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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. 
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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 
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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 
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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 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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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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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 


























































































































































































































































































































































