lower thigh. 
The origin of the SFA is usually located antero­
medial to the profunda femoris artery, requiring 
a slight inward turn of the transducer. 

3.	 The SFA is then followed distally along the 
medial aspect of the thigh in a longitudinal plane, 
where it will lie above the superficial femoral 
vein (Fig. 9.10C). If the image of the SFA is 
lost it is easier to relocate in transverse section 
(Fig. 9.10D). In its distal segment the SFA runs 
deep and enters the adductor canal, becoming 
the popliteal artery. It is usually possible to image 
the proximal popliteal artery to just above the 
knee level from this position (see Fig. 9.10E). A 
3.5 MHz transducer can help to image the artery 
in a large thigh. 

4.	 The popliteal artery can be examined by rolling 
the patient onto the side. Alternatively, the 
patient can lie in a prone position, resting the foot 
on a pillow, although a lot of elderly patients 
are not able to tolerate this position. It is also 
possible to image the popliteal artery with the 
legs hanging over the edge of the examination 
table and the feet resting on a stool. Whichever 
method is used, it is important not to overex­
tend the knee joint as this can make imaging 
difficult. 

5.	 Starting in the middle of the popliteal fossa, 
the popliteal artery is located in transverse sec­
tion and is seen posterior to the popliteal vein 
(Fig. 9.10F). Turning into a longitudinal plane, 
the popliteal artery is then followed proximally, 
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above the popliteal fossa, to overlap the area Anterior tibial artery 
previously examined from the lower medial thigh 
(Fig. 9.10G). 

6.	 The popliteal artery is then examined longitudi­
nally across and below the popliteal fossa, where 
it is possible to continue directly into the tibioper­
oneal trunk. The tibioperoneal trunk can be 
imaged from a number of positions. 

Assessment of the tibial arteries 
The tibial arteries can be imaged from several differ­
ent transducer positions, as demonstrated in Figure 
9.11. It is often easier to locate the tibial arteries in 
the distal calf and follow them proximally to the 
top of the calf. However, for the purposes of this 
section, the description of the examination starts 
just below the knee. It should be noted that imag­
ing of the distal tibial arteries at the ankle is often 
easier with a high-frequency 10 MHz, or broad­
band equivalent, flat linear array transducer. 

1.	 With the leg rolled outward and the knee slightly 
flexed, the origin of the anterior tibial (AT) artery 
is imaged from a posteromedial position just 
below the knee, where it will be seen to drop 
immediately away from the popliteal artery 
(Fig. 9.10H). Often it is only possible to see 
the first 1–2 cm of the AT from this position. 
The tibioperoneal trunk is usually seen as a direct 
continuation of the popliteal artery distal to the 
AT artery origin. 

2.	 The proximal AT artery is then imaged from the 
anterolateral aspect of the upper calf, just below 
the knee, where it will be seen to rise toward the 
transducer in a curve, through the interosseous 
membrane. The membrane can be identified as 
a bright echogenic line running between the 
tibia and fibula in cross section. The artery will 
lie on top of the membrane. The AT artery is 
then followed distally, along the anterolateral 
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Figure 9.11 Cross-sections of the calf to show longitudinal transducer positions for imaging the tibial arteries and 
veins in the calf. A: Several positions can be used to image the vessels in the upper calf proximal to the bifurcation of 
the tibioperoneal trunk (TPT). B: Probe positions to image the PT, AT and peroneal artery (PER) in the mid- and lower calf. 
Note that it is possible to image two vessels from a similar position, as shown. 
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border of the calf, until it becomes the dorsalis 
pedis artery, over the top of the foot. 

Posterior tibial artery 

1.	 With the leg rolled outward and the knee flexed, 
the origin of the posterior tibial (PT) artery is 
imaged from a medial position, below the knee, 
where the tibioperoneal trunk divides into the 
PT artery and the peroneal artery. The proximal 
PT artery will gently rise toward the transducer, 
and the associated paired veins act as useful land­
marks. The origin of the peroneal artery is often 
visible from this plane and will lie posterior to 
the PT artery origin. 

2.	 The PT artery is then followed along the 
medial aspect of the calf toward the inner ankle 
or medial malleolus. The PT artery lies superfi­
cial to the peroneal artery when imaged from 
the medial aspect of the calf. 

3.	 The origin and a short segment of the PT artery 
can often be visualized from a posterolateral 
position below the knee, where it will be seen 
to run deep as it divides from the tibioperoneal 
trunk. 

Peroneal artery 

Imaging of the peroneal artery may have to be 
performed from a number of different positions 
(Fig. 9.11B). The optimum position varies from 
patient to patient. 

View 1 The peroneal artery can be followed from 
its origin along the calf using the same medial calf 
position as that described to image the PT artery. 
From this position, the peroneal artery will be seen 
lying deeper than the PT artery against the border 
of the fibula, surrounded by the larger peroneal 
veins. Slight anterior or posterior longitudinal tilting 
of the probe may be needed to follow the artery 
distally. 

View 2 The peroneal artery can usually be fol­
lowed distally from its origin using a posterolateral 
position, below the knee and along the calf. 

View 3 The peroneal artery can sometimes be 
imaged from the anterolateral aspect of the calf, 
where it will be seen lying deep to the AT artery. 

This is the most difficult position from which to 
obtain images of the peroneal artery. 

Assessment of tibial arteries and the 
plantar arch prior to bypass surgery 
Duplex scanning in combination with continuous 
wave Doppler recordings can be a useful method 
of determining which calf artery is supplying most 
blood to the distal region of the foot prior to distal 
bypass surgery (McCarthy et al 1999). In this way, 
it is possible to select a target vessel to position the 
distal anastomosis. This is important as there needs 
to be a low-resistance arterial pathway to the foot, 
distal to a graft, to ensure that the graft remains 
patent and the foot perfused. The three tibial arter­
ies of the calf have connections to the plantar arch, 
which is located toward the end of the foot. The 
PT and dorsalis pedis arteries usually contribute most 
flow to the arch via plantar arteries. The plantar 
arch supplies blood to the plantar metatarsal arteries 
and digital arteries of the toes. The patient should 
be assessed with the leg in a dependent position to 
maximize blood flow distal to the diseased part of 
the vessel. Using the duplex scanner, it is possible 
to assess the patency and quality of each of the tibial 
arteries to ankle level. A continuous wave Doppler 
probe is then used to assess the Doppler signals 
from the plantar arch. The probe position for record­
ing flow at the plantar arch is demonstrated in 
Figure 9.3. Selective digital pressure is then applied 
over the most suitable tibial artery, as previously 
demonstrated by duplex scanning of the target vessel, 
to occlude it at the ankle. A substantial reduction 
or cessation of flow at the plantar arch during com­
pression would suggest that the arch is in continua­
tion with the selected tibial artery. This type of 
assessment can be complex, as there may be more 
than one patent tibial artery supplying the plantar 
arch. The peroneal artery can also supply the distal 
AT artery or dorsalis pedal artery via branches, which 
in turn may supply the plantar arch. 

Commonly encountered problems 
There are a number of problems and pitfalls associ­
ated with lower limb duplex scanning. Table 9.4 
lists some of the more frequently encountered 
problems. 
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Table 9.4 Common problems encountered during duplex evaluation of the lower limb arteries 

Segment Problem Solutions 

Aortoiliac arteries Bowel gas obscuring part or all of the image Try different probe positions (medial, lateral 
or coronal positions); leave the segment 
and try again in a few minutes 

Aortoiliac arteries Tortuous arteries Use the color display to follow the artery; 
considerable adjustment of the probe 
position is often needed 

Femoropopliteal arteries Severe calcification of the artery producing Try different transducer positions to work 
color image dropout around the calcification 

Femoropopliteal arteries Obese patient with large thigh When using a broad-band transducer, lower 
the color and spectral Doppler transmit 
frequencies for better penetration; consider 
switching to a 3.5 MHz curved linear array 
transducer in very difficult situations 

Tibial arteries Large calf with gross edema Start the scan at the ankle and work 
proximally; a 3.5 MHz linear array probe 
can be used to image these vessels 
proximally 

Tibial arteries Very low flow due to proximal occlusions Lower the pulse repetition frequency and 
wall filters; place the leg in a dependent 
position to increase distal blood flow 

SCAN APPEARANCES 

B-mode images 
Normal appearance 

Like the carotid arteries, the lumen of a normal 
peripheral artery should appear clear, and the walls 
should be uniform along each arterial segment, 
although noise may cause speckle within the image 
of the vessel. The intima-media layer of the arterial 
wall is sometimes seen in normal femoral and 
popliteal arteries. In practice, it is frequently difficult 
to clearly image the vessels in the aortoiliac segment, 
abductor canal region and calf without the help of 
color flow imaging. 

these may extend into the proximal profunda artery 
or SFA. Calcification of the arterial wall, especially Abnormal appearance in diabetic patients, produces strong ultrasound 

Areas of atheroma, particularly if they are calcified, reflections, and the walls of the calf arteries can 
may be seen within the vessel lumen. The atheroma appear particularly prominent (Fig. 9.4). When an 
may be extensive and diffusely distributed, especially arterial segment has been occluded for some time, 
in the SFA (Fig. 9.12). Large plaques at the common the vessel may contract and appear as a small cord 
femoral bifurcation are relatively easy to image, and adjacent to the corresponding vein. This appearance 

CALCIFICATION 

Figure 9.12 Calcified atheroma (arrows) is present in 
the SFA, leading to drop-out of the color flow signal in 
parts of the lumen. 
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POP A 

Figure 9.13 An acute occlusion of the popliteal artery. 
The vessel is patent to the level of the two arrows. The 
occlusion is demonstrated by the relatively low level 
echoes in the lumen distally. Note some intimal detail 
is still visible in the occluded section (curved arrow). 

is most frequently seen in the SFA and popliteal 
artery. B-mode imaging in combination with color 
flow imaging is also very useful for identifying acute 
occlusions of the SFA or popliteal artery, where 
there may be fresh thrombus present in the vessel 
lumen. The lumen will appear clear or demonstrate 
minimal echoes on the image, because thrombus 
has a similar echogenicity to blood (Fig. 9.13). 
However, color flow imaging reveals an absence of 
flow in the occluded segment of the vessel. The start 
of the occlusion can often be very abrupt, with little 
disease seen proximally. 

Abnormal dilatations or arterial aneurysms should 
be measured using the B-mode image, as described 
in Chapter 11. 

Color flow images 
Normal appearance 

Normal arterial segments can be interrogated rapidly 
using color flow imaging. There should be color 
filling to the vessel walls. The color image normally 
demonstrates a pulsatile flow pattern, with the color 
alternating between red and blue due to flow rever­
sal during the diastolic phase (see Ch. 5). There 
are situations in which flow in nondiseased lower 
limb arteries may have reduced pulsatility or even 
be continuous. Examples include increased flow 
(hyperemia) due to limb infection or the presence 
of arteriovenous fistulas. Hyperemic flow will be 

Figure 9.14 Two severe stenoses are demonstrated in 
the SFA by areas of color flow disturbance and aliasing 
(arrows). 

demonstrated as continuous flow in one color scale 
but there should be no evidence of arterial stenosis. 

Abnormal appearance 

Utilizing the color controls as described in Chapter 7, 
arterial stenoses will be demonstrated as areas of 
color flow disturbance or aliasing. Severe stenoses 
frequently produce a disturbed color flow pattern 
extending 3 to 4 vessel diameters beyond the lesion 
(Figs 9.8 and 9.14). Any areas of color flow distur­
bance should be investigated with angle-corrected 
spectral Doppler to estimate the degree of narrow­
ing. In addition, the color flow image of flow in a 
nondiseased artery distal to severe proximal disease 
may demonstrate damped low-velocity flow, which 
will be seen as continuous flow in one direction. 

Occlusions of lower limb arteries most frequently 
occur in the SFA and popliteal artery. An occlusion is 
demonstrated by a total absence of color flow in the 
vessel. Occlusions can occur at the origins of arteries 
or in mid-segment. If an artery is occluded from its 
origin, at the level of a major bifurcation, flow will 
normally still be seen in the sister branch. For exam­
ple, the profunda femoris artery is usually found to 
be patent when the SFA is occluded (Fig. 9.15). 
When an artery occludes in mid-segment, collateral 
vessels are normally seen dividing from the main 
trunk at the beginning of the occlusion. Similarly, 
collateral vessels resupply flow to the artery at the 
distal end of the occlusion (Fig. 9.16). Collateral ves­
sels can follow tortuous routes as they divide from 
the main trunk, and they are sometimes only seen 
when the main artery is imaged in cross-section. It 
is therefore helpful to interrogate any suspected 
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Figure 9.15 A: Color flow image of the femoral bifurcation demonstrating an SFA origin occlusion (arrow). The 
profunda femoris artery (PA) is patent. B: Color flow image of an external iliac artery (EIA) occlusion (arrow). The CIA 
and internal iliac artery (IIA) are patent. The common iliac vein (CIV) is visible in this image. 

Figure 9.16 A short mid-SFA 
occlusion is demonstrated by an 
absence of color flow in the vessel 
(large arrow). Large collateral 
vessels are seen at both ends of 
the occlusion (small arrows). 

occlusion in both longitudinal and transverse imag­
ing planes. The PRF often needs to be lowered (typ­
ically to 1 kHz) distal to an occlusion in order to 
increase the sensitivity of the scanner to lower flow 
velocities. The color flow image distal to an occlusion 
often demonstrates a continuous forward flow pat­
tern with reduced pulsatility due to damping of the 
normal blood flow pattern. Blood flow in the main 
artery may also improve progressively over the first 
few centimeters distal to the occlusion as more col­
lateral vessels join the main trunk. This effect can be 
observed on the color flow image (Fig. 9.17). High-
velocity flow in a collateral vessel can produce an area 
of marked color flow disturbance in the main artery 
at the point where the collateral joins. This can be 
misinterpreted as a stenosis. Spectral Doppler should 
be used to interrogate this area carefully. It is possible 

to misdiagnose a long stricture as an occlusion 
because of very slow flow through the stricture due 
to the development of good collateral flow around 
the diseased site. The PRF should be lowered to 
examine low-velocity flow across these lesions. 

Spectral Doppler 
Normal recordings 

At rest, the normal spectral Doppler display of 
extremity arterial blood flow demonstrates a 
triphasic flow pattern with a clear spectral window 
(Fig. 9.18). It may even be possible to see four 
phases in young healthy adults. In elderly patients 
or patients with poor cardiac output, the waveform 
may be biphasic or even monophonic. The average 



Chap-09.qxd  29~8~04  14:46  Page 127

DUPLEX ASSESSMENT OF LOWER LIMB ARTERIAL DISEASE 127 

O 

Figure 9.17 A color montage demonstrates flow in the popliteal artery distal to an occlusion (O). The flow becomes 
progressively higher distal to the occlusion, as more collateral vessels join the main artery (arrows). Marked areas of flow 
disturbance can occur at points where collateral vessels feed the main artery, and these can be mistaken for stenoses. 

Figure 9.18 A normal triphasic Doppler waveform 
recorded from the SFA. 

peak systolic velocity found in the external iliac, SFA 
and popliteal arteries are 119, 90 and 68 cm/s, 
respectively (Jager et al 1985). During the examina­
tion, spectral Doppler recordings should be taken 
at frequent intervals to confirm that the flow pattern 
is normal. Spectral Doppler recordings taken from 
patients with infections such as cellulitis may demon­
strate hyperemic flow with reduced pulsatility. 

Abnormal recordings and grading of stenoses 

Areas of color flow disturbance should always be 
interrogated with spectral Doppler. The spectral 
Doppler sample volume should be small, and the 
measurements should be taken just proximal to, 
across and just beyond the lesion. In the presence 
of a significant stenosis, there will be an increase in 
flow velocity across the lesion associated with spec­
tral broadening and turbulence just distal to the 
lesion. As demonstrated previously, a concentric 

A 

A 

B 

B 

Figure 9.19 An SFA stenosis is assessed using spectral 
Doppler. A: Measurement of the peak systolic velocity just 
proximal to the stenosis. B: Measurement of the peak 
systolic velocity across the stenosis. The peak systolic 
velocity ratio is calculated by dividing B by A, producing a 
velocity ratio of 5. This would indicate a severe stenosis. 

50% diameter reduction of the arterial lumen will 
produce a 75% reduction in cross-sectional area, 
leading to significant flow changes. The main cri­
terion used to grade the degree of narrowing in a 
lower limb artery is the measurement of the peak 
systolic velocity ratio. The peak systolic velocity 
ratio is calculated by dividing the maximum peak 
systolic velocity recorded across the stenosis (Vs) by 
the peak systolic velocity recorded in a normal area 
of the artery just proximal to the stenosis (Vp), as 
demonstrated in Figure 9.19. Different protocols 



Chap-09.qxd  29~8~04  14:46  Page 128

128 PERIPHERAL VASCULAR ULTRASOUND 

Table 9.5 Suggested criteria for grading lower limb arterial disease using velocity ratios, based on several 
references (see text) 

Diameter reduction Velocity ratio (Vs/Vp) Comments 

0–49% �2 

50–74% �2 

75–99% �4 

Waveform is triphasic but mild spectral broadening and an increase in end 
diastolic velocities are recorded as the degree of narrowing approaches 49% 

Waveforms tend to become biphasic or monophasic; there is an increase in 
end diastolic velocity; spectral broadening is present; flow disturbance and 
some damping are recorded distal to the stenosis 

Waveform is usually monophasic with a significant increase in end diastolic 
velocity; marked turbulence and spectral broadening are demonstrated; flow 
is damped distal to the stenosis 

Occluded No flow detected Doppler waveforms proximal to an occlusion often demonstrate a high-
resistance flow pattern 

have been published for defining a 50%, or greater, 
diameter reduction in the lower limb arteries. 
Many vascular units use a peak systolic velocity 
ratio of equal to or greater than 2 (Cossman et al 
1989, Sensier et al 1996), although a ratio of 2.5 
is used by other centers (Legemate et al 1991). It 
is important to audit and evaluate the criteria used 
by your unit against other imaging techniques such 
as angiography or MRA. Table 9.5 shows how the 
velocity ratio can be used to grade the severity 
of lower limb disease (Hennerici & Neuerburg-
Heusler 1998). Velocity ratios can still be used to 
grade stenoses in the presence of multi-segment 
disease. Other methods of measurement, including 
pulsatility index (PI), have tended to be used with 
continuous wave Doppler but are probably less 
useful for duplex scanning where velocity changes 
can be measured directly. 

Abnormal waveform shapes 

The shape of the spectral Doppler waveform can 
provide considerable information about the condi­
tion of lower limb arteries. Damped monophasic 
waveforms with an increased systolic rise time 
are characteristic of disease proximal to the point 
of measurement (Fig. 9.20B). Conversely, high-
resistance, low-volume flow waveforms often 
indicate severe disease distal to the point of meas­
urement. One such example is the characteristic 
shoulder seen on the systolic downstroke of an 
SFA waveform recorded proximal to severe disease 
in the SFA (Fig. 9.20A). This is due to a reflected 

A 

B 

Figure 9.20 Waveform shapes can reveal useful 
information about the condition of proximal and distal 
arteries. A: Waveform recorded from the SFA just proximal 
to an occlusion. Note the high-resistance, low-volume 
waveform shape and characteristic shoulder on the 
systolic downstroke (arrow), due to pulse wave reflection 
from distal disease. B: Damping of the CFA waveform with 
an increased systolic acceleration time and loss of 
pulsatility indicates significant proximal disease. 

wave from the distal disease or occlusion. Severe cal­
cification of the arterial wall may also affect the shape 
of the recorded Doppler waveform due to changes in 
vessel compliance. This is commonly observed in the 
tibial vessels of diabetic patients, where the wave­
form shape may become monophasic. 
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Much debate has surrounded the shape of the 
CFA waveform as an indicator of iliac artery or 
inflow disease. A study by Sensier et al (1998) 
demonstrated that qualitative assessment of the CFA 
Doppler waveform has a sensitivity of 95%, a speci­
ficity of 80% and an accuracy of 87% for the predic­
tion of significant aortoiliac artery disease. This study 
therefore suggests that observation of the CFA wave­
form shape is a useful technique for the investigation 
of inflow disease. The presence of triphasic flow with 
a short systolic rise time is an indicator of normal 
inflow. However, care should be exercised when 
investigating younger patients, who may have a very 
short proximal iliac stenosis, as the arterial waveform 
shape may have recovered at the level of the CFA, 
appearing normal. Marked damping of the CFA 
waveform with an increase in systolic acceleration 
time is a good indicator of severe inflow disease. 
Perhaps the most confusing situation occurs where 
the inflow arteries are normal but the SFA is 
occluded and the profunda femoris artery is severely 
stenosed. This can give rise to a monophonic wave­
form pattern in the CFA with a high end diastolic 
velocity, although the systolic acceleration time 
remains short. A great deal of care should be used 
in interpreting flow patterns in this situation. 

Areas of aneurysmal dilation typically demonstrate 
a reduction in peak systolic velocity, frequently asso­
ciated with disturbed flow patterns. 

ASSESSMENT OF ARTERIAL STENTS 

Arterial stents are used to prevent re-stenosis, 
although there is limited published evidence to 
demonstrate that they are any more effective than 
standard angioplasty at maintaining long-term vessel 
patency. Stents are mainly deployed in the aortoiliac 
arteries and proximal CFA, although they are also 
used in the SFA and popliteal artery. Stents are avail­
able in different lengths and sizes, and multiple stents 
can be deployed if the disease is very extensive. They 
are usually visible on the B-mode image, producing 
a stronger reflection compared to the arterial wall. 
The cross-hatched, or lattice, metal structure can 
often be identified. It is sometimes possible to see 
nipping of the stent if the atheroma in the artery is 
very calcified or fibrous and has not been completely 
compressed to the vessel wall. Color flow imaging 

Figure 9.21 Color flow imaging demonstrates a long 
stricture in a CFA stent caused by intimal hyperplasia. 
The stent walls are clearly visible (arrows). 

and spectral Doppler can be used to assess the flow 
across the stent (Fig. 9.21). It is not uncommon to 
find some localized flow disturbance in the region 
of the stent due to the step between the arterial 
wall and proximal and distal ends of the stent. 
Spectral Doppler should be used to grade the degree 
of any in-stent stenosis using the same criteria as 
used for grading lower limb disease. Stents placed 
in arteries close to joints, such as the CFA or 
popliteal artery, can be stressed by joint movement 
and may kink or bend. Localized aneurysms can be 
excluded by inserting a covered stent across the 
aneurysm; this is discussed in Chapter 11. 

OTHER ABNORMALITIES AND 
SYNDROMES 

Lower limb symptoms in younger patients are some­
times due to inflammatory or small vessel disorders, 
such as Buerger’s disease. Flow recordings are nor­
mal in the larger arteries proximally, but the distal 
vessels in the calf may demonstrate low-flow, high-
resistance waveforms. 

Popliteal entrapment syndrome 
Popliteal entrapment syndrome is also a rare but 
potential cause of claudication and possible distal 
embolization due to arterial wall damage. In this 
situation, the popliteal artery follows an anomalous 
course below the knee and is trapped by the heads 
of the gastrocnemius muscle during plantar flexion. 
The popliteal artery can also be trapped by fibrous 
bands in this area. To test for popliteal entrapment 
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syndrome, the patient should lie prone with the legs 
gently flexed and the feet hanging over the end of 
the examination table. The below-knee popliteal 
artery should be imaged at the level of the gastroc­
nemius muscle heads. The patient should point the 
foot down (plantar flex) against a counterpressure, 
typically by having a colleague apply moderate pres­
sure against the foot. Narrowing or occlusion of the 
popliteal artery during this maneuver may indicate 
popliteal entrapment syndrome. However, there is 
evidence to suggest that significant compression of 
the popliteal artery can occur in normal volunteers 
during this investigation, casting some doubt on 
the usefulness of this test (Erdoes et al 1994). 

Cystic adventitial disease of the
popliteal artery 
This rare disease is caused by cystic swelling of the 
arterial wall, which impinges into the lumen of 
the popliteal artery, leading to eventual occlusion. 
The location of the lesion is often found across the 
knee joint. It should be considered as a potential 
cause of symptoms in the young patient, especially 
in the absence of any other pathology. Treatment 
is by excision and local repair or bypassing. 

REPORTING 

In our experience, the use of diagrams demon­
strating the position of disease and corresponding 
velocity measurements and ratios is the simplest 
method of reporting results, as shown in Figure 9.22. 
Areas that were impossible to assess can be hatched 
out on the diagram. Surgeons and physicians also 
find this method of reporting helpful when review­
ing results in a busy outpatient clinic, as reading 
pages of text can be very time-consuming. Copies 
of the report can be sent to the radiology depart­
ment with a request card if the patient requires an 
angiogram or angioplasty, thus allowing the radiol­
ogist to pre-plan puncture sites. In many situations 
an angioplasty can be performed without a diag­
nostic arteriogram. 

CIA stenosis 
8 × velocity 
increase 

CIA occlusion 

Tibial 
artery 
disease 

Figure 9.22 The easiest method of reporting lower 
limb scans is by the use of diagrams. Areas of narrowing 
can be drawn onto the map and the corresponding 
velocity recordings indicated. Occlusions are 
demonstrated by blocking out the appropriate regions. 
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Duplex assessment of upper
extremity arterial disease 
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INTRODUCTION


In contrast to lower limb arteries, atherosclerotic 
disease in the upper extremities is rare and accounts 
for approximately 5% of all extremity disease (Abou-
Zamzam et al 2000). The most commonly affected 
sites are the subclavian (SA) and axillary arteries. The 
disorder is sometimes associated with extracranial 
carotid artery disease. Radiotherapy in this region, 
resulting in fibrosis and scarring, can also cause 
damage to the SA and axillary arteries. Compression 
of the SA in the area of the thoracic outlet, known 
as thoracic outlet syndrome (TOS), can produce 
significant upper limb symptoms. 

Acute obstruction of the axillary or brachial arter­
ies may also occur due to embolization from the heart 
or SA aneurysms. In this situation, duplex scanning 
is useful for demonstrating the length and position 
of the occlusion. Microvascular disorders, such as 
Raynaud’s phenomenon, can produce significant 
symptoms in the hands, which may be confused 
with atherosclerotic disease. 

ANATOMY OF THE UPPER EXTREMITY 
ARTERIES 

The anatomy of the upper extremity arteries is 
illustrated in Figures 10.1 and 10.2. The left SA 
divides directly from the aortic arch, but the right 
SA originates from the innominate or brachio­
cephalic artery. The thoracic outlet is the point 
where the SA, subclavian vein and brachial nerve 
plexus exit the chest. The SA runs between the 
anterior and middle scalene muscles and passes 
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Right common carotid artery Left common carotid artery 

Right vertebral artery Left subclavian artery 

trunk 

Right subclavian 
artery 

Left vertebral artery 

Thyrocervical 
trunk 

Brachiocephalic 

Internal 
thoracic 
artery 

Aortic arch 

Figure 10.1 The arterial anatomy of the aortic arch 
and subclavian artery. 

between the clavicle and first rib to become the 
axillary artery. The diameter of the SA ranges from 
0.6 to 1.1 cm. The SA has a number of important 
branches, including the vertebral artery and inter­
nal thoracic artery (also referred to as the mam­
mary artery), which is frequently used for coronary 
artery bypass surgery. 

The axillary artery becomes the brachial artery 
as it crosses the lower margin of the tendon of 
the teres major muscle, at the top of the arm. The 
diameter of the axillary artery ranges between 0.6 
and 0.8 cm. The brachial artery then runs distally 
on the medial or inner side of the arm in a groove 
between the triceps and biceps muscles. The deep 
brachial artery divides from the main trunk of 
the brachial artery in the upper arm and acts as an 
important collateral pathway around the elbow if 
the brachial artery is occluded distally. The brachial 
artery runs in a medial to lateral course over the 
inner aspect of the elbow (cubital fossa) and then 
divides, 1–2 cm below the elbow, into the radial and 
ulnar arteries. The ulnar artery dives deep beneath 
the flexor tendons in the upper forearm. The radial 
artery runs along the lateral side of the forearm 
toward the thumb and is palpable at the wrist. The 
ulnar artery runs along the medial side of the forearm 
and is sometimes the dominant vessel of the forearm. 
The common interosseous artery is an important 
branch of the ulnar artery in the upper forearm as 

1st rib (projecting 

Axillary artery Clavicle back into page) 

Subclavian 
Anterior and artery 

artery 

artery 

Radial artery 

Deep 
palmar arch 

Proper digital 
arteries 

Figure 10.2 The arterial anatomy of the arm and hand. 

it can act as a collateral pathway if the radial and 
ulnar arteries are occluded. The radial artery sup­
plies the deep palmar arch in the hand, and the 
ulnar artery supplies the superficial palmar arch. 
There are usually communicating arteries between 
the two systems. In some people only one of the 
wrist arteries will supply the palmar arch system. 
The fingers are supplied by the palmar digital arter­
ies. There are a number of anatomical variations in 
the arm, which are shown in Table 10.1. The arms 

Deep brachial 

Common palmar 
digital arteries 

Superficial palmar arch 

posterior humeral 
circumflex arteries 

achial artery 

Ulnar recurrent artery 

Ulnar artery 

Common interosseous 
artery 

Sternum 
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Table 10.1 Anatomical variations of the upper 
limb arteries 

Artery Variation 

Left subclavian artery Common origin with common 
carotid artery from aortic arch 

Brachial artery High bifurcation of brachial 
artery 

Radial artery High origin from axillary artery 

Ulnar artery High origin from axillary artery 

Table 10.2 Major collateral pathways of the 
upper arm 

Diseased Normal distal Possible pathways 
segment artery 

Proximal Distal subclavian Vertebral artery, 
subclavian artery internal thoracic 
artery artery and thyro­

cervical trunk 

Distal subclavian Distal axillary Collateral flow to 
or proximal artery the circumflex 
axillary artery humeral arteries 

Brachial artery Distal brachial Deep brachial 
artery or proximal artery to the 
radial and ulnar recurrent radial 
arteries and ulnar arteries 

Radial and ulnar Distal radial and Interosseous 
arteries ulnar arteries artery and 

branches of the 
recurrent radial 
and ulnar arteries 

normally develop good collateral circulation around 
diseased segments. The major collateral pathways 
of the arm are summarized in Table 10.2. 

SYMPTOMS AND TREATMENT OF UPPER 
LIMB ARTERIAL DISEASE 

The main causes of upper limb disorders are shown 
in Box 10.1. Many patients with chronic upper limb 
arterial disease experience few symptoms because 
of the development of good collateral circulation in 
the arm. However, some patients complain of aching 
and heaviness in the arm following a period of use 

● Atherosclerotic disease 
● Acute obstruction due to emboli from the heart 
● Aneurysms 
● Fibrosis of the subclavian and axillary arteries 

due to radiotherapy 
● Shoulder and arm dislocation 
● Trauma or stab wounds 
● Damage caused by arterial access and invasive 

blood pressure lines 
● Thoracic outlet syndrome 
● Raynaud’s phenomenon 
● Reflex sympathetic dystrophy 
● Vibration white finger disease 
● Takayasu’s arteritis 

Box 10.1 Common causes of symptoms 
involving the arterial and microvascular 
circulation of the arms and hands 

or exercise. Patients with significant chronic symp­
toms can be treated by angioplasty, provided that 
the lesion is suitable for dilation. Arterial bypass 
surgery is rarely performed in the upper extremi­
ties. Acute obstructions can produce marked distal 
ischemia, and the forearm and hand may be cold and 
painful. In many cases of acute ischemia the condi­
tion of the arm and hand improves with appropriate 
anticoagulation. However, embolectomy, throm­
bolysis or bypass surgery may be performed if there 
is persistent distal ischemia. Trauma, due to injury 
or stab wounds to the arm or shoulder, can result 
in arterial damage, requiring local repair or bypass 
surgery. SA or axillary artery aneurysms can be 
bypassed with grafts, although in some cases a cov­
ered stent can be deployed to exclude flow in the 
aneurysm sac. Occasionally, patients with arterio­
venous fistulas will be encountered. These fistulas 
range in size and distribution and can affect the 
hand as well as the arm. 

PRACTICAL CONSIDERATIONS FOR 
DUPLEX ASSESSMENT OF UPPER 
EXTREMITY ARTERIAL DISEASE 

The objective of the scan is to identify and grade 
the severity of arterial disease in the upper limb 
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arteries. In addition, the thoracic outlet can be 
investigated for possible compression of the SA. 
A minimum of half an hour should be allocated 
for the examination. 

There is no special preparation required prior to 
the scan, although the patient will have to expose the 
shoulder and upper arm for scanning of the distal 
SA and axillary arteries. The examination room 
should be at a comfortable ambient temperature 
(�20° C) to prevent vasoconstriction of the distal 
arteries. The patient should lie supine with the 
head supported on a thin pillow for comfort. The 
SA and proximal axillary artery can be scanned 
by sitting behind the patient. This is usually a more 
comfortable position than scanning from the side 
of the patient. To image the distal axillary and 
brachial arteries, the patient should be examined 
from the side of the examination table and the arm 
should be abducted, be externally rotated and be 
resting on an arm board or a suitable rest. The dis­
tal brachial, radial and ulnar arteries are imaged 
with the hand in a palm-up position, resting on a 
support. The scanner should be configured for a 
peripheral arterial examination, and in the absence 
of a specific upper limb preset, a lower limb arterial 
option should be selected. 

SCANNING TECHNIQUES 

A 5 MHz, or broad-band equivalent, flat linear 
array transducer is the most suitable probe for 
scanning the SA and axillary arteries. A 10 MHz, 
or broad-band equivalent, flat linear array trans­
ducer produces the best images of the brachial, 
radial and ulnar arteries, particularly as the radial 
and ulnar arteries are very superficial at the wrist. 
In addition, a 5–7 MHz curved linear array trans­
ducer can be useful for imaging the proximal SA at 
the level of the supraclavicular fossa, as it fits more 
easily into the contour of this region. The trans­
ducer positions for imaging the upper extremity 
arteries are shown in Figure 10.3. A color flow 
montage of the upper extremity arteries is shown 
in Figure 10.4. 

Subclavian and axillary arteries 
The SA is initially located in a transverse plane in 
the supraclavicular fossa, where it will lie superior 

Brachial arter 

Axillary arter 

Radial artery Ulnar artery 

Infraclavicular fossa Subclavian 
artery 

Figure 10.3 Transducer positions for scanning the 
upper extremity arteries. 

to the subclavian vein. The transducer is turned 
to image the artery in longitudinal section and 
followed proximally toward its origin. The left SA 
origin is usually impossible to image, as the vessel 
arises from the aortic arch. It can sometimes be 
tracked toward its origin with a 2–2.5 MHz phase 
array transducer. This type of transducer can also 
be useful for imaging the brachiocephalic artery. 
Sometimes the origin of the right SA can be diffi­
cult to image, especially if the patient has a large or 
short neck. Extra gel may be needed to fill the 
depression of the supraclavicular fossa to enable 
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Figure 10.4 A color flow montage of the left upper 
extremity arteries demonstrating the subclavian artery 
(SA), axillary artery (AA), brachial artery (BA), deep 
brachial artery (DB), radial artery (RA), common 
interosseous artery (I) and ulnar artery (UA). 

good contact with a flat linear array transducer. 
The SA should then be followed laterally in longi­
tudinal section, where it will disappear underneath 
the clavicle. There will be a large acoustic shadow 

below the clavicle (see Fig. 10.12). A mirroring 
artifact of the SA is often seen due to the chest wall 
beneath the artery (see Fig. 7.7). 

The SA reappears from underneath the clavicle 
and is followed distally, where it becomes the axillary 
artery. Two positions may be used to image the 
length of the axillary artery. The first is the anterior 
approach, in which the axillary artery will be seen to 
run deep beneath the shoulder muscles. A 3.5 MHz 
curved array transducer can sometimes be useful for 
following the distal axillary artery from this position. 
The second approach images the axillary artery 
from the axilla (armpit), where it can be followed 
distally to the brachial artery. 

It is worth noting that the proximal segment of 
the internal thoracic artery, a proximal branch 
of the SA, can often be imaged. This artery is fre­
quently used in coronary bypass surgery and is sur­
gically grafted to the heart. It divides at a 90° angle 
from the inferior aspect of the SA to run down the 
chest wall. It is possible to confirm graft patency by 
identifying flow in the proximal thoracic artery just 
beyond its origin. The flow pattern in the artery 
supplying the heart will exhibit an unusual wave­
form shape, as most of the flow occurs in the dias­
tolic phase of the cardiac cycle. 

Brachial artery 
The brachial artery is followed as a continuation of 
the axillary artery along the inner aspect of the arm 
to the elbow, where it curves around to the cubital 
fossa and lies in a superficial position. 

The distal brachial artery is scanned across the 
elbow to the point where it divides in the upper 
forearm into the radial and ulnar arteries. 

Radial and ulnar arteries 
The bifurcation of the brachial artery into the radial 
and ulnar arteries is easier to locate in a transverse 
plane. The two arteries are then followed distally to 
the wrist in a longitudinal plane. In its proximal 
segment, the ulnar artery runs deep to the radial 
artery before becoming more superficial in the mid-
forearm. It is often easier to locate the radial and 
ulnar arteries at the wrist and then to follow them 
back to the elbow. 
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Palmar arch and digital arteries 
Duplex scanning can be used to image the palmar 
arch and digital vessels, although continuous wave 
Doppler can be considerably quicker and easier to 
use for the detection of arterial signals, especially in 
the digital arteries. The radial artery is sometimes 
used as a graft for coronary artery bypass surgery. It 
is possible to listen to the digital arteries and palmar 
arch flow signals with continuous wave Doppler, 
while the radial artery is being manually compressed, 
to ensure that perfusion to the hand and fingers is 
being maintained by the ulnar artery. If this is not 
the case, removal of the radial artery could result in 
hand ischemia. 

Commonly encountered problems 
Most problems occur due to poor imaging, especially 
in large or obese patients, in whom the proximal 
arteries may be very difficult to image. In particular, 
the SA in the area of the supraclavicular fossa can be 
difficult to locate. Color flow imaging can present a 
confusing display as there are often strong signals 
from the adjacent subclavian vein, which may appear 
pulsatile due to the proximity to the right side of 
the heart. Imaging of the axillary artery can be dif­
ficult where the artery runs deep under the shoul­
der muscles. Scanning from the axilla or selecting a 
lower frequency probe may help. 

ULTRASOUND APPEARANCE 

Normal appearance 
The normal appearance of upper extremity arteries 
is the same as that described for the duplex scan­
ning of lower limb arteries (see Ch. 9). The spec­
tral Doppler waveform is normally triphasic at rest 
but becomes hyperemic with high diastolic flow 
following exercise. Changes in external tempera­
ture can have marked effects on the observed flow 
patterns in the distal arteries. There is a cyclical 
effect on the appearance of the flow patterns in the 
distal arteries related to factors such as body tem­
perature control. This cyclical effect can cause the 
waveform shape to change from high-resistance flow 
to hyperemic flow over a period of a minute or two 
(Fig. 10.5). Peripheral vasodilation will cause a 
reduction in peripheral resistance and an increase in 

Figure 10.5 A cyclical change in the appearance of the 
blood flow patterns in the radial and ulnar arteries can 
be observed, relating to factors such as the control of 
body temperature. 

flow. In this situation, the waveform in the radial 
and ulnar arteries can become hyperemic. Vasocon­
striction increases peripheral resistance, producing 
a reduction in flow, and the waveform becomes 
biphasic. The range of normal peak systolic veloci­
ties in the SA has been reported as 80–120 cm/s 
(Edwards & Zierler 1992). It is often assumed that 
the radial artery is the dominant vessel in the forearm 
because it is easier to palpate at the wrist, but in 
many cases there is higher flow in the ulnar artery. 

Abnormal appearance 
In the absence of any specific criteria for grading 
upper limb arterial stenoses, we would advocate 
the use of the same criteria as for grading lower limb 
disease. Therefore, a doubling of the peak systolic 
velocity across a stenosis compared with the proxi­
mal normal adjacent segment indicates a �50% 
diameter reduction. However, many upper limb 
lesions are located at the origin to the SA, making 
proximal measurements from the aortic arch or 
brachiocephalic artery unreliable or impossible due 
to vessel depth, size and geometry. In this situation 
the diagnosis is usually made by indirect signs, such 
as high-velocity jets, turbulence or post-stenotic 
damping (Fig. 10.6). In addition, the ipsilateral 
vertebral artery should be examined for evidence 
of flow changes, indicated by damping or flow 
reversal (see Ch. 8). It can also be very difficult to 
visibly identify plaques at the origin to the SA. Occlu­
sions of the proximal SA can be difficult to differ­
entiate from severe stenoses (von Reutern & von 
Büdingen 1993), and any uncertainty should be 
highlighted in the report. Dissection of the radial, 
brachial or axillary arteries can occur due to trauma 
of the vessel wall following catheter access. It may 
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Figure 10.6 A severe high-grade stenosis of the 
proximal SA (arrow) is demonstrated by marked color flow 
disturbance and aliasing, high peak systolic velocity 
(389 cm/s), abnormal waveform shape and spectral 
broadening. 

be possible to see flaps, dual lumens or acute 
obstruction. 

Acute occlusions of upper extremity arteries are 
frequently caused by embolization from the heart 
and occur most commonly in the brachial, radial 
and ulnar arteries. The arterial lumen may appear 
relatively clear, but there will be an absence of flow 
in the vessel as demonstrated by color flow imag­
ing (Fig. 10.7). Some acute occlusions occur as a 
result of embolization from the SA due to damage 
caused by TOS. 

Large arteriovenous malformations will be imme­
diately obvious with color flow imaging as a region 
of high vascularity. Spectral Doppler will demon­
strate low-resistance, high-volume flow waveforms 
within the malformation. 

THORACIC OUTLET SYNDROME (TOS) 

The vascular laboratory is frequently asked to assess 
patients with suspected TOS. The thoracic outlet is 

Figure 10.7 An embolus from the heart has acutely 
obstructed the brachial artery at the elbow. The arterial 
lumen appears clear, as the embolus has a similar 
echogenicity to blood, but there is a sudden cessation 
of flow at the start of the occlusion (arrow). 

the region where the SA and brachial plexus leave 
the chest and pass in between the anterior and 
middle scalene muscles over the first rib and under­
neath the clavicle (Fig. 10.8). This is a compact 
anatomical area, and compression on the nerves or 
arteries by a number of mechanisms can produce 
sensory symptoms in both the hand and arm. 
Compression can occur in three main areas. The first 
is at the point where the SA passes between the sca­
lene muscles and can be caused by muscle hypertro­
phy or fibrous bands or may be due to the presence 
of an additional accessory rib originating from the 
seventh thoracic vertebra, termed a cervical rib 
(Fig. 10.9). Accessory ribs occur in less than 1% of 
the population (Makhoul & Machleder 1992). The 
second area of compression occurs as the artery 
runs between the first rib and clavicle. Fibrous bands 
or fibrosis due to injuries in this region, such as 
fractures of the clavicle, can also cause compres­
sion. The third, less common area of compression 
occurs in the subcoracoid region, where the axil­
lary artery runs under the pectoralis minor muscle 
and close to the coracoid process of the scapula. 

Typically, the vessels and nerves are compressed 
when the arm is placed in specific positions. The 
symptoms include sensory changes, such as pain, 
pins and needles in the hand, hand weakness and 
other neurological disorders. TOS can be purely 
neurogenic, due to compression of the brachial 
plexus alone (this accounts for approximately 90% of 
cases). Neurogenic TOS often produces abnormal 
nerve conduction recordings and can be associated 
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Figure 10.8 The anatomy of the thoracic outlet. 
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Figure 10.9 The presence of a cervical rib originating 
from the seventh thoracic vertebra can cause compression 
of the brachial nerve plexus and subclavian artery. 

with muscle weakness and wasting in the lower arm 
or hand. 

Arterial and venous TOS is less common and 
accounts for approximately 10% of cases, although 
there is sometimes a combination of neurogenic 
and vascular compression. Aneurysmal dilations 
of the SA are sometimes seen just distal to the 
point of compression due to post-stenotic dilation. 

These aneurysms can be the source of distal emboli 
in the fingers, which can be the initial presentation 
of a patient with TOS. There is still considerable 
debate about the assessment and treatment of 
TOS, which often involves surgical resection of a 
cervical rib and sometimes the first rib, with the 
division of any fibrous bands to relieve the com­
pression. Although the majority of patients who 
have undergone surgery show improvement in 
symptoms, a few show no signs of improvement 
and may return to the vascular laboratory for fur­
ther assessment. 

Maneuvers for assessing TOS 
Continuous wave Doppler recording of the radial 
artery signal, performed with the arm in a range of 
positions, can be a useful prelude to the duplex 
examination (Fig. 10.10). There are a range of 
provocation maneuvers that can be used, but the 
most common include the following. 

Hyperabduction test 

The patient should be sitting comfortably, and the 
arm should then be slowly extended outward 
(abducted). With the arm fully abducted, the fore­
arm is rotated so that the palm faces upward and 
the elbow downward (external rotation). The arm 
should be raised and lowered in this position and 
the patient’s head turned away from the side under 
investigation. This test can indicate compression 
between the clavicle and first rib or coracoid region. 

Costoclavicular maneuver 

The patient is asked to push the chest outward 
while forcing the shoulders backward with deep 
inhalation, the so-called ‘military position’, as this 
may reveal arterial compression between the clavi­
cle and first rib. 

Deep inspiration maneuver 

During deep inspiration the patient is asked to 
extend the neck and rotate the head to the affected 
side and then to the other side while the pulse is 
checked at the wrist. A positive test indicates 
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Figure 10.10 Provocation maneuvers used for the assessment of TOS. A: Hyperabduction test. The arm is abducted (1) 
and the arm externally rotated (2). The arm can also be raised or lowered during this test (3 and 4) and the head rotated 
to either side (5 and 6). B: Costoclavicular maneuver. During deep inspiration (1) the chest is pushed forward (2) and 
the arms backward (3). The head is turned from side to side (4). 

possible compression between the scalene muscles 
or the presence of a cervical rib. 

Finally, the patient should also be asked to place 
the arm in any position that provokes symptoms, 
such as raising it above the head. Any change to, or 
loss of, the Doppler signal during these maneuvers 
suggests compression of the SA. The patient 
should also be asked to indicate any symptoms that 
occur during arm maneuvers, as a normal Doppler 
signal in the presence of symptoms may indicate a 
nonvascular cause for the complaint. 

Duplex assessment of TOS 
To perform a duplex scan for TOS, the patient 
should lie supine on the examination table with the 
arms resting by the sides. Sometimes it may be nec­
essary to image the arteries with the patient in a 

sitting position so that certain provocation tests 
can be performed. The SA is initially imaged from 
the supraclavicular and infraclavicular positions. 
The flow velocities are recorded and any abnormal­
ities, such as tortuosity or aneurysmal dilations, 
noted. The SA can then be imaged using any of the 
provocation maneuvers that were found to reduce 
or obliterate the radial artery signal with pencil 
Doppler. One very useful maneuver involves 
scanning of the SA from the infraclavicular position 
while the arm is fully abducted (Fig. 10.11). The 
hand can be drawn toward the back of the patient’s 
head and eventually placed behind the head. Pressure 
is then gently applied to the arm to push it back­
ward. Any changes in the flow pattern or areas of 
significant velocity increase along the SA during 
provocation tests should be recorded. Typically, most 
high-velocity jets are recorded in the region of the 
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clavicle (Fig. 10.12). There are no clearly defined 
criteria as to the point at which TOS is indicated, 
but a doubling of the peak systolic velocity at one 
location is indicative of a significant hemodynamic 
effect. Patients with severe vascular symptoms show 
complete occlusion of the SA during provocation 
maneuvers, posing less of a diagnostic dilemma. 

Figure 10.11 Scanning for TOS. The SA should be 
examined from the supraclavicular and infraclavicular 
fossae while the arm is abducted; see text. 

ANEURYSMS


Aneurysms involving the upper extremities are rare 
and are most frequently seen in the SA, associated 
with TOS. False aneurysms or pseudo-aneurysms 
are most commonly seen in the radial, brachial 
or axillary artery following arterial puncture for 
catheter access. Some patients present to the clinic 
with visible pulsatile swelling in the supraclavicular 
fossa, which is usually on the right side of the neck. 
This is invariably due to tortuosity of the distal bra­
chiocephalic artery, proximal common carotid artery 
and proximal SA. Occasionally, pulsatile swellings 
are seen in the area of the radial or ulnar artery at 
the wrist, which can be due to a ganglion lying 
adjacent to the artery and distorting its path. The 
ganglion can be surgically removed. 

ULTRASOUND ASSESSMENT OF 
HEMODIALYSIS ACCESS GRAFTS AND 
ARTERIOVENOUS FISTULAS (AVF) 

Hemodialysis access grafts and arteriovenous fistu­
las (AVF) are surgically constructed for patients 
who require long-term dialysis. They provide a 
superficial high-volume, low-resistance pathway 

S 

C C 

A B 

Figure 10.12 A: A normal color flow image of the SA (S) as it passes underneath the clavicle (C) with the arm at rest. 
B: Following arm abduction there is marked compression of the SA associated with color aliasing (arrow), indicating TOS. 
Note the large acoustic shadow below the clavicle. 
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to blood flow (Fig. 10.13) that can be regularly 
punctured. Usually they are located in the upper 
or lower arm, but they can also be created in the 
upper leg. It is imperative to minimize failure of 
these grafts as there are only a limited number of 
sites at which they can be placed. Ultrasound can 
be used to assess AVF or access grafts, especially 
when a clinical problem has been found, such as 
inadequate flow in the graft or fistula to allow ade­
quate hemodialysis. Ultrasound can be used to 
measure volume flow in access grafts or in the 
access segment of AVFs. It can also be used to 
identify occlusions, stenoses, thrombus formation, 
aneurysms or false aneurysms in the fistula or graft. 
Preoperative assessment of the in-flow artery and 
vein can also be performed with ultrasound. In 
depth discussion of these scanning techniques is 
beyond the remit of this book, so we refer the 
reader to the work published by Landwehr (1995) 
and Deane & Goss (2001). 

OTHER DISORDERS OF THE UPPER 
EXTREMITY CIRCULATION 

Some hand and arm symptoms are due to microvas­
cular or neurological disorders. Duplex scanning 
can exclude large vessel disease, but patients suffer­
ing from these types of abnormalities are best eval­
uated in specialist microvascular units. 

Figure 10.13 A typical high-volume flow, monophasic 
waveform obtained from a hemodialysis graft. Note 
aliasing in the color image despite a PRF of 7000 Hz. 

Raynaud’s phenomenon is a microvascular dis­
order that can produce symptoms of digital ischemia 
in response to changes in ambient temperature and 
emotional state. This is observed as color changes 
of the fingers, causing blanching, or bluish discol­
oration due to cold. The blanching is followed by a 
period of rubor caused by hyperemia as the fingers 
warm. These signs may be mistaken for the presence 
of atherosclerotic occlusive disease, but pencil 
Doppler recordings will detect pulsatile flow signals 
in the radial and ulnar arteries, and the brachial sys­
tolic pressure should be equal in both arms. 

Vibration white finger disease is a disorder 
caused by the use of drills and other vibrating 
machinery over a long period of time, leading to 
damage to the nerves and microvascular circulation 
in the fingers and hand. It can result in blanching 
of some or all of the fingers, loss of sensation and 
loss of dexterity. Again, Doppler signals may be 
normal to wrist level. However, Doppler record­
ings may demonstrate high-resistance flow patterns 
in the digital arteries due to the increased resist­
ance to flow caused by the damaged arterioles and 
capillary beds. If the damage is severe, no flow may 
be detected with Doppler interrogation. 

Reflex sympathetic dystrophy (RSD) is a poorly 
understood condition that usually occurs after 
local trauma, sometimes minor, to the hand or arm 
and results in severe pain, sensitivity and restricted 
movement of the affected area. Patients often 
report pain that is out of proportion to the sever­
ity of the injury, which might be a simple sprain or 
bruise. The condition can persist for many months, 
and intensive treatment is sometimes required to 
restore full use to the limb. This condition can 
affect young adults and children. The hand or arm 
may feel cold to the touch and appear discolored 
or cyanosed. However, Doppler recordings usually 
demonstrate pulsatile arterial signals in the 
brachial, radial and ulnar arteries. RSD can also 
affect the lower extremities. 

REPORTING 

The simplest form of reporting upper extremity 
investigations is with the use of diagrams, similar to 
the method used for lower limb investigations. 
This can be associated with a brief report. In the 
case of TOS, a written report may suffice. 
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Chapter 11

Duplex assessment of aneurysms
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INTRODUCTION


True aneurysms are abnormal dilations of arteries. 
The term ectasia is often used to describe a moder­
ate dilation of arteries. The abdominal aorta is one 
of the commonest sites for aneurysms to occur. 
Rupture of abdominal aortic aneurysm (AAA) is 
a common cause of death in men over the age of 
65 years. Ultrasound is a simple noninvasive method 
of detecting aneurysms and can be used for serial 
investigations to monitor any increase in size. 
However, if surgical intervention is being consid­
ered, other imaging techniques, such as CT and 
MRI, may be required to demonstrate the relation­
ship of an aneurysm to major branches and other 
structures within the body. There have been signif­
icant developments in the treatment of aneurysms 
over the last several years, with the introduction of 
endovascular devices to repair aortic aneurysms and 
covered stents to exclude flow in aneurysms in other 
areas of the body. This chapter concentrates on 
ultrasound scanning of aortic aneurysms but also 
considers the assessment of aneurysms in other areas 
of the peripheral circulation. 

DEFINITION OF AN ANEURYSM 

It has been suggested that an aneurysm is a perma­
nent localized dilation of an artery having at least a 
50% increase in diameter compared to the normal, 
expected diameter (Johnston et al 1991). Ectasia is 
characterized by a diameter increase �50% of the 
normal, expected diameter. It is worth remembering 
that there is considerable variability in the normal 
diameter of arteries among individuals, and this will 
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be dependent on factors such as physical size, sex 
and age. 

ANATOMY OF THE ABDOMINAL AORTA 

The abdominal aorta commences at the level of the 
diaphragm and descends slightly to the left of the 
midline to the level of the fourth lumbar vertebra, 
where it divides into the left and right common iliac 
arteries (Fig. 11.1). It tapers slightly as it descends, 
owing to the large branches it gives off. Major 
branches of the aorta that can be easily identified 
with ultrasound include the coeliac axis, the supe­
rior mesenteric artery (SMA) and renal arteries. 
These can act as important reference points when 
determining the upper limit of an aneurysm. 

PATHOLOGY OF ANEURYSMS 

The mechanism of aneurysm development is still 
uncertain but may involve a multifactorial process 
leading to the destruction of aortic wall connective 
tissue. There is evidence that increased local pro­
duction of enzymes capable of degrading elastic 
fibers as well as interstitial collagens are associated 
with AAA (Wassef et al 2001). The lumen of an 
aneurysm is often lined with large amounts of 
thrombus, which can be a potential source of 
emboli. This is also why arteriograms, which only 
demonstrate the flow lumen, are not accurate for 
estimating the true diameter of an aneurysm, as the 
flow lumen can be significantly smaller than the 
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aorta artery 

Right renal Left renal artery 
artery 

Diaphragm Celiac trunk (axis) 

Abdominal aorta 
Infrarenal

aorta Inferior mesenteric


artery
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artery artery 

Figure 11.1 Anatomy of the abdominal aorta and its 
major branches. 

diameter of the entire vessel. Dissection of an 
aneurysm can occur following a tear in the intima, 
and blood can leak into the space between the 
intima and media, sometimes creating a false flow 
lumen. Aortic aneurysms can also extend into the 
iliac arteries. Some aortic aneurysms are involved in 
an inflammatory process, with marked periaortic 
fibrosis surrounding the aorta making surgical 
resection difficult. Aneurysms can also be caused by 
a variety of infections, such as bacterial endocardi­
tis, and are termed mycotic aneurysms. These can 
occur anywhere in the body. 

Popliteal aneurysms may be the source of distal 
emboli. They can also occlude, leading to symp­
toms of acute lower limb ischemia. This should 
always be considered as a potential cause of the 
acutely ischemic leg, especially in patients with no 
other obvious risk factors. 

False aneurysms occur predominantly in the 
femoral artery following puncture of the arterial 
wall for catheter access. In this situation, blood 
continues to flow backward and forward through 
the puncture site into a false flow cavity outside 
the artery. 

AORTIC ANEURYSMS: SYMPTOMS 
AND TREATMENT 

The normal size of the abdominal aorta varies 
between 1.4 and 2.5 cm in diameter (Johnston et al 
1991) (Fig. 11.2). An aortic diameter slightly above 
2.5 cm is considered mildly abnormal or ectatic. 

IVC 
A 

Figure 11.2 A transverse image of a normal abdominal 
aorta (A). The inferior vena cava (IVC) is seen to the right 
of the aorta (note that the probe orientation means that 
the right side of the patient is on the left of the image). 
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A small aortic aneurysm is generally regarded as an 
aorta having a diameter of 3–3.5 cm, and many sur­
geons will not request serial screening scans unless 
the aorta reaches this level. However, some vascular 
units monitor patients with slightly enlarged aortas, 
especially if the patient is young. As the aorta 
increase in size, there is a potential for rupture due 
to increased tension in the arterial wall. The UK 
Small Aneurysm Trial Participants (1998) demon­
strated that the average annual growth rate of 
aneurysms measuring between 4 and 5.5 cm was 
0.33 cm a year. However, rates will vary among indi­
viduals and are also dependent on the size of the 
aneurysm. The prevalence of aortic aneurysms is six 
times greater in men than women (Vardulaki et al 
2000). In addition, there seems to be a strong famil­
ial link, with siblings of aneurysm patients having 
a higher risk of developing an aneurysm compared 
with the general population. 

Clinically, there are usually no symptoms associ­
ated with the development of an aortic aneurysm 
and many are discovered incidentally, during routine 
examinations or on plain abdominal radiographs. 
Occasionally, patients present with symptoms of 
renal hydronephrosis. This is caused by compression 
of a ureter leading from one of the kidneys by the 
aneurysm sac and most frequently occurs on the left 
side. The symptoms associated with aneurysm leak­
age or rupture include back or abdominal pain and 
acute shock. Ultrasound is occasionally used to con­
firm the diagnosis in the emergency room, although 
the symptoms are usually so acute that emergency 
surgery is required. The mortality rate for acute rup­
ture of an aortic aneurysm is very high, 65–85% 
(Kniemeyer et al 2000), and many patients do not 
reach hospital alive. 

The risk of aortic aneurysm rupture increases with 
size. The UK Small Aneurysm Trial Participants 
(1998) found that the mean risk of rupture of 
aneurysms measuring 4–5.5 cm was 1% per year. 
However, larger aneurysms carry a higher rate of 
rupture, and a recent study demonstrated that the 
average risk of rupture in male patients with a �6 cm  
aneurysm was 14% per year (Brown et al 2003). 

Clearly, there are benefits in detecting aneurysms 
at an early stage so that serial follow-up can be 
carried out and elective repair performed if the 
aneurysm becomes too large. The UK Small 
Aneurysm Trial Participants (1998) have shown no 

survival benefit for open repair of aneurysms meas­
uring less than 5.5 cm in diameter compared to 
ultrasound surveillance. In this study, age, sex or ini­
tial aneurysm size did not modify the overall hazard 
ratio. Therefore, many surgeons will only carry out 
elective repair if the aneurysm has a diameter of 
equal to or greater than 5.5 cm, or if there are indi­
cations that smaller aneurysms are becoming symp­
tomatic and are at risk of rupturing. There is now 
reliable evidence that aortic screening programs, 
involving a single ultrasound scan of men aged 
65 years or over, is beneficial and cost-effective in 
reducing aneurysm-related mortality (Ashton et al 
2002). Although aortic aneurysms are much more 
prevalent in men, there is some evidence that 
women with aneurysms in the 5–5.9 cm range may 
be up to four times more likely to undergo rupture 
compared to men with similar sized aneurysms 
(Brown et al 2003). Further research may prompt 
a lower threshold for repairing aneurysms in female 
patients. 

Surgical techniques for aortic
aneurysm repair 
Open repair 

Open repair of aortic aneurysms has been performed 
for over 20 years and involves a large incision in the 
abdomen and mobilization of the intestines to expose 
the aorta. Fortunately, the majority of abdominal 
aneurysms (approximately 95%) start below the 
level of the renal arteries (infrarenal aneurysms). 
This means that surgical clamps, to control the 
aneurysm, can be positioned below the renal arter­
ies, ensuring that the kidneys are perfused during 
the operation. Aortic aneurysms that extend above 
the renal arteries (suprarenal aneurysms) carry a 
higher rate of perioperative and postoperative com­
plication, as the aorta has to be clamped above the 
level of the renal arteries and reimplantation of the 
renal arteries is necessary. Patients can suffer from 
renal failure following this procedure. This is why it 
is important that the surgeon be aware of the level 
of the proximal neck before surgery is performed. 
Aortic aneurysms are repaired using straight tube 
grafts unless the aneurysm extends into the iliac 
arteries, where a bifurcating graft is used. The graft 
is sutured into position and the sac closed around 
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the graft. Postoperatively, patients normally spend 
a day or two in intensive care and usually leave 
hospital 10–14 days after surgery. The elective mor­
tality rate for open repair is in the region of 5% 
(Akkersdijk et al 1994). However, surgically unfit 
patients have a risk of much higher morbidity and 
mortality rates. 

Endovascular repair 

Endovascular repair of aortic aneurysms was 
described in the early 1990s. There have been sig­
nificant technical developments in this field since 
that time, and several types of commercially manu­
factured grafts are now available. The prosthetic 
stent graft is introduced through an arteriotomy 
made in the femoral artery and deployed in the aorta 
to exclude flow into the aneurysm sac. The grafts are 
made of a synthetic material such as dacron and 
polytetrafluoroethylene (PTFE) and are supported 
on an expandable metal framework, or skeleton, of 
nitonol or stainless steel to prevent kinks and twist­
ing. Nowadays, almost all endovascular grafts are 
bifurcating devices (Fig. 11.3). These are modular 
systems with the graft supplied in two parts. The 
bulk of the graft consists of the main body, one 
complete limb and the short stump of the second 

limb. The remaining modular limb is delivered sep­
arately via an arteriotomy in the contralateral com­
mon femoral artery. The grafts are prepacked onto 
the delivery catheter during the manufacturing 
process and retained in place by an outer sheath 
until deployment in the aorta. During the procedure 
the femoral artery is surgically exposed, and the 
catheter containing the main graft is inserted over a 
guide wire and positioned with the aid of an imag­
ing intensifier so that the top of the graft lies just 
below the renal arteries in the proximal neck. Many 
of these devices have uncovered metal stents that 
extend across the renal arteries (suprarenal fixation) 
to hold the device in place. The graft is deployed by 
slowly withdrawing the outer covering sheath. 
A soft balloon is inflated to ensure the graft is fully 
expanded in the proximal neck, just above the sac. 
Some grafts have hooks at the top that anchor into 
the aortic wall for further security. The modular 
limb is then delivered on a separate catheter via the 
contralateral femoral artery. Under radiographic 
control it is positioned so that it fits into the stunted 
limb of the main body and then is fully expanded 
using a balloon to make a seal. The distal end is then 
anchored in the common iliac artery. 

As the devices are modular, it is possible to add 
extensions to the limbs to exclude long iliac artery 

Figure 11.3 An example of endovascular aortic aneurysm repair. Note that the left limb of the device is delivered 
on a separate catheter. Image supplied by courtesy of W L Gore & Associates (UK) Ltd. 
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aneurysms. Postoperative recovery is usually very 
quick, with some patients going home within 3 to 5 
days. However, not all aneurysms are suitable for 
endovascular repair. This can be due to aneurysm 
tortuosity, excessive proximal neck diameter, limited 
proximal neck length, severe iliac artery disease and 
marked iliac artery tortuosity. Although endovas­
cular repair appears much less traumatic for the 
patient, a number of complications are possible, 
including endoleak. An endoleak occurs when blood 
leaks into the aneurysm sac from the graft or from 
another source, such as a lumbar or inferior mesen­
teric artery. In this situation the aneurysm sac can 
continue to expand and rupture (van Marrewijk et al 
2002). The different types of endoleak and their 
ultrasound appearances are discussed later in this 
chapter. Some devices have been withdrawn from 
use due to problems such as hook fractures and 
structural failure. At the time of writing, the long-
term durability and outcome of endovascular repair 
compared to conventional open repair is unknown 
and is the subject of ongoing trials in Europe and 
the United States. 

ANEURYSM SHAPES AND TYPES 

Aneurysms vary considerably in shape and size 
(Fig. 11.4). Most aneurysms are fusiform in shape 
and there is uniform dilation across the entire cross-
section of the vessel. Saccular aneurysms exhibit a 

A B C D E 

typical localized bulging of the wall. Dissecting 
aneurysms occur due to a disruption of the intimal 
lining of the vessel, allowing blood to enter the 
subintimal space. This can result in the stripping of 
the intima, and sometimes of the media, from the 
artery wall. If the aorta partially dissects, large 
amounts of thrombus may be seen in the subintimal 
space (Fig. 11.4F). If there is a full dissection, a false 
flow lumen is created and the dissected layer of 
intima and media may be seen flapping freely in time 
with arterial pulsation (Fig. 11.4G). Some aortic 
dissections are not associated with aneurysms and 
can start in the chest, extending through the aorta 
into the iliac arteries. Occasionally, two aneurysmal 
dilations may be seen along the length of the 
abdominal aorta, separated by a normal segment of 
the aorta, which gives rise to a classic ‘dumb-bell’ 
shape when viewed in longitudinal section (Fig. 
11.4H). As the aorta dilates, it also tends to increase 
in length, producing tortuosity that often shifts the 
aorta to the left of the midline or deflects it in an 
anterior direction. 

PRACTICAL CONSIDERATIONS FOR 
DUPLEX SCANNING OF AORTIC 
ANEURYSMS 

The purposes of the scan are to determine if there 
is an aneurysm involving the aorta or peripheral 
arterial system and, if appropriate, to monitor the 

F G H I 
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Figure 11.4 Aneurysms are very variable in shapes and types. A: Fusiform infrarenal aortic aneurysm. B: Tortuous 
elongated aortic aneurysm with the sac shifted to the left of the midline. C: Saccular aortic aneurysm. D: Infrarenal 
aortic aneurysm extending into the iliac arteries. E. Suprarenal aortic aneurysm involving the renal arteries. F: Dissecting 
aortic aneurysm with a tear between the intima and media allowing blood into the subintimal space. G: Dissecting aortic 
aneurysm in which the intima or media has fully dissected, creating a false flow lumen. H: Double aneurysm of the aorta 
producing a ‘dumb-bell appearance’. I: False aneurysm of the common femoral artery following arterial puncture. (TL, 
true lumen; FL, false lumen.) 
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size of the aneurysm on a serial basis. A screening 
scan can be performed in 5 to 10 min, but more 
detailed scans or follow-up of endovascular grafts 
may take 20–30 min. 

No special preparation is required, although 
some units use a bowel preparation to improve visu­
alization of the aorta; however, for screening scans 
this is rarely necessary. The patient should be lying 
supine with the head supported on a pillow and the 
arms resting by the sides. Sometimes the patient 
may have to roll to one side to improve visualiza­
tion. The scanner should be configured for an aor­
tic investigation but, in the absence of a specific 
preset, a general abdominal examination setup 
should be selected. Ensure that the image depth set­
ting is not too shallow or too deep. A depth setting 
of 10–12 cm is usually sufficient for the average-
sized patient. A 3.5 MHz curved linear array trans­
ducer, or broad-band equivalent, is the most suitable 
probe for this investigation. Harmonic imaging can 
be useful for improving the image quality. In very 
obese patients a 2–4 MHz phased array transducer 
can help to identify the aorta. 

SCANNING TECHNIQUE 

The following description is for a comprehensive 
investigation of the aorta. However, some depart­
ments only perform screening scans and the maxi­
mum diameter of the aorta is the only measurement 
required. Measurements of diameter should be 
made from a number of different positions. In addi­
tion, the shape of the aneurysm and features such as 
tortuosity or dissection should be documented. The 
scanning technique for imaging the aorta is demon­
strated in Figure 11.5. The procedure is as follows: 

1.	 The aorta is usually easiest to identify by start­
ing with the transducer in a transverse image 
plane, approximately 3–4 cm above the umbili­
cus. The aorta is then imaged throughout its 
visible length, from the upper abdomen above 
the celiac axis, or SMA, to the aortic bifurca­
tion. Where appropriate, the level of the renal 
arteries can be identified using color flow imag­
ing as described later in this chapter. However, 
it is frequently impossible to image these vessels 
in the presence of a large aneurysm. 

Aorta 

B 

A 
C 

Figure 11.5 Transducer positions for scanning the 
abdominal aorta. A: Transverse. B: Sagittal or longitudinal. 
C: Coronal. The coronal view is used for measuring the 
lateral diameter of the aorta (i.e., side to side). 

2.	 The abdominal aorta is then imaged in a longi­
tudinal or sagittal plane, from the midline along 
its length to the aortic bifurcation. 

3.	 The aorta is then viewed from a coronal scan 
plane throughout its length in a longitudinal 
view to obtain more accurate measurements of 
the lateral diameter of the aorta (side to side). 

4.	 It is good practice to assess the proximal iliac 
arteries in transverse and longitudinal scan planes 
(see Ch. 9) to exclude an isolated iliac artery 
aneurysm or to define the lower limit of an 
aneurysm if it extends into the iliac arteries (see 
Fig. 11.16). 

ULTRASOUND APPEARANCE 

Normal appearance 
The aorta should measure less than 2.5 cm at its 
maximum diameter (Fig. 11.2) and there is usually 
slight tapering of the aorta from top to bottom. In 
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Figure 11.6 A large abdominal aortic aneurysm is 
shown from two different imaging planes. A: Transverse 
image. The anteroposterior diameter is measured from the 
outer wall to the outer wall (callipers). B: A sagittal image 
of the same aneurysm, demonstrating the calliper 
positions to measure the aneurysm in this plane. Note 
that in this example the diameter measured in the 
transverse image (A) is larger, due to obliquity. 

the longitudinal plane, the aorta is sometimes seen 
to curve gently in a slight convex direction as it lies 
on the lumbar spine. 

Abnormal appearance 
The aorta appears abnormally enlarged, as seen on 
the B-mode image in Figure 11.6. The shape of the 
aneurysm can vary (Fig. 11.4). Marked kinking of 
the posterior wall at the level of the proximal neck 
can occur due to elongation of the aorta, which 
can be mistaken as an atherosclerotic stenosis. If 
the aneurysm deflects in an anterior direction, it can 
be very difficult to demonstrate the level of the 
renal arteries, and the proximal segment of the 

FL 

L 

Figure 11.7 A transverse image of an aortic aneurysm 
demonstrates a localized area of thrombus liquefaction 
(L), which may be confused with a dissection. Large areas 
of thrombus (arrows) separate the area of liquefaction 
from the flow lumen (FL). 

abdominal aorta may become tortuous, which is 
sometimes described as a ‘swan neck’ appearance. 

Thrombus may be imaged as concentric layers 
with differing degrees of echogenicity depending on 
the age and organization. Sometimes localized lique­
faction of the thrombus can occur, which appears as 
hypoechoic areas within the thrombus. This appear­
ance can be confused with a dissection, although 
there is usually a thick layer of thrombus separating 
the liquefied region and the flow lumen (Fig. 11.7). 
A dissection may be undetected, as blood that has 
leaked into the wall may be mistaken for mural 
thrombus. In a full dissection, flow will be observed 
in the false flow lumen, which is separated from the 
true lumen by a flap of intima and, sometimes, media 
(Fig. 11.8). 

Inflammatory aneurysms demonstrate a hypo-
echoic area of ill-defined fibrosis around the aorta on 
the B-mode image, but this appearance can be con­
fused with the presence of periaortic lymph nodes. 
The ultrasound diagnosis of a leaking aneurysm is 
extremely difficult, although it is sometimes possi­
ble to identify areas of fresh blood or hematoma as 
hypoechoic areas associated with the aneurysm in 
the retroperitoneal space. This type of assessment 
should be carried out by an experienced sonogra­
pher; however, other imaging techniques, such as CT 
and MRI, are better suited for this investigation. 
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Figure 11.8 A: B-mode image of a dissecting aortic 
aneurysm. In this example the true (T) and false (F) 
lumens are seen. B: Color flow imaging demonstrates 
flow in the false flow lumen (arrow). C: In this example, 
a dissection into the thrombus and the vessel wall has 
occurred (arrow). 

MEASUREMENTS 

It is important to make accurate diameter measure­
ments of the aorta, especially if a patient is having 
serial follow-up scans to monitor the size of an 

B A 

Spine 

Figure 11.9 The anteroposterior diameter of a tortuous 
aorta may be overestimated because of measurement in 
the wrong scan plane. In this example, the aorta is 
deflecting in an anterior direction. Scanning in a 
transverse plane along line A will result in an oblique 
image of the aorta, and the anteroposterior diameter will 
be overestimated. The transducer should be tilted to 
obtain the correct line of measurement along line B. 
An example of this problem is shown in Figure 11.6. 

aneurysm. The UK Small Aneurysm Trial Participants 
(1998) showed that the error between operators 
was in the region of 0.2 cm for aneurysms measur­
ing 4–5.5 cm in diameter. This section explains how 
to make diameter measurements of the aorta and 
identifies the potential pitfalls that may be involved. 
It should be noted that some of these measurements 
may not be necessary for screening scans. 

Aorta diameter 
Transverse scanning plane 

The maximum diameter of the aorta should be 
measured in the anteroposterior (AP) direction from 
the outer anterior wall to the outer posterior wall 
(Fig. 11.6). If an aneurysm is present, overestimation 
of its size can occur if oblique measurements are 
made, due to tortuosity or folding of the aorta (Figs 
11.6 and 11.9). Measurements of the lateral diame­
ter of the aneurysm (i.e., from lateral wall to lateral 
wall) in a transverse scan plane are prone to error as 
the lateral vessel walls are parallel to the ultrasound 
beam, which therefore produces a very poor image 
(see Ch. 2). The thickness of any thrombus can also 
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Figure 11.10 The positions of the left (LR) and right 
(RR) renal arteries are shown in this transverse image of 
the aorta (A). The diameter of the aorta is normal at the 
level of the renal arteries. The left renal vein (V) can be 
seen crossing over the aorta at the same level as the renal 
arteries. The SMA (S) is also seen in this image. 

be measured in the AP plane. It is possible to assess 
whether the aneurysm starts below the level of the 
renal arteries by measuring the diameter of the aorta 
at this level with the aid of color flow imaging. With 
the transducer in a transverse plane, positioned at the 
upper abdomen, the right renal artery is normally 
seen dividing from the aorta at a 10 o’clock position 
and the left renal artery from a 4 o’clock position 
(Fig. 11.10). In practice, they can be very difficult to 
image, especially if the aneurysm is tortuous or pro­
jecting upward or kinked. 

Longitudinal scan plane, from sagittal and 
coronal positions 

Estimates of aortic diameter in sagittal and coronal 
scan planes are often more accurate than measure­
ments in the transverse plane. This is because it is 
easier to avoid measurement errors due to oblique 
views of the aorta. To find the maximum diameter 
of the aorta, the transducer should be swept laterally 
across the aorta until the widest point can be seen 
(Figs 11.6 and 11.11). The coronal imaging plane 
should also be used for measuring the lateral diame­
ter of the aneurysm, as some aneurysms are larger 
in the lateral than in the AP dimension. The length 
of the aneurysm sac should also be measured in the 
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Figure 11.11 Measurements of an aortic aneurysm made in the longitudinal plane. The maximum diameter of the aorta 
is measured across line A. The length of the aneurysm sac is measured along line B. The distance from the SMA origin to 
the approximate level of the renal arteries is measured along line C. The left renal vein (RV) can also be seen in 
transverse section as it crosses over the aorta at the level of the renal arteries. The distance from the SMA origin to the 
aneurysm sac is measured along line D. The diameter of the aorta between the aneurysm and the level of the renal 
arteries is measured across line E. 
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longitudinal scan plane (Fig. 11.11). The presence 
and thickness of thrombus can sometimes be 
difficult to assess on a poor B-mode image. Color 
flow imaging can be useful for demonstrating the 
lumen, which may be small in the presence of a large 
thrombus load. 

Distance between the renal arteries and 
the upper limit of the aneurysm 
When requested, the distance between the renal 
arteries and upper limit of the aneurysm can be 
measured. In practice, this can be an extremely diffi­
cult or virtually impossible assessment to make. First, 
the presence of the aneurysm may obscure views of 
the upper abdominal aorta. Second, the renal arter­
ies cannot usually be imaged with the probe in the 
longitudinal direction required to make this meas­
urement. However, the position of the renal arteries 
can be estimated by identifying the SMA in the 
longitudinal plane, as the renal arteries should lie 
approximately 1.5 cm below the SMA origin (Fig. 
11.11). Accessory renal arteries may arise well below 
this point. The left renal vein can act as another use­
ful landmark, if it is found to be at the level of the 
renal arteries in a transverse image (Fig. 11.10). 
Turning the transducer into a longitudinal plane, it 
is possible to identify the renal vein as it crosses over 
the top of the aorta (Fig. 11.11). Other imaging 
techniques, such as CT, MRI or arteriography, are 
generally used to identify the position of the renal 
arteries in large aneurysms, especially with the 
increasing use of endovascular devices to repair 
aneurysms. 

LIMITATIONS AND PITFALLS OF AORTIC 
ANEURYSM SCANNING 

The main limitation of aortic scanning is poor visu­
alization due to bowel gas or obesity. It can some­
times be difficult to define the posterior wall of an 
aneurysm, when the tissue between the lumbar 
spine and posterior wall appears to merge, making 
placement of the calliper difficult. Any limitations 
or doubts should be documented. A major pitfall is 
to set the image depth too deep when scanning 
thin patients and misinterpret the lumbar spine as 
the aorta (Fig. 11.12). 
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Figure 11.12 In this image, the scanning depth has 
been set too deep in a thin patient, and the lumbar spine 
(S) has been mistaken for an aneurysm. The aorta (A) is of 
normal diameter. The vena cava (V) can be seen to the 
right of the aorta. 

SURVEILLANCE OF ENDOVASCULAR 
ANEURYSM REPAIR 

Duplex ultrasound is an accurate method for the 
detection of endoleaks following endovascular repair 
(McLafferty et al 2002). It is important to optimize 
the scanner controls so that the system is sensitive to 
detecting low-velocity flow. This can be achieved by 
reducing the PRF to 1–1.5 kHz and increasing color 
sensitivity. The wall filter should be set to a mini­
mum level and write zoom used to image the area of 
interest to maintain frame rate. This can produce a 
noisy color image, but without optimization it is 
possible, in our experience, to miss endoleaks. 

Scanning technique 
1.	 It is easiest to start the scan by imaging the aorta 

in transverse section in the middle of the sac 
using B-mode imaging alone. At this level it is 
usual to see the two limbs of the graft, which 
usually lie adjacent to each other (Fig. 11.13A). 
In some circumstances they can be seen to spi­
ral around each other as the probe is moved in a 
superior or inferior direction. 

2.	 The graft is then followed proximally through 
the sac in transverse section. The bifurcation of 
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Figure 11.13 A: A transverse color flow image of a successfully deployed aortic endovascular graft taken below the 
level of the graft bifurcation. Flow is demonstrated in both graft limbs, but there is no flow in the aneurysm sac. 
B: Longitudinal color flow image of an endovascular graft. In this example the limbs are lying on top of each other, but 
in many cases they lie side by side, as shown in example A, where use of a coronal scan plane would be needed to 
demonstrate both limbs in the same image. 

the graft should be clearly seen, and it is usually 
possible to see the upper extent of the graft and 
sometimes the aorta at the level of the renal 
arteries. 

3.	 Next, the aneurysm and graft are followed distally 
to the aortic bifurcation, where the two graft 
limbs should be seen to run down the common 
iliac arteries. Anechoic areas in the aneurysm sac 
should be noted, as these could represent areas of 
blood flow, and should be scrutinized carefully 
with color flow imaging. Some devices can appear 
very pulsatile, with considerable movement of the 
graft walls. 

4.	 The aorta is then scanned in transverse section 
using color flow imaging. There should be color 
filling of the graft but no flow visible in the sac 
outside the device (Fig. 11.13A). The maximum 
diameter of the aneurysm sac should be recorded 
so that any changes in size can be assessed on serial 
scans. A progressively expanding scan could indi­
cate an undetected endoleak or endotension. A 
variety of scan planes, including a coronal plane, 
may be required to obtain the maximum diame­
ter. Some units also measure proximal neck 
diameter to monitor any increase in size due to 
progression of aneurysmal disease. Other meas­
urements may be taken for research purposes. 

I 
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Figure 11.14 A diagram of the different types of 
endoleak that can occur following endovascular repair of 
an aortic aneurysm (see text for description). A: Type I, 
failure of proximal or distal anastomotic seals. B: Type II, 
perfusion of the sac via patent lumbar or inferior 
mesenteric arteries. C: Type III, failure of the modular limb 
seal or perforation and tears in the graft material. Type IV 
endoleak cannot be demonstrated in this example. 

5.	 Color flow imaging in longitudinal section 
using sagittal and coronal planes is used to 
examine flow through the device and to iden­
tify any areas of flow disturbance or stenosis 
that could be caused by kinking of the graft, 
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Figure 11.15 Color flow and B-mode images of different types of endoleak. A: Longitudinal image showing a type I 
endoleak (arrow) from the distal end of the graft into the sac. B: A transverse image of a type II endoleak demonstrating 
perfusion of the sac via a patent inferior mesenteric artery (arrow). C: A transverse image of a type II endoleak from a 
patent lumbar artery. D: There is failure of the junction between the modular limb and main body of the graft (arrow), 
indicating a type III endoleak. 

especially of the limbs as they run through the 
common iliac arteries (Fig. 11.13B). Endoleaks 
can also be examined in longitudinal section as 
this may help to identify their source. 

Types of endoleak 
Endoleaks have been categorized into the types 
described below (Veith et al 2002) and are demon­
strated in Figure 11.14. The ultrasound appearance 
of some types is shown in Figure 11.15. Remember 

D 

it may be possible for a patient to have more than 
one type of endoleak. 

Type I Attachment site leaks. This occurs at the 
top or bottom of the graft when there is an inade­
quate seal between the device and the aortic or 
iliac artery wall, respectively. Color flow imaging 
demonstrates a jet of flow at the point of the leak, 
filling part of the aneurysm sac (Fig. 11.15A). The 
amount of flow in the sac can be variable and in 
some cases the entire sac may be perfused. 
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Type II Collateral endoleaks involve some filling of 
the sac via lumbar vessels or the inferior mesenteric 
artery or accessory renal arteries (Fig. 11.15B and 
C). They can be difficult to detect with ultrasound. 
Many type II endoleaks will seal spontaneously 
after a month or two (Veith et al 2002). Persistent 
leaks may require embolization. 

Type III Leaks between the modular limb and main 
body of the graft or tears in the graft (Fig. 11.15D). 
These types of leaks are less commonly seen. 

Type IV Thought to occur due to graft porosity or 
‘sweating’ of graft material, leading to progressive 
increase in sac size within the first month. It is not 
possible to image this type of leak in real-time, but 
serial surveillance scans may show a progressive 
increase in the diameter of the aneurysm sac. 

In addition, the concept of endotension has been 
defined. This is described as a persistent or recur­
rent pressurization of the sac without a visualized 
endoleak. This can lead to expansion of the sac and 
potential rupture. The causes of endotension are 
uncertain, but it has been suggested that the sac is 
pressurized by mechanisms such as excessive pulsa­
tion of the graft, osmosis into the sac or transmis­
sion of pressure through the thrombus. In practice, 
some cases of endotension could be due to a very 
small, undetected endoleak. 

The management of endoleaks remains unclear, 
but there is evidence to suggest that type I and III 
endoleaks should be treated, as they are more likely 
to be associated with an increase in sac size and 
potential rupture. 

Assessment of aneurysms excluded
by covered stents 
Flow can be excluded in aneurysms involving other 
areas of the arterial circulation by inserting a cov­
ered stent across the region of the aneurysm. The 
proximal and distal ends of the stent are positioned 
above and below the aneurysm. These types of 
stents are most commonly used in the iliac arteries 
to exclude true aneurysms. They can also be used to 
exclude flow into false aneurysms following vessel 
perforation or rupture during angioplasty. They are 
occasionally used in the subclavian arteries. 

The stent is usually visible on the ultrasound 
image. Flow should be assessed across the stent 
and then the aneurysm should be scanned, using 
low-flow settings, to detect any possible filling of 
the aneurysm sac. 

OTHER TRUE ANEURYSMS 

Iliac aneurysms 
The normal diameter of the common iliac artery 
ranges between 1.1 and 1.4 cm (Johnston et al 
1991). Iliac aneurysms usually occur as an exten­
sion of, or in association with, aortic aneurysms. 
Isolated iliac aneurysms are relatively rare, but 
rupture can be fatal, and elective repair should be 
considered for aneurysms measuring 3.5 cm or 
larger (Santilli et al 2000) (Fig. 11.16). The tech­
nique for scanning the iliac arteries is described in 
Chapter 9. The measurement of iliac aneurysms is 
more accurate in a longitudinal plane, as it is diffi­
cult to avoid oblique planes if imaging in transverse 
section. Iliac aneurysms are clinically difficult to 
diagnose, and ultrasound, CT and MRI are the 
methods used for diagnosis. 

Popliteal aneurysms 
Patients with an aortic aneurysm have a higher inci­
dence of popliteal aneurysms compared to patients 

A 
I 

Figure 11.16 This longitudinal image of a distal 
aortic aneurysm (A) and right common iliac artery (I) 
demonstrates two large iliac artery aneurysms 
(seen between arrows). 
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without such aneurysms. The normal diameter of 
the popliteal artery ranges between 0.4 and 0.9 cm, 
and a popliteal aneurysm is frequently classified as 
a vessel diameter of greater than 1.5 cm (Fig. 
11.17). The complications associated with popliteal 
aneurysms include embolization, acute occlusion or, 
occasionally, rupture. The symptoms of popliteal 
aneurysms can include pain or a feeling of fullness 
in the popliteal fossa. Sometimes patients present 
with a deep vein thrombosis due to compression of 
the popliteal vein by the aneurysm. Ultrasound is 
the primary technique for the diagnosis of popliteal 
aneurysms. However, a major diagnostic pitfall is 
the misdiagnosis of a Baker’s cyst as a popliteal 
aneurysm. 

Scanning of popliteal aneurysms 

Using a 5 MHz, or broad-band equivalent, flat lin­
ear array transducer, the popliteal artery is examined 
in transverse and longitudinal planes from the 
popliteal fossa and from the medial aspect of the 
lower thigh in the adductor canal, as some aneurysms 
can be located above the knee. B-mode imaging is 
used to assess the size, length and amount of throm­
bus within the aneurysm. Color flow imaging is 

used to demonstrate the size of the flow lumen if 
the B-mode imaging is poor. Occluded popliteal 
aneurysms are demonstrated by an absence of color 
flow in the lumen. The popliteal vein should also be 
assessed for patency. Baker’s cysts have a typical 
appearance of a tail trailing from the main body of 
the cyst to the joint capsule, and they have a hypo-
echoic appearance due to the synovial fluid inside 
(see Ch. 13). 

Femoral artery aneurysms 
True femoral artery aneurysms occur less frequently 
and are usually associated with aneurysmal disease 
elsewhere. However, aneurysmal dilations can occur 
where graft anastomoses have been performed. 

FALSE ANEURYSMS 

False aneurysms, also known as pseudo-aneurysms, 
primarily occur following arterial puncture for 
catheter access, due to poor control of arterial bleed­
ing following the procedure. This is usually due to 
insufficient pressure being applied over the puncture 
site or pressure being applied for too short a time. 
They may also occur following trauma. Blood flows 

V 

T 

PA 

V 

PA 

A B 

Figure 11.17 A: A transverse image of a popliteal artery aneurysm (PA) containing thrombus (T) below the arrow. 
The popliteal vein (V) is compressed in this example. B: A longitudinal image demonstrating thrombus in the lumen. 
The popliteal vein is seen superficial to the artery. 
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backward and forward through a hole in the arterial 
wall into the surrounding tissue, forming a flow cav­
ity in the tissue adjacent to the artery. The false 
lumen often contains thrombus, which may be lay­
ered. False aneurysms can increase in size over time. 
Color flow imaging should be used to confirm flow 
in the false lumen. The color flow image typically 
demonstrates a high-velocity jet originating from 
the defect in the artery wall, which is associated with 
a swirling pattern inside the false lumen, similar 
to the ‘yin-yang’ sign. Spectral Doppler usually 
demonstrates an equal forward flow and reverse 
flow component to the arterial jet as flow enters the 
false aneurysm during systole and exits during dias­
tole (Fig. 11.18). The audible Doppler signal is very 
characteristic, with high-frequency Doppler shifts 
heard in the forward and reverse phases across 
the neck. 

The common femoral artery is the main vessel in 
which false aneurysms occur, as it is the commonest 
site for catheter access. False femoral aneurysms may 
be very large, and bleeding into the retroperitoneal 
cavity can be a serious complication, leading to shock 
and death. 

Scanning false femoral aneurysms 
The patient should lie as flat as possible. The proce­
dure should be started by scanning the common 
femoral artery in transverse section. A mid-
frequency 5 MHz, or broad-band equivalent, flat 
linear array transducer will usually provide an ade­
quate image. However, in some cases an abdominal 
curved array transducer may be required, especially 
if the patient is obese or if the puncture has been 
very high. In addition, areas of hematoma lying over 
the vessel, associated with the puncture site, can 
make the imaging difficult. The common femoral 
artery should be identified and scanned along its 
length in transverse section using color flow imag­
ing. The proximal few centimeters of the superficial 
femoral artery and profunda femoris artery should 
also be examined, as low punctures can result in false 
aneurysms of these vessels. A potentially confusing 
situation can occur if the inferior epigastric artery, a 
superficial branch of the common femoral artery, 
runs close to an area of hematoma or swelling, as this 
might be mistaken for a small leak. Spectral Doppler 
recordings taken from the superficial epigastric 

FL 

A 

T 

A 

A B 

Figure 11.18 A: A transverse image of a false femoral artery aneurysm and corresponding spectral Doppler waveform 
from the communicating jet. The arrow indicates the arterial jet between the femoral artery (A) and the false lumen (FL). 
There is marked perivascular tissue vibration associated with the arterial jet in this example. B: The false aneurysm was 
successfully thrombosed (T) by ultrasound guided compression. 
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artery will demonstrate a peripheral arterial type 
waveform with overall flow in the forward direction 
as opposed to the high forward and reverse flow 
components seen in the necks of false aneurysms 
(Fig. 11.18). 

Treatment of false femoral aneurysms 
Traditionally, false aneurysms were repaired surgically, 
but ultrasound compression of pseudo-aneurysms 
has been demonstrated as a safe and effective 
technique for thrombosing false aneurysms. The 
patient should be lying supine, and some form of 
analgesia or sedation should be administered as the 
procedure can be uncomfortable. The distal ankle 
artery signals should be assessed with continuous 
wave Doppler to ensure there is good distal 
perfusion of the leg before beginning the proce­
dure. Firm transducer pressure is applied over the 
point of communication between the true lumen 
and false lumen to occlude the arterial jet. 
Compression is maintained for 10 min intervals 
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Chapter 12 

Anatomy of the lower limb
venous system and assessment
of venous insufficiency 
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INTRODUCTION


Venous disorders are a common problem and con­
sume a significant proportion of the resources avail­
able to health care systems. Approximately 20–25% 
of women and 10–15% of men have visible varicose 
veins (Callam 1994). Significant venous disease can 
lead to venous ulceration, resulting in a marked loss 
in quality of life. Duplex scanning has had a dra­
matic impact on the noninvasive assessment of the 
venous system, and it is now the most commonly 
performed procedure for the detailed investigation 
of lower limb venous insufficiency. Lower limb 
venous duplex imaging can be used for the assess­
ment of patients with primary or secondary varicose 
veins or for the investigation of patients with skin 
changes and venous ulceration. In comparison with 
arterial duplex scanning, venous duplex investiga­
tions can be technically challenging due to the wide 
range of anatomical variations in the venous system. 
This chapter covers the basic anatomy of the venous 
system and scanning techniques used for the assess­
ment of lower limb venous insufficiency. 

ANATOMY 

The lower limb venous system can be divided into 
the deep and superficial veins, located in two main 
compartments. The deep compartment contains 
all the deep veins and is bounded by the muscular 
fascia. The superficial veins lie in the superficial 
compartment and are bounded deeply by the mus­
cular fascia and superficially by the dermis (Caggiati 
et al 2002) (Fig. 12.1). The muscular fascial layer 
is usually visible on an ultrasound image (Fig. 12.2). 
There are numerous interconnections between the 
deep and superficial veins via perforating veins. 

Deep venous system of the lower limbs 
The anatomy of the deep veins is shown in Figure 
12.3. The main deep veins of the thigh and calf are 
the following: 

● common femoral vein 
● profunda femoris vein 
● superficial femoral vein 

Dermis 
SuperficialSC 
branch of LSV 

LSV 
Muscular 

DP fascia 
Deep vein 

Perforator 

Figure 12.1 A diagram of the deep and superficial vein 
compartments. The main trunk of the saphenous vein lies 
in the saphenous compartment (SC), located within the 
superficial compartment; see text. 

● above-knee popliteal vein 
● below-knee popliteal vein 
● posterior tibial veins 
● peroneal veins 
● anterior tibial veins 
● gastrocnemius veins 
● soleal veins and sinuses. 

The posterior tibial and peroneal veins are usually 
paired and are associated with their respective arter­
ies, which frequently lie in between the paired veins. 
The paired veins join into common trunks in the 
upper calf before forming the below-knee popliteal 
vein. The soleal veins are deep venous sinuses and 
veins of the soleus muscle that drain into the 
popliteal vein. They are an important part of the calf 
muscle pump mechanism (see Ch. 5). The gastroc­
nemius veins drain the medial and lateral sides of the 
gastrocnemius muscle and are usually larger in the 
medial side. The main trunk of the gastrocnemius 
vein drains into the popliteal vein below the level of 
the saphenopopliteal junction. The anterior tibial 
vein is paired and associated with the anterior tibial 
artery. It drains to the popliteal vein. The above-
knee popliteal vein runs through the adductor canal 
and becomes the superficial femoral vein in the 
lower medial aspect of the thigh. The name is mis­
leading as it is not a superficial vein but part of the 
deep venous system. The superficial femoral vein 
runs toward the groin, where the profunda femoris 
vein, also known as the deep femoral vein, joins 
to form the common femoral vein. This junction 
lies below the level of the saphenofemoral junction 
and common femoral artery bifurcation (see Fig. 
9.6). The common femoral vein lies medial to the 
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LG 
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Figure 12.2 The main trunks of the superficial veins are 
shown in cross section. A: The long saphenous vein (V) lies 
in the superficial compartment, bounded by the deep 
muscular fascia (upward arrows) and the saphenous 
fascia (downward arrows). B: The short saphenous vein (V) 
is also bounded by the deep fascia (upward arrows) and 
saphenous fascia (downward arrows). The medial 
gastrocnemius muscle (MG) and lateral gastrocnemius 
muscle (LG) are shown on this image of the right leg. 

artery, becoming the external iliac vein above 
the inguinal ligament (Fig. 12.3). The external iliac 
vein runs deep and is joined by the internal iliac vein, 
which drains blood from the pelvis, forming the 
common iliac vein. The left common iliac vein 
runs underneath the right common iliac artery to 
drain into the vena cava, which lies to the right of 
the aorta. 

Anatomy of the superficial vein system 
The main superficial veins in the lower limbs are 
the long saphenous vein (LSV) and short saphenous 

Right renal vein 

Inferior vena cava 

Right common 
iliac vein 

Right external 
iliac vein 

Right common 
femoral vein 

Saphenofemoral 
junction 

Profunda 
femoris vein 

(deep femoral vein) 

Right superficial 
femoral vein 

Saphenopopliteal 
junction 

Gastrocnemius 
vein system 

Popliteal vein 

Soleal veins
 and sinuses 

Anterior tibial veins 
Peroneal veins 
Posterior tibial 

veins 

Figure 12.3 Anatomy of the deep venous system, 
including the iliac veins and vena cava. 

vein (SSV) (Fig. 12.4) (sometimes referred to as 
the greater saphenous vein and lesser saphenous 
vein, respectively). It should be noted that within 
the superficial compartment there is a separate 
saphenous compartment which is bounded super­
ficially by the hyperechoic saphenous fascia and 
deeply by the muscular fascia. The saphenous 
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Common

 femoral vein


Anterolateral
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medial branch 

Saphenopopliteal

junction


Gastrocnemius vein 

Short saphenous vein 
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Saphenofemoral 
junction 

Level of 
Dodd’s perforator 

Posteromedial 
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Long saphenous 
vein 

Posterior 
communicating 
vein to SSV 

Boyd’s perforator 

Level of Crocket’s 
perforators 

Medial malleolus 

Venous arch 

Popliteal vein 

Common trunk 
of peroneal 

compartment contains the main trunks of the LSV 
or SSV and accompanying nerves. Branches, tribu­
taries and cross-communicating veins lie external 
to this compartment (Caggiati et al 2002) (Fig. 
12.1). The saphenous compartment and fascial lay­
ers can often be seen on the ultrasound image (Fig. 
12.2). The distal LSV is located in front of the 
medial malleolus (inner ankle bone), runs up the 
medial aspect of the calf and thigh and has a num­
ber of superficial tributaries. There are a number of 
major perforating veins in the LSV system that can 
sometimes be identified by ultrasound. It is worth 
noting that many perforators do not connect 
directly to the main trunks of the LSV or SSV, but 
communicate via side branches of the main trunks. 
Crocket’s perforators are located in the lower 
medial calf, at distances of approximately 6, 13 and 
18 cm above the medial malleolus, and connect 
branches of the LSV to the posterior tibial veins. 
Boyd’s perforator lies in the upper calf, approxi­
mately 10 cm below the knee joint, and runs 
between the LSV, or branches of the LSV, to the 
posterior tibial vein system. Finally, Dodd’s perfo­
rator is located in the middle third of the thigh and 
runs between the LSV, or branches of the LSV, to 
the superficial femoral vein. The LSV drains into 
the common femoral vein approximately 2.5 cm 
below the inguinal ligament at the saphenofemoral 
junction. It is important to have a detailed under­
standing of the anatomy in this area, as there are at 
least six other tributaries draining to the LSV at the 
level of the saphenofemoral junction (Fig. 12.5). 
These tributaries can be the source of primary or 
recurrent varicose veins. It should be noted that it 

Common 
femoral vein Superficial inferior 

epigastric vein 
Deep external 

Superficial pudendal vein 
circumflex 

Superficialiliac vein 
external 
pudendal vein 

Anterolateral Medial accessory 
thigh vein saphenous vein 

Main trunk of 
long saphenous vein 

veins 

Figure 12.4 Anatomy of the superficial veins. A: The

long saphenous vein. B: The short saphenous vein. Figure 12.5 The anatomy of the saphenofemoral junction.
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is not usually possible to identify all of these tribu­
taries by ultrasound. The anterolateral thigh vein, 
sometimes called the anterior accessory saphenous 
vein, drains flow from the lateral aspect of the knee 
and runs obliquely across the anterior aspect of the 
thigh into the saphenofemoral junction (Fig. 12.5). 
However, it can sometimes join the LSV at a vari­
able level below the junction. The anterolateral 
thigh vein is usually easy to identify with ultra­
sound (see Fig. 12.20B). The posteromedial thigh 
vein drains flow from the posteromedial and poste­
rior regions of the lower thigh and usually joins the 
main trunk of the LSV in the upper thigh. There 
are sometimes connections between the proximal 
SSV (or its branches) and the posteromedial vein in 
the lower thigh, or upper calf. 

The distal SSV arises behind the outer aspect of 
the ankle (lateral malleolus) and runs superficially 
up the posterior calf in the saphenous compart­
ment (see Fig. 12.2B). There are usually a number 
of perforating veins associated with the SSV, espe­
cially from the gastrocnemius veins in the mid-calf. 
The SSV perforates the muscular fascia in the 
upper calf and passes between the heads of the gas­
trocnemius muscle. It drains to the popliteal vein 
via the saphenopopliteal junction at the popliteal 
fossa, superior to the origin of the gastrocnemius 
vein. Approximately 60% of all SSVs join the 
popliteal vein in the popliteal fossa within 8 cm of 
the knee joint (Browse et al 1999). However, the 
anatomy of the SSV can be extremely variable, and 
the saphenopopliteal junction may be found well 
above the popliteal fossa, draining to the above-
knee popliteal vein or superficial femoral vein. 
Alternatively, the SSV can arise directly from the 
gastrocnemius vein or share a common origin (Fig. 
12.6). In addition, some people have a vein that 
runs as a continuation of the SSV, along the poste­
rior thigh above the saphenopopliteal junction, 
as shown in Figure 12.6. This vein is called the 
Giacomini vein, but it is not commonly referred to 
in surgical text books (Georgiev et al 2003). It is 
also sometimes referred to as the proximal thigh 
extension of the SSV. The termination of the 
Giacomini vein is variable, and it may drain to the 
LSV in the thigh or groin via a posteromedial thigh 
vein. It can course up the back of the thigh and 
drain directly to the femoral vein or branches of 
the internal iliac vein system, such as the inferior 

gluteal vein (Fig. 12.6). There is sometimes con­
fusion as to whether a posterior thigh vein is the 
Giacomini vein or merely a posteromedial branch 
of the LSV. Generally, the Giacomini vein appears 
to remain in a superficial fascia compartment 
(similar to the LSV and SSV) in the lower thigh, 
whereas posteromedial branches of the LSV tend 
to lie above the saphenous fascia. Finally, there are 
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vein 
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4 
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2 

Gastrocnemius 
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Figure 12.6 The level of the SSV origin can be highly 
variable, and potential positions are shown by numbers. 
The SSV normally drains to the popliteal vein in the 
popliteal fossa at the saphenopopliteal junction 
(position 1). It can arise from the gastrocnemius vein 
(GV) (position 2). It sometimes has a high origin from 
the popliteal vein (position 3). The Giacomini vein, when 
present, runs above the level of the saphenopopliteal 
junction and has a variable origin. It may drain to the 
LSV, femoral vein or branches of the internal iliac vein 
(positions 4, 5 and 6). Note it is possible to confuse the 
posteromedial branch of the LSV with the Giacomini vein; 
see text. 
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A 

V 
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Figure 12.7 A transverse image of a duplicated or bifid 
superficial femoral vein with the artery (A) lying adjacent 
to the paired veins (V). 

usually cross-communicating veins in the upper calf, 
running between the LSV and SSV. 

Anatomical variations 
There are numerous anatomical variations in the 
lower limb venous system, and even experienced 
sonographers will encounter new variations from 
time to time. Duplicated, or bifid, vein systems are 
relatively common and mainly involve the LSV, 
superficial femoral vein and popliteal vein (Fig. 
12.7). A potentially confusing anatomical variation 
occurs in patients who have a large deep femoral 
vein in the thigh. This vein runs between the 
popliteal vein and the profunda femoris vein and 
lies deep to the superficial femoral vein. In this sit­
uation, the size of the superficial femoral vein 
may be small when compared with the size of the 
superficial femoral artery, and this appearance 
may be mistaken for evidence of venous obstruc­
tion. However, good flow augmentation, with a 
calf squeeze, will be demonstrated in the common 
femoral vein just below the saphenofemoral 
junction. Careful inspection by duplex will nor­
mally reveal the larger deep femoral vein. A low-
frequency 3.5 MHz curved linear array transducer 
may be necessary to identify this vein. A very 
rare anomaly can occur toward the level of the 
saphenofemoral junction, with the LSV running 
between the superficial femoral artery and profunda 

Figure 12.8 An image of a venous valve site in the long 
saphenous vein. The two valve cusps are demonstrated 
by the arrows. 

femoris artery to drain into the saphenofemoral 
junction. 

Venous valves 
Veins contain valves to prevent the reflux of blood 
to the extremities. Venous valves are bicuspid. There 
is often a characteristic dilation of the vein at the 
valve site that can sometimes be seen on the ultra­
sound image (Fig. 12.8). Venous valves are able to 
withstand high degrees of back pressure, typically in 
excess of 250–300 mmHg. The number of valves in 
each venous segment varies among individuals, but 
there are more valves in the distal veins than in the 
proximal veins, as they have to withstand higher 
hydrostatic pressures. The inferior vena cava and 
common iliac vein have no valves, and the majority 
of the population have no valves in the external iliac 
or common femoral vein. There is usually a valve 
at the origin to the superficial femoral vein and an 
average of three to four valves along the length of 
the superficial femoral and popliteal vein to the level 
of the knee, although the number can be inconsis­
tent. There is a valve in the below-knee popliteal 
vein in the majority of people that is sometimes 



Chap-12.qxd  29~8~04  14:52  Page 169

ANATOMY OF THE LOWER LIMB VENOUS SYSTEM AND ASSESSMENT OF VENOUS INSUFFICIENCY 169 

referred to as the ‘gatekeeper’, as it prevents venous 
reflux into the proximal calf. The deep veins in the 
calf contain numerous valves. The LSV and SSV 
contain approximately 8–10 valves along their main 
trunks (Browse et al 1999). In addition, there are 
normally valves at the junctions between the super­
ficial and deep veins, and valves protecting many 
perforating veins so that flow is directed from the 
superficial venous system to the deep system. In very 
rare cases, patients may have absent venous valves 
due to congenital valve aplasia (Eifert et al 2000). 
This can be the cause of deep venous reflux in the 
very young patient. 

Flow patterns in the venous system 
The flow patterns in normal deep veins are 
described in Chapter 5. The venous flow patterns 
in the superficial veins can vary, depending on 
patient position and external factors, such as ambi­
ent temperature. Normally there should be no, or 
very little, spontaneous flow in the LSV and SSV 
when the patient is standing or sitting. If the ambi­
ent temperature in the room is high, vasodilation 
may result in increased flow in the superficial veins. 
Evidence of high-volume spontaneous or continu­
ous flow in the superficial veins at rest should be 
treated with suspicion, as this may indicate obstruc­
tion of the deep veins or could be due to infection, 
such as cellulitis (Fig. 12.9). 

VENOUS DISORDERS OF THE 
LOWER LIMBS 

Deep vein thrombosis is covered in Chapter 13. 

Varicose veins 
The cause of varicose veins is uncertain, but there 
is evidence that increased age, female gender and 
pregnancy are risk factors (Callam 1994). However, 
other studies have demonstrated that chronic 
venous insufficiency and mild varicose veins are 
more common in men than in women (Evans et al 
1999). Varicose veins appear as dilated, tortuous, 
elongated vessels on the skin surface, especially 
in the calf. Abnormal superficial veins can be classi­
fied according to their size. The clinical-etiologic­
anatomic-pathophysiologic (CEAP) classification 

Figure 12.9 High-volume spontaneous flow is 
demonstrated in the LSV of a patient with popliteal and 
superficial femoral vein obstruction. 

system is widely used by many clinicians for the clas­
sification and grading of chronic venous disease 
(Porter & Moneta 1995). 

Minor cosmetic or spider veins (telangiectases) 
are not visible by ultrasound. Small dilated intra­
dermal veins (reticular veins) can also be difficult to 
image. Larger varicose veins, which often involve 
the main superficial trunks, can be assessed with 
ultrasound. Varicose veins most commonly occur 
due to incompetence of the LSV or SSV, or to a 
combination of both systems. It is important to 
identify the supply to the varicose areas and the level 
of incompetence in the LSV or SSV. This can be 
highly variable but frequently involves reflux from 
the saphenofemoral or saphenopopliteal junctions. 
In some situations varicose veins may be indepen­
dent of the LSV or SSV systems. Much debate has 
surrounded the development of varicose veins, but it 
appears that incompetence in the main trunks devel­
ops distally, in the lower leg, and progresses in an 
ascending direction over time. This is contrary to 
traditional teaching, which proposed that incompe­
tence developed at the saphenofemoral junction, 
leading to progressive valve failure in a descending 
direction. The model of progressively ascending 
valve failure would also explain why it is possible to 
observe segmental LSV reflux in the lower thigh but 
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competence of the vein in the upper thigh and at the 
saphenofemoral junction (Abu-Own et al 1994). 
Symptoms and conditions caused by varicose veins 
can include aching, throbbing, burning, venous 
eczema, bleeding and ulceration. Some patients 
complain of symptoms that appear out of propor­
tion to the size of their veins, which may be only 
mildly varicose. Some patients with superficial vari­
cose veins may also have coexisting deep venous 
insufficiency. 

Treatment of superficial venous disorders 
The treatment of abnormal veins varies, depending 
on the severity of the condition (Browse et al 1999). 
Thread veins can be treated by injection sclero­
therapy, followed by local compression to occlude 
the vein. They can also be treated by laser. Larger 
varicose veins can be surgically removed or stripped. 
In the case of the LSV, the saphenofemoral junction 
and tributaries are ligated at the groin, and the main 
trunk stripped with a vein stripper to knee level 
or below. In the case of the SSV, ligation of the 
saphenopopliteal junction is performed. Some sur­
geons strip the vein, but others leave it intact to 
avoid injury to the sural nerve, which is closely asso­
ciated with the vein. Some surgeons ligate large 
perforators, and these can be marked preoperatively 
with the aid of duplex scanning. The remaining 
veins are then removed or avulsed using small 
microincisions. It is worthwhile watching some 
varicose vein surgery as it gives a better appreciation 
of the anatomy seen during duplex examinations. 

A relatively new treatment known as endovenous 
saphenous obliteration has been introduced with 
promising results. This technique uses radiofre­
quency heating of a catheter tip introduced into 
the vein, causing collapse of the vein wall. The pro­
cedure is carried out under duplex guidance to 
position the catheters. 

Skin changes and venous ulcers 
A serious complication of superficial or deep ven­
ous insufficiency is the development of chronic 
venous hypertension in the lower limb, resulting 
in venous ulceration (Fig. 12.10). Risk factors asso­
ciated with ulceration include post-thrombotic syn­
drome, obesity, immobility and arthritic conditions, 

Figure 12.10 A picture of a venous ulcer involving the 
lower aspect of the medial calf and ankle. Varicose veins 
are also seen in the LSV distribution of the mid-calf. 

which cause reduced movement of the ankle joint, 
leading to failure of the calf muscle pump. It is 
important to note that some ulcers that may appear 
to be venous in origin are caused by other conditions, 
such as vasculitis, rheumatoid arthritis or skin dis­
orders. The underlying cause of ulceration is still 
unclear but is thought to involve changes in the 
microcirculation of the skin and subcutaneous tis­
sues in response to local venous hypertension. The 
venous hypertension causes an increase in venular 
and capillary pressure, leading to local edema and 
reduced reabsorption of proteins and fluid from the 
interstitial tissue spaces. This is combined with dam­
age to the capillary walls, which may cause localized 
tissue hypoxia. Leakage of red blood cells across the 
damaged capillary wall and into the interstitial tissue 
spaces produces the brown pigmentation associated 
with many ulcers. This is due to hemosiderin depo­
sition caused by the breakdown of the red blood 
cells. Venous ulcers are usually reasonably shallow 
and vary in size, and in some cases they may be cir­
cumferential, involving a large area of the lower calf. 
They frequently become infected with different 
types of bacteria and can be extremely painful. 

Skin changes around the ankle or lower calf are 
the first physical signs of venous hypertension. This 
is typically seen as areas of venous eczema and 
pigmentation, frequently associated with local skin 
irritation or itching. There is often development 
of lipodermatosclerosis, typified as hardening of the 
subcutaneous tissues in the lower calf and ankle, 
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giving a hard, ‘woody’ feel to the area. The develop­
ment of an ulcer is sometimes initiated by a minor 
injury or abrasion that fails to heal. It is important to 
remember that some venous ulcers are also associ­
ated with arterial disease, and patients with mixed 
venous and arterial ulceration pose a challenging 
diagnostic problem for the vascular laboratory. It 
is therefore routine practice to measure the ankle– 
brachial pressure index (ABPI) in all patients with 
venous ulceration to exclude a significant arterial 
component. However, in some situations it may be 
impossible to measure the ABPI due to pain, and a 
subjective assessment of the pedal Doppler signals 
will have to suffice. A layer of cling film is ideal for 
wrapping around areas of ulceration to protect the 
ulcer and to keep the pressure cuff clean. 

Historically, it was thought that venous ulceration 
was primarily due to deep venous insufficiency fol­
lowing valve failure, post-thrombotic syndrome or 
failure of the calf muscle pump, resulting in deep 
venous hypertension. However, more recent studies 
(Scriven et al 1997, Magnusson et al 2001) demon­
strated that a significant number of patients with 
ulceration have superficial reflux alone, with the 
deep veins being competent. Therefore, ligation of 
the relevant superficial vein junction, with or with­
out stripping of the superficial vein, results in the 
healing of the majority of ulcers due to the reduc­
tion in venous hypertension. The role of perforator 
ligation remains controversial, but there is evidence 
that chronic venous insufficiency is associated with 
an increase in the number and diameter of medial 
calf perforators (Stuart et al 2000). Some vascular 
laboratories are asked to mark the position of 
incompetent perforators with the aid of the duplex 
scanner prior to surgery. 

Varicose ulcers caused by significant deep venous 
insufficiency are not usually treated by the ligation 
or stripping of superficial varicose veins, as the 
underlying deep venous hypertension will not be 
corrected. Instead, the use of compression bandag­
ing, which reduces edema and venous hypertension, 
has proved to be an effective method of healing 
ulcers. Different grades of compression bandaging 
can be used depending upon the clinical situation 
(Lambourne et al 1996). However, an ABPI �0.8 
is required for the application of four-layer compres­
sion dressings, in order to avoid arterial compromise 
in the tissues under the bandaging. This can be a 

serious complication and can lead to limb loss in 
extreme cases. 

PRACTICAL CONSIDERATIONS FOR 
DUPLEX SCANNING OF VARICOSE VEINS 

The purpose of the scan is to assess the compe­
tency of the superficial and deep veins and identify 
the cause of the varicose veins. At least half an hour 
should be allocated for a bilateral vein scan. Adopting 
a logical approach to the examination is useful, as 
this reduces the amount of time required for the 
assessment. The patient should be asked the fol­
lowing questions before starting the examination: 

●	 Have you had any previous varicose vein treatment, 
either by surgery or by injection sclerotherapy? It is 
not uncommon to find that the request card has 
omitted previous clinical details, and the patient 
may have undergone some form of treatment in 
the past. This may be evident on the duplex scan. 

●	 Have you ever had a deep vein thrombosis or severe 
leg swelling? If the patient has had a deep vein 
thrombosis, there may be chronic damage of the 
deep venous system, causing deep venous insuf­
ficiency or obstruction, which may be the cause 
of the current symptoms. 

The sonographer should also visually examine the 
position and distribution of the varicose veins, as this 
can provide a clue to their supply. There is no prepa­
ration required before the scan, but the legs should 
be accessible from the groin to the ankles. It is nec­
essary to position the patient so that the feet are sub­
stantially lower than the heart in order to generate 
sufficient hydrostatic pressure to assess the compe­
tency of the venous valves. If the patient is lying 
completely flat, there is very little pressure differen­
tial between the central venous system and the legs. 
Therefore, any reflux occurring after a distal calf 
squeeze may be of such low velocity that it is not 
detected. Common positions in which to assess a 
patient include the supine position on the examina­
tion table with the whole table tilted feet down by an 
angle of at least 30° (reverse Trendelenburg posi­
tion). Alternatively, the patient can sit on the edge of 
the examination table with the feet resting on a stool. 
Many units perform the examination with the patient 
in a standing position. The leg under investigation 



Chap-12.qxd  29~8~04  14:52  Page 172

172 PERIPHERAL VASCULAR ULTRASOUND 

should be non-weight-bearing, and the patient can 
use a hand rail, or suitable alternative, for support. It 
should be noted that it is not uncommon for patients 
to feel faint during the examination (especially 
younger patients). Let the patient lie down immedi­
ately if he or she feels unwell, and, if necessary, 
appropriate medical advice should be sought. 

AUGMENTATION MANEUVERS AND 
VENOUS REFLUX 

Before considering the practical techniques used 
for scanning the venous system, it is important to 
have an understanding of the methods most com­
monly employed for assessing venous valve compe­
tency. These are calf compression, to augment flow 
toward the heart, and the Valsalva maneuver for 
examining the competency of the veins in the 
groin. In addition, proximal compression can be 
used to assess flow in perforators. 

Calf compression 
To assess the competency of the valves, the flow in 
the veins toward the heart should be temporarily 
increased or augmented. The easiest way to produce 
flow augmentation is to place a hand around the 
back of the calf and give a firm squeeze that is then 
quickly released. In our experience flow augmenta­
tion should be sufficiently strong to produce a tran­
sient peak flow velocity of �30 cm/s in the main 
superficial vein trunks so that valve closure should 
be rapid on the squeeze release (Fig. 12.11). 
However, this velocity can be difficult to achieve in 
very small veins. If an inadequate calf squeeze is per­
formed, flow augmentation may be very poor, and 
this can be a source of conflicting results among dif­
ferent sonographers. For this reason some units pre­
fer to use a rapid cuff inflater to inflate cuffs placed 
around the calf or thigh. The system inflates the cuff 
to a preset pressure before rapid deflation to provide 
reproducible compression. The disadvantage of this 
method is that it can be time-consuming and cum­
bersome to apply the cuffs. 

Valsalva maneuver 
The competency of the proximal deep veins and 
saphenofemoral junction can be assessed with a 

Valsalva maneuver. The patient is told to inhale 
deeply and then to push out and expand the cheeks 
without breathing out, while at the same time 
bearing pressure down on the abdomen. This pro­
duces an increase in intra-abdominal pressure, thus 
increasing the venous blood pressure in the iliac 
and femoral veins. It is usual to see the common 
femoral vein distending during a Valsalva maneu­
ver. Provided that the venous valves are competent, 
there should be no reflux across the sapheno­
femoral junction or proximal superficial femoral 
vein during Valsalva testing (Fig. 12.12). There 
should be a temporary cessation of the normal 

Figure 12.11 Augmentation of flow in the LSV 
following calf compression. There is a short duration of 
normal retrograde flow below the baseline (arrows) as 
the venous valves close. 

START 
VALSALVA END 

Figure 12.12 The Valsalva maneuver demonstrates 
competency of the proximal superficial femoral vein. 
There is a cessation of normal phasic flow during the 
Valsalva maneuver followed by a surge of flow during 
expiration (END). 



Chap-12.qxd  29~8~04  14:52  Page 173

ANATOMY OF THE LOWER LIMB VENOUS SYSTEM AND ASSESSMENT OF VENOUS INSUFFICIENCY 173 

spontaneous phasic flow pattern in the superficial 
femoral and common femoral veins. If the sapheno­
femoral junction is incompetent, venous back-
pressure will produce significant reflux across the 
junction (Fig. 12.13). One potential pitfall of 
using the Valsalva maneuver for the assessment of 
proximal reflux can occur in patients who have a 
competent valve in the iliac vein system, which is 

REFLUX 

Figure 12.13 Incompetence of the saphenofemoral 
junction is demonstrated by a large volume of reflux 
during a Valsalva maneuver (the arrow indicates the 
start of Valsalva). 

usually valve-free. In this situation, the proximal 
valve will protect an incompetent saphenofemoral 
junction or proximal superficial femoral vein, and 
no reflux will be seen. The Valsalva maneuver is not 
used for the assessment of more distal veins. 

GRADING OF SUPERFICIAL AND DEEP 
VENOUS REFLUX 

Considerable debate surrounds the grading of venous 
reflux, especially as different patterns of reflux can be 
observed in the venous system. The following proto­
col is used by our unit. With the relevant segment of 
vein imaged in longitudinal section, the color box is 
steered to obtain the best angle of insonation to the 
vein. A calf squeeze is performed and the augmenta­
tion of flow demonstrated with color flow imaging. 
It is often possible to tell from the color flow display 
if the vein is normal or incompetent. A competent 
vein will display a burst of flow toward the heart dur­
ing a calf squeeze, followed by an abrupt cessation of 
flow during squeeze release, although a very brief 
period of retrograde flow may be seen as the valves 
close. Significant venous reflux will be demonstrated 
by a sustained period of retrograde flow following 
calf release (Figs 12.14 and 12.15). However, the 

BA 

Figure 12.14 A: In this color flow image of the saphenopopliteal junction, flow in the SSV (S) and popliteal vein (coded 
blue) is toward the heart during distal augmentation. B: Following squeeze release there is significant retrograde flow 
(coded red) in the SSV and popliteal vein above the junction, due to saphenopopliteal junction incompetence. However, 
no retrograde flow is demonstrated in the popliteal vein below the level of the saphenopopliteal junction, indicating 
popliteal vein competency at this level (arrow). 

S 
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grading of venous reflux on the basis of color flow 
imaging alone can lead to serious errors. This is 
because the color flow image may give very little 
impression of the flow volume or may not detect 
low-volume reflux at all. It is therefore always neces­
sary to use spectral Doppler to grade the degree and 
duration of venous reflux (Fig. 12.16). The spectral 
Doppler sample volume should be large enough to 
cover the vein lumen, and the angle of insonation 
should be equal to or less than 60° to obtain a good 

Figure 12.15 Incompetence of the 
saphenofemoral junction and LSV is 
demonstrated with color flow imaging. Images 
1 to 4 show flow across the junction (arrow) 
over a 3 s time interval at the end of distal 
augmentation. In image 1, flow (coded red) is 
toward the heart just before squeeze release. In 
images 2 and 3, there is increasing retrograde 
flow. In image 4, reflux (coded blue) is seen 
across the junction. Image 5 shows the LSV with 
flow toward the heart during augmentation. 
Image 6 demonstrates marked reflux following 
squeeze release. 

spectral Doppler trace. Table 12.1 categorizes the 
degrees of venous reflux. The same criteria are used 
for grading venous reflux by calf compression or the 
Valsalva maneuver. Although the classification of 
venous reflux can sometimes be subjective, many 
contemporary scientific publications have used a 
reflux duration of �0.5 s to indicate abnormal valve 
function (Sarin et al 1994, Evans et al 1998, Ruckley 
et al 2002). In some cases, the reflux may be so 
severe that retrograde flow persists for more than 4 s. 
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A B 

Figure 12.16 Spectral Doppler is used to grade the duration of venous reflux. A: Moderate venous reflux of 0.55 s 
duration (R) is recorded across the saphenofemoral junction following distal augmentation. B: Severe venous reflux (R) 
of �2 s duration is demonstrated across the saphenofemoral junction. 

Table 12.1 Grading of venous reflux 

Grade Reflux duration 

Normal valve Reflux duration of �0.5 s, rapid 

function closure of venous valves


Moderate reflux Reflux duration of 0.5–1 s, mild to 

moderate retrograde flow


Significant reflux Reflux duration of �1 s, large 

volume of retrograde flow


Finally, it may be possible to misinterpret a compe­
tent segment of a large vein as incompetent due to A 

helical motion of flow during augmentation. This is 
especially true for the popliteal vein just above the 
knee, as the vein is large at this level, having been 
joined by a number of veins across and just below 
the knee. 

Problems with reflux classification 
Some patterns of reflux can be difficult to interpret, 
and attempts have been made to measure the volume 
of reflux using ultrasound volume flow measure­
ments. In practice this is too time-consuming to be B 

used routinely, but subjective assessment of the reflux 
volume can be useful. Trickle or low-velocity reflux 
can occur due to partially incompetent valves (Fig. 
12.17). This can be observed in many veins but is 
common in the popliteal vein below the knee. It has 

Leaking 
valve 

R 

S 

Figure 12.17 A: Partial incompetence of a venous valve 
is demonstrated by an area of retrograde flow (arrow) 
between the two valve cusps. B: Spectral Doppler 
demonstrates trickle or low-velocity reflux (R) in the 
popliteal vein following distal augmentation (S). 
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Figure 12.18 There can be problems in quantifying 
venous reflux. In this example the LSV was very large 
(8 mm diameter), but the duration of reflux (0.9 s) is 
shorter than that shown in Figure 12.16B. However, the 
volume of reflux is similar to that demonstrated during 
augmentation. In this example, the volume of blood flow 
during reflux is probably very significant due to the size of 
the vein. It should be noted that volume flow calculations 
are not routinely used in venous examinations. 

been speculated that incipient deep venous reflux 
may occur due to gross superficial varicose veins caus­
ing overload of the deep venous system. This may 
cause some degree of dilation of the deep veins in the 
lower leg, which impairs normal valve function 
(Walsh et al 1994). Another problem of interpreta­
tion can occur when a vein is very large or dilated, 
as the duration of reflux may be relatively short. 
However, the volume of reflux can be high due to the 
large diameter of the vein. In this situation, significant 
reflux may be suspected if the shape of the spectral 
Doppler reflux pattern is the same as the augmenta­
tion pattern (Fig. 12.18). It may be difficult to aug­
ment flow in the veins of patients with gross venous 
stasis, and very little reflux will occur following distal 
release. However, the B-mode image often displays 
aggregation of the blood in the dilated vein as a 
speckle pattern (Fig. 12.19). Only a small amount of 
movement in the speckle pattern will be seen during 
calf compression. The deep venous sinuses in the calf 

S 

Figure 12.19 Venous stasis (S) is demonstrated as an 
echogenic speckle pattern in this B-mode image of a 
deep calf vein. 

may be dilated and congested with blood, and this 
appearance can be mistaken for a deep vein throm­
bosis (see Ch. 13). Any problems of interpretation 
should be reported to the referring clinician, with a 
print taken of the relevant flow patterns. In some 
cases, it may be necessary to complement the duplex 
scan with other diagnostic tests, such as ambulatory 
venous pressures or plethysmography. 

SCANNING PROTOCOL FOR THE LOWER 
LIMB VENOUS SYSTEM 

A venous preset should be selected on the duplex 
scanner, which should typically set the PRF at a 
1000 Hz. The color wall filter should also be set at a 
low level. A 10 MHz transducer, or broad-band 
equivalent, is normally used for scanning superficial 
varicose veins. However, a 5 MHz transducer, or 
broad-band equivalent, is usually required for imag­
ing the deep veins and junctions. A combination of 
B-mode, color flow imaging and spectral Doppler is 
used throughout the examination. The assessment of 
venous reflux is performed with the transducer in a 
longitudinal plane to the vein. However, the assess­
ment of perforator competency may require the 
probe to be orientated into other imaging planes to 
follow its course. It is necessary to perform an exam­
ination of the femoral and popliteal veins during any 
superficial vein assessment to assess the competency 
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of these vessels. Also, the superficial veins can act as 
collateral pathways if the deep veins are obstructed, 
and surgery of the superficial veins would be con­
traindicated and potentially damaging. The tech­
nique for assessing varicose veins is described below, 
but it is often quicker to image the varicose veins 
distally and follow them back to their supply. 

Assessment of the LSV and deep veins
of the thigh and knee 
1.	 The saphenofemoral junction is located by first 

identifying the common femoral vein in trans­
verse section just below the level of the inguinal 
ligament. The anatomy in this region is demon­
strated in Figure 9.6. The common femoral vein 
lies medial to the common femoral artery and is 
normally larger than the artery. The transducer 
is then moved distally, and the saphenofemoral 
junction will be seen on the medial anterior 
side of the common femoral vein (Fig. 12.20). 
It is usual to see other branches dividing from 
the saphenofemoral junction. Remember that 
these branches may be the main supply to the 
varicose veins. 

2.	 The transducer should then be rotated so that 
the common femoral vein and saphenofemoral 
junction can be seen in longitudinal section 
(Fig. 12.21). The competency of the common 
femoral vein, saphenofemoral junction and 
proximal LSV can be assessed using distal com­
pression and the Valsalva maneuver. The origin 
of the superficial femoral vein, which lies below 
the level of the saphenofemoral junction, should 
also be assessed for competency. Large visible 
branches dividing from the saphenofemoral 
junction can also be checked for competency, 
especially the anterolateral trunk, which can 
often supply varicose areas in the anterior thigh 
and calf. Medial branches of anterolateral vein in 
the upper and mid-thigh region can also supply 
varicose areas in the medial thigh. They can also 
run directly into the main trunk of the LSV. In 
this situation the main proximal trunk of the 
LSV may be competent. 

3.	 The LSV is examined in transverse section along 
the medial thigh to the knee. In transverse section, 
it is often possible to see the LSV running directly 
into varicose areas. Large perforators, branches 

A 
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Figure 12.20 A: A transverse image of the right 
common femoral vein demonstrating the position of the 
saphenofemoral junction (J), common femoral vein (V) 
and common femoral artery (A). This view is sometimes 
called ‘Mickey Mouse’ for obvious reasons. In this 
example, it is likely that the junction is incompetent as 
the LSV is very large. Note that some small branches are 
dividing from the junction (arrow). B: A transverse image 
taken in the upper thigh demonstrating the LSV (L), 
anterolateral branch (arrow), superficial femoral vein (V) 
and superficial femoral artery (A). 

and bifid systems are relatively easy to identify 
on the transverse B-mode image. Large thigh 
perforators should be assessed for competency. 
The LSV is then followed in longitudinal section 
from the saphenofemoral junction to the knee and 
assessed for competency at frequent intervals. 
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Figure 12.21 A: A longitudinal image of the distal 
common femoral vein (CFV), saphenofemoral junction (J) 
and proximal LSV (S). A superior tributary is seen draining 
to the LSV, just proximal to the junction (arrow). It is 
often not possible to image the CFV distal to the SFJ in 
the same plane. B: An image of an abnormally large 
SFJ(J), which was found to be incompetent. 

This is because the saphenofemoral junction and 
proximal LSV may be competent, but there may 
be segmental reflux in the upper, mid- or lower 
thigh, beyond incompetent valve sites, perforators 
or branches. It is even possible for the main 
trunk of the LSV to be competent, with isolated 

incompetence of side branches that supply super­
ficial varicose areas in the thigh or calf. Another 
occasional finding is incompetence of the proxi­
mal LSV to the level of an incompetent superficial 
anterior or posterior thigh branch. Beyond the 
incompetent branch, it is possible for the main 
trunk of the LSV to be competent. 

4.	 The SFV and proximal popliteal vein above 
the knee should be assessed for patency and 
competency. They are imaged from a medial 
thigh position in longitudinal section. The 
superficial femoral and popliteal veins lie deep 
to their respective arteries when imaged from 
this position. 

5.	 The LSV is then followed in transverse section 
across the knee along the medial aspect of the 
calf to ankle. It is common to see large branches 
dividing from the main trunk of the LSV in the 
calf. Posteromedial varicose branches of the LSV 
in the upper calf sometimes interconnect to the 
SSV system in the posterior calf, causing SSV 
incompetence below this level (Fig. 12.22). The 
LSV and its major branches are then assessed in 
a longitudinal section using distal compression 
to augment flow. However, the varicose veins 
may be so obvious in the calf that little time 
need be spent on assessing the LSV at this level 
if it is the supply to the varicose areas. The LSV 
can also supply varicose areas on the lateral aspect 
of the calf, via incompetent branches that run 
over the front of the shin. There is considerable 
debate about the need to examine all calf perfo­
rators by duplex, and whether this is done may 
depend upon local protocols. In many cases per­
forators connect to side branches of the LSV 
and not to the main trunk. 

6.	 The popliteal vein above and below the knee is 
examined from the popliteal fossa and assessed 
for patency and competency. The popliteal vein 
lies superficial to the popliteal artery when 
imaged from the popliteal fossa. Some clinicians 
request an assessment of the gastrocnemius 
veins. The investigation then continues with an 
assessment of the SSV. 

Assessment of the SSV 
1. The saphenopopliteal junction is usually located 

just above the skin crease in the popliteal fossa, 
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Figure 12.22 A: Posterior varicose branches (PB) of the 
LSV may interconnect to the SSV distribution in the 
posterior calf, causing SSV incompetence below the point 
of communication. (↑, competent veins; ↓, incompetent 
veins.) B: Medial varicose branches (MB) of the SSV can 
interconnect to the LSV in the calf, leading to segmental 
LSV incompetence. 

although its position can be highly variable. The 
SSV is initially easier to locate just below the 
popliteal fossa in transverse section, where it will 
be seen lying within the superficial saphenous 
compartment (Figs 12.2B and 12.23). It is 
sometimes very small and easy to miss. The 
SSV is followed proximally into the popliteal 
fossa in transverse section, where it will be seen 
to perforate the muscular fascia and run deep to 
join the popliteal vein at the saphenopopliteal 
junction. It should be noted that the SSV 
can sometimes perforate the muscular fascia 
below the popliteal fossa. The proximal SSV 
sometimes curves medially or laterally toward 
the saphenopopliteal junction (Fig. 12.24). The 
actual junction can be located on the anterior, 
medial, lateral or, occasionally, posterior aspect 
of the popliteal vein when viewed from the 
popliteal fossa. In some situations, the junction 

SSV 

GV 
GV 

PV 
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Figure 12.23 A transverse B-mode image just below the 
popliteal fossa shows the position of the SSV lying in the 
superficial, saphenous compartment. The popliteal vein 
(PV) and gastrocnemius veins (GV) are seen below the 
fascia. The popliteal vein (PV) lies above the popliteal 
artery (PA) when imaged from this position. 
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Figure 12.24 A transverse image of the left popliteal 
fossa showing an abnormally large saphenopopliteal 
junction (arrow), proximal SSV (S), popliteal vein (V) and 
popliteal artery (A). Note that the junction is located to 
the medial side of the popliteal vein in this example, but 
its position can vary. 
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and proximal SSV can be extremely tortuous, 
with the vein doubling back on itself in an 
S-shape pattern longitudinally, while following 
a tortuous path in either the medial or lateral 
direction. This leads to a very confusing image 
in which it is even possible to see different sec­
tions of the proximal SSV in the same scan 
plane. Slow, careful movement of the probe 
should be used to track the vein back to the 
popliteal vein. It is also possible to mistake 
branches of the gastrocnemius vein for the SSV 
if they run superficially within the gastrocne­
mius muscle. Care should be used when identi­
fying the anatomy in this area. Finally, large 
perforators, separate from the SSV, can some­
times be found in the popliteal fossa, supplying 
superficial varicose areas. 

2.	 The saphenopopliteal junction and proximal 
SSV are then imaged in longitudinal section 
(Fig. 12.25). In some cases, the junction is 

J 

PA 

PV 

SSV 

Figure 12.25 A longitudinal image of the popliteal fossa 
demonstrating a dilated saphenopopliteal junction and 
proximal SSV. There is a small deep vein (arrow) joining the 
SSV at the level of the junction (J) to the popliteal vein (PV). 
The popliteal artery (PA) lies below the vein. It is not always 
possible to see the junction in this plane or this clearly, 
especially if it lies to the medial or lateral side of the 
popliteal vein as shown in Figure 12.24. 

tortuous, and rotation of the probe is required 
to allow the junction to be visualized. The 
saphenopopliteal junction and proximal SSV 
should then be assessed for reflux with a strong 
calf squeeze. If not already performed previously, 
the competency of the above- and below-knee 
popliteal vein should be assessed. 

3.	 Unlike the saphenofemoral junction, there is 
considerable anatomical variation in the position 
of the saphenopopliteal junction (Figs 12.6 and 
12.26). In some cases it may be impossible to 
identify, owing to the height of the junction in 
the posterior thigh. The Giacomini vein, if pres­
ent, can be the source of SSV incompetence. In 
this situation, it is possible to follow the 
Giacomini vein, which will be seen to run as a 
continuation of the SSV, in transverse section up 
the posterior thigh to its origin, which may be 
from a number of sources. These include the 
LSV, posterior thigh perforator or veins at the 
top of the posterior thigh. In the latter case, it 
may be impossible to identify the source, which 
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Figure 12.26 An anatomical variation involving the 
proximal SSV. In this image the SSV (S) continued to run 
up the posterior thigh as the Giacomini vein (G). A 
gastrocnemius vein (GV) also drains to the SSV just 
proximal to the saphenopopliteal junction (J). The 
popliteal vein (PV) is demonstrated in this image. 
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may be from the internal iliac vein distribution. 
The Giacomini vein tends to run in a layer of 
fascia, which can aid its identification. It is possible 
to misidentify very superficial posterior thigh 
branches of the LSV as the Giacomini vein. 

4.	 In transverse section, the SSV is followed distally 
from the popliteal fossa along the posterior aspect 
of the calf, where it runs toward the posterolateral 
aspect of the ankle. The SSV is then assessed for 
reflux along its length in longitudinal section. 
However, sometimes the vein is so small that it is 
difficult to demonstrate flow during compres­
sion. Large perforators can be assessed for com­
petency. It is sometimes possible to see varicose 
branches from the LSV interconnecting to the 
SSV system. Conversely, medial varicose branches 
of the SSV may also interconnect to the LSV 
system (Fig. 12.22). The SSV can also supply 
varicose areas on the lateral and anterior aspects 
of the calf via branches. 

5.	 The origin of the saphenopopliteal junction is 
sometimes marked preoperatively with the aid 
of duplex scanning, owing to its highly variable 
position. Some surgeons ask for a mark to be 
made on the skin corresponding to the position 
of the junction. However, others prefer a mark 
over the SSV just distal to the junction, so that 
the vein can be identified and followed back to 
the junction. Alternatively, a cross can be placed 
over the junction with a line drawn indicating 
the path of the SSV to the point where it 
becomes superficial. It is important for the sur­
geon and sonographer to agree on a system of 
marking to avoid any misunderstandings. 

Concluding the scan 
In some circumstances, the varicose veins may lie in 
more unusual distributions, such as the anterior 
aspect of the calf or lateral aspect of the thigh. In these 
situations, it is important to follow the varicose areas 
proximally in transverse section to identify the supply. 
The supply is frequently from varicose branches of the 
LSV or SSV, depending on the location of the vari­
cose areas. One such example is incompetence of the 
anterolateral vein from the saphenofemoral junction. 
This vein often supplies varicose areas on the anterior 
aspect of the thigh and lateral calf. The main proximal 
trunk of the LSV can be competent or incompetent 

in this situation. In certain circumstances, varicose 
veins running along the lateral aspect of the thigh and 
calf can be related to isolated perforators located on 
the lateral aspect of the upper thigh. Varicose veins in 
the lower posterior and posteromedial thigh can be 
supplied by the Giacomini vein. In this unusual situa­
tion, blood flows in a loop, across an incompetent 
saphenopopliteal junction and up the Giacomini vein, 
which then feeds the superficial varicosities running 
down the leg. This is a ‘paradoxical’ situation, in 
which the thigh veins are filled by ‘antigravitational’ 
flow, but in fact the flow will eventually make its way 
down into the calf via the incompetent veins, in the 
correct gravitational direction (Georgiev et al 2003). 
The main trunk of the SSV can be competent or 
incompetent in this situation. In some patients, it may 
be impossible to clearly define the source of the vari­
cose veins, especially if they are very small, are dif­
fusely distributed and generally run into very small 
superficial tributaries. 

B-mode appearance of varicose veins
and perforators 
Varicose veins are relatively easy to identify on 
the B-mode image. They appear as single or multiple 
dilated tortuous vessels that vary randomly in 
diameter as the probe is swept across the varicose 
area (Fig. 12.27). They are superficial and may be 
located in the thigh as well as the calf. The main 
trunk supplying varicose areas, such as the LSV in 
the thigh, may be dilated but often has a reason­
ably even caliber and is frequently not visible on 

Figure 12.27 A transverse image of tortuous dilated 
varicose veins. 
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Figure 12.28 A: A venogram demonstrating a 
perforator (P) running between the deep veins (DV) and 
superficial varicose veins (V V). B: A B-mode image 
demonstrating a large perforator (P). The fascia is 
demonstrated by the arrows, and there is a clear break in 
the fascia as the perforator runs between the deep vein 
(DV) and superficial vein (SV). 

the skin surface. Occasionally a large localized dila­
tion can be seen in the main trunk, called a varix. 
Sometimes the supplying vein may appear reason­
ably small, but reflux is demonstrated with color 
and spectral Doppler. The easiest way of locating 
perforators is to run the transducer steadily along 
the trunk of the superficial vein in transverse section. 
A break in the fascia will be seen on the B-mode 
image as the perforator runs between the subcuta­
neous and subfascial areas (Fig. 12.28). 

INVESTIGATION OF RECURRENT 
VARICOSE VEINS 

Some patients develop secondary or recurrent 
varicose veins over a variable time period following 
surgery. The scanning technique for the investiga­
tion of recurrent varicose veins is very similar to 
that used for the investigation of primary varicose 
veins. However, it is important to keep an open 
mind as to the source of the recurrent veins, as 
their supply can be unpredictable. It is often easier 
to begin the examination at the level of the vari­
cose areas in transverse section and work proxi­
mally to the point of supply. The use of color flow 
imaging during calf augmentation can allow 
smaller varicose veins to be followed proximally if 
the B-mode imaging is poor. Some of the main 
causes of recurrent varicose veins are summarized 
below. However, it may be some considerable time 
before the trainee sonographer is familiar with all 
the variations. 

Possible causes of LSV recurrences 
Incomplete ligation of the saphenofemoral 
junction 

Normally the junction should be ligated and any 
tributaries divided (Fig. 12.29A). However, due 
to misidentification or inadequate dissection, it is 
possible to ligate only a small tributary during sur­
gery, rather than the main junction. The level of 
the saphenofemoral junction should be examined 
in transverse section, where it is easy to identify 
a large patent junction. Sometimes the scan 
demonstrates that the main trunk of the LSV has 
been ligated just distal to the saphenofemoral 
junction but a tributary has been left intact. 
This tributary then supplies the varicose veins or 
intact LSV trunk, if it has not been stripped. This 
is often the case when the anterolateral saphenous 
vein is found to be intact at the level of the 
saphenofemoral junction. It frequently supplies 
varicose areas in the anterior and medial aspects 
of the thigh, which in turn run into the calf 
(Fig. 12.30). Occasionally, there may be a very 
small recurrent junction that can be difficult to 
identify without the aid of color flow imaging 
(Fig. 12.29B). 
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Figure 12.29 Three examples of ultrasound findings 
at the level of the saphenofemoral junction following 
surgery. The femoral vein (V) is seen in all three images. 
A: The saphenofemoral junction (arrow) has been 
completely ligated by surgery. B: A small recurrent 
junction (arrow) is seen to supply a diffuse network of 
small veins. C: The SFJ has been ligated but a diffuse 
web of small veins are seen adjacent to the vein (arrow). 
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Figure 12.30 Incomplete ligation of the sapheno­
femoral junction can be the cause of recurrent varicose 
veins. In this example the anterolateral thigh vein (ALTV) 
has been left intact following incomplete ligation of the 
junction (arrow). The ALTV now supplies the varicose 
areas shown on the diagram. 

Incompetent tributaries 

In some cases, the saphenofemoral junction has 
been ligated, but small tributaries from the inner 
aspect of the groin supply varicose areas in the LSV 
distribution or the main LSV trunk, if it has not 
been stripped. These tributaries are often supplied 
from pudendal and perineal veins. Typically, the 
scan will demonstrate varicose veins, or an intact 
trunk if this has not been stripped in the upper 
thigh, breaking up into small tributaries before 
disappearing toward the inner aspect of the groin. 
These tributaries are usually seen as a fine, diffuse 
web of veins on the color flow image. Sometimes 
these tributaries may run close to the femoral vein, 
but no direct connection will be identified (Fig. 
12.29C). It is also possible for recurrent varicose 

C 
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Figure 12.31 A diagrammatic representation of 
neovascularization. There is a small recurrent connection 
between the femoral vein and a diffuse network of veins 
in the groin and upper thigh. In this example the main 
trunk of the LSV has not been stripped and is supplied by 
the small diffuse veins. The ultrasound appearance at the 
level of the femoral vein will be similar to that shown in 
Figure 12.29B. 

veins to be supplied from veins running from the 
lower abdominal wall. 

Neovascularization 

It has been suggested that neovascularization or 
‘re-growth’ can occur between the femoral vein and 
superficial varicose veins at the groin following liga­
tion of the saphenofemoral junction (Jones et al 
1996) (Fig. 12.31). These small veins then supply 
the LSV, if it had not been stripped, or proximal sec­
ondary varicose veins. Duplex scanning will reveal a 
diffuse web of small tortuous veins in the groin, with 
a small connection to the femoral vein that may be 
impossible to follow without the aid of color flow 
imaging. 

Thigh or calf perforators 

Recurrent varicose veins can be supplied by 
thigh or calf perforators (Fig. 12.28). Large thigh 
perforators are relatively easy to identify by follow­
ing the varicose trunk up the medial thigh in trans­
verse section, where it will be seen to connect 

directly, or via side branches, to the perforator. 
Perforators to the deep veins can have very tortu­
ous courses. If a mid-thigh perforator is the main 
supply to the varicose areas, there may be only 
small, or no, varicose veins seen above the level of 
the perforator. Duplex scanning can be used to 
mark the location of perforators preoperatively. 

Incomplete stripping of the LSV trunk 
in the thigh 

Sometimes the saphenofemoral junction has been 
ligated, but the vein stripper has been passed down 
a bifid trunk of the LSV or a branch, leaving the 
majority of the main trunk intact. The image will 
demonstrate the presence of an incompetent LSV 
trunk that breaks into small tributaries toward the 
groin with a variable supply, as described in some 
of the examples above. 

Secondary varicose veins 

Over time, it is not uncommon for secondary vari­
cose veins to develop in the thigh and calf that 
were not visible when the original surgery was per­
formed. These are often imaged as numerous tor­
tuous varicose veins that may lie very superficially 
in the LSV distribution. They often have a diffuse 
supply, sometimes involving superficial tributaries 
in the groin. 

Incompetence of the SSV 

Varicose veins in the LSV distribution of the 
calf can occur due to incompetence of the SSV. In 
this situation, posteromedial varicose branches of 
the SSV interconnect to the LSV distribution 
(Fig. 12.22B). 

Possible causes of SSV recurrences 
Incomplete ligation of the saphenopopliteal 
junction 

Recurrence can occur if there has been incomplete 
ligation or misidentification of the saphenopo­
pliteal junction during surgery. With the transducer 
in transverse section, the SSV can be followed 
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proximally, where it will be possible to see the 
saphenopopliteal junction clearly. 

Incompetent Giacomini vein 

In some circumstances a large incompetent 
Giacomini vein may run directly into the SSV, or 
varicose areas, at the popliteal fossa. Starting in a 
transverse section just below the popliteal fossa, the 
SSV is identified and followed proximally. The 
saphenopopliteal junction should not be seen if 
it has been correctly ligated. However, the SSV 
continues to course up the posterior thigh as the 
Giacomini vein. Alternatively, the superficial vari­
cosities may be supplied directly by the Giacomini 
vein. The Giacomini vein can have a variable supply, 
as described previously. 

Incompetent perforators 

These perforators may arise from variable positions 
and can be found above the popliteal fossa, at the 
popliteal fossa or from the gastrocnemius vein in 
the proximal or mid-calf. Perforators arising in the 
region of the popliteal fossa can follow very tor­
tuous routes. Perforators supplying varicose areas 
in the SSV distribution are easiest to identify in 
transverse section. 

LSV incompetence 

Varicose veins in the SSV distribution can occur due 
to LSV incompetence. Incompetent posterior veins 
in the LSV distribution, which are not prominent 
on the skin surface, may run into the SSV system in 
the upper posterior calf, where the veins become 
more prominent. The surgeon performing the orig­
inal surgery may have assumed that these varicose 
veins were related to saphenopopliteal junction 
incompetence and ligated the junction, but in fact 
the SSV was competent above the point of com­
munication between the LSV and the SSV. Therefore, 
ligation of the saphenopopliteal junction will not 
have controlled the varicose veins (Fig. 12.22A). 

Diffuse varicosities in the popliteal fossa 

Diffuse varicosities in the popliteal fossa may 
resupply the SSV. In this situation, although the 
saphenopopliteal junction has been ligated, the SSV 

trunk is supplied by numerous small superficial 
tributaries that are difficult to follow. 

ASSESSMENT OF PATIENTS WITH SKIN 
CHANGES AND VENOUS ULCERATION 

Many patients with venous ulcers have never had 
varicose vein surgery, whereas others may have had 
a number of previous operations. However, the 
basic technique for assessing patients with venous 
ulceration is similar to the technique for the assess­
ment of varicose veins. Many patients are elderly 
and are unable to stand during the examination, 
but the leg should be in a dependent position to 
assess for reflux. This is best achieved by hanging 
the leg over the side of the examination table with 
the feet resting on a stool. It is necessary to remove 
any pressure or compression dressings, as these may 
reduce venous reflux, leading to false results. Patients 
with venous ulceration are more likely to have deep 
venous incompetence or obstruction than patients 
with simple varicose veins. Therefore, it is impor­
tant to assess the deep veins carefully. It is often eas­
ier to start the scan by examining the popliteal vein 
from the popliteal fossa, as many surgeons will not 
perform superficial surgery if there is gross reflux in 
the popliteal vein above and below the knee, and a 
less detailed scan of the superficial vein system may 
be possible. 

There are a number of problems associated with 
the assessment of patients with venous ulcers. It can 
be difficult to image the deep veins in obese patients 
with large legs. In this situation, it may be worth try­
ing a 3.5 MHz abdominal transducer to image the 
deep veins. Sometimes the calf is too ulcerated or 
sore to perform calf compression for the assessment 
of reflux. In such cases, try squeezing the upper por­
tion of the calf, where there may be less ulceration 
or skin change. If in doubt, warn the patient that 
the test could be uncomfortable, as many patients 
are willing to cooperate but may be distressed if no 
prior warning of discomfort is given. In rare cases, 
some analgesia may be required. It can be difficult 
to assess the competency of veins in patients with 
continuous high-volume flow (hyperemic flow) in 
the superficial and deep veins due to infection. The 
high-volume flow toward the heart can lead to a 
reduction in reflux duration (Fig. 12.32). Under 
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these circumstances it is very difficult to examine the 
function of the veins, but it may be an indication 
that the leg is infected. Appropriate action, such as 
antibiotic therapy and leg elevation, may need to be 
taken to reduce the infection or cellulitis. The leg 
can be reassessed when the hyperemia subsides. 

OTHER DISORDERS OF THE VENOUS 
SYSTEM 

Superficial thrombophlebitis 
Superficial thrombophlebitis is an inflammatory 
process that involves the superficial veins (see 
Ch. 13). The superficial vein may become partially 
or fully thrombosed. Typically, the area around the 
phlebitis is reddened, tender and hot, and the super­
ficial vein may be swollen and hard. Phlebitis is nor­
mally treated with analgesia and anti-inflammatory 
drugs, but superficial vein stripping may be required, 
especially if there is a thrombus tip extending to 
the saphenofemoral junction or saphenopopliteal 
junction. 

Klippel-Trenaunay syndrome (KTS) 
Klippel-Trenaunay syndrome is a congenital con­
dition and consists of a range of abnormalities 

Figure 12.32 An example of hyperemic flow patterns 
in the superficial femoral artery and vein due to infection 
in the lower leg. The arterial signal, above the baseline, 
demonstrates high-volume flow throughout the cardiac 
cycle. There is continuous high-volume flow in the vein, 
shown below the baseline. 

that can involve the skin capillaries, often causing 
nevi (birthmarks or port wine stains), bone and soft 
tissue hypertrophy (excessive limb growth) and 
venous varicosities. Each case of KTS is unique, and 
often only one limb is affected, but other areas of the 
body may also be involved. Abnormalities of the 
venous system range in severity (Browse et al 1999). 
Visible varicose veins vary from very minor to severe 
and can be widely distributed throughout the leg. 
Varicosities are commonly seen on the lateral aspect 
of the thigh and calf. In some cases of KTS, the deep 
veins may be abnormal. Abnormalities can include 
absence of parts of the deep venous system, unusu­
ally small deep veins or large, dilated deep veins with 
nonfunctioning valves. It is therefore very important 
to scan the deep venous system in all patients with 
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Figure 12.33 The use of diagrams makes it easier for 
the clinician to interpret the findings of a venous duplex 
examination (see text). 
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KTS, to detect any deep venous abnormalities, 
before treating any large superficial varicosities by 
surgery (Eifert et al 2000). 

Venous hemangioma 
Venous malformations can occur anywhere in the 
body and consist of an abnormal network of veins. 
Venous hemangiomas vary in size and can be very 
extensive. They can occur in the superficial tissues, 
muscles or organs. They can cause pain and swelling 
and may be disfiguring when they are superficial. 
Duplex scanning can be useful for imaging venous 
malformations to exclude evidence of arteriovenous 
fistulas, but it can be difficult to define the full 
extent of the lesion, especially if it is deep or involves 
joints. When imaging very superficial lesions, it is 
important not to apply too much pressure with the 
transducer, as this may occlude the veins. Other 
imaging techniques, such as MRI, are often used to 
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Chapter 13 

Duplex assessment of deep
venous thrombosis and 
upper limb venous disorders 
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INTRODUCTION


Deep venous thrombosis (DVT) is a common dis­
order that can lead to fatal pulmonary embolism 
(PE). Duplex scanning is considered to be the 
method of choice for the imaging of DVT, with 
venography reserved for technically incomplete or 
difficult duplex examinations. Duplex scanning can 
be used for serial investigations to monitor the 
progression and outcome of thrombosis. In addi­
tion, duplex scanning can be useful for assessing 
the long-term damage to veins and valve function 
as a result of chronic post-thrombotic syndrome 
(Haenen et al 2002). This can lead to the develop­
ment of lower limb venous hypertension and pos­
sible leg ulceration. This chapter provides a 
description of duplex scanning techniques for the 
diagnosis of DVT and also considers other patho­
logic conditions that may mimic the symptoms of 
venous thrombosis. 

EPIDEMIOLOGY AND PATHOLOGY OF DVT 

DVT usually affects the lower limb veins, but it can 
also occur in the upper limbs, especially in conjunc­
tion with catheter access or malignancy. The pub­
lished data on the epidemiology of DVT and PE 
demonstrate some variability, and reported rates of 
DVT and thromboembolism appear to be partly 
dependent upon methods of data collection (autopsy 
records, discharge diagnoses, and so forth) and the 
patient population studied. A recent systematic 
review by Fowkes et al (2003) indicated an incidence 
of DVT in the whole general population of approxi­
mately 5 per 10 000 per annum. However, the 
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incidence was highly dependent upon age and 
increased from 2–3 per 10 000 person years at age 
30–49 years to 20 per 10 000 person years at age 
70–79 years. Around 40% cases of DVT were found 
to be idiopathic (of unknown cause). The annual rate 
of PE is somewhere in the region of 6 cases per 
10 000 in the general population (Nicolaides et al 
1994). A review by White (2003) indicated that 
death occurs in approximately 12% of PE cases 
within 1 month of diagnosis. Open or healed venous 
ulceration occurs in around 1% of the general adult 
population, with a proportion attributed to post-
thrombotic syndrome (Fowkes et al 2001). The early 
detection and treatment of DVT can therefore 
reduce the subsequent risk of mortality or long-term 
morbidity. 

Virchow (1846) described the association between 
thrombosis in the legs and emboli in the lung. The 
factors predisposing to thrombosis are described 
by his famous triad of coagulability of the blood, 
damage to the vein wall or endothelium and venous 
stasis. Venous thrombi are believed to originate in 
valve cusp pockets (Fig. 13.1) or in the deep venous 
muscular sinuses, such as the soleal veins. DVT most 
commonly occurs in the calf veins and can propa­
gate to the proximal veins. It is not necessary for all 
the calf veins to be affected in order for proximal 
propagation to occur. It is believed that approxi­
mately 10–20% of calf vein thrombi propagate to 

Figure 13.1 A longitudinal B-mode image of the below-
knee popliteal vein. An area of thrombus (arrow) is seen 
to extend from the valve site on the posterior wall. 

the deep veins across and above the knee (Khaw 
2002, Labropoulos et al 2002). This is thought to 
be associated with an increased risk of PE. Isolated 
thrombosis of the proximal veins, such as the femoral 
or iliac veins, is less common and can occur due to 
trauma, surgery, pregnancy or malignancy. Proximal 
and distal propagation of thrombus can occur in 
this situation. Venous stasis can also lead to DVT, 
and this is why patients undergoing long periods of 
bed rest or immobility are at greater risk of devel­
oping thrombosis. There is also increasing evidence 
to suggest that long-haul air travel is associated with 
an increased risk of DVT. The main risk factors asso­
ciated with the development of venous thrombosis 
are shown in Box 13.1. In the early stages of a DVT, 
it is possible for a large proportion of the clot to be 
nonadherent to the vein wall. This is termed a free-
floating thrombus. In this situation there is a risk of 
detachment, leading to PE. As free-floating throm­
bus becomes older (7–10 days), it becomes more 
organized and adherent to the vein wall. 

Signs, symptoms and treatment of DVT 
The clinical diagnosis of DVT is unreliable and 
inaccurate in up to 50% of cases (Cranley et al 
1976). However, typical symptoms include the 
development of acute calf pain associated with 
localized tenderness, heat and swelling. The super­
ficial veins may also be dilated. If the thrombosis 
involves the proximal veins, there may be signifi­
cant swelling of the thigh. Unfortunately, other 

● Coagulation disorders 
● Immobilization 
● Surgery and trauma 
● Malignancy 
● Septicemia 
● Oral contraceptives 
● Increasing age 
● Stroke 
● Heart failure 
● Previous history of deep vein thrombosis 
● Long-haul air travel 

Box 13.1 Risk factors for the development 
of deep vein thrombosis 
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conditions, such as cellulitis and edema, can mimic Investigations for diagnosing DVT 
the symptoms of DVT. In some cases of DVT the 
patient may be asymptomatic, especially if the throm­
bus is small. In extreme cases of DVT the outflow 
of the limb is so severely reduced that the arterial 
inflow may become obstructed, leading to venous 
gangrene. This condition is called phlegmasia cerulea 
dolens. The foot may appear blackened and the limb 
swollen and blue, even when elevated. 

PE occurs when a segment of clot breaks loose, 
travels through the right side of the heart and lodges 
in branches of the pulmonary artery. This leads to a 
perfusion defect in the arterial bed of the lungs. The 
symptoms of PE include the following: 

● sudden breathlessness 
● pleuritic chest pain 
● coughing up of blood 
● right-sided heart failure or cardiovascular collapse 
● death. 

Radioisotope studies are frequently used for investi­
gating perfusion and ventilation defects in the lungs. 

The prevention of DVT includes the use of elastic 
support stockings, which increase venous return and 
therefore reduce the risk of venous stasis. Patients at 
high risk may be advised to take aspirin or be given 
low molecular weight heparin if they are undertaking 
any activity or treatment that may increase the risk 
of DVT. Treatment of DVT is usually with antico­
agulation drugs. The initial treatment is by an intra­
venous infusion of heparin, which is then converted 
to long-term therapy with oral anticoagulants, such 
as warfarin. Occasionally, devices called vena caval 
filters are positioned in the vena cava to catch clots, 
when there is a high risk of embolization to the 
lungs. Surgery is sometimes performed to remove 
thrombus from the femoral and iliac veins. 

The investigation and treatment of isolated calf 
vein thrombosis remain a contentious issue (Lohr 
et al 1991, Meissner et al 1997). It is beyond the 
scope of this book to consider the debate in any 
detail, but sonographers should be aware of the 
controversies surrounding this area. Some clinicians 
will always investigate and treat calf DVT, whereas 
others will not specifically ask for the calf veins to be 
examined. Some units perform serial scans of the 
popliteal vein over a period of 3–5 days to identify 
any propagation of calf vein thrombi to the 
popliteal vein. 

Traditionally, x-ray venography was the main test 
used for the diagnosis of DVT. It involves an injec­
tion of a contrast agent into the venous system via 
a dorsal foot vein. In some cases it proves impossible 
to cannulate a foot vein, and in some situations 
patent deep calf veins do not fill with contrast 
agent (Bjorgell et al 2000). Currently, duplex scan­
ning is the main method of imaging DVT, but it is 
often combined with pre-imaging tests, in a defined 
management pathway or protocol. The develop­
ment of these protocols has occurred as a result of 
the increased workload and financial costs experi­
enced by most ultrasound departments. These pro­
tocols may be complex; an example of one such 
pathway is shown in Figure 13.2. The process often 
begins with a clinical assessment, including a risk 
probability score derived from a set of standard 
questions. The lower the score, the lower the prob­
ability of DVT. The next stage usually involves a bio­
chemical assay to measure D-dimer levels in the 
blood. D-dimers are products that are formed by 

Image not available 

Figure 13.2 An example of a screening protocol for DVT. 
RPA, risk probability assessment; LMWH, low molecular-
weight heparin. (After Khaw 2002, with permission.) 
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the interaction of fibrin, contained in thrombus, 
and plasmin. Increased levels of D-dimer are asso­
ciated with the presence of DVT. Unfortunately, 
increased levels of D-dimer are also found in other 
conditions, such as malignancy, infection and 
trauma. Therefore, the D-dimer test has a high 
sensitivity but low specificity for the presence of 
DVT. Despite low specificity, negative predictive 
values as high as 98% have been reported (Bradley 
et al 2000). A negative predictive value indicates 
the probability that the patient will not have the 
disease in those who have a negative test outcome. 
It has been suggested that a combination of a low 
risk probability score and negative D-dimer test may 
be useful pre-selection tools to avoid unnecessary 
duplex examinations (Aschwanden et al 1999). Most 
ultrasound examinations use compression of the 
vein to confirm patency. This normally involves full 
examination of the deep veins from the groin to the 
calf. However, there is evidence that a limited com­
pression test involving two- or three-point compres­
sion at the common femoral vein, popliteal vein and 
distal popliteal vein (third point) is a safe and rapid 
method of excluding DVT (Cogo et al 1998, 
Khaw 2002). 

Magnetic resonance imaging and CT scanning are 
used for imaging the iliac veins and vena cava when 
other imaging tests are inadequate or impossible. 
However, because of their cost, they are unlikely to 
be used for routine DVT screening in the outpa­
tient clinic in the immediate future. 

PRACTICAL CONSIDERATIONS FOR 
DUPLEX ASSESSMENT OF DVT 

The objective of the scan is to assess the deep venous 
system for patency and exclude the presence of a 
DVT. It is also important to locate the proximal 
position of a thrombosis, as this can influence sub­
sequent treatment. Other conditions that mimic 
DVT can be identified with ultrasound. The main 
diagnostic criterion used to exclude DVT is complete 
collapse of the vein under transducer pressure. Color 
flow imaging and spectral Doppler can also be used 
during the assessment. At least 30 min should be 
allocated for a full scan, including the calf veins. 

The legs should be accessible and the patient 
made as comfortable as possible. In very rare situ­
ations, the patient may require some sedation or 

analgesia before the examination if the limb is 
extremely painful. It is helpful to ask the patient to 
point to any areas of discomfort or tenderness, espe­
cially in the calf, as this can often be located over 
the site of the thrombosis. This region should be 
carefully examined by duplex scanning. The exam­
ination room should be at a comfortable ambient 
temperature to prevent vasoconstriction (�20 °C). 
Wherever possible, the legs should be examined in 
a dependent position in order to fill and distend 
the veins. Ideally, the patient should be examined 
with the legs tilted downward from the head by at 
least 30° (reverse Trendelenburg position). Alter­
natively, the patient can be examined in a standing 
position, with the leg to be examined not bearing 
weight and the patient holding a hand rail or equiv­
alent for support. The calf veins and popliteal fossa 
are easier to scan with the legs extended, hanging 
over the side of the examination table, and the feet 
resting on a stool. It is important not to overex­
tend the knee when examining the popliteal vein, 
as this can lead to collapse or occlusion of the vein. 
Wherever possible, immobile or sick patients should 
be tilted into a reverse Trendelenburg position, 
although there may be situations in which the 
patient cannot be moved, such as in the intensive 
care unit. 

DEEP VEIN EXAMINATION FOR 
ACUTE DVT 

A 5 MHz, or broad-band equivalent, flat linear 
array transducer should be used for examining the 
femoral, popliteal and calf veins. The iliac veins are 
examined using a 3.5 MHz curved linear array trans­
ducer. The scanner should be configured for a 
venous examination. The color PRF should be low, 
typically 1000 Hz, to detect low-velocity flow. The 
color wall filter should also be set at a low level, and 
the spectral Doppler sample volume should be 
increased in size to cover the vessel, so that flow is 
sampled across the lumen. 

Ultrasound compression is the main method of 
confirming vein patency. If direct transducer pres­
sure is applied over a vein it will collapse, as the 
blood pressure in the deep veins is low, unlike the 
pressure in the adjacent artery, and the walls will be 
seen to meet (coapt). The adjacent artery should 
demonstrate little or no distortion. In contrast, if 
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there is thrombus in the vein it will not collapse. 
This technique is demonstrated in Figures 13.3 
and 13.4. It should be noted that fresh thrombus, 
which is soft, can partially deform. Compression 
should be applied at frequent intervals along the 
length of a vein to confirm patency. Partial collapse 
of the vein suggests the presence of nonoccluding 
thrombus. In this situation, the adjacent artery 
may be seen to deform as the probe pressure is 
increased to confirm partial obstruction in the vein. 

A B 

CFA 
CFV 

CFA 

Figure 13.3 A: A transverse image of the right common 
femoral vein (CFV) and femoral artery (CFA). B: Patency of 
the CFV is demonstrated by complete collapse of the 
vein (arrow) during transducer pressure. 

Transducer compression should be applied in the 
transverse imaging plane rather than the longitudi­
nal plane. This is because it is easy to slip to one 
side of the vein as pressure is applied in the longi­
tudinal plane, and this may mimic compression of 
the vein when observed on the B-mode image. 
Unfortunately, in some areas the veins lie too deep 
for compression to be used, such as in the pelvis 
and sometimes at the adductor canal or calf. Color 
flow imaging is useful for demonstrating patency in 
this situation. 

The following guidelines can be used in any 
sequence, depending upon the areas that require 
assessing. It is sometimes easier to locate a specific 
vein by looking for the adjacent artery, especially in 
the calf. The reader should also refer to Chapter 9 for 
more details on the probe positions for imaging the 
calf vessels and the main vessels in the thigh and 
pelvis. 

1.	 Starting at the level of the groin, the common 
femoral vein is imaged in transverse section and 
will be seen to lie medial to the common 
femoral artery (Figs 13.3A and 9.6). The com­
mon femoral vein should be compressed to 

PER 

PT 
V 

V 

V 

A 

V A 

A 

A 

A	 B 

Figure 13.4 A: Transverse image of the calf demonstrating the posterior tibial (PT) veins (V) and arteries (A) and 
peroneal (PER) veins (V) and arteries (A). B: There is complete collapse of the veins with transducer compression, but the 
arteries are still visible. Note that it can sometimes be very difficult to differentiate the image of the veins from the 
surrounding tissue. 
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demonstrate patency and is followed distally 
beyond the saphenofemoral junction, to the junc­
tion of the superficial femoral vein and profunda 
femoris vein. The proximal segment of the pro­
funda femoris vein should also be assessed for 
patency if possible. With the transducer turned 
into the longitudinal plane, the flow pattern in 
the common femoral vein should be assessed 
with color flow imaging and spectral Doppler. 
Flow should appear spontaneous and phasic at 
this level if there is no outflow obstruction. A 
calf squeeze can provide evidence of good flow 
augmentation in the proximal superficial femoral 
vein, which is a useful indirect indicator of 
probable superficial femoral and popliteal vein 
patency. Alternatively, strong foot flexion will 
also normally augment flow. 

2.	 The superficial femoral vein is then followed in 
transverse section along the medial aspect of the 
thigh to the knee, using compression to confirm 
patency. The vein normally lies deep to the super­
ficial femoral artery. In the adductor canal the 
vein may be difficult to compress. It is some­
times helpful to place a hand behind the back of 
the lower thigh and push the flesh toward the 
transducer, which will bring the vein and artery 
more superficial to the transducer. Color flow 
imaging can also be used to confirm patency in 
this segment, but areas of nonoccluding throm­
bus could be missed. Remember that duplication 
of the superficial femoral vein is relatively com­
mon, and both trunks should be examined. 

3.	 The popliteal vein is examined by scanning the 
popliteal fossa in a transverse plane. Starting in 
the middle of the popliteal fossa, the vein is fol­
lowed proximally as far as possible to overlap 
the area scanned from the medial lower thigh. 
The popliteal vein will be seen lying above the 
popliteal artery when imaged from the popliteal 
fossa. The below-knee popliteal vein and gas­
trocnemius branches are then examined in the 
transverse plane. The popliteal vein can also be 
duplicated. 

4.	 The calf veins are often easier to identify dis­
tally. They are then followed proximally to the 
top of the calf. The posterior tibial and peroneal 
veins can be imaged in a transverse plane from 
the medial aspect of the calf (Fig. 13.4A). From 
this imaging plane the peroneal veins will lie 

PER V 

PER A 

PER V 

PTV 

PTA 

PTV 

Figure 13.5 Color flow imaging from the medial calf 
demonstrates patency of the posterior tibial veins (PTV), 
which are seen lying on either side of the posterior tibial 
artery (PTA). Color filling is seen to the vein walls. The 
peroneal veins (PER V) and artery (PER A) are seen lying 
deep to the posterior tibial vessels. The peroneal vessels 
may not always be seen in the same scan plane. 

deep to the posterior tibial veins. It can some­
times be difficult to compress the peroneal 
veins from this position. Color flow imaging in 
the longitudinal plane may be useful for demon­
strating patency (Fig. 13.5). The peroneal veins 
can frequently be examined from the postero­
lateral aspect of the calf (Fig. 9.11). The com­
mon trunks of the posterior tibial and peroneal 
veins can also be very difficult to image, and 
medial and posterolateral transducer positions 
may be needed to examine this region at the 
top of the calf. 

5.	 Examination of the anterior tibial veins is often 
not requested, as isolated thrombosis of these 
veins is rare (Mattos et al 1996). However, 
assessment of the anterior tibial veins is usually 
easier with color flow imaging, in the longitu­
dinal plane, as the veins are small and frequently 
difficult to identify with B-mode imaging. 

6.	 When requested, the examination of the calf is 
completed with an assessment of the soleal veins 
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GV 
GM 

F 
GM 

SM 

SSV 

SM 

SV 

MF 

Figure 13.6 A transverse B-mode image of the posterior 
aspect of the mid upper calf to demonstrate the position 
of the soleus muscle (SM) and a soleal vein (SV). The 
gastrocnemius muscle (GM) lies above the soleus muscle 
and is separated by a band of echogenic muscular fascia 
(MF). A gastrocnemius vein (GV) is seen within the 
muscle. The short saphenous vein (SSV) is also visible in 
the superficial compartment lying above the muscular 
fascia (F). 

and sinuses located in the soleus muscle. These 
veins are imaged from the posterior calf 
(Fig. 13.6). In practice, they can be very diffi­
cult to identify, especially in the normal subject. 

7.	 The iliac veins are examined with the patient lying 
supine, as the iliac veins lie behind the bowel. 
The iliac veins lie slightly deeper and medial to 
the iliac arteries. Compression of these veins is 
not possible, and patency should be confirmed 
using color flow imaging. In addition, spectral 
Doppler can be used to examine flow patterns 
with flow augmentation maneuvers. The main 
limitation of examining this area is incomplete 
visualization due to overlying bowel gas and the 
potential to miss partially occluding thrombus. 

8.	 In some cases the vena cava may need to be 
examined. This vessel lies to the right of the aorta 
when imaged in transverse section (see Fig. 
11.2). Color flow imaging can be used in the 
transverse plane to look for filling defects, but 
some transverse tilt may have to be applied to 
the transducer to produce a reasonable Doppler 
angle. Flow should also be assessed in longitu­
dinal section with color flow and spectral 
Doppler ultrasound. Examination of this area 
should be undertaken by a sonographer with a 

V 
VA A 

A	 B 

Figure 13.7 A: A transverse image of the common 
femoral vein (V) and common femoral artery (A). The 
common femoral vein appears distended and contains 
some low-level echoes. B: The common femoral vein is 
seen to deform but not collapse during firm transducer 
pressure, confirming DVT. 

considerable degree of experience. Other imag­
ing modalities are generally preferable. 

SCAN APPEARANCES FOR THE 
ASSESSMENT OF ACUTE DVT 

B-mode images 
Normal appearance 

The vein should appear clear and contain no echoes. 
In practice, there are often speckle and reverberation 
artifacts in the image, but the experienced sonogra­
pher should have little difficulty in identifying these. 
Smaller veins can be difficult to distinguish from tis­
sue planes. It is sometimes possible to image static 
or slowly moving blood as a speckle pattern within 
the lumen, owing to aggregation of blood cells, but 
the vein should collapse under transducer pressure 
(Figs 13.3 and 13.4). The deep calf veins can some­
times be difficult to identify without the help of 
color flow imaging. The common femoral vein 
should normally distend with a Valsalva maneuver if 
the venous outflow through the iliac veins is patent. 

Abnormal appearance 

In the presence of thrombus the vein will not com­
press (Fig. 13.7). In the very early stages of throm­
bosis, the clot often has a degree of echogenicity 
due to the aggregation of red blood cells in the 
thrombus. Within 1 or 2 days, the clot becomes 
more anechoic, owing to changes occurring in the 
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F 

Figure 13.8 A transverse B-mode image of a peroneal 
vein thrombosis (arrow). The image is taken from the 
posterolateral aspect of the calf. One trunk of the vein is 
grossly dilated, whereas the other is difficult to 
distinguish on the image. The veins are lying adjacent 
to the fibula (F). 

thrombus, and it can be difficult to define on the 
B-mode image. However, in practice, with advanced 
transducer technology, it is often possible to see 
subtle echoes. If the vein is totally occluded in the 
acute phase, it may appear distended (Fig. 13.8). 
The thrombus can be free-floating, with large areas 
being non-adherent to the vein wall. It is usually 
possible to identify the upper limit of the throm­
bosis, and the thrombus tip often demonstrates 
slightly increased echogenicity (Fig. 13.9). The tip is 
much easier to identify if it extends to the popliteal 
or femoral veins. Prudence should be exercised with 
transducer compression if free-floating thrombus is 
present, to avoid dislodging the thrombus. Smaller 
areas of nonocclusive thrombus may not cause the 
vein to distend, but they can be demonstrated by 
incomplete collapse of the vein during compression. 
Older thrombus, beyond two weeks in age, becomes 
more echogenic. 

Color flow images 
Normal appearance 

Spontaneous phasic flow is usually seen in the 
larger proximal veins. There should be complete 

Figure 13.9 The proximal end of a free-floating 
thrombus (arrow) is seen in the superficial femoral vein. 
The thrombus is relatively anechoic and the thrombus tip 
is touching a valve cusp (curved arrow). 

color filling of the lumen in both longitudinal and 
transverse planes during a calf squeeze. Color alias­
ing is sometimes observed if the distal augmenta­
tion causes a significant transient increase in venous 
flow. If it is difficult to squeeze the calf, owing to 
size or tenderness, it can be possible to augment 
flow by asking the patient to flex the ankle backward 
and forward, activating the calf muscle pump. The 
posterior tibial veins and peroneal veins are usually 
paired, which should be clearly demonstrated on the 
color flow image (Fig. 13.5). However, anatomical 
variations can occur. Color flow imaging of the 
gastrocnemius and soleal veins can be difficult, as 
blood flow velocities following augmentation can 
be low, especially if a degree of venous stasis is 
present. 

Abnormal appearance 

There is an absence of color filling in occluded veins, 
even with distal augmentation. Collateral veins may 
also be seen in the region of the occluded vein. 
The color flow pattern around free-floating throm­
bus is very characteristic, with flow seen between the 
thrombus and vein wall. This can be demonstrated 
in both longitudinal and transverse sections. Color 
flow imaging can be useful for demonstrating the 
position of the proximal thrombus tip as full color 
filling of the lumen will be seen just proximal to the 
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A 

Figure 13.10 A color flow image of Figure 13.9. Flow 
is seen between the thrombus and vein wall (arrows). 
The superficial femoral artery (A) is lying superficial to 
the vein. 

tip (Fig. 13.10). Smaller areas of nonoccluding 
thrombus will be demonstrated as flow voids within 
the lumen. However, some care should be used in 
interpreting partially occluding thrombosis on the 
basis of color flow imaging alone, and probe com­
pression should be used for confirmation if possible. 

Spectral Doppler 
Normal appearance 

Spectral Doppler is the least used modality in the 
assessment of venous thrombosis and should not 
be used as the only method of investigation. How­
ever, patent veins should demonstrate normal 
venous flow patterns. In our experience, it should 
be possible to augment flow velocity in the main 
trunks by at least 100% with a squeeze distal to the 
point of measurement. For example, there should 
be augmentation of flow in the superficial femoral 
vein with a distal calf squeeze (see Ch. 12); how­
ever, this may not exclude small areas of nonoc­
cluding thrombus. The Doppler signal at the level 
of the common femoral vein should exhibit a spon­
taneous phasic flow pattern, which temporarily 
ceases when the patient takes a deep inspiration or 
performs a Valsalva maneuver. This would suggest 
that there is no outflow obstruction through the 

Figure 13.11 The Doppler waveform in the femoral vein 
distal to an iliac vein occlusion often demonstrates 
continuous low-velocity flow with a loss of phasicity. 

iliac veins to the vena cava. However, the presence 
of small amounts of nonoccluding thrombus cannot 
be excluded on the basis of spectral Doppler alone. 

Abnormal appearance 

There is an absence of a spectral Doppler signal 
when the vein is completely occluded. When the 
vein contains a significant amount of partially occlud­
ing or free-floating thrombus, there is normally a 
reduced flow pattern, which demonstrates little or 
no augmentation following distal compression. 
However, there are potential pitfalls when using 
this criterion, as there may be good collateral circu­
lation between the point of distal calf compression 
and the position of the probe. An occlusive throm­
bosis in the iliac vein system usually results in a low-
volume continuous flow pattern in the common 
femoral vein, with little or no response to a Valsalva 
maneuver (Fig. 13.11). 

Diagnostic problems 
The investigation of DVT can be very difficult, and 
it is important to use a logical protocol when per­
forming the examination. There can be consider­
able variation in the anatomy of the venous system, 
as outlined in Chapter 12. Duplication of the 
superficial femoral vein and popliteal vein is not 
uncommon. A study by Gordon et al (1996) 
reported duplication of the superficial femoral vein 
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in 25% of healthy volunteers. This could lead to 
potential diagnostic errors if one half of the system 
is occluded and the other is patent, as it is possible to 
miss the occluded system during the examination. 
Careful scrutiny of the transverse sectional image 
should demonstrate any bifid vein systems. The 
sonographer should also be highly suspicious of 
veins that appear small in caliber or that are located 
in abnormal positions with respect to their corre­
sponding arteries. Another potentially difficult sit­
uation occurs when there is a large deep femoral 
vein running between the popliteal vein and pro­
funda femoris vein, as the superficial femoral vein 
may be unusually small. Both the superficial femoral 
vein and the deeper vein should be carefully exam­
ined for defects. In addition, it is possible to misiden­
tify veins in the deep venous system and even confuse 
them with superficial veins. This occurs most com­
monly in the popliteal fossa and upper calf. The 
gastrocnemius vein can be mistaken for the popliteal 
vein or for the short saphenous vein. It is impor­
tant to be able to identify the fascial layer that sep­
arates the superficial and deep venous systems to 
avoid this type of error (see Figs 12.1 and 12.2). 

Investigation of the iliac veins can be extremely 
difficult, especially in situations in which the vein 
may be under compression by structures in the 
pelvis, or by tumors, as this can be misinterpreted 
as a partially occluding thrombus. Compression of 
the iliac vein can also occur during pregnancy and 
is observed more frequently on the left side. This 
may lead to unilateral limb swelling and a reduc­
tion in the normal venous flow pattern in the 
femoral vein. 

ACCURACY OF DUPLEX SCANNING 
FOR THE DETECTION OF DVT 

Many studies have been performed to compare the 
accuracy of duplex scanning with venography. The 
results of these studies are variable. Baxter et al 
(1992) reported 100% sensitivity and specificity 
for the femoropopliteal veins and 95% specificity 
and 100% sensitivity for calf veins. Miller et al 
(1996) achieved sensitivities and specificities of 
98.7% and 100%, respectively, at above-knee level, 
and corresponding values of 85.2% and 99.2% 
at below-knee level. In contrast, a study by 
Jongbloets et al (1994) that involved the screening 

of asymptomatic postoperative patients at high risk 
of developing DVT demonstrated sensitivities as 
low as 38% and 50% for thigh and calf veins, 
respectively. 

These variable results may reflect factors such as 
patient population, operator experience or equip­
ment availability. To implement a high-quality ser­
vice, it is essential that staff are properly trained and 
a patient management protocol defined. In-house 
comparisons, or audit of ultrasound against other 
imaging techniques and outcomes, should also be 
performed to ensure the accuracy of the service. 

NATURAL HISTORY OF DVT 

The natural history of a DVT is variable and is 
dependent on the position and extent of the thrombi 
(O’Shaughnessy & Fitzgerald 2001). In addition, 
the patient’s age and physical condition will have a 
significant bearing on the final outcome. The throm­
bus can: 

● spontaneously lyse 
● propagate or embolize 
● recanalize over time 
● permanently occlude the vein. 

Complete lysis of smaller thrombi can occur over a 
relatively short period of time due to fibrinolytic 
activity. Full recanalization of the vein will be seen, 
and the lumen will appear normal on the ultra­
sound image. Valve function can be preserved in 
these circumstances. If there is a large thrombus 
load, the process of recanalization can take several 
weeks. The thrombus becomes more echogenic over 
time as it becomes organized (Fig. 13.12A). The 
vein frequently diminishes in size due to retraction 
of the thrombus. As the process of recanalization 
begins, the developing venous flow channel within 
the vein lumen may be tortuous due to irregularity 
of lysis in the thrombus. It is even possible to see 
multiple flow channels within the vessel. In cases of 
partial recanalization, old residual thrombus can be 
seen along the vein wall, producing a scarred appear­
ance (Fig. 13.12B). It is sometimes possible to see 
fibrosed valve cusps, which appear immobile and 
echogenic on the B-mode image. Deep venous insuf­
ficiency is frequently the long-term outcome of 
slow or partial recanalization. 



Chap-13.qxd  1~9~04  16:43  Page 199

DUPLEX ASSESSMENT OF DEEP VENOUS THROMBOSIS AND UPPER LIMB VENOUS DISORDERS 199 

T 

A 

B 

Figure 13.12 Two longitudinal B-mode images of the 
superficial femoral vein showing different stages of 
organization. A: The thrombus in this image is over 
10 days old and has become echogenic. Areas of lysis 
(arrows) are seen within the thrombus. B: Partial 
recanalization of the vein is demonstrated with old 
thrombus (T), which appears fibrosed and attached 
to the anterior wall. 

If the vein remains permanently occluded, the 
thrombus becomes echogenic due to fibrosis. The 
thrombus retracts over time, leading to shrinkage 
of the vein. It may even appear as a small cord adja­
cent to its corresponding artery, and in some cases 
the vein is difficult to differentiate from surround­
ing tissue planes. Color flow imaging frequently 
demonstrates the development of collateral veins in 
the region of the occlusion. In the case of chronic 
common femoral and iliac vein occlusion, visible 
distended superficial veins, which act as collateral 
pathways, are often seen across the pelvis and lower 
abdominal wall. The long saphenous vein can act 

as a collateral pathway in the presence of a superfi­
cial femoral or popliteal vein occlusion. High-volume 
continuous flow recorded in the long saphenous 
vein should always be treated with suspicion (see 
Fig. 12.9). 

There is considerable debate about the accuracy 
of duplex scanning for determining the age of 
thrombus, but it is generally accepted that it is 
possible to differentiate the acute phase, within the 
first week or two, from the subacute and chronic 
phases of venous thrombosis. However, there is 
much less certainty about differentiating subacute 
and chronic thrombus. This is due to the fact that 
the process of formation may not have been syn­
chronous, and there are also irregularities in the 
process of lysis and fibrosis within the thrombus, 
producing a heterogeneous appearance. Many sono­
graphers will not use the term ‘subacute’ in their 
reporting terminology because of this problem. 

Recurrent thrombosis 
Recurrent thrombotic events are common after 
acute DVT (Meissner et al 1995). There are con­
siderable diagnostic problems in attempting to 
detect fresh thrombus in a vein that has been dam­
aged by a prior DVT. If the patient has had a pre­
vious scan or venogram, it is possible to check the 
extent of the thrombosis on the last report and 
compare it with the current scan. However, old 
reports may not be available, or the patient may 
not have had any previous investigations. In these 
situations, the vein should be examined carefully 
with B-mode and color flow imaging to look for 
areas of fresh thrombus. These will appear as ane­
choic areas on the B-mode image, and color flow 
imaging will demonstrate filling defects. In prac­
tice, this can be an extremely difficult examination 
to undertake. If there is a high degree of suspicion, 
a repeat scan can be performed a couple of days 
later to look for changes in the appearance of the 
vein or possible extension of thrombus. 

OTHER PATHOLOGIC CONDITIONS THAT 
CAN MIMIC DVT 

There are a number of pathologic conditions that 
produce symptoms similar to DVT, and the sono­
grapher should be able to identify these disorders. 
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Figure 13.13 A transverse image of the long saphenous 
vein demonstrates evidence of thrombophlebitis. 
The vein is distended and contains thrombus (arrow). 

Thrombophlebitis 
Thrombophlebitis occurs due to inflammation of the 
superficial veins, with thrombus forming in the long 
saphenous vein or short saphenous vein system (Fig. 
13.13). It can be felt as a hard cord in the superficial 
tissues, often associated with localized heat, pain and 
tenderness. Superficial thrombosis is generally not a 
serious condition compared with DVT. However, 
there are occasions when the thrombus tip extends 
along the proximal long saphenous vein and pro­
trudes through the saphenofemoral junction into the 
common femoral vein. This situation can also occur 
in the short saphenous vein, with propagation across 
the saphenopopliteal junction. There is a reported 
risk of proximal embolization from the thrombus tip, 
and care should be used when examining any throm­
bus in this position (Blumenberg et al 1998). It is 
essential to report this type of presentation as soon as 
possible, as surgical intervention is sometimes 
required to remove the thrombus. 

Hematoma 
Hematomas are accumulations of blood within the 
tissues that can clot to form a solid swelling. They 
can be caused by external trauma, or other mecha­
nisms such as muscle tears, can be extremely painful 
and can lead to limb swelling, especially in the calf. 
Blood in the hematoma may also track extensively 
along the fascial planes. The sonographic appearance 

H 

Figure 13.14 An area of hematoma (H) is seen in the 
calf muscle following injury. Hematomas can be mistaken 
for DVT. 

of a hematoma is of a reasonably well defined 
anechoic area in the soft tissues or muscles (Fig. 
13.14). Hematomas can be very variable in size 
and shape. It is sometimes impossible to image the 
veins in the immediate vicinity, owing to the size of 
the hematoma or the pain the patient experiences. 
The hematoma may also compress the deep veins 
in the local vicinity. 

Lymphedema 
Lymphedema is observed as chronic limb swelling 
due to reduced efficiency or failure of the lymphatic 
drainage system. This may be due to a primary 
abnormality of the lymphatic system or to secondary 
causes that lead to damage of the lymph nodes and 
drainage system in the groin. These include damage 
following surgery, trauma, malignancy and radio­
therapy in the groin region. Lymphedema is usually 
most prominent in the calf but can extend 
throughout the leg, and two thirds of cases are uni­
lateral. Other sites can be affected by lymphedema, 
including the arms. The B-mode appearance of 
lymphedema demonstrates the subcutaneous layer 
to be thickened, and a fine B-mode speckle is 
observed in this region, making the image appear 
grainy (Fig. 13.15). The ultrasound image of lym­
phedema is usually different from that caused by 
simple fluid edema. Ultrasound can be used to con­
firm the patency of the deep veins, but unfortunately 
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Figure 13.15 Lymphedema produces a grainy appearance 
in the subcutaneous tissues, as demonstrated on this 
transverse B-mode image. The superficial tissue is relatively 
thick. The muscular fascia is demonstrated by the arrow. 
Note the degraded image quality, typical of this disorder. 

the presence of lymphedema degrades the ultrasound 
image, making many deep vein scans technically 
challenging. 

Cellulitis 
Cellulitis is caused by infection of the subcuta­
neous tissues and skin; it produces diffuse swelling 
in the lower limb, often associated with pain, ten­
derness and redness. There is usually evidence of 
edema in the region of swelling. A duplex exami­
nation can confirm patency of the deep veins. In 
addition, there may be hyperemic flow in the veins 
and arteries of the limb due to the infection. 

Edema 
Patients can develop edema in the calf due to infec­
tion, leg ulceration, local trauma, or as a result of 
significant venous insufficiency. This is character­
ized as fluid or edema in the superficial tissues. The 
ultrasound appearance of edema demonstrates tis­
sue splaying by numerous interstitial channels 
(Fig. 13.16). Patients with congestive heart failure 
often develop edema in the legs due to the increased 
pressure in the venous system and the right side of 
the heart. Another characteristic of congestive heart 
failure is the pulsatile flow pattern that is often 
observed in the proximal deep veins, which can be 

Figure 13.16 Fluid edema is demonstrated in the 
subcutaneous tissues as numerous anechoic channels 
(arrows) splaying the tissue. 

Figure 13.17 The venous flow signals recorded from 
the common femoral vein of a patient with congestive 
cardiac failure demonstrate a pulsatile flow pattern. 

mistaken for arterial flow (Fig. 13.17). Careful 
attention to the color display will confirm the 
direction of flow. 

Baker’s cysts 
Baker’s cysts are bursal dilations that normally 
originate on the medial side of the knee between 
the medial head of the gastrocnemius muscle and 
semimembranosus tendons. A bursa is essentially a 
small sac of synovial fluid that prevents friction 
between a bone joint or tendon. The bursa can 
extend out of this region and into the tissue planes 
in the upper calf, causing swelling, pain and dis­
comfort. Such bursae are caused by a number of con­
ditions, including arthritis and trauma to the knee. 
Baker’s cysts can rupture, causing severe pain and 
symptoms similar to those of acute vein thrombo­
sis. Large Baker’s cysts can compress the popliteal 
vein or deep veins of the popliteal fossa, causing a 
DVT. It is always necessary to identify and confirm 
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Figure 13.18 A Baker’s cyst (BC) is demonstrated in this 
transverse image of the popliteal fossa. The popliteal 
artery (A) and vein (V) are also seen in the image. 

the patency of the deep veins in the popliteal fossa, 
even when a Baker’s cyst has been diagnosed, as 
the Baker’s cyst may be an incidental finding sec­
ondary to venous thrombosis. Baker’s cysts can 
also be misdiagnosed as popliteal aneurysms. 

Baker’s cysts are easiest to define in a transverse 
scan plane from the popliteal fossa. They are nor­
mally anechoic due to the fluid in the cyst, but some 
may contain debris and osteocartilaginous fragments, 
which are echogenic. Many Baker’s cysts have a typ­
ical oval or crescent shape, with the tail trailing 
away from the main bulk of the cyst to the joint 
space (Fig. 13.18). If the cyst is excessively large, it 
may distort the anatomy in the popliteal fossa. It is 
difficult to define a ruptured Baker’s cyst with 
ultrasound. 

Enlarged lymph nodes 
Enlargement of the lymph nodes can cause limb 
swelling due to reduction in lymphatic drainage. 
Enlargement occurs as a result of pathologic con­
ditions, including infection or malignancy. The main 
sites for enlargement are at the groin or axilla, and 
the nodes can become so large that they compress 
the adjacent vein. Enlarged nodes may be tender, 
and localized redness and heat (erythema) may be 
present. They can also be clinically misdiagnosed 
as femoral artery aneurysms if the pulsation of the 

A 

V 

Figure 13.19 An enlarged lymph node (arrow) is 
demonstrated in this transverse image at the top of 
the groin. Flow is demonstrated in the lymph node. 
The common femoral artery (A) and vein (V) are seen 
below the node. 

artery is amplified to the skin surface by the 
enlarged node. 

Enlarged lymph nodes are imaged as oval or spher­
ical masses that are found in groups (Fig. 13.19). 
They are mainly hypoechoic in appearance but may 
contain stronger echoes within the center of the 
node and can be mistaken for a thrombosed vein. 
Color flow Doppler usually demonstrates blood flow 
in larger nodes, especially if infection is present. 

Other pathologic lesions 
Other pathologic conditions that can clinically 
mimic DVT are abscesses, arteriovenous fistulas, 
muscle tears and hyperperfusion syndrome follow­
ing arterial bypass surgery for lower limb ischemia. 

UPPER LIMB VEINS 

Anatomy of the deep upper limb veins 
The upper limb veins can also be divided into the 
deep and superficial veins (Fig. 13.20), and there 
are a number of anatomical variations. Usually, 
paired veins are associated with the radial and ulnar 
arteries. They normally join at the elbow to form 
the brachial vein but can run separately to form the 
brachial vein higher in the upper arm. The brachial 
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Figure 13.20 The venous anatomy of the arm. 

vein is usually paired and associated with the 
brachial artery. At the top of the arm, the brachial 
vein becomes the axillary vein, which is usually a 
single trunk. The axillary vein becomes the subcla­
vian vein as it crosses the border of the first rib. 
The subclavian vein enters the thoracic outlet but 
runs separately from the artery in front of the ante­
rior scalene muscle. The internal jugular vein, from 
the neck, joins the proximal subclavian vein, which 
then drains via the brachiocephalic vein to the 
superior vena cava. The left brachiocephalic vein is 

longer than the right brachiocephalic vein. It is very 
difficult to image the brachiocephalic veins clearly 
with ultrasound. 

Anatomy of the superficial upper
limb veins 
The cephalic vein and the basilic vein are the two 
major superficial veins in the arms (Fig. 13.20). 
The cephalic vein drains the dorsal surface of the 
hand and runs up the lateral aspect of the forearm 
to the antecubital fossa at the elbow and then con­
tinues in a subcutaneous path along the lateral 
aspect of the biceps muscle. Toward the shoulder, it 
runs in the deltopectoral groove between the del­
toid and pectoralis muscles and then pierces the 
clavipectoral fascia to join the axillary vein in the 
infraclavicular region. The basilic vein drains blood 
from the palm and ventral aspects of the hand and 
runs along the medial side of the forearm to the 
medial aspect of the antecubital fossa. The basilic 
vein then penetrates the fascia in the lower aspect 
of the upper arm to join the brachial vein. However, 
its origin can be variable, and sometimes the basilic 
vein may run directly into the distal axillary vein. 

Thrombosis of the upper limbs 
DVT is the main pathology that affects the upper 
limb venous system. The subclavian and axillary 
veins are the commonest sites for thrombosis. This 
can lead to upper limb swelling with distension of 
the superficial veins. The causes of upper limb 
thrombosis are similar to many of those that lead to 
lower limb DVT. In addition, long-term catheter 
access for feeding and drug administration can 
damage the axillary and subclavian veins. Venous 
thoracic outlet syndrome can also cause thrombo­
sis of the subclavian vein. Effort-induced thrombosis 
of the subclavian vein, referred to as Paget-Schroetter 
syndrome, is associated with strenuous upper body 
exercise or repetitive movements and is often seen 
in younger patients. 

The appearance of thrombosis in the upper extr­
emities is similar to that seen in the lower extremities. 
A combination of compression, color flow imaging 
and spectral Doppler is required to confirm patency, 
as it is sometimes difficult to apply satisfactory probe 
compression, particularly in the supraclavicular 
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fossa. However, duplex scanning provides good 
results when compared to contrast venography in 
areas where compression can be applied, but cau­
tion should be used when attempting to diagnose 
DVT on the basis of Doppler flow patterns (Baarslag 
et al 2002). Upper limb swelling can also be caused 
by lymphedema, following mastectomy with removal 
of lymph nodes in the axilla and the effects of 
radiotherapy. 

TECHNIQUE FOR ASSESSING THE 
BRACHIAL, AXILLARY AND 
SUBCLAVIAN VEINS 

The patient should lie supine so that the subclavian 
and axillary veins are distended. The scan normally 
takes 10–15 min for each arm. Remember, it can 
be useful to compare the scan appearance from 
both sides in cases of suspected unilateral throm­
bosis. It should also be noted that the color flow 
image of the proximal subclavian vein can look 
rather confusing and ‘cluttered’ because of the 
proximity of other vessels and the often pulsatile 
appearance superimposed on the venous flow pat­
tern, due to atrial contractions. 

1.	 The arm should be abducted and placed on a 
comfortable support. It is easier to start the 
examination distally in the brachial vein, which 
will be seen lying adjacent to the brachial artery 
in the upper arm. 

2.	 The brachial vein is imaged in transverse section 
and should be compressible with relatively light 
transducer pressure. Color and spectral Doppler 
recordings should demonstrate flow augmenta­
tion with manual compression of the forearm. 

3.	 The axillary vein can be imaged by using a com­
bination of transaxillary and infraclavicular trans­
ducer positions (see Ch. 10). The vein will be seen 
lying adjacent to the artery, but color flow imag­
ing can aid identification, particularly if B-mode 
imaging is poor. A combination of compression 
and color flow imaging may be needed to 
confirm patency in this region. The cephalic 
vein may act as a collateral pathway to the sub­
clavian vein in the presence of a distal axillary 
vein thrombosis. 

4.	 The distal end of the subclavian vein is ini­
tially imaged from the infraclavicular fossa in 

transverse section, where it will be seen lying 
inferior to the subclavian artery. The mid-
subclavian vein is imaged from the supraclavic­
ular fossa. A large acoustic shadow will be seen 
as the subclavian vein runs under the clavicle. 
Compression of the subclavian vein is extremely 
difficult, owing to the contour of the neck and 
the presence of the clavicle, and color flow imag­
ing in transverse and longitudinal planes is used 
to confirm patency. In addition, spectral Doppler 
should demonstrate spontaneous phasic flow 
with respiration if there is no outflow obstruc­
tion. It is also usual to observe a pulsatile flow 
pattern superimposed on the phasic flow pattern 
due to atrial contractions of the heart (see Ch. 5). 
It should be noted that it is extremely easy to 
miss a proximal thrombosis in the subclavian vein, 
owing to poor visualization of this area, especially 
if it is a partially occluding thrombus. It is pos­
sible to image indwelling catheters, such as 
Hickman lines, in the subclavian vein. Always 
state any limitations or doubts about the scan 
in this region, as other imaging tests, such as 
venography, may be required. 

5.	 Two breathing maneuvers can be used for assess­
ing flow in the subclavian vein. The first is a 
Valsalva maneuver, in which there should be 
cessation of flow or flow reversal during Valsalva. 
This is followed by an enhancement in flow 
toward the heart during expiration. The second 
involves multiple sniffing through the nose. 
During continued sniffing the subclavian vein 
will be seen to contract. Neither of these maneu­
vers can exclude DVT, as there may be non-
occluding thrombus present. However, if an 
abnormal flow pattern or response is recorded, it 
may indicate a potential abnormality. 

6.	 Occasionally, a thrombosis may involve the inter­
nal jugular vein in the neck. This can be imaged 
in cross section. 

7.	 It is usually impossible to image the brachio­
cephalic veins, but a thrombosis may be indi­
rectly suggested if there is an abnormality in the 
subclavian and axillary vein flow patterns. 

Other upper limb venous disorders 
Phlebitis of the superficial veins can occur due 
to repeated catheter access or intravenous drug 
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abuse. Arteriovenous malformations are some­
times found in the arms and hands, and in some 
cases can be very extensive, leading to upper limb 
swelling. 

REPORTING 

The report should indicate the scan to be normal 
or abnormal, and, if it is abnormal, the level and 
extent of the thrombosis should be stated. The 
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Graft surveillance and 
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INTRODUCTION


Patients with significant lower limb ischemia or 
threatened limb loss usually require arterial bypass 
surgery if no other option is available to improve 
blood flow in the leg. Vascular surgeons are able to 
perform an extensive range of arterial bypass pro­
cedures to restore circulation to the extremities. 
Bypass grafts can be made of synthetic materials, such 
as polytetrafluoroethylene (PTFE), or constructed 
from native vein, which can be assessed and marked 
preoperatively as described at the end of this chapter. 
Failure of a bypass graft due to the development of 
a graft stenosis is a serious complication that can 
result in amputation if it is not possible to unblock 
the graft. It is therefore common practice for vas­
cular laboratories to perform regular graft surveil­
lance scans to detect the development of graft 
defects. The majority of surveillance scans are per­
formed for native vein bypass grafts below the groin 
(infrainguinal grafts). The surveillance of synthetic 
grafts is still widely practiced, but there is evidence 
to suggest that the benefits are less clear-cut 
(Lundell et al 1995). Ultrasound can also be used 
to image areas of potential infection following graft 
surgery, to see if the region of infection is in contact 
with the graft. The emphasis of this chapter will be 
on infrainguinal vein graft surveillance. 

ANATOMY 

The routes of grafts vary considerably and depend 
on the level and extent of the native arterial disease 
that has been bypassed. Synthetic grafts are mainly 
used to bypass inflow disease, whereas vein grafts 
are frequently used for distal procedures below the 
inguinal ligament. The different types of graft fre­
quently encountered in the graft surveillance clinic 
are shown in Figure 14.1. 

Vein grafts 
Whenever possible, native vein is used for femoral 
distal bypass surgery, as it offers good long-term 
patency rates. The long saphenous vein is the vein 
of choice for infrainguinal bypass surgery, although 
an arm vein and the short saphenous vein can also 
be used if the long saphenous vein is unsuitable in 
part or all of its length. Vein grafts composed of 

Figure 14.1 Examples of bypass grafts. A: Above-knee 
femoropopliteal graft. B: Femoro-posterior tibial artery 
graft. C: Aortobifemoral graft. D: Iliofemoral cross-over 
graft. E: Superficial femoral artery to peroneal artery graft. 
F: Popliteal artery bypass graft for a thrombosed popliteal 
aneurysm. 

more than one segment of vein are known as com­
posite vein grafts. Femoral distal bypass surgery is 
performed using two common types of surgical 
procedure. 

The first is the in situ technique, in which the 
long saphenous vein is exposed but left in its native 
position and side branches ligated to prevent blood 
shunting from the graft to the venous system. As 
the vein contains valves which would prevent blood 
flow toward the foot, they have to be removed or 
disrupted using a device called a valvulotome. The 
main body of an in situ vein graft lies superficially 
along the medial aspect of the thigh. The proximal 
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Figure 14.2 An example of a composite PTFE and 
vein graft. 

anastomosis of a femoral distal graft is frequently 
located at the common femoral artery, although the 
position can vary. The position of the distal anas­
tomosis is variable and depends on the distal extent 
of the native arterial disease. The distal anastomo­
sis may lie very deep in the leg, particularly if the 
graft is anastomosed to the tibioperoneal trunk or 
peroneal artery. The natural taper of the vein along 
the leg matches the naturally decreasing diameter 
of the arteries as they run to the periphery. 

In the second type of procedure, the long 
saphenous vein is completely removed and turned 
through 180° so that the distal end of the vein will 
form the proximal anastomosis. This is called a 
reversed vein graft. One particular advantage of this 
technique is that, in this orientation, the valves will 
not prevent blood flow toward the foot and do not 
need to be removed. Reversed vein grafts are often 
tunnelled deep in the thigh beneath the sartorius 
muscle, which can make imaging difficult. As the 
vein is reversed, the diameter of the proximal seg­
ment of the graft is usually smaller than the distal 
segment. This can result in a size mismatch between 
the proximal inflow artery and proximal graft, 
which is evident on the scan. When there is insuf­
ficient length of native vein available, a combina­
tion of synthetic material and vein may be used to 
form a composite graft (Fig. 14.2). 

Synthetic grafts 
Synthetic grafts are used for aortobifemoral, 
iliofemoral, axillofemoral and femorofemoral cross­
over grafts. Synthetic PTFE grafts are also used for 
femoropopliteal bypass, but the long-term patency 

Figure 14.3 A vein cuff (arrow) at the distal 
anastomosis between a PTFE graft and popliteal artery. 

rates are not as good as grafts constructed from 
native vein (Klinkert et al 2003). Vein cuffs or col­
lars are sometimes used to join the distal end of a 
synthetic femoral distal graft to the native artery. 
They produce a localized dilation at the anastomo­
sis, which is thought to reduce the risk that a 
stenosis will occur (Fig. 14.3). 

PURPOSE OF GRAFT SURVEILLANCE 

Vein grafts 
The development of an intrinsic vein graft stenosis 
is a major source of vein graft failure. An angiogram 
demonstrating a graft stenosis is shown in Figure 
14.4. Research has demonstrated that a significant 
proportion of vein grafts develop a stenosis or defect 
(Grigg et al 1988, Caps et al 1995). Early graft fail­
ure, within the first month, is attributed to technical 
defects or poor patient selection. Such an example 
would be a patient with very poor run-off below 
the graft, resulting in increased resistance 
to flow and eventual graft thrombosis. Graft failure 
beyond 1 month is attributed to the development of 
intimal hyperplasia, which can occur when there is 
damage to the endothelium of the vessel wall. This 
causes smooth muscle proliferation into the vessel 
lumen and subsequent narrowing. Stenoses can 
occur at any point along the graft and can some­
times be extremely short, web-like lesions. 
Incomplete removal of valve cusps during in situ 
bypass surgery can also cause localized flow distur­
bance and narrowing. Late graft failure, beyond 12 
months, can also be due to progression of athero­
sclerotic disease in the native inflow or outflow 
arteries, above and below the graft. 
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A B 

Figure 14.4 A: An angiogram demonstrating a 
significant graft stenosis (arrow) at the distal anastomosis 
of a vein graft. B: The stenosis has been successfully 
dilated by balloon angioplasty. 

Program if no significant abnormality is detected, 
peak systolic velocity (PSV) ratio �2 
1M, 3M, 6M, 9M,12M, program ends at 12M or 
continues every 6M 

Program if stenosis is detected: 
PSV ratio 2–2.5, reduce follow up to 2 months 
PSV ratio 2.6–2.9, reduce follow up to 4–6 weeks 
PSV ratio �3, angioplasty or graft revision 

Box 14.1 Suggested program for graft 
surveillance following discharge from hospital; 
time intervals are shown in months (M) 

Patients are normally scanned at 1, 3, 6, 9 and 12 
months following bypass surgery (Box 14.1). Many 
vascular units also continue to scan patients indefi­
nitely beyond the first year at 6-month intervals to 
detect late graft problems (Erikson et al 1996). The 
time interval between scans is shortened to 1–2 
months if a patient shows signs of developing a 
moderate stenosis. Patients requiring angioplasty or 
surgical revision of a significant graft defect recom­
mence the surveillance program from the begin­
ning. It can be seen that graft surveillance programs 

require considerable commitment from the vascular 
laboratory, and there has been some debate as to the 
benefit and cost-effectiveness of surveillance pro­
grams. There is, however, some evidence to suggest 
that they are effective in maintaining patency rates 
and are less costly than surgical revision after a graft 
thrombosis, or rehabilitation following amputation 
(Lundell et al 1995, Wixon et al 2000). 

Synthetic grafts 
The surveillance of synthetic grafts remains debat­
able, as many synthetic graft occlusions occur due 
to spontaneous graft thrombosis. Some vascular 
centers perform surveillance of iliofemoral cross­
over grafts and aortobifemoral grafts, particularly 
if there have been problems with disease in the 
inflow or outflow arteries. Synthetic grafts are more 
likely to become infected, and fluid collections or 
pus are sometimes found surrounding the graft at 
the site of infection, which frequently occurs at the 
groin. Graft infection is a serious complication and 
can cause the breakdown of the graft anastomosis, 
leading to uncontrollable hemorrhage. Duplex 
scanning has proved a useful technique for detect­
ing and monitoring potential graft infections. 

SYMPTOMS AND TREATMENT OF GRAFT 
STENOSIS OR FAILURE 

Many patients experience no symptoms in the 
presence of a developing graft stenosis, and grafts 
may fail without any prior warning. However, 
symptoms that can be attributable to imminent graft 
failure are the sudden onset of severe claudication 
or a sensation of coldness involving the foot. 
Urgent intervention is required in this situation to 
prevent graft occlusion. Graft surveillance pro­
grams will detect the development of most graft 
defects, but it may be helpful to issue patients with 
a card providing them with information regarding 
their treatment and useful contact numbers should 
problems be suspected. Most graft stenoses are 
treated successfully by balloon angioplasty (see 
Ch. 1). However, recurrent stenoses sometimes 
require surgical revision involving local patching of 
a defect or partial graft replacement using a new 
segment of vein. Early graft occlusion can be treated 
by thrombolysis or graft thrombectomy. There is 
often an underlying cause for the occlusion that 
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requires correcting, such as a graft stenosis, inflow 
stenosis or run-off occlusion. Conversely, some grafts 
develop a local aneurysm that may become so large 
that a segment of graft has to be replaced. 

PRACTICAL CONSIDERATIONS FOR 
SCANNING BYPASS GRAFTS 

The objective of the scan is to detect any possible 
graft defects that could compromise flow and lead 
to graft occlusion. This usually involves some assess­
ment of the inflow and outflow arteries above and 
below the graft. No special preparation is required 
for the examination, and the vast majority of graft 
scans can be completed within half an hour. The 
majority of bypass scans are performed with the 
patient lying supine or semi-supine. When scanning 
vein grafts, the leg should be externally rotated and 
the knee gently flexed and supported. It is some­
times necessary to roll the patient over to one side 
in order to scan the posterior lower thigh, popliteal 
fossa or upper posterior calf if the graft is anasto­
mosed to the popliteal artery. Positions for scan­
ning the tibial arteries are discussed in Chapter 9. 
The scanner should be configured for a graft scan, 
or in the absence of a specific preset, a lower limb 
arterial investigation. Adjustment of the controls is 
frequently necessary, especially if there is low-
volume flow in the graft (see Ch. 7). 

Before beginning the scan, it is important to 
know the position and type of graft that is to be 
examined. The examination request card or opera­
tion notes should indicate this information. 
A potentially confusing situation can occur if a pre­
vious graft has been performed, which has since 
occluded. An old thrombosed graft might be mis­
takenly identified as the new graft, which would then 
be reported as occluded. A combination of 5 and 
10 MHz, or broad-band equivalent, flat linear array 
transducers are most suited for graft surveillance in 
the thigh and calf. A 3.5 MHz probe is required for 
imaging grafts above the inguinal ligament or for 
grafts that have been tunnelled very deep in the thigh. 

SCANNING TECHNIQUES 

In situ vein graft 
The main body of an in situ vein graft remains 
superficial in the leg and runs along the medial 

aspect of the thigh (Fig. 14.5). It is often easier to 
locate the graft in the upper medial thigh using a 
transverse imaging plane and then to follow the 
graft up to the proximal anastomosis (Fig. 14.5A). 

The transducer is rotated into a longitudinal 
scan plane at the proximal anastomosis (Fig. 14.5B). 
Ideally, a minimum 5 cm length of the inflow artery 
above the graft origin should be examined to exclude 
any disease. For instance, damped waveforms at this 
level are likely to indicate significant inflow disease. 
The proximal anastomosis should be carefully inter­
rogated using color flow imaging and spectral 
Doppler for any signs of stenosis. 

The graft is then carefully followed in longitudi­
nal section along the thigh (Fig. 14.5C) with the 
color pulse repetition frequency (PRF) optimized 
to use the full color scale to demonstrate any flow 
disturbances. A 10 MHz (or broad-band equiva­
lent) transducer provides the best image of the 
main body of the graft. Frequent spectral Doppler 
measurements should be made along the length 
of the graft, looking for waveform changes. It is 
often difficult to obtain good Doppler angles 
when scanning superficial vein grafts, and gentle 
‘heel-toeing’ of the transducer may be required. 
However, it is important not to apply too much 
pressure with the transducer, as this can cause 
compression of superficial in situ vein grafts, giv­
ing the impression of a stenosis, especially if the 
graft passes over a bony surface. A wedge of ultra­
sound gel can help if there is a specific region that 
needs close examination. 

The distal portion of many in situ vein grafts 
runs deep to join a native artery at the distal anas­
tomosis (Fig. 14.5D). This is especially true for 
grafts joined to the popliteal or peroneal arteries. 
It is often necessary to use a 5 MHz transducer in 
this region. The distal anastomosis should be scru­
tinized very closely with color flow imaging and 
spectral Doppler. Grafts that are anastomosed to 
the anterior tibial artery are commonly tunnelled 
through the interosseous membrane (Fig. 14.6). 
The graft is imaged on the medial or posteromedial 
aspect of the calf, where it is seen to drop away very 
sharply and disappear through the membrane. The 
graft can then be relocated by scanning over 
the anterolateral aspect of the calf, where it will be 
seen to rise toward the transducer, and followed dis­
tally to locate the anastomosis. There should be a 
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Figure 14.5 Transducer positions for assessing a femoral to tibioperoneal trunk (TPT) in situ vein graft. A: Proximal 
graft, transverse section. B: Proximal anastomosis, longitudinal section. C: Main body of the graft, longitudinal section. 
D: Distal anastomosis below the popliteal fossa, longitudinal section. Scanning from a medial position below the knee 
may also provide a good image of the distal anastomosis. 
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Figure 14.6 Grafts to the anterior tibial artery are 
usually tunnelled through the interosseous membrane 
between the tibia and fibula. 

Table 14.1 Common transducer positions 
for imaging the distal anastomosis of an 
infrainguinal graft 

Level of anastomosis Transducer position 

Above-knee 
popliteal artery 

Below-knee popliteal 
artery and tibio­
peroneal trunk 

Posterior tibial artery 

Peroneal artery 

Anterior tibial artery 

Medial aspect of lower thigh or 
posterior lower thigh just above 
popliteal fossa 

Popliteal fossa or posterior and 
medial aspects of upper calf 

Medial aspect of calf 

Medial aspect of calf or from a 
lateral posterior position 

Anterolateral aspect of calf 

longitudinal scar on the anterior aspect of the calf in 
the region of the anastomosis. Transducer positions 
for locating the distal anastomosis are shown in 
Table 14.1. 
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Reversed vein grafts 
The imaging techniques are similar to those for 
in situ grafts, but reversed vein grafts are frequently 
tunnelled deep in the thigh and, consequently, are 
more difficult to image. A 5 MHz transducer is 
usually required for imaging such grafts. The graft 
is best located in transverse section as it divides 
from the native artery. The graft may drop away 
deeply from the proximal anastomosis. If the prox­
imal anastomosis is located at the common femoral 
artery, the graft can be mistaken for the profunda 
femoris artery, or vice versa. If the graft lies deep, 
it may be very difficult to follow from the medial 
aspect of the thigh, and it can be easier to image 
from a posterior thigh position. If the graft is prov­
ing very difficult to locate in the thigh, attempt to 
find a more distal segment around the level of the 
knee in the popliteal fossa and work upward. In 
extreme cases, it may be necessary to use a 3.5 MHz 
transducer to locate a deep segment of graft in 
the thigh. 

Synthetic grafts 
The majority of problems occurring in synthetic 
grafts are located at the proximal or distal anasto­
mosis. It is rare for problems to develop in the main 
body of the graft, and a surveillance scan can often 
take the form of a spot check for patency combined 
with a more detailed assessment of the anasto­
moses. It is necessary to perform a detailed assess­
ment of the inflow and outflow of the graft when 
abnormal graft flow is recorded in the absence of 
any obvious graft defect. 

Femoropopliteal PTFE grafts These are scanned 
in a similar fashion to vein grafts. The graft is often 
tunnelled deep in the leg. 

Aortobifemoral grafts These are imaged by 
locating the graft at the level of the groin and 
following it proximally to the aorta. A combination 
of 5 and 3.5 MHz transducers is required for this 
examination. 

Femorofemoral cross-over grafts These can be 
imaged by starting at either groin and following 
the graft across the pubic region to the opposite 
side. This can normally be achieved with a 5 MHz 
transducer. 

Iliofemoral cross-over grafts These grafts are 
easier to scan by starting at the distal anastomosis 
at the level of the femoral artery and following the 
graft back to the proximal anastomosis in the 
contralateral iliac artery. A combination of 5 and 
3.5 MHz transducers is needed for this assessment. 
It is usually worth scanning the iliac artery above 
the proximal anastomosis to identify any inflow 
disease. 

Axillobifemoral grafts These usually remain 
relatively superficial along their length. The cross­
over section of the graft can be scanned from the 
distal anastomosis at the femoral artery to its bifur­
cation from the main segment of the graft on the 
opposite side of the body. The remainder of the graft 
is then imaged from the ipsilateral groin, along the 
lateral wall of the abdomen and chest, to the infra­
clavicular fossa, where the anastomosis to the axillary 
artery can be imaged. 

B-MODE IMAGES 

Normal appearance 
Vein grafts 

The graft lumen should be clear and of a reason­
ably even caliber. Some gentle tapering is often 
seen in the lower portion of an in situ vein graft, as 
the native long saphenous vein is smaller in the 
lower leg. In contrast, the proximal lumen of a 
reversed vein graft may be smaller in caliber than 
the distal graft. It is common to see slight areas of 
dilation along a vein graft at points corresponding 
to valve sites (Fig. 14.7). The proximal and distal 
anastomoses are sometimes difficult to image clearly, 
due to surrounding scar tissue or depth. It may be 

Figure 14.7 Normal B-mode image of an in situ vein 
graft. Note the slightly dilated area corresponding to a 
valve site (arrow). 
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difficult to image a deep reversed vein graft with­
out color flow imaging. 

Synthetic grafts 

Synthetic grafts made of PTFE produce a charac­
teristic image, with the anterior and posterior walls 
displaying a ‘double line’ appearance due to the 
strong reflection of ultrasound (Fig. 14.2). Some 
PTFE grafts are externally supported by rings that 
can be seen on the image (see Fig. 7.3). The cor­
rugated structure of Dacron grafts, used mainly for 
aortobifemoral bypass surgery, is usually easy to see 
(see Fig. 14.16). Vein cuffs or collars are some­
times used to join the graft to the distal native 

Figure 14.8 In this magnified B-mode image, a large 
area of intimal hyperplasia (arrow) is seen in a vein graft. 

artery, and these are often seen as a short dilation 
at the anastomosis (Fig. 14.3). 

Abnormal appearance 
Many vein graft stenoses are difficult to identify with 
B-mode imaging alone, as they can be short or web-
like and poorly echogenic. Larger areas of hyper­
plasia can appear as moderately echogenic regions 
in the vessel lumen (Fig. 14.8). It is sometimes 
possible to see remnant valve cusps flapping in the 
lumen of in situ vein grafts due to inadequate strip­
ping with the valvulotome. Areas of vein grafts may 
become tortuous and dilated over time, and changes 
in graft diameter should be recorded. In some 
cases large areas of thrombus or hyperplasia can be 
seen in aneurysmal segments, and the B-mode 
image may show partial stagnation or stasis of blood 
flow in these areas. This will be visualized as strong 
specular reflections in the dilated region, swirling 
in time with arterial pulsation. True and false 
aneurysms of vein or synthetic grafts can be easily 
seen and are discussed later in this chapter. 

COLOR DOPPLER IMAGES 

Normal appearance of vein grafts 
An ultrasound montage of an in situ vein graft is 
shown in Figure 14.9. The color flow image often 

Figure 14.9 A color montage of an in situ vein graft. Areas of color flow aliasing and flow disturbance within the body 
of the graft may indicate a graft stenosis (arrow). These areas should be closely checked with spectral Doppler. There is 
retrograde filling of a short segment of the popliteal artery (curved arrow) above the distal anastomosis. 
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demonstrates areas of marked flow disturbance and 
flow reversal at the proximal anastomosis due to 
the size, geometry and orientation of the graft ori­
gin from the native artery. This may also be seen at 
the level of the distal anastomosis and should not 
be considered abnormal unless spectral Doppler 
recordings demonstrate significant velocity changes. 
Beyond the proximal anastomosis, the color flow 
image should demonstrate an undisturbed flow 
pattern. Grafts with well-established biphasic or 
triphasic flow will display normal reversal of flow 
(from red to blue or vice versa) during the diastolic 
phase. New grafts may demonstrate hyperemic flow 
due to peripheral dilation and the flow require­
ments of healing tissue, exhibited as constant for­
ward flow throughout the cardiac cycle. If the graft 
has a large lumen, the flow velocity may be very 
low, and the PRF may have to be significantly low­
ered to demonstrate color filling. Some areas of 
flow reversal may be seen in areas of vein grafts cor­
responding to valve sites. In rare instances in which 
the vein is found to be bifid for a short segment, it 
is possible to see two flow lumens. The distal anas­
tomosis of a femoral distal graft is usually easier to 
identify with color flow imaging than with B-mode 
imaging. It is common to see the graft supplying a 
patent segment of the native artery above the anas­
tomosis as well as distally, and retrograde flow will 
be seen in the native vessel above the anastomosis, 
producing a Y-shaped junction (Fig. 14.9). There 
is often a considerable size discrepancy between 
the distal end of a vein graft, which can be quite 
large, and the outflow artery, which may be a 
smaller tibial vessel. This will cause a natural veloc­
ity increase due to the change in vessel diameter, 
possibly producing color aliasing at the position of 
the anastomosis and proximal run-off vessel, but 
this should not be assumed to indicate a significant 
stenosis without close interrogation with spectral 
Doppler. 

Normal appearance of synthetic grafts 
Flow in synthetic grafts can sometimes be difficult 
to demonstrate using color flow imaging, as the 
graft material attenuates the Doppler signal, requir­
ing an increase in the color gain. Significant flow 
disturbance can be seen at the origins and ends of 
synthetic iliofemoral or femorofemoral cross-over 

grafts, as the graft is often joined at a 90° angle to 
the native artery. 

Abnormal appearance of vein grafts 
A significant graft stenosis will produce marked flow 
disturbance, which is usually associated with aliasing 
on the color flow image (Fig. 14.9; see Fig. 14.12), 
and there may be considerable flow disturbance 
beyond the stenosis. Failing grafts may demonstrate 
very low volume flow, which can sometimes be dif­
ficult to demonstrate with color flow imaging, and 
the graft may be mistakenly reported as occluded. 
If no flow is detected in the graft, the color PRF 
and high-pass filter setting should be reduced to 
confirm the occlusion, which should also be checked 
with spectral Doppler. Arteriovenous fistulas and 
aneurysms are other graft abnormalities that are vis­
ible with color flow imaging, as discussed below. 

SPECTRAL DOPPLER WAVEFORMS 

Normal appearance 
The waveform shapes in normal vein grafts can 
vary considerably depending on the age of the graft. 
New grafts may demonstrate a hyperemic mono­
phasic flow profile because of sustained peripheral 
vasodilation, which can be due to a combination of 
the previous ischemia and healing tissue (Fig. 
14.10A). Over time, the flow pattern should become 
pulsatile, and biphasic or triphasic waveforms are 
usually recorded (Fig. 14.10B). It is good practice 
to take spectral Doppler measurements at regular 
intervals along a graft, even in the presence of a 
normal color flow display, as changes in the wave­
form shape can indicate an approaching problem. 
Disturbed flow, including areas of flow reversal, is 
usually encountered around the proximal anasto­
mosis, but there should be no significant increase 
in systolic velocity. Natural changes in the diameter 
of the graft will produce changes in the peak sys­
tolic velocity (PSV), which should not automati­
cally be assumed to represent a stenosis. In this 
situation, velocities should be compared in adja­
cent areas of similar vessel diameter. Perhaps the 
most difficult assessment to make during graft sur­
veillance is the estimation of the degree of narrow­
ing at the distal anastomosis, where there is often a 



Chap-14.qxd  29~8~04  14:55  Page 216

216 PERIPHERAL VASCULAR ULTRASOUND 

A 

B 

Figure 14.10 A: Hyperemic flow is often seen in the 
early postoperative period. B: Over time, the flow 
normally assumes a pulsatile flow pattern. 

large-diameter vein graft joined to a smaller out­
flow artery, producing a natural velocity increase. 
In this situation, it is possible to see a significant 
increase in the PSV in the absence of a stenosis 
(Fig. 14.11). However, flow velocities just below 
the distal anastomosis should be similar to those 
several centimeters downstream, provided that the 
vessel diameter is the same. A significant stenosis 
would be indicated if the velocities at the anasto­
mosis were found to be substantially higher (i.e., 
3–4 times) than distal velocities. It is also impor­
tant to ensure that the spectral Doppler angle is set 
correctly at the distal anastomosis, as flow is not 
always parallel to the vessel walls, and this can lead 
to errors in velocity measurements. 

Abnormal appearance 
Graft stenoses are categorized using a similar 
method to that for grading lower limb arterial 
disease. The PSV across the stenosis is divided by 
the PSV in a normal segment of graft just proximal 
to the stenosis (Fig. 14.12). The criteria for grading 

A B 

C 

Figure 14.11 Problems in interpreting flow velocities 
in a vein graft anastomosed to the posterior tibial artery. 
At point A, the PSV in the distal graft is 65 cm/s. At point 
B the PSV in the posterior tibial artery, just distal to the 
anastomosis, is 120 cm/s. This represents a near doubling 
in velocity, suggesting a stenosis. However, the diameter 
of the posterior tibial artery is significantly smaller than 
that of the distal graft, leading to a natural increase in 
systolic velocity, as flow velocity is inversely related to 
cross-sectional area, and in this example no narrowing is 
indicated. Unfortunately, at point C, a significant stenosis 
is demonstrated in the posterior tibial artery, 2 cm distal 
to the anastomosis, by color flow aliasing and a 
significant increase in the PSV, �400 cm/s. In this image 
there is some retrograde filling of the native vessel above 
the anastomosis (curved arrow). 

graft stenoses are shown in Table 14.2. Intervention 
by angioplasty or surgical revision is usually per­
formed when the PSV ratio is equal to or greater 
than 3 (London et al 1993, Olojugba et al 1998, 
Landry et al 2002). Stenoses producing a PSV 
ratio of 2–2.9 are kept under close surveillance. In 
addition, a PSV of less than 45 cm/s within the 
graft has been suggested to indicate a graft defect 
(Mills et al 1990). Care must be exercised in the 
use of this criterion as patients with large-diameter 
grafts may have relatively low velocity flow within the 
graft, because velocity is inversely related to cross-
sectional area. In our experience, many normal 
grafts with velocities below this level do not 
occlude. Poor spectral Doppler angles may pro­
duce considerable errors in one-spot velocity meas­
urements, and it is therefore important to select an 
area of the graft where a good Doppler angle can 
be obtained for accurate velocity measurement. 
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Figure 14.12 The PSV ratio is used to estimate the 
degree of narrowing across a graft stenosis. A: Color flow 
imaging demonstrates a severe graft stenosis. B: The PSV 
just proximal to the stenosis is 16.4 cm/s. C: The PSV 
across the stenosis is 319 cm/s, associated with marked 
spectral broadening. This represents a 19 times velocity 
ratio, indicating a critical stenosis. 

Table 14.2 Spectral Doppler criteria for grading 
a graft stenosis 

Diameter reduction Spectral Doppler criteria 

�50% PSV ratio � 2 

50–70% PSV ratio 2–3; increased spectral 
broadening and turbulence just 
beyond the stenosis; waveform 
becomes more monophasic 

70–99% PSV ratio � 3; marked turbulence 
distal to the stenosis; waveform 
may be monophasic 

Occlusion No flow signal present 

Damped flow in the artery proximal to the proxi­
mal anastomosis often indicates an inflow stenosis, 
and this should be examined with duplex, as poor 
inflow can lead to graft occlusion. A stenosis of the 
outflow artery below the distal anastomosis can 
also dramatically reduce flow in the graft by 
increasing distal resistance. For this reason, it is 
important to scan the run-off artery below the 
graft. However, it is interesting to note that some 

R 

Figure 14.13 A color flow image of the distal end of a 
vein graft demonstrates occlusion of the posterior tibial 
artery (arrows) at the distal anastomosis. However, the 
graft remains patent due to retrograde flow (R), filling a 
segment of native vessel above the anastomosis. 

grafts remain patent for years, despite occlusion of 
the run-off vessel. This is due to retrograde flow 
into a patent segment of artery above the anasto­
mosis, filling collateral vessels (Fig. 14.13). 

GRAFT FAILURE AND OCCLUSION 

Despite the most aggressive surveillance programs, 
some grafts will occlude for a variety of reasons. 
Occluded vein grafts can be difficult to identify by 
B-mode imaging, especially if the graft lies deep, as 
it may merge into the tissue planes. When it is pos­
sible to identify the graft, there is usually thrombus 
seen within the lumen. An occluded graft is usually 
easiest to identify by scanning at the level of the 
proximal anastomosis. The most obvious signs of 
graft occlusion are an absence of color flow and 
spectral Doppler signals. Ankle–brachial pressures 
will also be reduced. A thrombosing graft may 
contain clot at the distal end, and spectral Doppler 
will demonstrate a characteristic low-volume, high-
resistance flow pattern in the patent lumen above 
this area with no net forward flow (Fig. 14.14). In 
this situation the B-mode image may demonstrate 
slight backward and forward pulsation of the 
blood, exhibited as a speckle pattern. This indicates 
imminent graft occlusion and should be reported 
immediately. Conversely, a low-volume damped 
waveform in the proximal graft would indicate an 
inflow stenosis. 
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Figure 14.14 Extremely low volume flow recorded from 
an in situ vein graft indicates imminent graft occlusion. 
In this example the distal end of the graft had already 
thrombosed and the Doppler waveform demonstrates 
no net forward flow. 

COMMONLY ENCOUNTERED PROBLEMS 

Large and obese patients can be difficult to examine, 
and it may be necessary to use a lower frequency 
transducer. Early postoperative scans can be difficult 
if the wounds are still healing, and scanning over a 
sterile transparent plastic dressing is useful in this sit­
uation. Having no prior knowledge of the type and 
position of graft can lead to considerable problems. 
For example, a popliteal to tibial vein bypass graft 
may require the long saphenous vein to be harvested 
from the thigh, as it is larger at this level. Therefore, 
a large scar will be seen in the thigh, but the graft will 
not be located at this level; however, the sonogra­
pher may automatically assume that this corresponds 
to the position of the proximal graft. A copy of the 
operation notes is a useful aid to locating the graft. 

It is also possible for grafts to be routed in unusual 
directions, such as across the anterolateral thigh to 
join the anterior tibial artery in the calf. Some 
patients may have had a previous graft that has since 
occluded, and this could be mistaken for the new 
graft, which may still be patent. It is also possible for 
segments of native vessels to be patent, such as the 
superficial femoral artery, and this may cause some 
confusion or may even be mistaken for the graft. 

TRUE AND FALSE ANEURYSMS 

Vein grafts can develop true aneurysmal dilations 
over time, particularly at valve sites or at the anas­
tomoses (Fig. 14.15). This can occur if the vein 

Figure 14.15 An aneurysmal area in a vein graft 
corresponding to a valve site. Note the area of hyper­
plasia or thrombus (arrow) in the area of dilation. 

FA G 

Figure 14.16 A false aneurysm (FA) has occurred at the 
distal end of a femorofemoral cross-over graft (G) due to 
failure of the anastomosis. Note the corrugated 
appearance of the dacron material. 

wall becomes structurally weak. A localized dou­
bling in the graft diameter indicates the develop­
ment of an aneurysm, and this should be reported 
and kept under regular surveillance to monitor 
progression. It is not uncommon to see thrombus 
in aneurysmal areas. Color flow imaging and spectral 
Doppler usually demonstrate areas of flow reversal 
in the aneurysmal regions. Large true aneurysms 
are repaired surgically by replacing the aneurysmal 
area with a new segment of vein. 

False aneurysms are caused by blood flowing 
into and out of a defect in the vessel wall (see 
Ch. 11). They are typified as swirling areas of flow 
in a contained cavity outside the true flow lumen 
and may contain thrombus. They can occur if the 
suture line at the anastomosis fails or as a compli­
cation of balloon angioplasty, due to splitting of 
the graft wall following high-pressure balloon 
inflation (Fig. 14.16). False aneurysms also occur 
at catheter puncture sites (see Ch. 11). 
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Figure 14.17 An example of graft entrapment. A: A vein graft is running between two muscles in the lower thigh, 
and a moderate stenosis is seen (arrow). B: During leg flexion the graft is compressed between the muscles, causing a 
virtual occlusion (arrow). 

ENTRAPMENTS OF GRAFTS 

Entrapment of grafts can occur around the knee 
level, especially where in situ vein grafts run from 
superficial to deep, through a tunnel in the muscles. 
In this situation, normal flow may be recorded 
with the leg extended, but mild to moderate flexion 
of the knee joint produces pinching of the graft 
between muscle groups, causing a temporary steno­
sis (Fig. 14.17). Conversely, some grafts become 
temporarily obstructed during full knee extension. 
This is a relatively rare problem, but it will be seen 
from time to time in a busy laboratory. If the prob­
lem is significant, the muscle can be divided or the 
graft re-routed. 

ARTERIOVENOUS FISTULAS 

Arteriovenous fistulas occur in in situ vein grafts 
where there has been incomplete ligation of a long 
saphenous vein side branch, allowing blood to 
short-circuit from the graft directly into the venous 
system (Fig. 14.18). Arteriovenous fistulas are 
characterized by hyperemic or high-volume flow in 
the graft proximal to the fistula, with an area of 
marked color flow disturbance at the site 
of the fistula (Fig. 14.19). Spectral Doppler also 
demonstrates turbulent high-volume flow with a is usually lower in volume and more pulsatile. In 
low-resistance waveform at this site. The veins lead- some circumstances, the graft below the site of the 
ing from the fistula also demonstrate a high-volume fistula may be totally occluded. Arteriovenous 
flow pattern. Flow in the graft distal to the fistula fistulas can be ligated or embolized. It is useful to 

V 
G 

Figure 14.18 An arteriogram demonstrates an 
arteriovenous fistula (arrow) between a vein graft (G) 
and the venous system (V). 
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Figure 14.19 A transverse color flow image of a vein 
graft demonstrating an arteriovenous fistula (arrow). The 
Doppler waveform displays low-resistance, high-volume 
flow across the fistula. 

mark the level of the defect using duplex so that 
the surgeon can easily locate the fistula. 

SEROMAS, FLUID COLLECTIONS AND 
GRAFT INFECTIONS 

Seromas are fluid-filled collections that are occa­
sionally seen adjacent to vein grafts, particularly at 
the level of the groin. They can be mistaken for 
false aneurysms on B-mode imaging, but color 
flow imaging will demonstrate an absence of flow 
(Fig. 14.20). Fluid collections around synthetic 
grafts can be due to local reaction of the sur­
rounding tissues, but they can also be due to graft 
infection. Graft infections are a serious complica­
tion and are more frequently associated with syn­
thetic grafts. The outcome for patients with synthetic 
graft infections is often poor (Mertens et al 1995). 
Infections at the level of the groin are common 
due to the rich source of bacteria in this region, 
and aortobifemoral, iliofemoral and axillobifemoral 
grafts are especially at risk. Complications of infec­
tion can lead to the disintegration of a graft anas­
tomosis, resulting in severe hemorrhage. Failure of 
wound healing is also a frequent complication. 
Ultrasound imaging can be useful for investigating 
wound infections, as the B-mode image can show 
whether the graft is in direct contact with sus­
pected areas of infection, especially if the suspected 
region tracks to discharging wounds or openings 

S 

VG 

Figure 14.20 A fluid-filled seroma (S) adjacent to a 
vein graft (VG). 

on the skin surface (Fig. 14.21). It is essential to 
image any suspected area of graft infection in cross-
section to see how it relates to the graft and 
surrounding structures. It can be difficult to differ­
entiate areas of infection from simple hematomas, 
and bacterial cultures are often required to isolate 
infective organisms. Ultrasound can be used to 
guide the needle puncture during the sampling of 
fluid collections to avoid accidentally puncturing 
the graft. CT and MRI are also commonly used for 
investigating graft infections, especially in the 
abdomen. Methicillin-resistant Staphylococcus aureus 
(MRSA) is now endemic in most hospitals. Graft 
infections caused by MRSA are difficult to treat, 
requiring prolonged use of powerful antibiotics. In 
some cases, graft removal is necessary to remove the 
focus of infection, but this may lead to inevitable 
amputation of the limb, owing to poor blood flow. 
In extreme situations, the patient may be over­
whelmed by the infection and die. 

REPORTING 

The easiest method of reporting the scan results is 
by the use of diagrams. The graft position can be 
drawn onto the diagram with velocity measure­
ments and other relevant information recorded 
(Fig. 14.22). It is also useful to keep a file for each 
patient in the graft surveillance program in the 
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Figure 14.21 A: A transverse image of a PTFE graft (G) 
demonstrating an echo region (I) tracking to the skin 
surface that is in contact with the graft. There was pus 
discharging from the skin surface at this point, 
indicating a potential graft infection. B: A longitudinal 
image of the same graft, indicating a suspicious area (I) 
lying over the graft (G). Note that the ring supports 
of the graft can be seen in this image. 

vascular laboratory, as this makes comparison of 
serial follow-up scans easier. Any significant graft 
problems must be reported to the appropriate med­
ical staff immediately. In addition, many vascular 
units combine the duplex assessment with a meas­
urement of the ankle–brachial pressure index 
(ABPI). An ABPI �1 can indicate a problem. A 
serial reduction �0.1 in ABPI readings is indicative 
of a significant problem (Brennan et al 1991). Some 
vascular units combine ABPI measurements with a 
walking test to unmask a less significant stenosis. 

Figure 14.22 Diagrams are the simplest method of 
reporting the results of graft surveillance scans. 

SUPERFICIAL VEIN MAPPING FOR 
ARTERIAL BYPASS SURGERY 

A preoperative duplex scan can determine the suit­
ability of a superficial vein for use as a bypass graft 
(Bagi et al 1989). Careful marking of its path avoids 
undermining of skin flaps during surgery and pos­
sible wound necrosis. The long saphenous vein is 
the most commonly used vein for arterial bypass 
surgery, due to its length. Arm veins and the short 
saphenous vein can also be used for bypass grafts, 
provided that their lumens are of sufficient diameter. 

Technique for assessing the long 
saphenous vein 
The patient should be positioned with the feet 
tilted down to distend the veins. A high-frequency 
10 MHz, or broad-band equivalent, flat linear array 
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transducer should be used to image the veins. 
Starting at the top of the leg, the long saphenous 
vein should be identified in transverse section at 
the level of the saphenofemoral junction and fol­
lowed distally down the thigh and into the calf. 
Scanning the vein in transverse section is important, 
because it is easier to assess its diameter and to 
identify any large branches dividing from the vein, 
or duplicated or bifid systems. The diameter of the 
vein should be recorded at frequent intervals 
throughout its length. Ideally, the diameter should 
be greater than 3 mm to be suitable as a graft. 
Veins of less than 2 mm in diameter are regarded 
as too small to be used for femoral distal bypass 
grafting. Veins that become excessively large (�0.8 cm 
diameter) or grossly varicose may also be unsuit­
able, and this should be drawn to the attention of 
the surgeon. The common femoral vein, superficial 
femoral vein and popliteal vein should always be 
examined when vein mapping to ensure deep 
venous patency, as the long saphenous vein can act 
as an important collateral pathway if the deep veins 
have been obstructed and, in such circumstances, 
should not be harvested for a graft. In this situa­
tion, other sources of vein can be assessed. 

Arm vein mapping 
It is not uncommon to find that part or all of the 
long saphenous vein is unsuitable for use as a graft 
because it is too small, because it is varicose or 
because the deep veins are obstructed. In addition, 
the long saphenous vein may have already been 
removed for coronary artery bypass surgery. The 
cephalic or basilic veins of the arm can be harvested 
for bypass grafts provided they are of adequate 
diameter. The cephalic vein is the vein of choice, as 
it is longer than the basilic vein, and the anatomy 
of the basilic vein is more variable in its proximal 
segment. To image the veins, the arm should be in 
a comfortable dependent position with the palm 
facing upward. The cephalic vein can be located in 
transverse section along the outer aspect of the 
forearm 2–3 cm above the wrist, lateral to the radial 
artery and followed proximally. Alternatively, it can 
be located in the anterior aspect of the upper arm, 
lying superficial to the biceps muscle and then fol­
lowed proximally toward the shoulder and then 
distally into the forearm. The vein can be difficult 

B 
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Figure 14.23 A transverse B-mode montage of the left 
upper arm demonstrating the position of the basilic vein 
(B), cephalic vein (C) and brachial artery and veins (A). The 
arm was positioned with the palm up so that the cephalic 
vein lies on the anterior aspect of the arm and the basilic 
vein and brachial vessels on the medial aspect. The 
humerus is also seen (H). 

to follow as it crosses the antecubital fossa, as there 
are a number of superficial veins crossing this area. 
The basilic vein is easiest to locate with the arm 
extended outward (abducted) and the palm facing 
upward. The probe is placed on the medial aspect of 
the arm 2–3 cm above the elbow joint. Imaging in 
cross-section, the basilic vein should be seen as sep­
arate from the brachial artery (Fig. 14.23). The vein 
can then be followed proximally, where it is usually 
seen to course toward the proximal brachial vein or 
the axillary vein, although there can be anatomical 
variation of the veins in this region. Following the 
basilic vein distally into the forearm can be confus­
ing, as it sometimes joins the cephalic vein in the 
forearm via the median cubital vein, but it usually 
runs toward the medial (ulnar) aspect of the wrist. 
One potential pitfall of mapping the basilic vein is 
accidentally confusing it with the brachial artery, 
but use of probe compression to collapse the vein 
and color flow imaging should avoid this error. 

Technique of marking the vein 
There are two techniques for marking leg or arm 
veins (Fig. 14.24). Using the first method, the vein 
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Figure 14.24 Two methods can be used for vein 
mapping. A: The vein (V) can be marked (X) in the 
transverse plane. B: The vein can also be marked 
in a longitudinal plane. 

is imaged in transverse section with the vein appear­
ing in the center of the image. Using a marker 
pen, a dot is then placed on the skin surface against 
the middle of the probe. It is easier to start by mark­
ing the vein in the upper thigh, rather than at the 
level of the saphenofemoral junction and then to 
work toward the saphenofemoral junction. The vein 
should be marked with a dot at frequent intervals 
along the thigh and calf. Finally the gel is completely 
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removed and the dots joined up with a continuous 
line using a permanent felt-tipped marker pen. 

The second technique involves assessing the vein 
in transverse section for its size and position, and 
then marking the vein with the transducer turned 
into a longitudinal plane and the vein imaged in this 
direction. A dot is placed against the end of the 
transducer to correspond to the position and direc­
tion of the vein. This technique is more difficult in 
terms of imaging, as it is easy to ‘slip off’ the image 
of the vein and follow a tissue plane, but it does 
seem to produce a more accurate map of the vein. 
Once the position of the vein has been marked 
using this technique, it is wise to run down the 
length of marking with the transducer in transverse 
section to ensure that the dots follow the main 
trunk, in case a smaller side branch in the lower leg 
has been accidentally followed using this method. 

Problems encountered during vein mapping 
One major practical problem of vein mapping is 
trying to mark the position of the vein with a felt-
tipped pen through the ultrasound gel, as the pen 
quickly becomes clogged with gel and no longer 
works. Many vascular units have their own personal 
preferences for overcoming this problem. A char­
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non-sterile probe cover over the transducer when 
vein mapping, as this prevents the probe from 
becoming covered in ink from the marker pen. 

If the patient has very poor muscle volume and 
the superficial tissues are baggy, it can be very dif­
ficult to ensure that the marking is accurate. If in 
any doubt, tell the surgeon. In obese patients, the 
vein may be very deep, and it can be difficult to 
mark it in the correct incision plane. 
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Appendix A 

Decibel scale


The decibel scale allows the large range of values 
of ultrasound intensities, or signal voltages, to be 
expressed by a smaller range of numbers, as shown 
in Table A.1. The decibel scale expresses the ratios of 
intensities, or voltages, using a logarithmic scale. The 
decibel scale is used to describe ultrasound attenua­
tion and amplifier gain. 

Table A.1 Decibel scale applied to intensity and 
voltage (or echo amplitude) 

Intensity ratio Decibel (dB) Amplitude ratio 
(I/I0) (V/V0) 

1 000 000 60 1000 
10 000 40 100 
100 20 10 
10 10 3 
2  3  1.4  
0.5 �3  0.7  
0.1 �10 0.3 
0.01 �20 0.1 
0.0001 �40 0.01 
0.000001 �60 0.001 

Intensity I (relative to I0) in dB � 10 log10 (I/I0). 
Gain in dB � 20 log10(V /V0). 
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Appendix B 

Sensitivity and specificity


When a new test is developed, a threshold at which 
the results are considered to indicate the presence 
or absence of the disease has to be selected. To do 
this the results of the test are compared to another 
method of detecting the disease, often known as 
‘the gold standard’. Unfortunately, there is usually 
an overlap between the results obtained in the pres­
ence of the disease with the results obtained in the 
absence of disease. This means that some patients 
will be falsely diagnosed as having the disease whereas 
others will be falsely diagnosed as not having the dis­
ease. Selecting the best threshold for the test depends 
partly on the prevalence of the disease within the 
group tested and also on the consequence of a false 
classification (i.e., missing the disease or incorrectly 
diagnosing disease in a normal patient). The per­
formance of a diagnostic test can be measured by 
its sensitivity and specificity, which are defined as 
follows: 

Number of patients with theNumber of patients with the


SensitivitySensitivity ��
disease correctly diagnosed
disease correctly diagnosed
Number of patients with
Number of patients with

the disease
the disease

Number of patients without theNumber of patients without the

SpecificitySpecificity ��
disease correctly diagnoseddisease correctly diagnosed
Number of patients withoutNumber of patients without

the diseasethe disease

The value of the sensitivity and specificity will vary 
as the threshold of the test is altered. For example, 
if the threshold is changed to improve sensitivity, 
the specificity will fall. Altering the threshold and 
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calculating the specificity and sensitivity can permit 
the selection of the optimal threshold and allow 
the value of the diagnostic test to be assessed. Other 
closely related qualities of a test often quoted in 
the literature are the positive predictive value, the 
negative predictive value and the accuracy. The 

Further reading 
Bland M 1995 An introduction to medical statistics. 

Oxford University Press, Oxford 

positive predictive value is the probability that a sub­
ject who has a positive test (i.e., disease is detected) 
will be correctly classified. The negative predictive 
value is the probability that a subject who has a neg­
ative test (i.e., no disease is detected) is correctly 
classified. 
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