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ABSTRACT

Investigation of Transit Time Broadening in Pulsed-Wave Doppler Ultrasound
Alfred C.H. Yu, 2004
Department of Electrical and Computer Engineering &
Institute of Biomaterials and Biomedical Engineering,
University of Toronto
An in-depth investigation of transit time broadening, which is a major source of error in
pulsed-wave (PW) Doppler ultrasound, was performed. Mathematical relationships were derived
to evaluate transit time broadening and its effects on the accuracy of PW Doppler ultrasound
measurements for different single-scatterer flow paths through the sample volume. Methods for
correcting the measurement errors caused by transit time broadening were also discussed. The
presented theories were verified using a PW Doppler ultrasound simulation model. From this
study, two significant findings with regards to transit time broadening in PW Doppler ultrasound
were revealed. Firstly, there exists a transition beam-to-flow angle at which a significant change
in the governing parameters of transit time broadening occurs. Secondly, if the flow path

through the sample volume is off-centered, then skewing would appear in the transit time

broadening bandwidth and higher degrees of measurement errors may be expected.
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CHAPTER 1

INTRODUCTION

1.1 Overview of Doppler Ultrasound

Stroke often results from the occlusion of the carotid arteries and is one of the most
debilitating medical conditions. This health problem affects about 50,000 Canadians every year,
and it is estimated to cost the Canadian economy $2.7 billion per year in direct hospitalization
charges and lost productivity (Heart and Stroke Foundation of Canada, 2002). To reduce the risk
for the onset of stroke, a surgical procedure called carotid endarterectomy can be performed to
remove plaque and fatty deposits from a patient’s carotid arteries. As a result, the ischemic
insults brought about by the complete occlusion of the carotid arteries may be prevented. For the
endarterectomy to be carried out successfully, a detailed diagnosis is required prior to the
surgical procedure to study the degree of occlusion in different regions of the patient’s carotid
arteries. Although X-ray angiography can be used for the diagnosis, it is nevertheless an
invasive imaging modality and carries the risk of accidentally dislodging the plaque from the
arterial walls. On the other hand, Doppler ultrasound can offer the same diagnostic information
without intrusion into the patient’s vasculature system.

In principle, Doppler ultrasound can provide information about the flow velocity
distribution within a blood vessel, and from this information the peak flow velocity, which is an
important analysis parameter in blood flow studies (Johnston et al. 1985, Withers et al. 1990,

Arbeille et al. 1995, 1999, Lewis and Wardlaw 2002), can be estimated. Since the degree of
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arterial occlusion is directly related to the flow velocity', the information obtained from a
Doppler ultrasound diagnostic procedure can provide a quantitative measure of the degree of
occlusion in the patient’s carotid arteries. However, it is critical that the Doppler ultrasound
measurements are accurate in order to avoid any false assessments. Otherwise, patients with
vascular disorders may suffer from the lack of surgical treatment, while healthy patients may
receive unnecessary surgical treatment.

In terms of its operation, Doppler ultrasound works by transmitting acoustic waves (at
frequencies higher than the human audible range) into the blood vessel and receiving the echoes
backscattered from red blood cells (RBCs) flowing inside the blood vessel. Subsequently, by
processing the received echoes, the flow velocity distribution and the peak flow velocity can be
extracted. There are two modes of operation in Doppler ultrasound: continuous-wave (CW)
mode and pulsed-wave (PW) mode. As revealed by its name, the CW mode involves the
transmission of continuous ultrasound waves into the blood vessel and the reception of the
backscattered echoes. In contrast, the PW mode involves the periodic transmission of ultrasound
pulses into the blood vessel and the reception of the pulse echoes. Though more complicated,
the PW mode is often preferred over the CW mode because it can provide flow velocity
information at specific regions inside the blood vessel. As a result, much effort has been devoted

to the development of PW Doppler ultrasound systems in recent years.

1.2 Problems in PW Doppler Ultrasound Measurements

The performance of commercial PW Doppler ultrasound systems, such as the one shown

in Figure 1-1, has been investigated in many studies. By using an in vitro string phantom to

! The relationship is based on the Bernoulli principle, which states that the velocity of a fluid increases as it flows
through a narrowing.
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Figure 1-1. An Acuson 128XP/10 commercial PW Doppler ultrasound system. In (a), a
picture of the overall system is shown. In (b), the system’s spectral display mode, which
reveals the estimated flow velocity distribution over time within a localized region of a
blood vessel, is shown. Note that the estimated peak flow velocity over time is illustrated
by the white contour in the spectral display. Figure courtesy of Siemens Medical Systems.

emulate pulsatile flow conditions, Daigle et al. (1990) first pointed out that the peak flow
velocity can be critically overestimated by PW Doppler ultrasound systems. Winkler et al.
(1995), Kluneman et al. (1996), Hoskins (1996), and Steinman et al. (2001) also reported similar
overestimation errors with the use of steady flow phantoms and steady motion string phantoms.
In terms of the causes, these prior studies unanimously suggested that intrinsic spectral
broadening, which refers to the broadening of the estimated flow velocity distribution and which
intrinsically arises from the properties of the ultrasound system, is the chief source of error in
PW Doppler ultrasound measurements’. However, a close examination of the literature reveals

that the current understanding in intrinsic spectral broadening is rather insufficient. Although

? Extrinsic spectral broadening may also arise from time-variant flow conditions, but its effect on peak flow velocity
estimation is insignificant because the estimation is often performed over a stationary time period in which the flow
characteristics are relatively stable.
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different types of intrinsic spectral broadening have long been identified (Green 1964, Griffith et
al. 1976, Newhouse et al. 1976, 1977, 1980, Jones 1993), there has been confusion as to which
types of intrinsic spectral broadening are more responsible for the overestimation errors. As
well, there has been an extensive debate in the literature (Ata and Fish 1990, Jones 1993, Guidi
et al. 2000) as to whether some types of intrinsic spectral broadening are, if at all, equivalent to
each other. Hence, it remains unclear on how intrinsic spectral broadening actually affects the
accuracy of PW Doppler ultrasound measurements. In order to more precisely account for the
overestimation errors, an in-depth study on intrinsic spectral broadening from a PW Doppler

ultrasound perspective is needed.

1.3 Motivations for Studying Transit Time Broadening

Transit time broadening is a major component of intrinsic spectral broadening in Doppler
ultrasound measurements. As first ideﬁtiﬁed by Green (1964), this type of intrinsic spectral
broadening arises from the finite beam width generated by the ultrasound transducer. Thus, as
RBCs traverse through the blood vessel, they would only reside within the ultrasound beam for a
limited period of time, and the backscattered echo from each individual RBC would also only
emerge for a brief period. Consequently, as will be explained later in this thesis, the estimated
flow velocity distribution would be broadened, resulting in an overestimation of the peak flow
velocity.

Different studies on transit time broadening have been performed over the years to
characterize the effect of this broadening phenomenon on Doppler ultrasound measurements. In
particular, Griffith et al. (1976) and Newhouse et al. (1976) were amongst the first to provide a

mathematical description of the transit time broadening phenomenon. Based on these initial
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derivations and an earlier result from the field of laser Doppler flow measurement systems
(Edwards et al. 1971), Newhouse et al. (1980) stated that transit time broadening is essentially
equivalent to another type of intrinsic spectral broadening called geometrical broadening. This
equivalence assumption, although not rigorously proven, has directly led to the development of
an important mathematical equation that characterizes the dependence of transit time broadening
on different physical parameters such as aperture width and focal length. This equation, called
the transverse Doppler equation, was first introduced by Newhouse et al. (1987) and was later on
derived using wave diffraction principles by Censor et al. (1988). Further studies of the
transverse Doppler equation for various transducer configurations were also reported (Newhouse
and Reid 1991, Tortoli et al. 1992, 1994, Cloutier et al. 1993, Newhouse et al. 1994, McArdle
and Newhouse 1996). Tortoli et al. (1995, 2001) subsequently attempted to apply the transverse
Doppler equation to correct for the overestimation errors in PW Doppler ultrasound
measurements, yet their approach was not applicable to all experimental settings. Aside from the
transverse Doppler equation, Bastos et al. (2000) and Thompson and Aldis (2002) recently
derived mathematical models using the concept of point-spread functions to describe the shape
of the broadened flow velocity distribution. However, these models are too theoretical that they
can unlikely be used at present to correct for the peak velocity overestimation errors.

Even though various studies on transit time broadening have been conducted, the current
knowledge on this broadening phenomenon is still incomplete. In particular, the dependence of
transit time broadening on an important PW Doppler ultrasound parameter — the range gate used
for depth localization — has not been rigorously addressed in the literature. Further knowledge
on transit time broadening is yet needed in order to fully understand how this phenomenon

affects PW Doppler ultrasound measurements. Thus, a comprehensive study of transit time
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broadening that includes description on the effects of range gating should be a suitable starting

point for understanding intrinsic spectral broadening from a PW Doppler ultrasound perspective.

1.4 Research Objectives

Driven by the motivations discussed in Section 1.3, the aim of this thesis research is to
provide a rigorous understanding of the transit time broadening phenomenon in PW Doppler
ultrasound. In particular, there are three objectives in this research. The first objective is to
perform a mathematical derivation of how transit time broadening arises from a PW Doppler
ultrasound perspective. The second objective is to discuss the effects of different physical
parameters, including range gating, on the extent of transit time broadening and on the accuracy
of peak flow velocity estimation. The third objective is to develop methods that can be used to

reduce the peak velocity estimation errors caused by transit time broadening.

1.5 Organization of Thesis

This thesis has been organized as follows to present the research results. First of all, a
theoretical derivation of transit time broadening principles from the PW Doppler ultrasound
perspective is provided in Chapter 2. An overview of CW and PW Doppler ultrasound principles
is also included in this chapter. After that, the computer simulation model used for
experimentally studying the governing parameters of transit time broadening and peak velocity
estimation accuracy is described in Chapter 3. Subsequently, the simulation results are presented
in Chapter 4. An extensive discussion on the significance of the results and the limitations of
this thesis study is given in Chapter 5. Finally, a summary of the conclusions and contributions

of this thesis research is provided in Chapter 6.



CHAPTER 2

THEORY

2.1 Continuous-Wave (CW) Doppler Ultrasound

2.1.1 Physical Principles

The physical phenomenon being exploited in continuous-wave (CW) Doppler ultrasound
is the classical Doppler effect, which refers to a shift in the acoustic frequency perceived by a
target due to the motion of either the source or the target (or both). As illustrated in Figure 2-1,
for the case of a moving source and a stationary target, the perceived acoustic frequency at the
target is shifted up from the emitted frequency. The same effect also occurs for a moving target

and a stationary source. Consequently, for the case where a stationary source receives echoes

(2) (b)

Figure 2-1. The Doppler effect. For this set of figures, the dot represents the source, the
cross represents the target, and the circles represent acoustic wavefronts. In (a), when the
source and the target are both stationary, the perceived frequency is the same as that emitted
by the source. In (b), when the source is moving, the wavefronts are compressed, and thus
the frequency perceived by the target is higher than the emitted frequency.
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from a moving target (or vice versa), two frequency shifts are perceived: the first arises from the
shift observed by the target on the emitted waves, and the second arises from the shift observed
by the source on the returned echoes that are already shifted in frequency. Note that the
magnitude of the frequency shift (i.e. the Doppler shift) is directly related to the speed of both
the source and the target.

Consider the situation illustrated in Figure 2-2. In a CW Doppler ultrasound diagnostic
procedure, harmonic ultrasound waves are continuously transmitted into the blood vessel through
a transducer, and the echoes backscattered from the red blood cells (RBCs) are received. Since
RBCs are moving targets, the frequency of the backscattered echoes would deviate from the
transmitted ultrasound frequency according to the Doppler effect. Mathematically, the Doppler

shift is given by the Doppler equation as (Jensen 1996, Evans and McDicken 2000):

fiw =10 = z—z—vf—’cosﬁ (for ¢ >>v), (2-1)
c

r

where f; is the transmitted ultrasound frequency, f; is the received ultrasound frequency, c is the

speed of sound in blood, v is the flow velocity, and @ is the beam-to-flow angle. By convention,

. Ultrasound
© . Wavefronts

. \ . Blood
Flow Line 9?\\ \ —+ Vessel
Figure 2-2. Operating principles of CW Doppler ultrasound. By continuously transmitting

ultrasound waves into the blood vessel and receiving the returned echoes, the peak flow
velocity can be detected. Such an operation requires the use of the Doppler effect.
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a positive value of fy,, denotes RBC displacements away from the transducer (forward flow),
while a negative value of f;,, denotes RBC displacements toward the transducer (reverse flow).
Clearly, by extracting the Doppler shift from the CW echo received at the transducer, the flow
velocity within a blood vessel can be estimated. For the case where RBCs are moving at
different velocities, a range of Doppler shifts would be induced, and correspondingly, a range of
flow velocities would be estimated. Thus, the peak flow velocity of the RBC ensemble can be

determined by estimating the maximum Doppler shift from the received CW echo.

2.1.2 Signal Equations

Consider a harmonic ultrasound wave incident upon an RBC moving at a constant
velocity. Under the presence of the Doppler effect, the echo backscattered from the RBC is
given by:

tow () = b(r) cos[27f,t — ¢, 1= b(r) cos[27(f, = [y, — &, ], (2-2)
where b(r) is the spatial-dependent beam profile function that determines the backscattering
strength of the RBC, f; is the transmitted ultrasound frequency, f4, is the Doppler shift as defined
in Equation 2-1, and ¢, is the phase difference between the transmitted ultrasound wave and the
received echo. Since the spatial position of the RBC changes over time, b(r) is essentially a
function of time.

In CW Doppler ultrasound, a complex demodulation approach (similar to that used in
communication systems) is often used to extract the Doppler shift from the received CW echo.
This approach operates as follows. As outlined in Figure 2-3, after the CW echo is detected at

the transducer, it is converted into a complex analytic signal that possesses the form:

’FCW (t) — b(t)e_j[ZH(ﬁ_fdop)t-¢r] . (2_3)
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Figure 2-3. Extraction of the Doppler shift. The received CW echo is first converted into a
complex analytic signal. Then, the analytic signal is demodulated to remove the carrier
frequency term. Subsequently, the Doppler shift spectrum is obtained by computing the
Fourier transform of the demodulated echo. In the end, the maximum Doppler shift is
extracted from the Doppler shift spectrum to estimate the peak flow velocity.

The analytic signal is then passed into a waveform mixer where a e’>? term is multiplied to it.
As aresult, the carrier frequency term in the analytic signal is removed, and the complex form of
the demodulated CW echo is obtained. Mathematically, the complex demodulated CW echo can
be expressed as:
d gy (1) = b(t)e’ T, (2-4)

For an ensemble of RBCs flowing at different velocities within the blood vessel, the complex
demodulated CW echo, which is simply the superposition of the contribution from individual
RBCs, is given by:

Ay e (1) = 3 b, () Torr et (2-5)

where b,(1), faopen) and @m) respectively refer to the beam profile function, the Doppler shift, and

the phase difference term of the m™ RBC in the ensemble. In order to extract the Doppler shift
spectrum, the Fourier transform of the demodulated CW echo is subsequently computed. Based

on the properties of the Fourier transform (Lathi 1992), the Doppler shift spectrum is given by:

Do ()= B (f = fipim )™ ™ (2-6)
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where B,(f) is the Fourier transform of b,,(f). Hence, if b,,(¢) is independent of time for all RBCs
in the ensemble, the Doppler shift spectrum would simply be consisted of a series of impulse
functions centered at different Doppler shift frequencies corresponding to the flow velocity
distribution of the examined blood vessel. Consequently, the peak flow velocity within the blood

vessel can be determined by extracting the maximum Doppler shift from the spectrum.

2.2 Pulsed-Wave (PW) Doppler Ultrasound

2.2.1 Physical Principles

Unlike the CW mode, pulsed-wave (PW) Doppler ultrasound does not make use of the
classical Doppler effect during its operation'. Even though the classical Doppler effect is present
in PW Doppler ultrasound measurements, this physical phenomenon cannot be exploited due to
the presence of frequency-dependent attenuation and scattering that would significantly distort
the Doppler shift spectrum of each PW echo (Round and Bates 1987). Indeed, Thomas and
Leeman (1993) have shown that the classical Doppler effect poses an artifact in PW Doppler
ultrasound measurements. To determine flow velocities, PW Doppler ultrasound instead makes
use of the temporal shift between the arrival times of successive PW echoes. This physical
phenomenon is illustrated in Figure 2-4 for a single RBC moving at a constant velocity. As
shown, the temporal shift arises from a change in the RBC’s depth (with respect to the transducer
surface) between subsequent ultrasound pulse transmissions. In mathematical terms, the
temporal shift between the arrival times of two successive PW echoes is found to be equal to:

- 2z,—z,) 2Az 2T, vcosf
shift — c = - = - 5

(2-7a)

! The term “pulsed-wave Doppler ultrasound” is indeed a misnomer of this clinical diagnostic tool. However, the
debate on this issue is beyond the scope of this thesis.



Chapter 2. Theory 12

Transducer
Surface

i
zZ

0 ?\ \\;‘Az Blood

VT ppy Vessel

Flow Line

Figure 2-4. Operating principles of PW Doppler ultrasound. Short ultrasound pulses are
transmitted periodically into the blood vessel. To determine the flow velocity, the temporal
shift between the arrival times of successive pulse echoes is measured. Note that the
temporal shift is dependent on the change in the RBC’s depth (Az) between successive
ultrasound pulses.

where ¢, v, and @ refer to the same quantities as defined in Equation 2-1, and Tpg; refers to the
pulse repetition interval (i.e. the wait time between pulse transmissions). Based on Equation 2-
7a, the corresponding phase shift between two successive PW echoes can be calculated as
(Jensen 1996, Evans and McDicken 2000):

2f,Tppvecos8

C

¢shiﬁ ~ fttshift = (2-7b)

where f; refers to the center frequency of the transmitted ultrasound pulses. By noting that the
time difference between subsequent pulses is simply equal to the pulse repetition interval, the
resulting inter-pulse frequency shift — defined as the temporal rate of change of the phase

between successive PW echoes — can be estimated by rearranging Equation 2-7b as:

P 2vf, cosO
Tors c '

(2-8)

.fshift ~

Thus, by evaluating the inter-pulse frequency shifts between subsequent PW echoes received at
the transducer, the flow velocity distribution within the blood vessel can be estimated. As well,
the peak flow velocity can be determined by extracting the maximum inter-pulse frequency shift

from the PW echoes.
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2.2.2 Depth Localization

The depth localization feature in PW Doppler ultrasound is provided by the use of a
temporal range gate, whose function is to accept each PW echo only within a defined time range.
The start and end times of the range gate are carefully selected such that they correspond to the
desired axial range (i.e. the desired depths of interest). Ideally, the range gate should provide a
sharp spatial sensitivity over the axial range so that the echoes backscattered from RBCs outside
the axial range are rejected. Unfortunately, due to the finite temporal length of the transmitted
pulse, the realization of such a sharp spatial sensitivity is not possible. As shown in Figure 2-5
for the case where a cosine-modulated pulse is used as the transmitted pulse, RBCs from outside
the axial range would partially contribute to the total PW echo. To account for this problem, the
gate timings can be adjusted so that RBCs from outside the axial range would absolutely not
contribute to the overall PW echo (see gate B in Figure 2-5). However, by doing so, echoes that
are originated from RBCs inside the axial range would be seriously truncated, resulting in a
reduction of the overall received PW echo. A compromise solution to this problem is to partly
adjust the gate timings such that a balance between the rejection of echoes from outside the axial
range and the inclusion of echoes from inside the axial range is maintained (see gate C in Figure
2-5). As pointed out by Steinman (2004), this solution is the one that is commonly used in
commercial PW Doppler ultrasound systems.

Based on the compromise solution to the spatial sensitivity problem, the start and end
times of the range gate would possess the following mathematical form:

2z 73

nominal
+

> 2-9a
. 5 (2-92)

start



Chapter 2. Theory 14

1\ ; »Echo #1

g ;Echo #2

NW&W - Echo #3
z (TR E—

nominal
’wv\ ey *Echo #6

]

Blood (;\4
Vessel &

L
Gate B
Gate C
Gate A

Figure 2-5. Range gate implementations. Gate A illustrates the case where the temporal
length of the range gate is set to a value such that echoes backscattered from RBCs at the
depth boundaries (the dotted lines) are included. To achieve better depth localization, the
range gate’s temporal length can be adjusted so that echo contributions from RBCs outside
the depth boundaries are excluded, as illustrated in Gate B. However, echoes that are
originated from RBCs inside the depth boundaries are concomitantly truncated. Gate C
represents the compromise gate option between Gates A and B.

2z

nominal + 52) + T_P
c 2

t , (2-9b)

end

where Zznomings refers to the nominal depth, &, refers to the axial length, and 7 refers to the
temporal length of the transmitted pulse. Also, the temporal length of the range gate is given by:

25
7o = la =l =~ (2-10)

start

It is interesting to note the effect that the range gate length has on the spatial sensitivity. As
implicitly shown in Figure 2-5, the degree of echo truncation inside the axial range would vary
according to the axial length specified. Hence, the spatial sensitivity (i.e. the amount of echo

contribution as a function of depth) is essentially dependent on the axial length, which in turn
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Figure 2-6. Spatial sensitivity of the range gate. Depending on the gate length to pulse
length ratio, the spatial sensitivity would vary accordingly. The spatial sensitivity is shown
for three cases: (a) 76 > 7p; (b) 76 = 7p; (¢) 7¢ < 7p. Clearly, the spatial sensitivity takes on
either a trapezoidal or triangular shape. Note that the full width half maximum (FWHM) of
the function is denoted by the dashed lines.

governs the temporal length of the range gate. Figure 2-6 illustrates the spatial sensitivity
relationships for different ratios of z5/7p. As shown, when 7 is greater than 7p (i.e. the temporal
length of the range gate is greater than that of the transmitted pulse), the spatial sensitivity is
quite uniform over the central part of the axial range, but this is achieved at the expense of depth
localization. On the other hand, when 75 is less than 7p, the spatial sensitivity is also uniform
over the central part of the axial range, even though the maximum sensitivity level is comparably
lowered due to echo truncation. The most interesting situation happens when 7 is equal to zp.
For this case, there is no region of uniformity in the spatial sensitivity, and the peak sensitivity

occurs at the center of the axial range. Peronneau et al. (1974) and Kristoffersen (1986) both
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suggested that this 75/7p ratio would offer the most depth localization since there is only one

peak sensitivity.

2.2.3 Signal Equations

Signal acquisition in PW Doppler ultrasound is considerably more complicated than the
CW mode. A slightly simplified discussion, which ignores the presence of the classical Doppler
effect’, is presented in this section. Assuming that a cosine-modulated pulse is used, the n"™
transmitted ultrasound pulse can be expressed in the following mathematical form:

Xpyy (1) = [u(t =nTpp,) —ult —nTpp, —7,)]cos27f (2-11)
where u(.) 1s a unit step function. Also, if an RBC is initially at a depth of z, with respect to the
transducer surface, its depth at the »™ pulse would be given by:

z(n) =2z, +nT,,vcosH. (2-12)
Since the backscattered echo is simply a time-delayed version of the transmitted pulse, the n™
received PW echo from an RBC flowing at a constant velocity would possess the form:

|—ult—nT,, — 220 _ o ]} cos{Z;zf,[t - 22(”)]} :
C C
(2-13)

2z(n)

Vo (t,0) = b(n){u[t —nTpy —

where b(n) is the beam profile function that governs the RBC’s backscattering strength, and is
essentially a function of the RBC’s displacement at the n™ pulse.

Like CW Doppler ultrasound, a similar complex demodulation approach is used in PW
Doppler ultrasound to obtain the frequency shift between successive PW echoes. Firstly, as
outlined in Figure 2-7, the received PW echoes are converted into a complex analytic signal that

possesses the form:

* Recall that the classical Doppler effect is not exploited in the operation of PW Doppler ultrasound.
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Figure 2-7. Extraction of the inter-pulse frequency shift. The received PW echoes are first
converted into complex analytic signals. The analytic signals are then demodulated, range-
gated, and integrated to obtain the slow-time PW signal. After that, the inter-pulse
frequency shift spectrum is found by evaluating the Fourier transform of the slow-time PW
signal. To estimate the peak flow velocity, the maximum frequency shift is extracted from
the inter-pulse frequency shift spectrum.

2z(n)

2z(n 2z(n ~j2nf[t-——]
( )]—u[t—nTPR,——Ll—rP]}e co.

Fow (t,1) = b(n){u[t —nTp,, —
(2-14)

j2nt

Coherent demodulation is then performed by multiplying e to the analytic signal. As a

result, the complex demodulated PW echo for the n™ pulse is given by:

2z(n)

2 2, 1220
]—ult—nT, ——Z@—TP]}eJ €.

dpy (£,1) = b(n){u[t — 1Ty —
(2-15)
Subsequently, depth localization is applied to the demodulated PW echo by using the range gate
to reject parts of the echo that are outside the specified time range. The gated, demodulated PW
echo for the n™ pulse is thus given by:
Zow (6.1) = bt = nT gy — 1,4, )=t =Ty —1,,,1}
2z(n)

x{u[t—nTPR, - 2Z(n)]—u[t—nTPR, ——zi(n—)—rp]}emm ° ], (2-16)
c c

where fyq¢ and t.,4 refer to the start and end times of the range gate as defined in Equation 2-9.
Note that the exponential term in g, (¢,n) is a function of pulse number, and information about

the inter-pulse frequency shift is contained in this term. Hence, to evaluate the inter-pulse
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frequency shift, the time-dependence factor in g,, (#,n) needs to be removed so that a signal
only in terms of the pulse number can be obtained. This time-dependence factor elimination
process is achieved by temporally integrating g,, (t,n) for all n. As a result, the integrated

value of the gated, demodulated PW echo for the n™ pulse would take on the form:

~ 1_279(1[2201):| ©
Ipy (n) = b(n)e ¢ I{“[t =T gy — e | — Ut =T oy — 1,4 ]}

—o0

X {u[t —nT,, —m]—u[t — 1Ty, —ZZ—(n)—TP]}dt
C
j 47;7”,v0050[n - z, N
— b(n)w(n)e ¢ veosd
_ b(n)w(n)ejz’grshiﬁ[”TPM*‘W] ’ (2_17)

where fun is as defined in Equation 2-8 and w(n) is a windowing function that results from the
evaluation of the time integral. As shown in Appendix A for the case of a cosine-modulated
pulse, w(n) is implicitly a function of depth, which in turn is a function of pulse number due to
the RBC displacement between pulses. Moreover, the shape of w(n) resembles the forms shown
in Figure 2-6 depending on the 75/7p ratio. This suggests that when the RBC is outside the axial
range, its contribution to the n™ received PW echo is either truncated or rejected as necessary for
depth localization.

In general, the integrated value of the n™ gated, demodulated PW echo from an ensemble

of RBCs flowing at different velocities is given by:

b4
T2 gigecmy [0 T ppy + olm)

Ty (1) = Db, (mw, (n)e Yncos8 (2-18)

where bu(n), Wi(n), foniiomy Zoemy» and vy, respectively refer to the beam profile function, the

windowing function, the inter-pulse frequency shift, the initial depth and the flow velocity of the
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m" RBC in the ensemble. From a signal processing perspective, Zot’ #w (1) essentially represents

a collection of data samples that are obtained with a sampling period of Tpg;. Henceforth, it shall
be referred to as the slow-time PW signal’. According to the sampling theorem and other
properties of the Fourier transform (Lathi 1992), the inter-pulse frequency shift spectrum of the
slow-time PW signal is given by:

i Z[Bm (f - fshift(m) - TL) *W,(f - fshift(m) - L)]e Y cos? (2-19)

Tor nes’m Tors

1

Itot,PW (f) =

where the ‘*’ sign indicates a mathematical convolution operation, while B,,(f) and W,(f) refer to
the baseband Fourier transforms of b,(n) and w,(n). Clearly, by estimating the maximum
frequency shift from the baseband inter-pulse frequency shift spectrum, the peak flow velocity

within the axial range can be determined from using Equation 2-8.

2.2.4 Maximum Flow Velocity Limit

Since the expression given in Equation 2-18 represents data samples collected at a
sampling period of Tpg;, aliasing may occur in the inter-pulse frequency shift spectrum. In
particular, based on the Nyquist criterion (Lathi 1992), if the maximum baseband frequency shift
is greater than half the pulse repetition frequency (i.€. fonifpmax) > ¥2T, »riY), then aliasing would
occur. From Equation 2-8, it follows that a peak flow velocity limit exists for which aliasing in
the inter-pulse frequency shift spectrum can be avoided. If the bandwidth of the convolution
between B,(f) and W,(f) in Equation 2-19 is assumed to be negligible for now, then the
maximum flow velocity that can be detected without aliasing is given by (Jensen 1996, Evans

and McDicken 2000):

* In PW Doppler ultrasound literatures, “slow-time” generally refers to the time axis of n, while “fast-time” refers to
the time axis of z.
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c
Vimt = 5
™ 4fT,, cosO

(2-20)
According to this relationship, the peak flow velocity limit is generally higher at large beam-to-
flow angles. However, as will be subsequently shown, peak flow velocity measurements

obtained at large beam-to-flow angles tend to be seriously distorted by the transit time

broadening phenomenon.

2.2.5 Comparison Between CW and PW Doppler Ultrasound

Since CW Doppler ultrasound continuously transmits ultrasound waves into the blood
vessel, it usually cannot provide information about the depth at which flow is occurring. On the
other hand, PW Doppler ultrasound is able to provide flow velocity measurements at localized
depths of interest. This depth localization feature is very useful clinically because it can separate
the signals originating from different regions inside the blood vessel, and thus the location of
arterial occlusion can be precisely identified. On account of this advantageous feature, the PW
mode is often the more preferred mode of operation in Doppler ultrasound, even though its
ability to detect peak flow velocity is limited by the problem of aliasing.

As described earlier in this chapter, the operations of CW and PW Doppler ultrasound are
based on two different physical phenomena. While the CW mode of operation makes use of the
classical Doppler effect, the PW mode utilizes the inter-pulse displacement of the RBC’s depth.
Nevertheless, by comparing between Equations 2-1 and 2-8, it can be easily seen that the
fundamental equation in both CW and PW Doppler ultrasound are essentially equivalent. Also,
if a very long range gate is used (i.e. wy(n) approaches unity in Equation 2-18), the slow-time

PW signal (Equation 2-18) is essentially a sampled version of the demodulated CW echo



Chapter 2. Theory 21

(Equation 2-6). Hence, CW and PW Doppler ultrasound are still strongly related to each other
although they rely on different physical principles. The strong correlation between the two
modes of operation might be the reason for why previous studies in transit time broadening have

overlooked the effects of the range gate, which is a feature specific to the PW mode of operation.

2.3 Transit Time Broadening in PW Doppler Ultrasound

2.3.1 Physical Principles

The fundamental cause of transit time broadening is the non-uniform beam geometry
generated by the ultrasound transducer (Green 1964, Griffith et al. 1976, Newhouse et al. 1976,
Jones 1993). Thus, as illustrated in Figure 2-8, an RBC would only reside within the ultrasound
beam for a limited period of time, and only a finite number of PW echoes from the RBC would
be received at the transducer. The strengths of these echoes would also be individually weighted
according to the beam intensity distribution. Due to these physical effects, the slow-time PW
signal would exhibit amplitude modulation characteristics. Note that the situation becomes even
more complicated after the effects of the range gate are taken into consideration. As revealed by
Equation 2-18, if either b,,(n) or w,(n) are non-constant, the slow-time PW signal obtained from
an RBC would take on an amplitude-modulated form. The direct consequence of such amplitude
modulation characteristics is the broadening of each replica in the inter-pulse frequency shift
spectrum even in the absence of any velocity distribution within the sample volume (i.e. the
spatial region confined by the ultrasound beam width and the axial range). Hence, the maximum
inter-pulse frequency shift would be upshifted, resulting in an overestimation of the peak flow

velocity.
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Figure 2-8. Transit time broadening. Due to the finite width of the ultrasound beam, RBCs
would traverse through the sample volume in a finite amount of time. In (a), the physical
phenomenon is illustrated; in (b), the resulting time-limited slow-time PW signal is shown;
in (c), the corresponding inter-pulse frequency shift spectrum is depicted. The true
frequency shift that corresponds to the true flow velocity of the RBC is denoted by fiye.

2.3.2 Extent of Spectral Broadening

From Equation 2-19, it can be readily seen that the extent of spectral broadening due to

an RBC’s finite transit time is entirely governed by the convolution of B,(f) and W,(f).

However, it is generally difficult to obtain a closed form expression for this convolution

operation because B,(f) and W,(f) are often complex functions. To simplify the computation,

the convolution’s equivalent time domain operation — the multiplication of b,,(n) and w,,(n) — can

be considered. Based on the properties of the Fourier transform (Lathi 1992), the extent of

spectral broadening is inversely related to the transit time interval of b,,(n)xw,(n) (or simply put,

the degree of overlap in the individual transit time intervals of the two functions). In particular, a

shorter overlapping interval would give rise to a larger degree of broadening in the baseband

inter-pulse frequency shift spectrum. For such case, significant errors would be expected for the

estimated peak flow velocity.
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Given that b,,(n) is the ultrasound beam profile function, the transit time of b,,(n) can be
calculated by simply dividing the effective beam width by the flow velocity of the RBC.
Similarly for wy,(n), which is the range gate windowing function, its transit time can be found by
dividing the axial length by the RBC’s flow velocity. To determine the overlapping time interval
between b,,(n) and w,(n), different flow path settings needs to be examined. As illustrated in
Figures 2-9 and 2-10, there are many ways for an RBC to traverse through the sample volume.
The method for estimating the overlapping time interval is different for each case. In the
following subsections, a mathematical derivation of the transit time broadening extent for
different flow path settings is provided.

To maintain simplicity of the discussion, the following assumptions will be made in the
derivations:

e FEach RBC undertakes a straight flow path through the sample volume.

e The effective ultrasound beam width is the full width half maximum (FWHM)

of the beam’s spatial intensity function.
o The effective spatial width of the range gate is the FWHM of the gate’s spatial
sensitivity function.
Based on these assumptions, the physical sample volume encountered by the RBCs can be

realized as a two-dimensional rectangular plane, such as that shown in Figures 2-9 and 2-10.
2.3.2.1 For RBCs Traversing Through Ultrasound Beam Width
As illustrated in Figure 2-9a, if the flow path of an RBC only crosses the sample volume

boundaries defined by the ultrasound beam width, then the transit time through the ultrasound

beam is essentially shorter than that through the axial range. The overlapping time interval
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Figure 2-9. On-center flow paths of an RBC through the sample volume. The overlapping
time interval relationships are shown for the following cases: (a) when the RBCs only
traverses across the boundaries defined by the ultrasound beam width; (b) when the RBC
only traverses across the boundaries defined by the axial range; (c) when the RBC traverses
through the diagonal corners of the sample volume. Note that the rectangular shaped
sample volume shown in this set of figures is only an approximation of the real sample

volume.

between b,,(n) and wy(n) is thus primarily governed by the transit time interval of b,(#n). In other
words, the effects of w,(n) on the extent of spectral broadening may be neglected. According to
the figure, the transit time of an RBC through the effective ultrasound beam width is given by:

_d

Wbeam (2_2 1)

transit __
- . s
v vsin 6

~
transit T;Jeam

where dq,; refers the transit distance of the RBC through the sample volume and Wy, refers
the effective width of the ultrasound beam. According to the properties of the Fourier transform
(Lathi 1992), the corresponding spectral broadening bandwidth, which is defined in this thesis as

the null-to-null width in the inter-pulse frequency shift spectrum, is approximately given by

(Griffith et al. 1976):
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Based on the above expressions, the extent of transit time broadening in the ultrasound
beam’s focal region, where PW Doppler ultrasound measurements are usually made, can be
studied. If the focal region is located in the far field of the ultrasound beam profile, the lateral
beam intensity distribution (i.e. the intensity profile perpendicular to the beam axis) for a number

of transducer configurations® is proportional to a sinc function given by (Ziomek 1995):
b(x) = sinc —A—x) (2-23)
AF ")

where x indicates the lateral distance from the center of the beam axis, A is the wavelength of the
ultrasound pulse, F is the focal length, and A4 is the aperture width. It logically follows that the
effective ultrasound beam width in the focal region is roughly equal to AF/A. Consequently,
from Equation 2-22, the extent of spectral broadening in the focal region can be expressed as:

_2Avsind  2f Avsing

. 2-24
transit AF cF ( )

(e}

This transit time broadening extent relationship, known as the transverse Doppler equation, was
first derived by Newhouse et al. (1987) and was subsequently studied in detail with various
transducer configurations (Censor et al. 1988, Newhouse and Reid 1991, Tortoli et al. 1992,
1994, Cloutier et al. 1993, Newhouse et al. 1994, McArdle and Newhouse 1996). In attempt to
correct for the peak velocity overestimation errors, Tortoli et al. (1995) combined this equation
with Equation 2-8 to obtain the following expression for the maximum inter-pulse frequency

shift that takes into account the effects of transit time broadening:

* Applicable configurations include cylindrical, rectangular, and linear-array transducers. Note that this analysis
might not apply to more complicated configurations such as phased-array transducers.
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2 A .
f:v'hift(max) = fsh,ﬁ(max) +10' = lyﬂ‘—(cos@ +Esm0j , (2-25)

2 transit(max) — c

where vy, 18 the peak flow velocity of the RBC ensemble. In the derivation of Equation 2-25, it
has been assumed that the spectral broadening is symmetrical about true maximum frequency
shift (i.e. the frequency shift corresponding to the actual peak flow velocity). This assumption is
valid because b,(n) possess even symmetry about its center.

With the use of the modified equation, Tortoli et al. (1995) showed a significant
reduction in the peak velocity overestimation errors. Nevertheless, they acknowledged that this
modified equation was derived on the basis that the RBC would only traverse across sample
volume boundaries defined by the ultrasound beam width. Thus, it is not applicable to all flow

path settings.

2.3.2.2 For RBCs Traversing Through Axial Range

Another route for an RBC to traverse through the sample volume is via the boundaries
defined by the axial range. As shown in Figure 2-9b, if the flow path of an RBC only crosses the
sample volume boundaries defined by the axial range, then the transit time of the RBC through
the axial range is apparently shorter than that through the ultrasound beam. In this case, the
overlapping time interval between b,(n) and w,(n) is mainly governed by the transit time
interval of w,,(n), while the effects of b,,(n) on the extent of spectral broadening can be assumed
to be insignificant. As a result, the overlapping time interval is approximately equal to the transit
time of the RBC through the axial range. Deducing from Figure 2-9b, this value is given by:

d, . 74
~ _ Ywansit _ gate
transit "~ Tgate - - s (2-26)
\ vcos @
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where Wg,. refers to the effective width of the axial range. According to Figure 2-6, the FWHM
of the axial range would vary only if the temporal length of the range gate is larger than that of
the transmitted pulse. Hence, the corresponding spectral broadening bandwidth would take on
the following form:

N 2 2vcosO 2vcos@
transit T 114 max[é‘z ,(CTP /2)] >

gate gate

(2-27)

o

where &, is the axial length and zp is the temporal length of the transmitted pulse.

It has been shown that the axial beam intensity distribution (i.e. the intensity profile along
the beam axis) for many transducer configurations is fairly uniform in the far field (Ziomek
1995). Thus, provided that the focal region is in the far field, the beam intensity can be assumed
to be uniform during the RBC’s passage through the axial range. Consequently, by combining
Equation 2-27 with Equation 2-8 and exploiting the symmetry of w,(n), the following modified
expression of the maximum inter-pulse frequency shift can be obtained for RBC flow paths

through the axial range:

1 2 £,V COSO c
" =71 +—0, . = max 1+
.fshtft(max) fyhtft(max) 2 transit(max) c 2]«[ max[é‘z , (CTP /2)]

j. (2-28)

In comparison between Equations 2-25 and 2-28, it can be easily seen that the error correction
term (i.e. the bracketed term) in the two modified equations are dependent on totally different
physical parameters.

A similar form of Equation 2-28 was first derived by Evans and McDicken (2000).
Nevertheless, their derivation was based on the use of an impractical gate option (gate B in
Figure 2-5). In contrast, the derivation presented in this section is based on the more commonly

used gate option (gate C in Figure 2-5). Hence, Equation 2-28 should be more suitable for
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correcting the peak velocity overestimation errors found in commercial PW Doppler ultrasound

systems.
2.3.2.3 For RBCs Traversing Through the Sample Volume Corners

Besides traversal routes through the ultrasound beam width and the axial range, there is
also a case where the RBC’s flow path crosses the diagonal “corners” of the sample volume
boundaries. As illustrated in Figure 2-9c, the transit time of the RBC through the axial range in
this case is similar to that through the ultrasound beam width. The overlapping time interval
between b,(n) and w,(n) is thus roughly equal to the transit time of either function.
Mathematically, by setting Equations 2-21 and 2-26 equal to each other, the transition beam-to-

flow angle for this physical situation to occur can be found as follows:

0,,, =tan™ Whean | tan"{ i j (2-29)
/4 f,Amax[o,,(ct, /2)]

gate

This transition angle represents the limit for Equations 2-25 and 2-28 to provide a proper
estimation of the peak flow velocity in the focal region. In particular, for beam-to-flow angles
that are above the transition angle, Equation 2-25 should be used to estimate the peak flow
velocity. Conversely, for beam-to-flow angles that are below the transition angle, Equation 2-28

should be used to estimate the peak flow velocity.
2.3.2.4 For RBCs Traversing Along Off-Center Flow Paths

For the first three physical situations discussed earlier in this section, it can be readily
seen that the RBC would pass through the central region of the sample volume. In general, there
are also situations where the RBC’s flow path through the sample volume is off-centered. As

illustrated in Figure 2-10, estimation of the transit time broadening extent is fairly difficult for
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Figure 2-10. Off-center flow paths of an RBC through the sample volume. The
overlapping time interval relationships are shown for the following cases: (a) when the
RBCs takes on an off-center flow path through the top part of the sample volume; (b) when
the RBC takes on an off-center flow path through the bottom part of the sample volume.
Note that the rectangular shaped sample volume shown in this set of figures is only an
approximation of the real sample volume.

these cases, because the transit time interval of b,(n) does not reside entirely within the transit
time interval of w,(n) (and vice versa). Hence, the simplifying assumptions that are valid for the
on-center flow situations cannot be applied. The best effort approximation that can be made for
these off-center flow situations is that the overlapping time interval would be shorter than the
individual transit time intervals of b,(n) and w,(n), as seen in the figure. Based on this
approximation, the following inequality relationship can be obtained for the extent of transit time

broadening;:

O-transit 2 . = O-transit > . . 2v
min(7,,, > Ty min{(W /sin8), (6, / cos 8)]

} . (2-30)

From this inequality, it is apparent that the RBCs traversing along off-center flow paths would

broaden the inter-pulse frequency shift spectrum in a fairly unpredictable way. Also, the spectral



Chapter 2. Theory 30

broadening would unlikely be symmetrical about the true maximum frequency shift, because the
product of b,(n)xw,(n) are often irregular in shape for these off-center cases. In view of these
erratic complications, the spatial location of the sample volume should be carefully defined so
that the fastest RBCs in the ensemble do not undertake off-center flow paths. Otherwise, the

peak flow velocity estimation errors cannot be precisely characterized and accounted for.



CHAPTER 3

SIMULATION METHOD

3.1 Overview of Computer Model

To experimentally validate the mathematical description of transit time broadening
provided in Chapter 2, a computer model that simulates the operation of a commercial PW
Doppler ultrasound system was used. An overview of the model is shown in Figure 3-1. As
illustrated, there are four major components in the computer model: ultrasound physics
simulator, noise generator, slow-time signal extractor, and maximum frequency shift estimator.
In this section, a brief description of each building block is provided. The code-level

descriptions of the computer model can be found in Appendix B.

3.1.1 Ultrasound Physics Simulator

The backbone of the computer model used for this thesis study is a pulse-echo ultrasound
simulator that was developed by Steinman et al. (2002). This in-house simulator, as modified
from an ultrasound-imaging simulator previously developed by Crombie (1999), was
implemented according to the machine parameters of an Acuson 128XP/10 linear-array PW
Doppler ultrasound system. Major features such as range gating, focusing, and electronic beam
steering were also included in the simulation system. In terms of its operation, the main inputs to
the system are the shape of the transmitted pulse, the beam-to-flow angle, the focal-length-to-
aperture-width ratio (also known as the “F-number”), range gate timings, and the spatial

locations of the RBC ensemble (expressed in terms of the flow coordinate system shown in

-31-
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Figure 3-1. Flow diagram of the computer simulation model. The four major components
of the model are represented by black boxes. The input and output to each component are
shown in italics.

Figure 3-2). In return, the simulator computes the received PW echo over the range gate
duration from the physics of ultrasound propagation and attenuation in body tissues. Since an
array of PW echoes is required to evaluate the inter-pulse frequency shift spectrum, the pulse-
echo simulation is performed many times with different flow coordinates that correspond to the
displacement of the RBC ensemble over time. Once the received PW echo array is obtained, it is

passed onto the next stage of the computer model for further processing.

3.1.2 Noise Generator

The received PW echoes are often distorted by noises that are mainly thermal in origin.
In particular, two major types of noise sources that affect PW Doppler ultrasound measurements
can be identified. The first one originates from the random electrical fluctuations present in the
ultrasound system circuitry. The second one arises from the acoustic field variations induced by
local changes in the acoustic impedance of body tissues. Statistically, thermal noise follows a
zero-mean Gaussian probability distribution with the variance of the noise distribution equal to

the average noise power. Hence, the noise characteristics found in PW Doppler ultrasound
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Figure 3-2. The flow coordinate system. The center of the blood vessel is defined as the
point of origin of the flow coordinate system. Hence, the flow coordinate (x', y', z)
represents the displacement from the center of the blood vessel.

measurements can be assumed to be additive white noise, and it can be included in the computer
model by simply adding a Gaussian random variable to each data sample obtained from the
ultrasound physics simulator. The variance (i.e. the noise power) of the Gaussian random

variable can be determined from the signal-to-noise ratio (SNR), which is defined as follows:

P
SNR,, :1010g10(;s—]. (3-1)

N
In the above SNR definition, Py refers to the maximum instantaneous power of the received PW
echoes, while Py refers to the average noise power. After white noise has been added, the
distorted PW echoes are then sent to the slow-time signal extractor to obtain the slow-time PW

signal and the inter-pulse frequency shift spectrum.

3.1.3 Slow-Time Signal Extractor

As discussed in Section 2.2.3, the received PW echo array is demodulated, gated, and
integrated over the fast-time axis (i.e. the time axis of #) in order to extract the slow-time PW

signal. This operation can be modeled by performing the following three processes: 1) convert



Chapter 3. Simulation Method 34

the received PW echo array into a complex analytic function via the Hilbert transform; 2)
multiply a complex exponential term to the complex PW echo array to demodulate over the fast-
time axis; 3) sum up the data samples along the fast-time axis to obtain a signal that is only
dependent on slow-time (or pulse number). Note that range gating is not performed in the
computer model during slow-time signal extraction, because the PW echo array obtained from
the ultrasound physics simulator has already been range gated. After the slow-time PW signal is
obtained, it is forwarded to a high-pass filter to remove low frequency shifts (usually ranging
from 0-50 Hz) that may arise from the gradual motion of body tissues. The inter-pulse frequency
shift spectrum of the filtered slow-time PW signal is subsequently computed via the Fourier
transform, and the computed spectrum is relayed to the maximum frequency shift estimator to

assess the peak flow velocity.

3.1.4 Maximum Frequency Shift Estimator

In order to estimate the peak flow velocity of the blood vessel, the maximum inter-pulse
frequency shift of the RBC ensemble needs to be determined. However, since the inter-pulse
frequency shift spectrum is a complex function according to Equation 2-19, it is difficult to
extract the maximum frequency shift directly from the complex spectrum. In practice,
approximations of the maximum frequency shift are often made from the complex spectrum’s
power spectral density', which is a real function of frequency by definition. As illustrated in
Figure 3-3, the maximum frequency shift can be estimated by using a thresholding scheme to
identify the highest frequency component whose power is above a predefined threshold in the

power spectral density (e.g. 10% of the maximum normalized power). Note that the power

! Power spectral density is defined as the product between a frequency spectrum and its complex conjugate. It is
essentially the square of the modulus of the frequency spectrum (Lathi 1992).
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Figure 3-3. Estimation of the maximum frequency shift. The maximum inter-pulse
frequency shift can be found by using a thresholding scheme to find the highest frequency
component whose power is above a predefined threshold in the power spectral density.
Note that fisin(max) refers to the estimated maximum frequency shift and P.Thr. refers to the

threshold value.

threshold should be set above the noise floor so that estimation errors caused by white noise
distortions can be avoided. Once the maximum inter-pulse frequency shift has been identified,
the corresponding peak flow velocity of the blood vessel can be determined from Equation 2-8 if
transit time broadening ecffects are ignored. Otherwise, the peak flow velocity should be

determined from the modified relationships shown in Equations 2-25 or 2-28.

3.2 Simulation Procedure

With the computer model described in Section 3.1, a series of simulations were
conducted to study the effects of transit time broadening on peak flow velocity estimation. As
well, the efficacy of the error correction equations (Equations 2-25 and 2-28) used to reduce the
peak velocity estimation errors were examined. The simulations were based on the case where a
single RBC was steadily flowing along the z-axis of the flow coordinate system and through the
focal region of the ultrasound beam. The starting and ending coordinates of the RBC’s flow path

were respectively denoted by (x,', Vo', Zinz) and (x,, Vo', Zend”). Even though the single RBC case
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does not correspond to practical flow situations, studies performed with this physical situation
can nevertheless reveal the full extent of transit time broadening because the power spectral
density would not be distorted by incoherent dephasing’ between different RBCs. Hence, by
modeling the single RBC case, the worse case scenario of the transit time broadening extent can
be revealed.

In terms of the parameters used in the study, all simulations were performed with one of
the standard pulse options used by the Acuson 128XP/10 system: a 9-cycle, 5-MHz cosine-
modulated pulse. As well, the SNR used for the noise generator, the power threshold used for
maximum frequency shift extraction, the nominal depth of the sample volume, the pulse
repetition interval, and the ultrasound propagation speed were held constant at typical values
throughout the simulation study. The x-axis offset and the starting/ending z-axis locations of the
RBC’s flow path were also fixed. The value assumed for these fixed parameters are listed in
Table 3-1.

Table 3-1. List of the fixed simulation parameters and their values.

Parameter Name Value

Pulse Carrier Frequency (f,) 5 MHz

Pulse Duration (zp) 1.8 ps

Signal-to-Noise Ratio (SNR) 15dB

Power Threshold (P. Thr.) 5% of max. power

Nominal Depth of Sample Volume (z,ominar) 15 mm

Pulse Repetition Interval (PRI) 80 pus
Ultrasound Propagation Speed (c) 1540 m/s

X-Axis Offset of RBC’s Flow Path (x,") 0 mm
Starting Z-Axis Location of RBC’s Flow Path (z;,;;) -10 mm
Ending Z-Axis Location of RBC’s Flow Path (z.n4") +10 mm

% As seen in Eq. 2-19, a difference in the complex phase term between RBCs would give rise to dephasing
distortions in the power spectral density (Censor and Newhouse 1988).
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Aside from the fixed parameters defined in Table 3-1, five simulation parameters were
allowed to vary during the study: beam-to-flow angle, F-number, axial length, true flow velocity,
and y-axis offset of the RBC’s flow path’. To observe the effects that these parameters have on
the accuracy of peak flow velocity estimation, the simulation study was divided into four main
parts. In each part of the study, one of the last four parameters listed above was allowed to vary
at different beam-to-flow angles ranging from 0° to 90°. Table 3-2 lists the parameter that was
allowed to vary during each part of the study; it also summarizes the values that other parameters
assumed.

Table 3-2. List of varying parameter values during different parts of the simulation study. Each
part of the study was performed for beam-to-flow angles from 0° to 90° (at 10° increments).

F-Number Axial True Flow Y-Axis
(FlA) Length (&) | Velocity (v) | Offset (¥,
Part 1 (Varying F-Number) {2, 4} 1.5 mm 40 cm/s 0 mm
{0.5, 0.75,
Part 2 (Varying Axial length) 4 1.5, 2.25} 40 cm/s 0 mm
mm
Part 3 (Varying True Flow {40,80,120}
Velocity) 4 1.5 mm cm/s 0 mm
. . {—1 s 0> +1}
Part 4 (Varying Y-Axis Offset) 4 1.5 mm 40 cm/s m

Since the single RBC situation was simulated, the peak flow velocity is essentially
equivalent to the flow velocity of the RBC. To quantitatively assess the accuracy of peak flow
velocity estimation, the percentage error between the estimated flow velocity and the true flow
velocity was calculated. Mathematically, the peak velocity estimation error is defined as follows:

v -V
, ¢
€,max max XlOO%,
v

f,max

£, = (3-2)

v

* According to Figure 3-2, y-axis offsets essentially refer to flow path offsets toward or away from the transducer.
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where v,y refers to the peak flow velocity estimated from the maximum inter-pulse frequency
shift, and v, 4, refers to the true peak flow velocity. Clearly, a positive value of &, indicates an
overestimation error in the peak flow velocity, while a negative value of indicates an

underestimation error.



CHAPTER 4

SIMULATION RESULTS

4.1 Overview of Simulation Results

By using the computer model and the simulation procedure described in Chapter 3, the
effects of different physical parameters on the transit time broadening extent and peak velocity
estimation accuracy were studied. From this study, two main types of results were obtained: 1)
power spectral density plots at different beam-to-flow angles, and 2) peak velocity estimation
error curves as a function of the beam-to-flow angle. These results were compared to the transit
time broadening derivations provided in Chapter 2 to validate the presented theory. To verify the
reliability of the computer model, the simulation results were also compared to the previous

results reported in the literature.

4.2 Simulations at Different F-Numbers

Simulations at two different F-numbers — two and four — were performed to study their
effects on the transit time broadening extent and peak flow velocity estimation. Note that other
simulation parameters were held constant at the values listed in Tables 3-1 and 3-2. In particular,
a true flow velocity of 40cm/s, an axial length of 1.5mm and a zero flow path offset were
assumed. The corresponding peak velocity estimation error curves of the two F-numbers are
shown in Figure 4-1, and the power spectral density plots are given in Figure 4-2.

Based on the results shown in Figure 4-1, two general observations that are independent

of the F-number should be noted. Firstly, with the use of Equation 2-8 (i.e. without error

-39 -
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Figure 4-1. Peak velocity estimation error curves for two F-numbers: (a) two and (b) four.
These plots were obtained using the parameters listed in Table 3-1 and Part 1 of Table 3-2.
Note that each data point shown on the curves is an average over five simulation trials.

correction), there is always an overestimation of the peak flow velocity regardless of the beam-
to-flow angle. Indeed, the overestimation errors increase dramatically at large angles. This
observation 1s in conformity with the previous results reported in the literature (Daigle et al.
1990, Winkler et al. 1995, Kluneman et al. 1996, Hoskins 1996, Steinman et al. 2001), and hence
the results obtained from the computer model can be assumed to be reliable. Secondly, there
exists a transition beam-to-flow angle at which the estimation error curves of Equations 2-25 and
2-28 intersect each other. In particular, for angles above the transition angle, Equation 2-25 was
able to provide a reasonably accurate estimation of the peak flow velocity; as for angles below
the transition angle, Equation 2-28 was able to provide a better estimation. The slight
underestimation errors in the peak flow velocity calculated with these two equations were likely
due to artifacts that appeared during maximum frequency shift estimation. Further discussion on
this problem can be found in Section 5.2.3.

Aside from the two general observations, there are two important observations specific to
the F-number that should be noted. The first observation is that the transition beam-to-flow

angle decreases for smaller F-numbers. As seen in Figure 4-1, by changing the F-number from
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Figure 4-2. Power spectral density plots of different F-numbers for the following beam-to-
flow angles: (a) 10° and (b) 60°. The plots were obtained using the parameters listed in
Table 3-1 and Part 1 of Table 3-2. Note that white noise characteristics were not included.

four to two, the transition angle has dropped from approximately 40° to 22°. These results are in
close agreement with the theoretical values calculated from Equation 2-29, which yields angles
of 39.4° and 22.3° respectively for the two cases. The second observation is that the transit time
broadening extent, as illustrated in Figure 4-2, is inversely dependent on the F-number at large
beam-to-flow angles (i.e. when the RBC only traverses across the sample volume boundaries
defined by the ultrasound beam width). This finding is consistent with the theoretical

relationship derived in Equation 2-24.

4.3 Simulations at Different Axial Lengths

Simulations at four axial lengths — 0.5mm, 0.75mm, 1.5mm, and 2.25mm - were
performed to study the effects of varying axial lengths on the transit time broadening extent and
peak velocity estimation accuracy. Note that other simulation parameters were set to the values
listed in Tables 3-1 and 3-2. Specifically, a true flow velocity of 40cm/s, an F-number of four
and a zero flow path offset were assumed. The corresponding peak velocity estimation error

curves for axial lengths of 0.5mm, 0.75mm and 2.25mm are shown in Figure 4-3, while the error






