Fundamental Sources of Error and Spectral Broadening
in Doppler Ultrasound Signals

Steven A. Jones

Department of Biomedical Engineering
The Johns Hopkins University School of Medicine
Baltimore, Maryland

Published in: Crc Critical Reviews in Biomedical Engineering, 21:399-483, 1993.



List of Symbols
Spatial dependence of the particle concentration

Bandwidth
Cross correlation function

Cross-correlation coefficient

Speed of sound
Transmitted signal pulse

Envelope of a transmitted signal pulse

Centroid frequency of the Doppler spectrum
Carrier frequency

Doppler shift frequency

Maximum frequency of the Doppler spectrum
Mode frequency of the Doppler spectrum

Pulse repetition frequency (1/7)

Probe beam intensity

Radial dependence of the probe beam intensity
Radial dependence of the probe beam intensity at a given z
Receiver gate

wavenumber propagation vector of the transmitted sound wave
Doppler power spectral density

Power spectral density of the transmitted signal
Autocorrelation function.

Quadrature signal as a function of particle position and time
rf signal returned from the environment

fluid velocity vector

Magnitude of the flow velocity

Component of velocity along the probe axis

Beam Width

2v/c

(1+X00591J/(1—Xc0592j
C C

Attenuation constant

Phase of the Doppler signal

Instantaneous frequency

Duration of the transmission gate

Delay time between the start of the transmission gate and the start of the

receiving gate
Duration of the receiving gate



Pulse repetition time

Two-way sound-travel time between the probe and the particle
Doppler angle when 6, =6,

Angle between the transmitter probe-axis and the target velocity
Angle between the receiver probe-axis and the target velocity
Centroid frequency (277f )

Carrier frequency (27f,)

Pulse repetition frequency (27£ )

Doppler shift frequency (274€d )

Axial distance from the transducer face



Table of Contents

[. INTRODUCTION
A. Background
B. Common Uses of Doppler Ultrasound
1. Physiological Parameters
2. Diagnostic Applications
3. Other Applications
C. Objectives and Structure of this Review
[I. FUNDAMENTAL CONCEPTS
A. The Doppler Effect
B. The Doppler Instrument and Downmixing
1. Continuous Wave Doppler
2. Pulsed Doppler and Range Gating
3. Alternative Waveforms
C. Doppler Angle
D. Beam Patterns
E. Aliasing
F. Doppler Frequency Estimates
[ll. DETERMINANTS OF DOPPLER SPECTRA
A. Velocity Field and Beam Pattern
B. Spectral Distortion
1. Scattering and Attenuation
2. Reflection and Refraction
C. Spectral Broadening and Ambiguity Noise
1. Ambiguity
2. Transit Time Broadening
3. Geometric Broadening
4. Multiple Scatterers, Coherent and Incoherent Scattering
IV. MODELS OF DOPPLER ULTRASOUND SIGNALS
V. DOPPLER ULTRASOUND INNOVATIONS
A. Variations in Transmitted Waveform
B. Use of Supplementary Information
1. Multiple Doppler Measurements from One Probe
2. Multi-Dimensional Velocity Measurements
a. Single Probe Measurements
b. Multiple Probe Measurements
3. High Frequency Sampling of the RF Signal
a. Time Domain Correlation
b. Speckle Tracking
c. Two-Dimensional Fourier Transform
d. Maximum Likelihood Estimation
C. Solid Mechanical Applications
D. Doppler Signal Analysis
1. Zero Crossing Detectors
2. Fast Fourier Transform Methods
3. Alternative (“Modern”) Spectral Analysis Methods
4. Time Domain Methods
VI. SUMMARY



Fundamental Sources of Error and Spectral Broadening
in Doppler Ultrasound Signals

Steven A. Jones

Abstract

Analysis of the signals, spectra and error bounds for Doppler ultrasound signals is chal-
lenging and involves numerous concepts in signal analysis, probability, acoustics and
fluid mechanics. Nonetheless, the results of this analysis must be accessible to both
engineers and clinicians who work with ultrasound technology. The engineer who de-
signs, builds or maintains equipment must know whether specific artifacts are funda-
mental or can be eliminated. The clinician must be able to interpret whether specific
signal features accurately represent the flow field or result from limitations of Doppler
ultrasound. This article reviews recent advances in both conceptual and numerical
models of the Doppler ultrasound process, and relates these advances to practical as-
pects such as spectral broadening, velocity estimation error and data analysis error. It
then reviews recent innovations in system implementation and signal analysis which are
indicative of the future potential of Doppler ultrasound instrumentation.

I. INTRODUCTION

A. Background

Doppler ultrasound velocimeters were introduced in 1959 by Satomura®, and continued
to evolve through the 1960's*®. However, rigorous analysis of their properties did not
begin until the mid 1970's. The analyses were motivated by a desire to extract specific
physiologically relevant information with the devices. Measurements of interest included
(1) flow rate*®, (2) velocity profiles’® (3) coherent structures*™**, (4) turbulent energy
and turbulent spectra” > (5) velocity gradients (shear rate) * " 2°23 and (6) pressure
drops®?8. Inaccuracies in all of these measurements result from fundamental limita-
tions in the Doppler ultrasound method itself. The instruments measure neither true flow
nor point velocity. They do, however, provide a measure of the velocity distribution
throughout the interrogated volume, and this unique aspect has suggested to research-
ers that the spectral content of the quadrature signals could be correlated to the severity
of flow pathologies such as arterial stenosis and aneurism.

Although the Doppler measurement cannot be precisely described in terms of flow rate
or velocity profiles, the following simple model of the relationship between the blood
(target) velocity and the Doppler spectrum is conceptually useful. If a target moves at a
constant velocity through the measurement region, then the downmixed output (see sec-
tion 11-B) of the ultrasound device is approximately a sinusoid with frequency propor-
tional to the target velocity. If multiple targets move with different velocities through the
measurement region, the output will contain multiple sinusoids with frequencies propor-



tional to the velocities. In the Doppler spectrum,Ethe frequency axis corresponds to ve-
locity. The power density, P(w), describes the scattered power associated with each

velocity. The exact relationship between the power density and the flow velocity distri-
bution will be clarified in section IlI-A.

The ideal Doppler instrument would allow a precise, uniform measurement volume to
be specified, and would yield a power spectrum whose frequency axis is directly propor-
tional to velocity and whose power axis provides the velocity volume-density of fluid as-
sociated with each velocity. True Doppler instruments do this only approximately for
reasons which will be closely examined in this review.

In terms of this ideal instrument, spectral broadening can be divided into two categories.
The first is the increased range of frequencies in the spectrum which result from an in-
creased range of velocities in the sample volume. This is the broadening component
that is considered to have diagnostic potential because it is directly related to the blood
velocity. The second category involves smearing or distortion of this ideal spectrum.
This category is less directly related to the velocity field, and it is usually considered to
be a source of error and artifact.

The degree to which artifact must be understood depends directly on the extent to which
it prevents accurate results in a given application. Therefore the following section re-
views some of the areas in which Doppler ultrasound has been applied and the degree
to which it has proved useful in these areas. This will help to introduce some of the as-
sociated engineering problems and to motivate the remainder of this paper.

B. Common Uses of Doppler Ultrasound

Doppler ultrasound is commonly used in cardiology, obstetrics, neonatology and in the
diagnosis of peripheral vascular stenosis. However, it has been applied to other vascu-
lar areas as well, and has been used in some non-medical applications.

1. Physiological Parameters

The objective of Doppler ultrasound in diagnosis is to obtain measurements of flow ve-
locity and interpret them in terms of physiologically significant variables. In general,
these variables are not measured directly by ultrasound, but must be derived from the
velocity measurements, supplemental measurements, and assumptions.

The most fundamental quantity of interest is flow rate because this indicates how well an
organ or region is perfused by blood. This can be obtained from multiple measurements
of the velocity over the cross-section of a vessel which are then integrated over space
and averaged over time. It can also be measured, in principle, by the “uniform insonifi-
cation method” (see section llI-A and subsection V-B-2-b), in which the spatially aver-

“Velocity volume-density (V (vp)) is defined here such that V(vp)dvp is the total volume

within the sample volume in which the velocity component toward the probe is between
v, and v, +dv,,where dv is infinitessimally small.



aged velocity is obtained from a single measurement with a wide ultrasound beam and
multiplied by the cross-sectional area. Cross-sectional area can be deduced from from
Doppler imagers®, from the locations at which velocity becomes zero *°, or from the
power of the backscattered signal®®.

Pressure is a second quantity of interest. If pressure changes abruptly with position
along a vessel, it indicates a restriction to blood flow. Pressure drop is calculated indi-
rectly through the Bernoulli equation®™ 2* 32 33 \which relates changes in velocity to
changes in pressure.

The blood flow waveform is a function of flow resistance, and vessel capacitance®*. For
example, a stenosis will decrease the pulsatility of the downstream flow waveform and
increase the pulsatility of the upstream waveform. The pulsatility index introduced by
Gosling et al.*® is used to quantify this effect. This is commonly defined as
(Ve = Viin M Vioan » Where v, is the maximum flow velocity, v, is the minimum flow ve-

locity, and v

X

is the time-averaged flow velocity over a cardiac cycle.

mean

The spectral broadening index (see, for example, Kassam et al.*®) is a ratio of the
bandwidth of the Doppler spectrum to the Doppler frequency. Clinically this index is as-
sociated with phenomena which increase the range of velocities within the sample vol-
ume, such as high shear rate, turbulence, and rapid acceleration. However, it is also af-
fected by other phenomena, described throughout this review, which affect the band-
width of the Doppler spectrum.

2. Diagnostic Applications

Flows within, into, and out of the heart chambers are of primary interest to the cardiolo-
gist. Doppler ultrasound has been used to measure regurgitant blood volume for valvu-
lar insufficiency®® *"** residual area and pressure drop for valvular stenosis*, and
overall cardiac output*®>*. The numerous assumptions required to convert Doppler
measurements to more canonical physiological variables have prompted some investi-
gators to abandon some of these variables. For example, McLennan et al.>® have in-
vestigated the use of “linear cardiac output” in lieu of volumetric cardiac output. They
compute linear stroke distance, which is the the integral over time of the maximum ve-
locity present in the Doppler sample volume. This corresponds to the distance traveled
by the fastest fluid elements in one heart cycle.

Ventricular septal defects can be diagnosed either by the direct detection of flow from
the left ventricle to the right ventricle, by the measurement of jet size® *°, or by meas-
urement of the ratio of pulmonary to aortic flow®. The quantitative objective is to deter-
mine the size of the defect, as measured through the volume of blood flow through the
defect.

Doppler ultrasound has been applied to the detection of coronary stenosis®” *® and the
measurement of coronary blood flow rate **°®. The depth and small size of the coronary
arteries, combined with the motion of the heart complicate velocity measurements in
these vessels and preclude the use of external ultrasound probes. A number of ultra-



sound catheters and guidewires have been developed which can be directed into the
coronary arteries from the femoral or brachial arteries. Although this type of measure-
ment is certainly invasive, it is only moderately so in comparison with procedures in
which the chest cavity must be opened. The body of literature on intracoronary Doppler
catheter measurements is large and has been reviewed by Hartley®’. It is still not pos-
sible to directly measure flow rate in this way, and much work has been done to meas-
ure coronary flow reserve instead®®’°. This index is the ratio of flow rate when the distal
circulation is maximally dilated to flow rate under resting conditions, and is known to de-
crease as a stenosis becomes more severe.

Applications of Doppler ultrasound to neonatology have been reviewed by Drayton and
Skidmore®®. Pathologies such as periventricular haemorrhage and hydrocephalus have
been correlated with the pulsatility index in the anterior cerebral arteries. Patent ductus
arteriosus has also been diagnosed through waveform analysis and is associated with
increased pulsatility index and strong reverse flow in the abdominal aorta™ and the
common carotid artery?.

Several authors have reviewed the use of Doppler ultrasound in obstetrics>". In-
creased placental resistance has been correlated with increased pulsatility’® ** and
other waveform changes’® in the umbilical artery. The relationshig) between resistance
and pulsatility in this artery has been examined in vivo in sheep ® and through mathe-
matical modeling®®. Vessels of the fetus such as the aorta®" ® and the cerebral arter-
ies®® have been studied in-utero. Fetal heart rate has also been monitored by Doppler
ultrasound®* %,

In adults, the use of Doppler ultrasound on the cerebral arteries is complicated by the
large acoustic impedance mismatch between the skull and intracranial tissue. This mis-
match causes much of the transmitted power to be reflected, which results in low signal
to noise ratios. Low carrier frequencies are used for transcranial measurements to
reduce the attenuation of the sound by the tissue (see subsection 11l-B-1). The resulting
power spectra tend to be broad for two reasons: 1) the low frequencies result in long
wavelengths, which increase the transit time effects (see subsection IlI-C-2), and 2)
velocity gradient broadening (see section IlI-A) is increased because the sample vol-
umes are necessarily larger and include a wider range of velocities. Nonetheless, tran-
scranial Doppler ultrasound provides useful diagnostic data®*2.

Doppler ultrasound has also been applied to numerous other vessels. Ithas been used
to study velocity waveforms in renal arteries **°. It has been used to examine the rela-
tionship between flow velocity in the digital arteries and vibration white finger disease®.
It has also been applied to the evaluation of tumors® %, and to the measurement of ve-
locity in the microcirculation®*%,

The application most commonly associated with the spectral characteristics of the Dop-
pler ultrasound signals is diagnosis of vascular stenosis. Most of the numerous flow
phenomena generated by vascular stenoses have been exploited for this purpose. The
maximum frequency in the Doppler power spectrum has been used to determine the in-



crease in velocity that results from conservation of mass as fluid enters the stenosis™®”
199 The sharp velocity gradients between the jet and the recirculation region have been
related to depressions in the power spectrum®. Coherent structures (see below) have
been related, qualitatively™® and quantitatively** to Doppler ultrasound velocity signals.
Turbulence® ® 0 strong velocity gradients?°, and rapid acceleration'** have all been
correlated with spectral broadening.

The spectral broadening index has been used by several authors to quantify the degree
of stenosis'®” 198 112 113 |n gne study it was shown to have diagnostic value in that it
could distinguish severe stenoses from low grade stenoses with a specificity of 93% and
a sensitivity of 74%'*. However, it is not sensitive enough to detect low and moderate
levels of disease'®, and is not as sensitive as the maximum peak systolic frequency®”.
Although overall accuracy of the diagnosis is improved when several indices are com-
bined, the scatter in the data is great, and an accurate estimate of the stenosis diameter
cannot be obtained'*2. In part the insufficiency of the spectral broadening index results
because multiple factors contribute to the breadth of the spectrum. These include fluid
mechanics, the stochastic nature of the scattering configuration, and acoustic limita-
tions.

Often the term “turbulence” is used to describe the fluid mechanical sources of broaden-
ing™>*8, 1t is known ***# that in the case of severe stenosis turbulent flow can occur.
It is also known™ *® 19 that turbulence leads to spectral broadening. However, strong
gradients in velocity are also sources of broadening® and are probably the more domi-
nant sources in the post-stenotic flow field??.

The flow downstream of a stenosis provides strong motivation forimprovements in
temporal and spatial resolution of non-invasive velocity measurements. Severe
stenoses cause coherent structures and turbulence® 1# 123124 and the spectral content
of both of these has been quantitatively correlated to stenosis severity*?* *2°, Figure 1
shows hot film anemometry measurements of centerline velocity downstream of a
stenosis in vitro. Coherent structures (sinusoidal oscillations) at a frequency of 600 Hz
(upper curve) are seen just downstream of the stenosis. Further downstream, these
break up into turbulence (lower curve). Similar data exist from in vivo measurements
126 The frequency content of both signals is much too high to be accurately deduced
from current Doppler ultrasound technology. Consider, for example, a pulsed Doppler
instrument which receives samples at the realistic rate of 64,000 Hz. Initially, this seems
more than adequate to capture structures at 600 Hz since, by the Nyquist (Shannon)
sampling theorem*?’ frequencies up to half the sample rate can be resolved. However,
several ultrasound samples must be averaged together to obtain a stable velocity
estimate. The typical number of samples is on the order of 100, which reduces the
effective data rate to 640 Hz. Furthermore, even with this substantial averaging,
coherent structures near the 320 Hz Nyquist rate would be difficult to resolve because
the velocity signal can be masked by ambiguity noise (section IlI-C below) and spatial
averaging (section IlI-A below).

119,



Figure 1. Hot film anemometry
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3. Other Applications

The above applications have been primarily diagnostic in nature. However, ultrasound
has also been used in evaluation of flow patterns in prosthetic devices such as anasto-
moses'?® and cardiac assist devices'” '®. It has been used in in vivo animal models to
determine flow patterns at bifurcations and to relate these to the buildup of atheroscle-
rosis and intimal hyperplasia®. In diagnosis, it is sometimes sufficient to identify signal
characteristics that are associated with a given pathology without concern for the under-
lying fluid mechanics. However, in an investigation of hemodynamic effects it is the spe-
cific fluid mechanical properties, such as shear stress, flow reversal, and turbulence, that
are of interest. In this case, the ability to make accurate, high resolution measurements
and to correctly interpret Doppler spectral characteristics in terms of the flow field be-
comes critical.

The applications and difficulties outlined above serve as motivation for a clearer under-
standing of the physics of Doppler ultrasound, and have led investigators to employ nu-
merous innovations in hardware, data analysis methods and diagnostic techniques.

C. Objectives and Structure of this Review

This review examines current models for the physical processes which lead to the Dop-
pler spectra encountered in practice. Part Il describes some basic concepts which will
be needed in later sections. Most of these concepts are explained in more detail in the
numerous textbooks on Doppler ultrasound™®***°. Part Ill discusses Doppler spectra,
and is divided into three sections. Section IlI-A describes the base spectrum which re-
sults from the weighting of the velocity field with the probe beam intensity. Section III-B
describes phenomena which distort this process through changes in the transmitted sig-
nal and beam pattern. Section IlI-C describes the measurement-related broadening
processes which fundamentally limit the temporal and spatial resolution of the velocity
measurement. These processes are variously known as ambiguity, transit time broad-
ening, and geometric broadening. In part IV, a number of mathematical models for
Doppler signals are presented. Then, in part V, innovations which have been recently
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proposed or implemented are described. Emphasis is placed on innovations which re-
sult from the need to circumvent the ambiguity and broadening problems discussed in
section IlI-C.

[Il. FUNDAMENTAL CONCEPTS

A. The Doppler Effect

The Doppler effect was first described by Christian Doppler in 1842, Accounts of
Doppler research in these early years is interesting from a historical perspective and
can be found in articles by White'*, Jonkman®*® and Pasquale and Paulshock*’. The
basic Doppler equation for ultrasound is a composite of two phenomena**. First, sound
at frequency f; is sent from a stationary transmitter to a target. The frequency f, at the

target is:
Eqg. 1

f, = f0(1+%cos(91))

Here, c is the speed of sound in the medium, v is the speed of the target, and 6, is the

angle between the sound propagation direction and the target velocity direction. The
sound at the receiver then has a frequency f, is defined by

fo=f, /(1—%cos6’2) Eq. 2

where @, is the angle between the target velocity direction and the line between the
target and the receiver. The frequency f, is shifted from f;, by f,vcosé, /c. To obtain

the shift for Equation 2, the right hand side must be expanded in a Taylor series about
v =0 and it must be assumed that v <<c. The resultis:

2
f=f + ft%cosez +o((%j ] Eq. 3

If v<<c, f, is shifted from f, by fyvcosf,/c. It is then shifted from f; by

r

(f,cosé,/c+ f cosd,v/c, which is approximately (f,v/c)(cosé, +cos8,). If, as is com-
mon, the source and receiver are at the same position with respect to the target, then
6, =6, =0 and the classic Doppler shift equation is obtained.

f, :2foxcosH Eq. 4
c

The above derivation shows that even the most basic Doppler relationship is an ap-
proximation. For blood measurement it is an excellent approximation because the ratio
between blood speed and sound speed is typically on the order of 1/1000. A more sub-
tle lesson from the above equations is that the initial frequency is not shifted by a con-
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stant frequency, but by an amount that depends on the initial frequency. The phe-
nomenon is more accurately described as a multiplication of the initial frequency by the

factor az(l+%cosﬁlj/(l—%cosﬁz) Thus, if the transmitted signal has multiple

components, each component is shifted by a different amount. Any signal of finite dura-
tion has finite bandwidth and is altered through the Doppler effect by a “stretch” along
the frequency axis rather than a true shift.

Although f, is the quantity of interest, the signal returned from a scatterer is a cosine
with frequency f, + f,. It is more convenient to work with a cosine whose frequency is
just the Doppler frequency. This is obtained by a process known as downmixing.

B. The Doppler Instrument and Downmixing

1. Continuous Wave Doppler

A continuous wave instrument is illustrated in Figure 2, and in the following description it
will be assumed that the target consists of a single scatterer which moves along the axis
of and toward the transmitter. One transducer sends a signal of the form A cos(wjt),

and another receives the scattered sound, which has the form Arcos([a)0 +a)d]t+¢)).

This returned signal, which is often called the radio frequency (rf) signal, is first multi-
plied by the transmitted signal, and it can be shown from standard trigonometric identi-
ties that the result is:

1 1 Eqg. 5
s(t) =5 AA cos(e,t + )+ AA cos([2e, +wyt+¢)
a Transmitter
A v I Figure 2: Schematic dia-
1 Receiver gram of a continuous wave
—_ b Doppler instrument. The
_ signals associated with lo-
! Oscillator cations marked (a), (b), (c)
‘ and (d) are shown in Figure
Mi 3. The pathways repre-
Ixer . .
sented by solid lines pro-
vide the in-phase signal,
; and the pathways repre-

—— 90" Phase Shift gented by the dashed lines
LP LP are needed to obtain the
i l y Lp Low Pass Filter quadrature signal.
|
v
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The high-frequency cosine term is eliminated by the low pass filter, and the target veloc-
ity is estimated from the frequency of the low-frequency term. Although the process of
multiplication implies non-linearity, downmixing is a true linear operation in that if two
signals are first added together and the result is downmixed, the result is the same as if
the two signals were downmixed separately and then added. This means that if two
particles travel through the sample volume with different velocities so that they have dis-
tinct Doppler frequencies, f,, and f,,, the downmixed signal will accurately exhibit both
frequencies and will not exhibit frequencies such as f, + f,, or f,, —f,,. Thus, the
frequency separation between the two downmixed signals will be the same as that for
the original signals. Another feature of downmixing is that if the low pass filter does not
change the phase of its input the phase in the downmixed signal is identical to the
phase of the reflected signal. Thus, if two particles are 1/8 of a wavelength apart so

that their returned signals are 90° out of phase, the corresponding components of the
downmixed signals will be 90° out of phase.

In most practical applications, two downmixed signals are used. The returned echo is
mixed with the carrier signal for one of these and it is mixed with the carrier phase
shifted by 90° for the other. The first downmixed signal is called the in-phase signal,
and the second is called the quadrature signal. The two together are referred to as the
guadrature signals because they are in quadrature with one another. The sign of the
phase difference between the two signals indicates whether flow is toward or away from
the ultrasound probe. When a single particle approaches along the axis of the probe,
the signals and amplitude spectra™ at the locations marked a, b, ¢ and d in Figure 2 are
as shown in Figure 3. Signal a is a cosine, and the corresponding spectrum consists of
two delta functions at + the carrier frequency. Signal b is the same as signal a, except
that it is compressed in time by a. The corresponding spectrum is dilated by the same
amount. Signal c exhibits the two frequencies, 2w, + w, and w,, and if the upper curve

is the real part of the signal and the lower curve is the imaginary part, the spectrum is
identical to that of signal b except that it is shifted to the left by «,. Signal d is signal

¢ with the high (negative) frequency component removed.

2. Pulsed Doppler and Range Gating

A schematic of a pulsed Doppler circuit is shown in Figure 4, and the signals and spec-
tra at the marked locations are shown in Figures 5 and 6. A sinusoidal signal (signal a)
is generated by an oscillator and multiplied by a gate function (signal b) such that a si-
nusoidal burst with envelope e(t), oscillation cos(wt) and duration 7, (signal c) is

transmitted to the target every r, seconds. When the particle approaches along the

axis of the probe, the returned signal is a delayed and dilated version of the transmitted
signal (signal d). This is then multiplied by a second gate function (signal e) which is
delayed by 7, from the first gate. As a result of the compression of the returned signal,

" The power spectrumis the magnitude squared of the anplitude spec-
trum Only the real part of the anplitude spectrumis shown.
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the time between the returned bursts is not the same as the time between gate pulses,
so the number of cycles at f, which pass through the gate changes with time (signal f).

A
AAANANARANNNANANANNNDNANNARAANANNNAANANN \ [
IVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY) f
o 0 fo
A
ANNAANANRNANANANNANARANANNNANNNNNANNNANNAN ‘ ‘
VAYAVAVAVAVAYAVAYA'AVAYATATAVAVAVAAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVATAY, f
fo-fy 0 oty
A
f
2fgfy 0fy
A

Figure 3: Signals (left hand side) and amplitude spectra (right hand side) for the marked
locations on Figure 2. The returned signal (b) assumes a single target approaches the
probe and neglects attenuation and beam spread. Location (a): the output of the oscillator

(sina,t). The spectrum consists of two delta spikes at * the carrier frequency. Location (b):

the returned Doppler signal (Sin((a)0 +a)d)t)). The spectrum has been dilated in frequency.

Location (c): the returned signal multiplied by the oscillator output. The spectrum has been
shifted to the left by the carrier frequency. Location (d): the output of the low-pass filter.
Only the Doppler shift component remains in the spectrum.

c [Transceiver Figure 4: Schematic dia-
gram of a pulsed Doppler
instrument. Definitions for

d the schematic symbols

are shown in Figure 2.

The signals associated

with locations marked a,

b, ¢, d, e, f, gand h

are shown in Figures 5

and 6. The pathways

represented by solid lines
provide the in-phase sig-

[ Gate nal, and the pathways
represented by the
dashed lines are needed
to obtain the quadrature
signal.
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Figure 5: Signals (left hand side) and amplitude spectra (right hand side) for the marked
locations on Figure 4. The returned signal d neglects attenuation, beam spread and the
frequency response of the probe, and assumes a single target approaches the probe.

Location (a): the output of the oscillator (sin(wot)). The spectrum is two delta functions at
+ f,. Location (b): the gate gt(t) for the transmitted signal. The spectrum is a sinc

function evaluated at frequencies separated by the pulse repitition frequency. Location
(c): the gated oscillator signal. The spectrum is the convolution of spectrum (a) with spec-
trum (b). Location (d): the returned Doppler signal. The spectrum is a dilated version of

spectrum (c). Location (e), the receiver gate gr(t). This is shifted in time by 7, from the
transmitter gate. Location (f): the returned signal after it has been multiplied by the re-
ceiver gate. The gating causes the pulse duration to change from pulse to pulse. The
spectrum is the convolution of the spectrum in (d) with that in (e), and this causes the the
individual spectral lines to spread in frequency.

“fyrf fo+f,

As shown in Figure 6, the gated return is multiplied by the oscillator signal cos(wjt) to

yield signal g, and the output of this is low pass filtered to obtain signal h. In the illus-
tration, the low passed signal consists of samples which are time averages over 7, of
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the bursts in signal g. The objective of range gating is to localize the measurement vol-
ume to a region between ic(r, -7,) and %c(rd + rg). In practice, the measurement is

localized to a series of sample volumes separated by 3 c7, (see aliasing below).

nun w W ‘M w M M N
RN T
Signalgi I ' “ ’ " I ' ’i i ’

Signal h
A
SpeCtrum f yullg ‘ | ‘ Lonllyy | ‘ | ‘ Loy
LLALLNRE B \H T i H e T \H T i H LR ¢
£, f, 0 fo+ty
A
Spectrum g ‘ ‘ I
.u|11n..|| ||..|ll||u. M |I..uuu
TIrT IIII]I I"II' mTrmmT III“I fIIIIII mrmmw f
-2fy-fy 0o d
A
Spectrum h
o |fa f

Figure 6: De-modulation of the pulsed instrument. Location (f): same is as in Figure 5
above, but more pulses are shown. Location (g): the returned signal has been multiplied

by the oscillator signal, and the spectrum is that of (f) shifted by f,. Location (h): the out-
put of the low pass filter. Only a single broadened peak remains in the spectrum.
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The gating dramatically changes the spectra of both the transmitted and downmixed
signals. Spectrum a consists of two delta function spikes at * f,. The spectrum of the

gate has the shape of a sinc function, but since it is periodic, it contains components at
discrete frequencies separated by the pulse repetition frequency, f . Since signal c is

signal a multiplied by signal b, its spectrum is the convolution of spectrum a with spec-
trum b. Spectrum d is nearly identical to spectrum c, except that it is dilated in fre-
guency by a. Spectrum e is again a sinc function evaluated at discrete frequencies
separated by f . Spectrum f is the convolution of spectrum d with spectrum e. Since

the separation between components in spectrum d is different from that in spectrum e,
the convolution causes the frequency components to be broadened. This broadening
impairs the ability to localize the precise Doppler shift and is a major source of ambigu-
ity as discussed in section 1lI-C.

The downmixing of the pulsed Doppler spectrum is similar to that of the continuous
case. The range-gated spectrum (Figure 6, Spectrum f) is shifted to the left by the car-
rier frequency (Spectrum @), and a low pass filter is applied (spectrum h). However,
the low pass filter must eliminate frequencies separated by f  as well as the spectrum

centered on —2f, — f,. It must therefore have a much narrower bandpass.

In a more realistic measurement, where targets (red blood cells) are distributed in
space, each pulse returns a signal similar to that shown in Figure 7, which is called an
A-line. The time axis of this signal corresponds approximately to the depth in the vessel
from which sound is scattered. The amplitude variations in this signal have a character-
istic time scale of 7, .

l,
| Tp |

Amplitude

'1 T T T T T T T T 1
-1 0 1 2 3 4 5 6 7 8
Time (usec)

Figure 7: A simulation of an A-line from flow. The larger amplitude signals at t =0 psec
and t =7 pusec represent reflections from the vessel walls.

It will be important in part 11l to know how the signal from a given particle depends on
the position of that particle within the sample volume. In the following discussion it is
assumed that the ultrasound transducers do not filter the transmitted or received sig-
nals. Newhouse and Amir**?> examined pulsed Doppler instruments for which the dura-
tion of the receiver gate, 7, is much smaller than that of the echo signal. In this case, if

a particle approaches the probe with constant velocity v, the downmixed signal is a rep-
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lica of the echo from the particle, but is time-dilated by a factor of £. If the particle is

receding, the same theorem applies except that the signal is time-inverted. An al-
ternative description of this, as
shown in Figure 8, is that the
envelope of the downmixed sig- S
nal is directly related to the posi-

tion of the particle within the

sample volume. Consider [\/\
zzz%c(rd+rg) to be the far /\/ A\
edge of the sample volume. \/ \/v
Then if the distance from the Position
particle to the probe is z, -z,

the envelope of the downmixed ——— |, o

signal is proportional to the en- | | | |
velope of the transmitted pulse 21 Z4 Zs Zy

evaluated at a time t=2zc. _ _ _

. . Figure 8: lllustration of how the pulsed Doppler signal
This defines the sample volume  yopends on location within the sample volume. The
shape to be identical to that of  gignal (s) is the in-phase signal from the probe and has

the transmitted signal, but in- its peak value when the particle (p) is at the position
verted and constrained between 7 =cr, /2. Itis assumed that the particle velocity is
2, and z, = (1, -7, )c/2. high enough that the signal is not affected by the high

s pass filter in the Doppler instrument.
Forsberg and Jorgensen

have shown that when the range gate is vanishingly small, it is not necessary to mix the
returned echo with the reference oscillator signal. The returned rf signal is sampled di-
rectly at the pulse repetition rate, and is therefore grossly undersampled. The spectral
content of the signal is confined to a band between + f /2 through aliasing. The ad-
vantage to this is a reduction in hardware and hence in the amount of hardware related

noise. However, their preliminary results did not show substantial improvements in
overall signal quality.

In most pulsed Doppler instruments, the range gate duration is finite rather than in-
finitessimal. It can be shown that under these circumstances the axial dependence of
the sample volume shape, defined here to be the envelope of the downmixed signal as
a function of the particle position, is a convolution of the transmitted-signal envelope
with the shape of the range gate. |If the transmitted signal has the form
e,(t)=e(t)cos(awt), and the receiving gate is g,(t), then the received signal is

g, (t)e(t —2z/c)cos(a, + w,t + @), where z is the distance from the probe to the particle. It

is assumed that v/c is small enough that the envelope is not significantly altered by the
Doppler effect. The phase ¢ is 2w,z,/c where z, is the particle position at time t=0.

When the returned signal is mixed with the carrier and integrated (low pass filtered) over
a time At that is longer than the duration of e(t) and long in comparison to 1/w,, but

short in comparison to 1/ w, , the result is:
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s, (z,t) =} fﬂ 0, (t)e(t - 22/¢)cos(w, T + @)t + jm 9, (Ele(t —2z2/¢)cos((2y, + w, )t + @)dt

Eg. 6

The argument of the second integral is a high frequency term and is filtered out by the
integration. Furthermore, since At is short in comparison with 1/, the cosine in the

first integral is essentially constant throughout the time of the integration and can be
taken outside the integral. The result is:

s, (z,t) =5 I+Atg,(f)e(f ~2z/¢)dt cos(w,t +¢) Eq.7

The integral in Equation 7, which is the amplitude of the returned echo, is the convolu-
tion of the transmitted signal envelope with the receiver gate. For example, if both the
transmitted signal envelope and the receiving gate are rectangular, the downmixed sig-
nal from a particle that crosses the sample volume along the probe axis has a triangular
envelope™** *°. The rectangular pulse shape is used here only as an idealized exam-
ple. In practice, a rectangular pulse has significant sidebands outside the typical band-
width of a Doppler transducer. This type of signal is thus, significantly altered upon
transmission.

Equation 6 can be reconciled with the result of Newhouse and Amir**?. For a short du-
ration range gate, the gate in Equation 7 is a delta function at the delay time 7, (i.e.

g,(t)=ot -7, and Equation 7 becomes s, (z,t)=1e(r, - 2x/c)cos(c, + ). If velocity is
constant and axial so that z =vt, the envelope of the signal is e(r, —2vt/c), which is

again a time-inverted and dilated version of the transmitted-signal envelope when the
particle is receding from the probe.

3. Alternative Waveforms

In general it is not necessary for the transmitted signal to be a sinusoid since the Dop-
pler effect dilates (or compresses) any signal which is scattered from a moving target.
Some of the waveforms which have been used, such as narrowband noise, pseudoran-
dom sequences, and frequency modulated sweeps are described by Newhouse*, and
will be discussed in section V-A.

C. Doppler Angle

One of the most difficult problems in Doppler ultrasound is the estimation of the angle &
between the target velocity and the probe axis. The Doppler shift is a strong function of
this angle, particularly when 8 is near 90°. The first order approximation is to assume
that the flow velocity is in the direction of the vessel. Two problems arise from this as-
sumption. First, some knowledge of anatomy is required if the vessel axis direction is to
be approximated, and anatomy varies from individual to individual. Secondly, the veloc-
ity vector is not necessarily parallel to the vessel axis. It has even been asserted™*’ that
non-axial flows are more common than axial flows. Certainly at bifurcations, anasto-

19



moses and stenoses there is substantial secondary flow'*, and these are regions of
high interest to vascular research.

Detection of the vessel axis orientation has become less of a problem since dual mode
ultrasound devices have become more common (Barber et al.**?). The vessel geometry
is determined directly by ultrasonic imaging. However, this does not address the prob-
lem of flow velocity that is not paraxial. Some techniques which address the Doppler
angle problem are described in subsections V-B-2 and V-B-3-b on multi-dimensional
Doppler measurements.

D. Beam Patterns

Subsection 11-B-2 above described how range gating localizes the Doppler sample vol-
ume axially. The radial extent of the sample volume is determined by the beam pattern
of the ultrasound probe, G(r,z,6), where, r, z and 6 define a cylindrical coordinate
system with z along the probe axis. Far from the probe (in the far-field), the transmit-
ted intensity, for a circular transducer can be written as G, (r/z)G,(z), where G,(r/z) is
a self-similar radial component and Gz(z) is an axial component. The wavefronts are
nearly planar, so the Doppler angle is well defined. Often, however, measurements are
made too close to the probe for the far-field approximations to hold**°, and in these
cases the probe intensity is a complicated function of radial and axial position (see the
intensity patterns shown by Wells'*?). This has important consequences to the spectral
broadening effects described in subsection IlI-C.

By the well-known theorem of reciprocity™, a transducer's receiver beam pattern is

identical to its transmitter beam pattern. Usually, one transducer is used as both the
transmitter and the receiver in pulsed Doppler ultrasound. In this case, the received
power from a particle at a given point contributes to the received power (and hence to
the power spectrum) in proportion to the square of the beam pattern intensity.

E. Aliasing

Pulsed Doppler measurements can be aliased in both space and frequency'*?. Fre-
guency aliasing results from the Nyquist (Shannon) theorem for sampled signals; if a
signal sampled at frequency f, contains a frequency component f,_, outside the range

-f/2<f<+f/2, then its discrete Fourier transform will exhibit components at
f=—f/2+(f, —f /2)mod f,. This applies to conventional pulsed Doppler ultrasound

because each pulse can be considered to provide a single sample of the downmixed
signal. Thus, any frequencies in the downmixed signal which are outside the range
—-f,/2<f <f, /2 are aliased. These frequencies correspond to velocity components

along the probe axis from —zcf / f, to ;cf /f,. The presence of f; in the denominator
of this range causes aliasing to be more of a problem for higher-frequency devices.

Spatial aliasing (range ambiguity) results because echoes from multiple pulses are re-
ceived at any given time from secondary sample volumes separated by a distance of

cr,/2. The n" gate receives an echo of the n" pulse from a depth of icr, and echos
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of the (n—1)" pulse from a depth of icr, +3clr,. The signal from the earlier pulses are

successively lower in amplitude as a result of the increase in signal attenuation with
depth. A decrease in the pulse repetition frequency reduces the spatial aliasing prob-
lem because it separates the secondary sample volumes. However, it also increases
the effect of frequency aliasing. Several methods have been proposed to compensate
for frequency aliasing. The high frequency sampling methods of subsection V-B-3 do
this through the use of information that is not considered in conventional pulsed-Doppler
units. Other methods, described in subsection V-D-4 on time-domain signal analysis
methods, use reasonable assumptions such as continuity in the Doppler shift, the Dop-
pler spectrum, or the velocity profile.

F. Doppler Frequency Estimates
A number of methods are used to obtain the Doppler shift, and hence the velocity esti-
mate, from the Doppler spectrum. The first moment or centroid frequency is defined as:

[ P(F)t Eq. 8

[ P(f)af

f =

and is particularly important for its relation to the mean flow rate. The mode or peak fre-
quency, f_ ., is the frequency which corresponds to the maximum power density in the

spectrum. The maximum frequency, f ., is the highest frequency for which P(f) is

non-zero. Since noise will almost always be present throughout all frequencies in the
spectrum, the mode frequency is usually defined in practice as the highest frequency for
which P(f) is above some pre-selected threshold that depends on a priori knowledge

of the background noise. This estimate is proportional to the highest velocity present in
the sample volume.

[ll. DETERMINANTS OF DOPPLER SPECTRA

Numerous effects contribute to the ultimate shape of a Doppler ultrasound power spec-
trum. These are separated below into the following categories: 1) the relationship be-
tween the velocity field and the transducer beam pattern, 2) contributors to spectral dis-
tortion, such as reflection, refraction, scattering and attenuation, and 3) spectral broad-
ening caused by ambiguity noise, which includes transit time and geometric broadening
and the effects of multiple scatterers. An introduction to the composition of the Doppler
spectrum is given in the review by Hoeks et al.>®

A. Velocity Field and Beam Pattern

Velocity gradients, accelerations and turbulence cause broadened spectra for the same
reasons; within the sample volume over the time of the measurement a range of veloci-
ties is present, and each velocity is associated with a frequency in the spectrum. Veloc-
ity gradients contribute because the measurement is taken over a finite sample volume.
As that volume increases, the range of velocities increases. Accelerations contribute to
spectral broadening because the measurement is taken over a finite period of time. If

21



the measurement begins when the velocity is 30 cm/sec and ends when the velocity is
40 cm/sec, the frequencies that correspond to that range of velocities will be present in
the spectrum. Broadening associated with turbulence is caused by both spatial and
temporal averaging because the turbulent velocity field is random in both time and
space. Kikkawa et al.''! have analyzed the effect of flow acceleration on the Doppler
spectrum. They note that the acceleration portion of systole has a duration of about 20
msec, so that the mean frequency changes substantially for time records on the order of
10 msec. Fish®* shows effects of similar magnitude for a common carotid waveform
during the deceleration portion of systole. He states that a narrower spectrum can be
obtained if the analysis window is shortened from 10 msec to 5 msec. Garbini at al.** *°
discuss velocity fluctuations caused by turbulence, and derive an expression for the
shape and width of the consequent Doppler spectrum.

A number of authors have described how the interaction between the velocity field and
the ultrasound sample volume shape determines the underlying Doppler power spec-
trum and the accuracy of the velocity measurement. Brody and Meind|*?? developed an
analytical model that included these effects as well as transit time broadening effects.
Brown et al.™®® used a computer model to simulate the effects of spatial averaging on
spectra in small arteries, although they did not attempt to model the transducer beam
pattern accurately. Cobbold et al.™®® generated a computer model that used the beam
pattern and flow profile to generate the expected power spectrum. Experimental studies
by Law et al.™®" on an 8.2 mm inner diameter tube demonstrated the effects of spatial
averaging and other spectral broadening sources described below on the power spectra
and derived indices. Jorgensen and Garbini**® presented a method by which Doppler
velocity measurements with severe spatial averaging could be corrected by a deconvo-
lution process so that a more accurate velocity profile could be obtained.  The contri-
bution of flow velocity to the Doppler power spectrum can be described by Brody and
Meindl's model for continuous wave Doppler ultrasound®??, which is simplified here to
neglect transit time effects. For steady, deterministic flow, the equation is:

P(w) =1 po2E, [[G2(F)a(r,tl 7 kaar Eg.9

The component of the spectrum at frequency « is P(a)). The product outside the inte-

gral, and hence the overall magnitude of the power, depends on the average concentra-
tion of the scatterers, p, the scattering cross-section averaged over all scatterers, o,,

and the amplitude of the transmitted signal, E,. The integration is over time and the
three dimensional spatial vector ¥. The beam pattern function, G(F) is the intensity of
The factor a(F,t) is the spatial dependence of the particle

incident sound at position r .

concentration. The vector k defines the direction of propagation of the sound wave,
and V(F,t) is the flow velocity vector as a function of position. The inner integral has the
form of a Fourier transform with « as the transform variable. Equation 9 can be further
simplified when a(F,t) and v(F,t) do not depend on time and k « V(F,t) can be rewritten

as kvcosd. The scalars k and v are, respectively, ‘IZ‘ and |\7| and @ is the angle be-

tween the k and V directions. This angle can, in general, be a function of r. The
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wavenumber k is 2w, /c, where w, is the carrier frequency of the transmitted signal,

and c is the speed of sound in the medium. With these considerations, Equation 9 can
be integrated over t, and the result is:

20,v(F)

P(w)=14pcoiE, IGZ(F)a(F)a( . cosH(F)+a)de Eq. 10

This equation, or an equivalent form, has been used by several authors to calculate
spectra for specific flow velocities'?* *°* 9 |t states mathematically that each compo-
nent, P(w), in the Doppler spectrum arises from a weighted average over space of sig-

nals from all particles with velocity v =cw/(2c,cos6). The weighting function is the

square of the local beam intensity, where the power of two results from the reciprocity of
the transducer®'. As will be shown later, the dependence on particle concentration
a(F,t) is an approximation that becomes invalid at high (i.e. physiological) hematocrits.
Also, the power spectrum is strongly altered by transit time effects, as discussed in sub-
section 11I-C-2.

When G(F) and a(F) are uniform over the entire cross-section of a vessel, Equation 10

can be used to obtain the flow rate in the vessel**. To this end, the equation is multi-
plied by « and integrated over «. The result is:

[eP(w)dw = pcalEG*aw, cosd fvdr Eq. 11

The integral on the right hand side is directly related to flow rate if it is assumed that the
flow velocity is not a function of axial position and that the axial extent of the sample vol-
ume is constant throughout the vessel cross-section. This is the basis for the well
known “uniform insonification” method for flow rate measurement * 3% 1% proplems
associated with this method are discussed in subsection V-B-2-b below.

If the probe beam pattern is uniform over the sample volume, the above discussion
leads to the model of the Doppler ultrasound spectrum described in Part | above; the
frequency in the Doppler spectrum is proportional to velocity, and the total power be-
tween frequencies f, and f, is proportional to the volume occupied by particles with
velocities in the corresponding range between v, and v,. Some representative exam-
ples are shown in Figures 9 and 10. For blunt flow (a) only a single velocity is present,
and the spectrum is a delta function at the corresponding frequency. For couette flow
(b)v(F) is Ky, where K is a constant and y is the distance from the wall, and the spec-
tral density is constant up to the frequency that corresponds to the maximum flow veloc-
ity, and then drops to zero. For Poiseuille flow, (c), the same result holds because both
the velocity gradient and the area of a band between r and r+dr increase linearly with
r and these cancel one another in the integral. For a blunter flow, such as entrance
flow into a pipe, (d), the higher velocities are predominant, and the power spectrum ex-
hibits a prominent high frequency peak. Downstream of a constriction, (Figure 10) a
high frequency component is caused by the central jet region, a lower frequency peak is
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caused by the forward-flow part of the recirculation zone, and a peak at negative fre-
guency is caused by the re-

verse flow. In practical Dop- a) Blunt

pler measurements, the spec-

tral power approaches zero p(f)/\ P(f)""
as the frequency approaches
zero because a high pass fil-
ter is used to eliminate com-
ponents from  stationary
boundaries, such as the ves- s f > f
sel wall. £ f

b) Couette

Even under the most ideal
measurement conditions, the 3
probe beam pattern is non- -
uniform. Figure 11 shows the '
idealized Doppler spectrum
downstream of a constriction
for the case where the beam c) Poiseuille d) Entry
pattern shape is Gaussian. 3
Since the beam power is P(f)l\ P(f)"‘
much lower in the recircula-  |=====--
tion region, the reverse flow
and forward recirculation
parts of the spectrum are
strongly attenuated.  The > f > f
beam pattern shape is pri- f f
marily a function of the probe
geometry and the transmitted 9

signal. However, it can be
distorted by refraction as a
result of variations in acoustic
impedance within the body.
In addition, the returned EIGUR_E 9. Theoretical spectra for several flow configura-
power depends not only on tions with a umform beam pattern. Coue:ﬁe and Poiseuille
the beam pattern, but on the ::ow have |dent|cglly shaped spectra. With a blunter entry
scattering properties of blood ow, more power is concentrated near

and on the attenuation of sound in the intervening tissue. These phenomena are dis-
cussed in the following section.

I— ==

F s

B. Spectral Distortion

1. Scattering and Attenuation

The number and arrangement of scatterers directly affects the backscattered power. In
the simplest model, backscattered power increases linearly with the number of scatter-
ers. This assumes that the locations of the particles are independent of one another.
The probability density for the returned signal then becomes Gaussian*®*. However, this
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relationship holds only when the concentration of particles is small. For blood flow,
where erythrocytes are the scatterers, the volume concentration of these cells is the
hematocrit, which can be on the order of 50%, and the particles are not independently
located because they cannot occupy the same space. Early studies of the relationship
between intensity and hematocrit were undertaken by Shung et al.**> and Borders et
al.'®3. Shung et al.'®* found that intensity increased linearly with hematocrit for concen-
trations up to 8%, reached a peak at 25%, and then decreased as hematocrit increased.
Borders et al.'®® found similar results, except that their curves were linear only up to 2%
and did not decrease at the higher hematocrits. After subsequent attempts to correlate
his results with theoretical models, Shung concluded that the decrease in backscat-
tering at high hematocrits was correct, but that the peak near 25% hematocrit was valid
only for turbulent flow'®*. Subsequent curves measured from laminar flow exhibited a
peak at 13% hematocrit, which agreed quantitatively with theory*®® and qualitatively with
one dimensional simulations by Routh et al.*®®.

a) Velocity Profile b) Beam Pattern
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c) Doppler Power Spectrum
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FIGURE 10. Theoretical spectrum for fiow downstream of a stenosis when the beam
pattern is uniform. The reverse flow causes the peak at negative frequency and the forward
part of the recirculation region causes the high power at low positive frequencies. The
reduction in power near zero frequency is caused by the high pass filter.
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The decrease in scattered power at high hematocrits is a consequence of coherent
scattering (see also subsection I1I-C-4). It is known that the pressure waves from uni-
formly and tightly packed particles interfere destructively, so that the ultrasound signals
result from fluctuations in the particle concentration®®® " 18 rather than the particle
concentration itself.

a) Velocity Profile b) Beam Pattern
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FIGURE 11. Theoretical spectrum for fiow downstream of a stenosis when the beam
pattern is Gaussian. The reverse flow and forward recirculation parts of the spectrum have
been greatly reduced in power over the uniform beam case of Figure 10.

Since backscattering depends on the particle arrangement and the flow characteristics
such as turbulence®* and shear rate®®, it affects not only the magnitude of the Doppler
signal, but also the shape of the power spectrum. This can be readily seen in the case
of continuous wave Doppler, where the sample volume is large and can simultaneously
include, for example, both laminar and turbulent flow downstream of a stenosis. In this
case, the spectral components which correspond to the turbulent flow are weighted
more heavily in the power spectrum as a consequence of the higher scattering coeffi-
cient.
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Both attenuation and scattering increase with increased transmitted frequency. It is well
accepted that attenuation in tissue causes a reduction in signal amplitude proportional

to e, where y is a constant and r is the distance traveled into the medium*’®. Scat-

tering is generally accepted to increase in proportion to the square of the frequency*’*.

This means that as the depth of the measurement increases, the amount of sound re-
turned to the transducer decreases. Since attenuation is a stronger function of fre-
guency than scattering is, the signal to noise ratio tends to decrease as the carrier fre-
quency is increased. This is one reason why instruments with lower carrier frequencies
are used for deeper measurements. The other reason is the direct tradeoff between
pulse repetition frequency and carrier frequency which results from aliasing (section II-
E). High carrier frequencies are otherwise desirable since they allow smaller sample
volumes and reduce transit time effects (subsection 111-C-2).

Attenuation and scattering have opposing effects on the mean frequency of the Doppler
power spectrum. When the transmitted signal propagates through the tissue, the higher
components of its spectrum are attenuated. However, the strength of the scattering
from the higher components is stronger. Newhouse et al.}’? derived an expression for
the net effect of these opposing processes on the spectrum. They showed that for a
spectrum with Gaussian shape, the center frequency of the spectrum depended on the
attenuation parameter £ = Dy, where D is the depth of the measurement, and on the

bandwidth ratio b, = (fO/BO)Z, where B, is the bandwidth of the transmitted signal. For

example, when &€ <1, as is generally the case for ultrasound transmission through blood
with a carrier frequency of 3.5 MHz, the center frequency tends to increase. For £€>1,
as in many measurements through muscle, the center frequency tends to decrease.
Holland et al.'”® measured the affects of attenuation on spectra and showed qualitative
agreement with the theory by Newhouse et al.}’? They suggested that the quantitative
differences may be caused by an attenuation coefficient for their tissue phantom that
was not linear with frequency. Similar results to those of Newhouse et al.!’? have been
found by Gilson et al.'”*, Round and Bates'’*, and Embree and O'Brian'’®. The values
cited for the shift in center frequency tend to be on the order of 100 KHz. This may be
surprising at first, since it is much greater than the Doppler shift from the scatterers.
However, the change in the center-frequency of the downmixed spectrum is equal to
that of the rf spectrum multiplied by 2v/c. The difference between the Doppler shift and
the shift caused by attenuation and scattering can be seen from the spectrum of Figure
5c. For the Doppler shift, the discrete lines are shifted in frequency, whereas for at-
tenuation and scattering the relative amplitude of each line is altered.

Frequency-dependent attenuation also results in frequency-dependent phase velocity
for the ultrasound signal, as has been discussed by O'Donnell et al.'’® Fish and
Cope'’” have shown that this has a small effect on the location and shape of the sample
volume.

Changes in the backscattered spectra as a result of attenuation have been examined in

applications to tissue characterization, since it may be possible to differentiate tissues
from the slope of the attenuation-frequency curve'™. It has also been noted that errors
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in attenuation coefficients can occur when these are based merely on the peak values
of incident and received waveforms, rather than on the complete spectra of the transmit-

ted and received signals*®.

Attenuation and scattering effects greatly complicate the in vitro modeling of Doppler
ultrasound blood flow measurements. Oates'” has addressed a number of problems
which must be solved if the blood analogue fluid is to strictly model in vivo conditions.
The fluid must model the frequency dependent attenuation and scattering properties of
blood. It must also exhibit the shear-dependent scattering described by Sigel et al.*®
and the turbulence-dependent scattering described by Shung et al.***.  Hemodynami-
cally, it must model the shear dependent viscosity of whole blood.

2. Reflection and Refraction

The standard acoustic phenomena of reflection and refraction also affect spectral
shape. These alter the beam pattern of the probe and hence the spectral content of the
returned signals. Thompson et al.*®*® have modeled the effects of refraction and have
shown that critical angle effects apply to ultrasound signals; when the angle between

the acoustic wave vector, k , and the interface between the blood vessel and the sur-
rounding tissue is small, and when the acoustic impedance of the vessel is smaller than
that of the surrounding tissue, there is total reflection over part of the beam.

A phenomenon known as mirroring*®* can lead to erroneous interpretations of the Dop-
pler signals. This happens where large mismatches in acoustic impedance exist, such
as at the lung interface. The large mismatch causes a sharp reflection of the ultrasound
signal. Thus as the sample volume is marched past the vessel of interest, another ves-
sel appears to be present.

There is evidence that partial reflections from the boundary between the blood and the
arterial wall can alter the beam pattern of the ultrasound probe and strongly affect the
shape of the Doppler power spectrum. This was noted in in vitro studies on an intra-
coronary Doppler guidewire®®. Multiple spectral peaks were found when the acoustic
impedance between the fluid and the model wall was not matched, and these disap-
peared when the impedance was matched. It was noted that spectral distortion was
seen for impedance mismatches similar to those between blood and arterial walls.

A similar effect was noted by Poots et al.!®*. Their in vitro measurements from acrylic
models indicated a reduction in transducer field strength near the model walls, which
they attributed to refraction.

The spectral distortion discussed in this section results from the properties of the acous-
tic environment in which the measurements are made. However, the spectrum is fur-
ther altered by effects which are present regardless of the environment. These have
been called variously transit time broadening*?% *** 184186 = geometric broadening %> "
189 and ambiguity™ *® %% in the literature. Although the distinctions between these often
seem clear from their descriptions, the true differences among them are not yet clearly

defined.
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C. Spectral Broadening and Ambiguity Noise

1. Ambiguity

In the literature, the term “ambiguity” seems to have several meanings. It can refer to
the noise inherent in the velocity estimate, the multiple sample volumes present in
pulsed Doppler ultrasound, or the velocity aliasing which results when the pulse repeti-
tion frequency is too low. In a strict sense, however, it is derived from the classic ambi-
guity function of Doppler radar, and generically refers to the inability to precisely meas-
ure both the location and velocity of a particle given a finite observation time. In gen-
eral, an attempt to improve the accuracy of the velocity measurement results in a deg-
radation of the position estimate. Thus, one cannot simply reduce the sample volume
size and the time of observation in an attempt to obtain the high spatial and temporal
resolution necessary for turbulent velocity measurement. The gain in spatial resolution
achieved with a focused transducer, for example, is obtained at the expense of in-
creased noise in the velocity estimate.

Different implementations of Doppler ultrasound, such as continuous, pulsed, or random
have different ambiguity properties. If one is preferred over another for a given meas-
urement it is because the ambiguity of that implementation is localized in time and
space to a region that is deemed unimportant or for which a priori knowledge exists.
For example, consider a single particle that moves along a transducer's axis. A con-
tinuous wave Doppler instrument can accurately measure the velocity of that particle,
but cannot measure its location. A pulsed Doppler instrument can localize the particle to
a series of regions separated by ;c/ f,, where c is the sound speed and f is the

pulse repetition frequency. As a consequence of the gain in localization, there is a loss
in the accuracy of the Doppler shift estimate. Random Doppler can localize the particle
to a single region, but the accuracy in the Doppler shift estimate is again reduced®.
The choice of a given instrument depends on the relative importance of the velocity es-
timate and the distance measurement.

2. Transit Time Broadening

An analysis of transit time broadening has been described for Doppler radar by Altes®2.
It can be explained most simply from the perspective of Fourier analysis. The underly-
ing signal for a conventional Doppler ultrasound device is a sine wave. The Fourier
transform of a sine wave is a delta function, d(w-a,), at the frequency of the sine

wave. However, if the sinewave is altered such that its amplitude changes in time, the
Fourier transform is altered. For example, if the sine wave is turned on at time t =0
and then turned off at time t =T , the transform has the form Tsinc[(a)—a)o)t] , Which can

be thought of as a broadened delta function'®®. As the duration T is decreased, the
width of the sinc function is increased. The broader the width, the more difficult it is to
locate the frequency of the absolute maximum of the spectrum. This is a fundamental
and well understood concept in signal analysis'®, and it is intuitive that it should apply
to Doppler ultrasound. The research in recent years related to this concept has exam-
ined the exact functional relationship between the transmitted signal, the transducer
characteristics, the receiver electronics, and the downmixing process.
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The term “transit time” is derived from the time required for a particle to cross the ultra-
sonic sample volume. For a continuous wave device, this sample volume is continu-
ously insonified so that at any point in the beam the incident pressure is a true sinusoid.
However, the intensity of the beam is a function of space, so that as a particle crosses
the beam transversely, the scattered signal begins low in amplitude, then increases to a
peak, and then decreases again. The half bandwidth is proportional to the reciprocal of
the transit time of the particle across the beam, B =-sin@, where v is the particle ve-

locity, W is the width of the beam, and @ is the angle between the particle direction and
the beam axis (see Wijn et al.'*®). Measurement accuracy is determined by the ratio of
the half bandwidth to the Doppler shifted frequency, and this is:

Kctan @
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The constant of proportionality, K, depends on the radial shape of the beam and the
exact definition of bandwidth and beam width. If the beam is constant between
r=xW /2 and zero elsewhere, so that the corresponding Fourier transform is a sinc
function, and if the half-bandwidth is defined to be the frequency difference between the

maximum and first zero of the spectrum, then K =1. Consider a Doppler device with
carrier frequency f, =10 MHz and beam width W =2 mm which is used to measure the

velocity of a particle that moves at an angle of 60° from the probe axis at a velocity of 60
cm/sec. If the sound speed is 150,000 cm/sec, the Doppler shift is 4,000 Hz. The half
bandwidth is then approximately 260 Hz, or 6.4% of the Doppler shift. This simple ex-
ample emphasizes the trade off between spatial resolution and frequency resolution.
As the beam width is decreased to improve spatial resolution, the broadening increases.
Increased carrier frequency has no effect on the bandwidth, but it increases the Doppler
shift so the percent broadening is reduced and the velocity estimate becomes more ac-
curate. Equation 12 also shows that, for continuous wave Doppler, the percent transit
time broadening increases with the Doppler angle and the sound speed in the medium.
The dependence on sound speed arises because an increase in sound speed causes
an increase in the wavelength of the sound.

A more rigorous treatment of transit time broadening in continuous wave ultrasound is
given by Brody and Meindl**2>. They show that mathematically the effect changes the

factor G2(F) in Equation 9 above to G(F)G(F +Vr). The same factor appears in the ex-
pression for the autocorrelation function. As 7 increases, the product G(F)G(F +V7)

decreases, so the signal becomes less correlated with time, which means that it is no
longer a pure sine wave, and thus a less accurate indicator of velocity. Note that, for
continuous wave Doppler, if the particle moves along the probe axis, G(F +Vr) changes

slowly with 7, and the decorrelation is not a problem.

For pulsed Doppler, transit time effects have essentially the same physical meaning.
The amplitude of the signal from a particle in the sample volume depends on the posi-
tion of the particle within the sample volume. The sample volume in this case is the ax-
ial dependence of sample volume shape, as described in section II-B-2 above.
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The effect of the range cell on transit time broadening can also be described in terms of
the spectrum of the transmitted signal, rather than the sample volume shape.
Newhouse et al.*®® have derived the following expression where it is assumed that the
returned echo is downmixed with a time delayed replica of the transmitted signal:

pl)= 5 [ £p[ 2]

2
Lt da Eq. 13
" laf
where the coefficient A, depends on the scattering cross-section of the particles and

the tissue attenuation, a is 2v/c, p(a) is the concentration of particles which travel
with v/c=a, and P, is the time averaged power spectral density of the transmitted sig-
nal. The broadening arises because each velocity component, a, contributes a spec-
trum which has the shape of |PX (a)/a)|2. The magnitude of P, is squared because P, is

both the transmitted signal and the signal with which the returned echo is mixed. Equa-
tion 13 is valid for both conventional pulsed Doppler and random Doppler instruments.
However, in pulsed Doppler signals the returned echo is not, in general, downmixed
with an exact replica of the transmitted signal since 1) the transducer frequency re-
sponse alters the shape of the transmitted signal and 2) the duration of the receiving
gate can differ from that of the transmitted signal. Another description of range gating
effects is presented by Kim and Park*®®.

3. Geometric Broadening

Geometric broadening was first described by Green'®*. In this description, the Doppler
shift caused by a particle is given by Equation 4, but & is the angle between the particle
velocity and the distance-vector r, from the transducer surface to the particle position.

Since the direction of r, changes as the particle crosses the sample volume, the Dop-

pler shift also changes. The Doppler power spectrum is computed from the square of
the incident sound intensity. This is equivalent to the spatial average, weighted by the
square of the beam intensity, of all Doppler shifts from the sample volume.

Newhouse et al.® described geometric broadening more fully in terms of the angles
between all differential elements of the transducer and all particles in the sound field.
They showed that when measurements are taken in the near field of a transducer the
spectral width is larger than that predicted by the transit time across the beam width,
and that geometric broadening could account for the larger bandwidth. However, they
later showed that transit time broadening was a consequence of the probe geometry
and concluded that if the complicated beam pattern in the near field were used instead
of simply the overall width of the beam, the bandwidths for geometric and transit time
broadening would be identical*®®. They reference the surprising result of Edwards et
al.'*® that transit time and geometric broadening are the same phenomenon.
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A simple example illustrates why the equivalence of transit time and geometric broaden-
ing is initially difficult to understand. Consider a simple source, as shown in Figure 12a,
which radiates sound uniformly in all directions, at cartesian coordinates x =0, y =0,
and a particle which traverses through the sound field along a straight line y =y,. The

resulting signal is shown in Figure 12b. The Doppler angle between the particle and the
source varies from 0° at x = to 180° at x = —c. This results in higher frequency oscil-
lations at the tails of the Doppler signal than in the center, and causes components of
the power spectrum (Figure 12c) to extend from — f, to + f,. Furthermore, the sound
intensity increases from 0 at x =0 to a maximum at x =0. If the signal is represented
as Alt)e*0  as in Equa-
tion 9, then A(t) leads to
what is intuitively thought of
as transit time broadening,
and the change in the an-
gle between k and V
leads to what is intuitively
thought of as geometric

c) broadening, and the two
are not equivalent. The ap-

b - parent conflict is easily re-
) o solved. The analysis of
= Edwards et al."® assumes
that the angle between the
| | field vector, k and the ve-

o

locity vector vV is inde-
-1 0 1 pendent of position within

the sample volume. This is
d a reasonable assumption in
many cases, but is not valid
in all cases. Ata and

FIGURE 12. a) An illustration of a particle that crosses through the Fish®® discuss the effect of
sound field of a simple source. b} The in-phase signal generated by a A . —
Doppler instrument signal which uses the simple sources as a transducer. variations in the vector k
The instantaneous frequency of this signal is high at first and then on the Doppler ultrasound
becomes lower as the angle between the particle velocity vector and the signal and provide further
propagation direction of the wavefronts approaches 90°. ¢) The power : :

spectrum of the signal in b). Broadening is caused by changes in both illustrative examples.

amplitude and instantaneous frequency. )
The simple source example

above implies that geometric broadening is defined by the change in angle of the wave
propagation direction with spatial position, which is the product k « V in Equation (9).
However, the historical definition of geometric broadening is in terms of the angles be-
tween positions on the transducer surface and positions within the sample volume re-
gion. These angles dictate both the beam pattern intensity and the wave propagation
directions. Their effect on the beam pattern intensity is the amplitude modulation com-
ponent of geometric broadening. If transit time broadening is defined to result from this
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amplitude modulation component only, then it is not equal to geometric broadening, but
is rather a subset of it. If, however, transit time broadening is defined, as by Newhouse,
to be the variation in the signal caused by variations in the sound field, then geometric
broadening and transit time broadening are equivalent.

Newhouse's group has given mathematical descriptions of geometric broadening™®’: 8%

197198 " They note that since the bandwidth of the spectrum increases with increased
velocity, it can, under some circumstances, be used as a measure of velocity'® or to
estimate the Doppler angle®®. For these measurements it is necessary to know the
theoretical Doppler spectrum that results from constant-velocity straight line flow
through the ultrasound beam. This relationship changes if the particle path line is dis-
placed laterally or axially since beam intensity is a function of position. However,
Newhouse and Reid'® have proven that the absolute bandwidth of the Doppler spec-
trum is independent of such lateral displacement in the far field of an unfocused trans-
ducer, or equivalently near the focal plane of a focused transducer. Their proof thus
simplifies the extraction of information about Doppler angle or velocity. Although the
proof holds strictly only in the far field or at the focal plane, experimental measure-
ments®®® show that the theorem is reasonably accurate at other locations as well. The
theorem seems to contradict a transit time model for spectral bandwidth since the width
of the ultrasound beam increases with distance from the probe in the far field, which
tends to cause a longer transit time and thus a narrower bandwidth. This shows that

changes in the vector k of Equation (9) compensate for the longer transit time and that
the full geometric broadening model must be used to obtain the correct bandwidth.

A summary of geometric broadening effects is shown in Figure 13. The sound field for
this illustration is that for a cylinder in an infinite rigid wall®®*. The transmitted frequency
is 5 MHz, and the transducer radius is 1 mm. The signals and spectra for four particle
paths are shown. Paths 1-3 all pass through a point on the axis of the probe at a dis-
tance 9.075 mm from the transducer surface. Path 4 passes through the probe axis at
a distance of 18.075 mm. For a sample volume of 2 mm in the axial dimension cen-
tered at 9 mm, three paths are shown. Path 1 shows the dependence of the signal on
the gating as described in subsection 1I-B-2. Path 2 is at 60 degrees to the probe axis
and the resulting signal is affected by both axial and lateral sample volume shape. The
Doppler frequency in this case is half that for path 1. Path 3 is perpendicular to the
probe axis. If the wavefronts of the sound field were planar, the signal would be positive
valued everywhere. The wavefronts are circular, however, and this causes slight nega-
tive values as the particle crosses wavefronts. This effect is stronger for path 4. The
spectrum for path 4 is generally narrower than that for path 3 because the beam pattern
is wider at this further distance. However, the non-planar wavefronts cause the absolute
spec}ggtl width to be identical for path 1 and path 2, as predicted by Newhouse and
Reid™.

4. Multiple Scatterers, Coherent and Incoherent Scattering

The above discussion does not completely explain why transit time/geometric effects
lead to error in Doppler estimates of velocity. The spectrum of the signal is broadened,
but if this spectrum is known, it is still possible to accurately determine the Doppler fre-
guency as the absolute maximum of the spectrum.
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It is the presence of multiple
scatterers in the sample volume
that aggravates the contribution
of spectral broadening to fre-
quency estimation error. This
is illustrated by Figure 14. Fig-
ure 1l4a is an enveloped sinu-
soid which has the power spec-
trum shown in Figure 14b. Fig-
ure 14c shows a collection of
such sinusoids which begin at
different times. When these
are summed, as in Figure 14d,
a signal is generated which
looks like a downmixed Doppler
signal in that it exhibits ampli-
tude modulation. The power
spectrum of this summed signal
is shown in Figure 14e. This
spectrum is no longer smooth,
and the peak of the spectrum
does not coincide with the
original frequency of the sinu-
soids. This does not contradict
the linearity of the Fourier
transform  operation, which
states that the Fourier trans-
form of the sum of a set of sig-
nals is the sum of the Fourier
transforms of the individual sig-
nals. The Fourier transform is
a linear operation. However,
since the power spectrum is the
magnitude of the Fourier trans-
form, which is a nonlinear op-
eration, the sum of the power
spectra is not the power spec-
trum of the sum.

The presence of multiple scat-
terers has been recognized as
a determinant of the Doppler

v

P(t) A

]
—]
-
L=

A J
s

P(f)

e
4
VAN 5.

FIGURE 13. Signals and spectra generated by particles that
traverse the sample volume. Two 2-mm long sample volumes are
shown (dashed lines). One of these is centered @ mm from the
probe and the other is centered 19 mm from the probe. The beam
pattern used is that for the far field of a circular piston in an infinite
rigid wall. Particle path 1 crosses the near sample volume along the
axial direction. Particle path 2 crosses the near sample volume at
a flow-to-beam angle of 60°. Particle path 3 crosses perpendicu-
larly through the near sample volume at a distance of 9.075 mm
from the probe. Particle path 4 crosses perpendicularly through the
far sample volume at a distance of 19.075 mm. The spectrum for
particle 4 is generally narrower than that for particle 3 as a result
of a longer transit time. However, as shown in the inset, energy in
the spectrum for particle 4 extends to higher frequencies. The
absolute bandwidth for particle 4 is thus as wide as that for particle
3, as predicted by Newhouse and Reid.*®

192, 202

spectrum for ultrasound as well as radar and laser Doppler velocimetry?®®. For

ultrasound, the effect was discussed mathematically by Censor and Newhouse'®®. The
scattered sound waves from different particles can interfere with one another construc-
tively and destructively, so the signal from the composite target depends on the relative
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positions of the in-
dividual scatterers
and the locations of
the transmitter and
receiver. The phe-
nomenon is de-
scribed in terms of
d coherent and inco-
herent spectra.

The coherent spec-

trum is the spec-

trum of the compos-

&) : ite signal, which
exhibits wave inter-

ference. The inco-

herent spectrum is

! the sum of the indi-

0 £ vidual power spec-
d tra received from

Frequency each scatterer.

Wave interference

F_IGURE 14, I_Eﬁect of multiple scatterers on the estimated Doppler spectrum. The ?;f ea(_:rtj |e2r5e F()):;estehnet

signal from a single particle (a) has a smooth spectrum (b) from which the Doppler g

shift () can be readily estimated. However, when signals from multiple particles (c) presence_ of a [.)Op_

are summed (d), the result has a spectrum with sharp peaks, and the Doppler shit ~ pler  shift;  Sigel-

is difficult to iocate (e). mann and Reid?®
derived equations which show the characteristic amplitude and phase modulation ef-
fects for sound scattered from a stationary medium. Atkinson and Berry*®® have exam-
ined, theoretically and experimentally, two phenomena caused by coherent scattering
from stationary (and non-stationary) media. The first is that returned A-lines exhibit am-
plitude modulation which has a characteristic time scale that is the duration of the
transmitted pulse. This can be seen in Figure 7 as well as Figure 14d. The second is
that two A-lines taken from laterally adjacent locations in space are correlated if the dis-
tance, between the two locations is short enough. The distance over which the correla-
tion persists is proportional to the probe beam width. These phenomena appear as
speckle patterns in B-mode and color Doppler images.

a)

Power Density
g

Power Density

Time

A distinction must be made between multiple scatterers and multiple scattering. The
latter effect refers to sound that reflects from one target, then hits another target (or
other targets) and returns to the receiver. This is a particularly difficult problem in
acoustics, and is usually neglected; it is typically noted that the sound scattered from
any given particle is low in comparison to the transmitted sound intensity, so when this

reflects from a second particle, the result is of second order'®*,
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IV. MODELS OF DOPPLER ULTRASOUND SIGNALS

Mathematical models of Doppler ultrasound signals have several purposes. One of their
most common uses is in the optimization of Doppler signal analysis methods. To this
end, a time domain signal that is representative of either the Doppler quadrature signal
or the rf signal is generated, and this is used as input to one or several frequency esti-
mators. The design of the ultrasound instrument itself can also be improved through
signal modeling. This, however, requires a sophisticated model which includes not only
the statistics of the signal, but the relationship between signal characteristics and device
parameters such as sample volume dimensions, carrier frequency and pulse repetition
rate. Finally, the models can be used to interpret the signals from specific pathologies.
The investigator may see, for example, a particular spectral pattern and wish to deter-
mine whether this results from a specific pathology or flow pattern. This places excep-
tional demands on the model. It becomes important to include a detailed description of
the flow patterns, and it may be necessary to include effects of acoustic impedance
mismatches and refraction.

The simplest model of a Doppler ultrasound signal is a sine wave. Typically, white noise
is added to the sine wave. This is an idealized model which neglects transit time and
geometric broadening effects. The added noise corresponds to noise introduced by the
instrumentation only.

A signal that is more representative of Doppler ultrasound is filtered white noise?®® 2%,

As in the true Doppler signal, this signal has finite bandwidth. The accuracy of this
model depends on the shape of the filter.

The presence of finite bandwidth in the signal can also be modeled by Fourier transform

methods. This was accomplished for Doppler radar by Sirmans and Bumgarner®®,

Several variations on this model have been published for ultrasound®®® #°. The signal
is presented by Mo et al.?® as:

M
s(t) =Y (2P(f, )afy, ) cos(27f .t + @,). Eq. 14

m=1
The factors vy, are chi-squared distributed random numbers with two degrees of free-
dom. P(f,) is the power spectral density for an assumed input spectrum, evaluated at
frequencies, f separated by Af . The phases ¢, are uniformly distributed. The ran-

dom variables are used to simulate the effect of coherent scattering, and the transit time
effects are incorporated into P(f_). As written, s(t) is a stationary process, and there-

fore represents steady flow. To extend the model to pulsatile flows, Mo et al.?** have
allowed P(f,) to be a function of time.

Models which use the sum of sinusoids can accurately represent the statistics of Dop-
pler ultrasound signals. However, the useful duration of the signal is its period, T . This
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period is 1/Af , so it can be made arbitrarily large if enough spectral components are
used.

The models themselves do not directly relate the signal to instrument parameters, beam
patterns and velocity profiles. However, these factors can be incorporated if they are
used to establish the underlying input spectrum for the simulation.

Talhami and Kitney?*? have used a model that is based on the amplitude modulation in-
herent in Doppler ultrasound signals. In this model, the signal is modeled as,

s(t) = A(t)cosax Eq. 15

where A(t) is a stochastic function of time. To generate this function, Gaussian white
noise is convolved with a window function to impose a specific autocorrelation function
on the signal. The signal does not exhibit the random phase modulation inherent in
Doppler ultrasound signals, but does model the signal as fundamentally broadband
rather than discrete.

Another time domain model was proposed by Jones and Giddens'** for steady uniform
flow and extended to pulsatile and nonuniform flow by Wendling et al.**® This model
does account for random phase shifts in the signal. For steady, uniform flow, it has the
form:

s(t) = A(t)cos cw,t + B(t)sin a,t Eq. 16

which can be rewritten as:
s(t) = C(t)cos(a,t + ¢At)). Eq. 17

The phase of the cosine is a function of time, so the instantaneous frequency of the sig-
nal is:

. delt) Eq. 18
dt

w

inst = a)d
Statistically, the signal is the same as that of Mo et al.*® if equivalent input parameters
are used. However, the time domain approach provides additional insight into the ef-
fects of transit time broadening. In particular, it was shown that for a signal which in-
cludes only transit time noise and no additive noise, the instantaneous frequency of the
signal, weighted by the instantaneous amplitude and averaged over a finite data record,
corresponds almost exactly with the centroid frequency for that record. This implies that
the centroid frequency is the best estimator of the true Doppler frequency as defined by
Equation 18. Alternative spectral analysis and frequency estimation methods can re-
duce the noise in velocity waveforms, therefore, only when additional sources of noise
are present.
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A simulation was presented by D'Luna and Newhouse'! to examine the character of
signals from vortices as they passed by a probe perpendicular to the mean velocity vec-
tor. The goal of this work was to compare the simulation to in vivo Doppler ultrasound
signals and identify features that might be observable from vortex shedding downstream
of a stenosis. The simulation and experiment compared well, and the vortices were de-
tectable in the Doppler spectra from both.

Perhaps the most direct simulation method models the returned echoes rather than the
downmixed signals. This method uses the transducer beam pattern and the velocity
profile directly, and can also include effects such as scattering, attenuation, reflection
and refraction. Olinger and Siegel®*® used this method to study the usefulness of corre-
lation receivers as Doppler signal processors. Bonnefous and Pesqué®** used this
method to generate input signals for the time-domain correlation velocity estimation al-
gorithm (See subsection V-B-3-a). These signals correctly model transit time effects
because the configuration of particles within the sample volume changes from pulse to
pulse. A similar simulation was developed by Azimi and Kak?'®, although in this version
the scatterers were modeled as a continuum rather than as discrete particles. Kerr and
Hunt*® %’ have extended the simulation of Bonnefous and Pesqué to generate two-
dimensional color Doppler images (See subsection V-B-1).

V. DOPPLER ULTRASOUND INNOVATIONS

Numerous innovations in Doppler ultrasound methods have been proposed and imple-
mented since the early experiments of Satomura et al.> These have arisen from the
need to circumvent some of the problems already discussed, such as Doppler ambiguity
(section IlI-C), spatial and frequency aliasing for pulsed Doppler (section II-E), and lack
of information about the Doppler angle. Some of these innovations have already been
accepted in clinical diagnosis. Of those which have not, some have exhibited disadvan-
tages which outweighed the advantages they offered, while others hold strong promise
for the future.

A. Variations in the Transmitted Waveform

To circumvent the range ambiguity problem, several authors have proposed Doppler
ultrasound instruments for which transmitted signals other than sinusoids are used.
These are generally derived from similar radar systems. The three most common of
these are random, pseudorandom, and frequency modulated, but numerous other
waveforms can be used. The more common signals used are summarized in Figure 15.

Random signal Doppler radar has been described by McGillem et al.?*® Its use in ultra-
sound has been examined by Bendick and Newhouse?*® and by Jewtha et al.?*® A re-
view is given by Newhouse et al.?** The transmitted signal, e, (t), is white noise that has
been passed through a narrow band filter (see Figure 15 c). The returned signal from a
single scatterer is Ae,([1+a]t -1,), where 1+a is the time dilation caused by the Dop-

pler effect, a is v(cos g, +cos Hz)lc, and 7, is the time required for sound to propagate
from the transmitter to the particle and then to the receiver at time t =0. The angles &
and 8, are as defined in Equations 1 and 2. The return signal is processed in a man-
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ner nearly identical to that of conven-
tional Doppler. It is multiplied by a de-
layed version of the transmitted signal
and then averaged over time (low pass
filtered). The time delay, 7,, dictates

the range of the measurement. The b) Pulsed

output is the time average of
Ae [+a)kt-r.]eft-7,], whichis an es- MNV\]—
timate of AR[at-(r, -7,)], where R(r)

is the autocorrelation function of the ¢) Random
transmitted signal. The parameters 1,

and r, are fixed by the time reference

and the instrument delay. Thus, the
Doppler shift information is contained in
the argument at. The overall output of
the instrument is a time signal which
has the shape of the autocorrelation of
the transmitted signal but is dilated in
time by a factor of 1/a. The Doppler
shift can be estimated from the Fourier

transform of this signal. ¢) kM Sweep

The primary advantage of random Dop- /\MNWWW {VVVWVWW

pler is that it results in only a single

range cell because the autocorrelation

function of the signal tends to zero for FIGURE 15. A summary of transmitted signals
large times and is significant only near thathave been commonly used in Doppler ultra-
t=(r,-7,)/a. Hence, signals from Sound.

undesired ranges are not detected and

much higher velocities can be detected because the pulse repetition frequency can be
increased. The transmitted signal can even be continuous, which means that there are
no rapid changes in transmitted power as there are in pulsed Doppler. The reduction in
range ambiguity is obtained at the cost of velocity resolution however. This is because
echoes from outside the sample volume cannot be completely rejected in the correlator.
The unrejected part of these signals is referred to as clutter, and hence the signal to
clutter ratio is a measure of how well they have been rejected. A good estimate of the
autocorrelation of a random signal requires statistical averaging, so the quality of the
output autocorrelation function depends strongly on the integration time of the low pass
filter. Jewtha et al.?*® compare output spectra from a random Doppler system to those
from a conventional pulsed Doppler system which at first seem to imply that both spatial
resolution and velocity resolution are improved. Their random spectra are much nar-
rower than their pulsed spectra. However, the pulse width of their conventionaly device
was 10 microseconds, which corresponds to a sample volume length of 1.5 cm. Al-
though the size of the tubing used in this experiment was not quoted, it is likely that the
broad spectra result from spatial averaging rather than poor velocity resolution.

a) Continuous Wave

d) Pseudorandom
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As in random Doppler methods, the main advantage of pseudorandom Doppler meth-
ods is a reduction in the number of secondary sample volumes. Two implementations
exist, the cross-correlation method described by Shiozaki et al.?*, and the autocorrela-
tion method described by Cathignol et al.?*®* Chen and Wan?* have compared the two
methods and their results indicate that the cross-correlation method provides a better

signal-to-clutter ratio. Extensive descriptions of pseudorandom methods are given by

Newhouse!*.

The technique will be described first in terms of a special case, where the transmitted
signal consists of two sequences, and s, = F,(t)cos(et). The functions F,(t) and F,(t)

are called pseudorandom sequences. They alternate between +1 and -1 at unevely
spaced times which are multiples of some time base 7. Each is selected such that its

autocorrelation evaluated at multiples of 7, other than zero is zero. An example pseu-
dorandom sequence is shown in Figure 15 d. The two signals, s, and s,, are repeti-
tively transmitted with an interval of 7, between them, so that the total transmitted sig-
nal is s(t)=s,(t)+s,(t—7,) repeated with period 2r,. The returned signal is multiplied
by another signal, c(t), which consists of sequences ¢, and ¢, separated by 7,. Se-
qguence c,, has a high correlation with s, and a low correlation with s,, and sequence
c,, has a high correlation with s, and a low correlation with s,. The result of each mul-
tiplication is integrated over a time 7, and combined to yield a Doppler signal which is
sampled at a rate of 7,. The result has the form of a sinusoid of frequency f, from
which the Doppler shift can be detected.

When echoes of s, return from a distance d, , echoes from s, return from a distance
d, +cr,/2. The combination of these two signals is mixed with ¢, so that the signal

from distance d, is rejected. Atatime 7, later, the locations of echoes from s, and s,

are reversed, and the combined return is mixed with c,. In this way the depth of meas-
urement is always d, +c7,/2. This enables the maximum depth of the measurement to

be increased by a factor of two for a fixed pulse repetition rate, or, equivalently, it en-
ables the pulse repetition rate, and thus the maximum measurable Doppler shifted fre-
guency, to be increased by a factor of two for a fixed measurement distance. Greater
extensions in measurement depth or maximum velocity can be obtained if more than
two signals are used. For the implementation of Cathignol et al.?**, enough sequences
are used to make the transmitted signal continuous in time.

The autocorrelation and cross-correlation methods differ in the signals ¢, and ¢, which
are mixed with the received echoes. For the autocorrelation method, ¢, =s, and ¢, =s,.
For the cross-correlation method, ¢, and c, are constructed from other pseudorandom
sequences besides those used for the transmitted signal.
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A pseudorandom Doppler ultrasound system with two transmitted sequences can be
thought of as a compromise between random Doppler, which has no secondary sample
volumes and high clutter, and conventional Doppler, which has more secondary sample
volumes and low clutter. One can consider the secondary sample volumes as spatial
ambiguity in that the detector can not distinguish between these and the main sample
volume. For random and pseudorandom Doppler, this ambiguity is not eliminated, but
it is made more diffuse in space. The choice of method depends on the a priori knowl-
edge of the system. If it is known, for example, that there are no moving scatterers at
the locations of the secondary sample volumes, then conventional pulsed Doppler ultra-
sound is viable. If, however, the desired measurement location is farther than c7 /2

from the probe and there are moving scatterers between the two, then either random or
pseudorandom Doppler are needed. Cathignol?® has mathematically related pseudo-
random Doppler clutter to the vessel diameter. As the diameter increases, clutter in-
creases because there are more moving scatterers to return partially-correlated echoes
to the receiver.

Frequency modulated Doppler ultrasound uses a non-conventional but deterministic
waveform, and has been described by Wilhjelm and Pedersen®®. The transmitted
waveform is a linearly frequency modulated sweep which begins at frequency f,, in-
creases to f, at arate of Sy, and is repeated in time intervals of T, (Figure 15e). The
returned signal is multiplied by a time delayed version of the transmitted signal and then
low pass filtered. The time delay is 2D /c, so it is the time required for sound to reach a
depth D in the medium and then return. The result is a frequency modulated sinusoid
(cosw(t)) with an instantaneous frequency d¢ /dt that contains four terms.

OI—‘//:&1‘1+2(D_O|)So+2[zvso+4—vsot Eq. 19
dt c c c c

This form is derived from Wilhjelm and Pedersen®’ with the assumption that v <<c.
They also discuss the use of a stationary echo canceler which, for simplicity, has been
neglected here. The variable d is the distance from the probe to the scattering particle.
The first term is the familiar Doppler shift on the initial frequency f,. The second term is

a shift in frequency that results because the onset of the returned signal occurs after (or
before) the onset of the signal it is mixed with by a time 2(D - d)/c. The third term can

be thought of as a Doppler shift on the second term. It arises because the instantane-
ous depth of the particle changes with time. The last term is the Doppler shifted sweep
rate.

In a practical implementation of this technique, the center frequency of the final signal
indicates the depth of the measurement since the second term on the right hand side of
Equation (19) is, in general, much greater than any of the other contributions to the in-
stantaneous frequency®?’. The velocity is obtained from the sweep rate through the
fourth term. For a single scatterer, this implementation is straightforward. For multiple
scatterers, a more innovative approach has been suggested®?®. Short-record frequency
spectra of the returned Doppler signal are computed for two consecutive returned
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sweeps. These are then windowed around zero frequency and cross correlated to de-
termine the shift in frequency between the first and the second sweep. This frequency
shift, divided by the time between sweeps, is an estimate of the returned sweep rate,
4vS, /¢, and hence of the flow velocity.

A complete study of the ambiguity properties of frequency modulated Doppler ultra-
sound has not yet been reported, and the specific applications in which it would be su-
perior to conventional methods have not yet been identified. As in the random and
pseudorandom methods, however, the method decreases the power fluctuations in the
transmitted signal.

The above methods have a common basis in that in general a signal is transmitted and
the returned signal is first multiplied by the transmitted signal (or some other signal) and
then low pass filtered. The technique can be applied to any signal, and the usefulness
of the results will depend on the autocorrelation properties of the original signal. Hol-
land and Orphanoudakis®® have described a Doppler system which uses an arbitrary
signal generator to allow flexibility in the choice of the transmitted signal. Zrinc®*° has
examined the spectral moments of pulse pairs, where the two pulses are of different
frequencies. Gilson and Orphanoudakis?*' have computed error bounds for a frequency
modulated chirp with a Gaussian envelope.

The use of alternative Doppler ultrasound signals has led to several innovative ap-
proaches, such as those outlined above. The descriptions of the approaches can often
lead one to believe that one method is universally better than the others. It must be
emphasized that this is not the case and that the best method for a given application
depends on what is known a priori about the velocity field and on what information is
needed.

B. Use of Supplementary Information

Much information in Doppler ultrasound signals is either not acquired or not processed
in conventional single channel pulsed Doppler systems, but can be exploited with the
addition of hardware for data acquisition, signal processing, or signal transduction. Re-
cent advances in electronics have made it practical to implement systems which use
this information. Most systems do not attempt to circumvent the fundamental range-
ambiguity conflict, but instead try to simultaneously obtain information from multiple lo-
cations, or to obtain more complete descriptions of the velocity vector.

1. Multiple Doppler Measurements from One Probe

A simple example of such a system is the multigate pulsed Doppler device (McLeo
McLeod and Anliker®*3, Brandestini'®). This device transmits a pulse in the same man-
ner as a single gate device, but it divides each returned echo into several, possibly
overlapping, segments which are evenly spaced in time. Each segment corresponds to
a different measurement depth, so when all segments are processed in parallel, veloci-
ties from multiple depths are obtained simultaneously. There is no fundamental limit on
the number of channels that can be implemented since the time interval between sam-
ples can be made arbitrarily small. However, it is of little practical value to take meas-
urements with a spacing that is significantly finer than the spatial resolution of the

232
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measurement. Casty and Giddens®** describe a system which uses 26 channels, 25 of
which are processed by a zero crossing method and 1 of which is processed by a fast
Fourier transform method. Kajiya et al.”® describe a similar system that uses 80 chan-
nels. A system with 128 channels has been described by Kim?*®. The systems are
simple in concept, but it is challenging to implement data analysis hardware with suffi-
ciently high data rates to process the multiple channels. This is why the majority of the
devices use zero crossing technology rather than spectral analysis methods on the ma-
jority of the channels.

Multigate Doppler ultrasound systems can provide information about both velocity pro-
files and the motion of the arterial walls. A general review of these systems and their
applications is provided by Reneman et al.?*

Color Doppler ultrasound is an extension of multigate Doppler to two dimensions. As in
multigate Doppler, velocities are measured at numerous sample volumes along a line of
sight. The line of sight is then moved and another measurement is made. This is re-
peated until measurements from N lines of sight, which compose one frame, have
been taken, so that velocities throughout an entire plane are measured. The change in
the line of sight of the probe is accomplished electronically, either by phased array
technology or by the use of multiple crystals which are excited sequentially. The veloc-
ity is color coded and displayed along with a B-mode image of the artery. Color
schemes vary, but a typical encoding represents flow toward the transducer in red, and
flow away from the transducer in blue®*’. Larger velocity is denoted by brighter colors.
Usually the variance of each velocity estimate is computed, and to display this parame-
ter the third primary color, green in this case, is added to the color derived from the ve-
locity estimate.

Since N scan lines are interrogated, the time devoted to each each line is decreased
by a factor of 1/N, which means that either the frame rate or the number of pulses
processed along each line of sight must be low. As was discussed eatrlier, the accu-
racy of a Doppler measurement depends on the time over which the measurement is
taken, and usually numerous pulses must be processed if a good velocity estimate is to
be obtained. Color Doppler systems must balance the need for accurate velocity
measurements with the need for good temporal resolution. Some systems use as little
as three pulses per velocity estimate (Mitchell®®®), so the ambiguity noise in each meas-
urement is high.

The signal processing of color Doppler systems is complicated by the high data
throughput. In general, analogue methods are used to circumvent the need for high
speed digital processing. Many systems use an autocorrelation method, such as that
described by Kasai et al.**® or by Barber et al.>*° (See “Time Domain Methods”, subsec-
tion V-D-4). A frequency-domain processor has been described by Tortoli et al.**® This
processor uses an analogue frequency processor known as a surface acoustic wave
(SAW) device.

Reviews of the limitations and artifacts of color Doppler are given by Mitchell**®
Goldman®*.

and by
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An alternative technique is based on x-ray tomography methods (see Cormack®¥). In
x-ray tomography, an x-ray is transmitted through a line in the region of interest and its
overall attenuation is measured. The line of the trajectory is then changed by rotation
and/or translation, and another attenuation value is obtained. If the attenuation from
each translation and rotation of the trajectory line is known, it is possible to reconstruct
an image of the attenuation properties of the entire region by an inverse radon trans-
form (See Beylkin®*®). The radon reconstruction method is generally computationally
intensive, but it is necessitated because there is no range information in the x-ray
method. By analogy, there is no range information in CW Doppler ultrasound, but an
image can be constructed from values of backscattered power from multiple rotations
and translations of the CW probe. Similarly, the power spectrum of the signals from
each orientation can be computed, and the inverse radon reconstruction can be made
on each frequency band to obtain a reconstruction of the total velocity distribution.
Doppler tomography was introduced by Greenleaf and Ylitalo®** as a tool for breast
cancer diagnosis. It is particularly suited to this application because the breast lacks
intervening structures, such as bone, which would otherwise refract or redirect the
transmitted sound. The authors present data from an in vitro model in which a tube was
inserted into an excised human breast. In these studies, only the locations of blood flow
were mapped, but the method by which the entire velocity field could be mapped was
also described. They also noted that the method can be used with a sinusoidal pulse as
the transmitted signal to reduce clutter signals from stationary boundaries. This is not
identical to pulsed Doppler ultrasound; the returned echo is not range gated, so a single
signal is obtained for each orientation of the probe.

It is not yet known under what conditions this method would be advantageous to con-
ventional pulsed Doppler ultrasound. However, it should be remembered that range
gating contributes substantially to Doppler ambiguity, so it would be worthwhile to de-
termine the ambiguity properties of the method. Certainly the need to obtain numerous
lines of data is a disadvantage of the technique.

A form of tomography which uses range-gated Doppler ultrasound was described by
Schmolke et al.** and Schmolke and Ermert**®. This does not use the inverse radon
transform technique since resolution along the axis of the transmitted beam is obtained
through the range gating. However, it does use measurements from multiple angles.
This enables two dimensional velocity vectors to be mapped within a plane. The sys-
tem is a hybrid between tomography, as described above, and two-dimensional point
velocity measurements to be described below.

2. Multi-Dimensional Velocity Measurements

The Doppler ultrasound methods as described in section I-B measure the component of
flow velocity along the probe axis. This restricts the usefulness of the devices because
velocity is inherently three dimensional. Without some assumption about the velocity
vector direction, it is impossible to determine even the magnitude of the flow velocity.
Several techniques which have been implemented to provide two or three dimensions of
velocity information are described in this section.
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a. Single Probe Measurements

One technique to address the problem of Doppler angle measurement is described by
Guler®”. In this method, one pulse is transmitted, the sample volume is then translated
by some percentage of the sample volume and a second pulse is transmitted. The cor-
relation coefficient between the returned echos from the first and second pulses indi-
cates what percentage of particles have moved out of the sample volume between
pulses. If the flow velocity is in the direction of the change in position of the sample vol-
ume, relatively few particles leave the sample volume, and the correlation is high. If the
flow velocity is perpendicular to the direction of the position change, more particles
leave the sample volume width and the correlation is lower. Based on this concept,
Guler found a relationship between the correlation coefficient, velocity and Doppler an-
gle. The accuracy of this method has not yet been tested. It is certain that the transla-
tion of the sample volume will alter the ambiguity properties of the signal. For example,
whenever the correlation is reduced through the motion of the probe, the accuracy of
the velocity measurement will decrease. Conversely, however, if the probe is moved in
such a way that it follows the particle motion, the velocity estimate will be improved.

Newhouse et al.**® have shown that geometric broadening can be used to estimate two
velocity components transverse to the beam axis. They first consider a rectangular
transducer with length W, along the x axis and width W, along the y axis. If the

wavenumber magnitude is k, and the sound is focused by a lens with focal length F,
then the bandwidth of the Doppler spectrum for uniform flow is

£ oy, +w,,) ca.20

where v, and v, are the x and y components of velocity. The bandwidth thus de-
pends on the orientation of the probe surface with respect to v, and v, . To estimate

both velocity components, Doppler bandwidth is estimated with the probe in one orien-
tation, the probe is then rotated 90° about its axis, and the bandwidth is estimated from
a second measurement. The results of the measurements can be used in Equation (20)
to yield two simultaneous equations in the two unknowns v, and v, . The authors ex-

pand this idea to other transducer geometries. For example, if the transducer sensor
consists of two parallel strips which are both parallel to the x axis, the Doppler spec-
trum has three peaks. The velocity component v, can be estimated from the separation

of the two outer peaks, and the component v, can be obtained from the width of these

two peaks. The center peak can partially or completely overlap the two outer peaks, and
thus corrupt the frequency and bandwidth estimates. It can be suppressed, however,
by simple techniques described by Newhouse et al.?*®

Geometric broadening can be used to estimate multiple velocity components only if the
flow is relatively uniform so that the component of spectral broadening caused by flow
effects is minimal. Also, the Doppler transit time for transverse flow must be much less
than that for axial flow.
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b. Multiple Probe Measurements

A more straightforward method to determine the Doppler angle is to measure the com-
plete three dimensional velocity vector. This can be done with multiple ultrasonic trans-
ducers. One method has been described by Daigle et al.?**. Fox and Gardiner®®
tested the method on a turntable device, an in vivo flow phantom, and a free jet and
showed that good estimates of true velocity magnitude could be obtained. Three pulse-
gated probes are used to measure three non-coplanar components of the velocity, and
the velocity magnitude and direction are determined in closed form from straightforward
geometric calculations (Fox®). In general, the measurements from each probe must
be taken sequentially rather than simultaneously to prevent cross-clutter from one probe
to another. Fox and Foster®®? present an application of this to the measurement of vol-
ume flow rate. The same technique was developed by Ashrafzadeh et al.?* and used to
measure turbulent blood flow'. The analysis of error caused by uncertainty in the an-
gles between the probes was presented by Ashrafzadeh et al.>>*> Cheung et al.® used
this to correlate stenosis diameter to turbulent shear stresses. The method has been
used in a color Doppler system by Tamura et al.?®*

Another method to determine the velocity vector from multiple probes was described by
Furuhata et al.®®®* They used one transmitter and two receivers to obtain the two-
dimensional velocity vectors. The Doppler shift for one of the receiver probes is
(f,v/c)(cosé, +cosb,), where 6, is the angle between the transmit probe and the flow

velocity vector, and 6, is the angle between the receive probe and the flow velocity vec-

tor. Again, the true velocity vector is determined from straightforward geometrical calcu-
lations. This method can be readily extended to three dimensions. It has been de-
scribed in depth more recently by Overbeck et al.*®® They show good accuracy in
measurements of velocity magnitude for a string target system, and present limited
measurements from the carotid artery.

In a method proposed by Dotti et al.**", a Doppler probe is divided into two independent

halves. The halves are pulsed simultaneously with the same signal, and the received
echoes are processed separately. In contrast to the previous two methods, the beam
patterns of the two probe sections are nearly collinear. Two quadrature signals, Sl(ti)

and S,(t) are obtained from the two probe partitions. From these, four cross-
correlations are computed:

Cy = <Sl (t,)s; (t(i+1) )> Cpo = <Sl(t‘ )S;(t(“l) )>
Czl = <Sz (ti )81* (t(i+1) )> sz = <Sz (ti )S;(t(iﬂ) )>

where the angled brackets denote time average. The following relationships can be de-
rived:

Eq. 21

Ct+Cyp = p(f’n)erkE Eq. 22

C,+Cy = Q(f,ﬂ)e”k‘( Eqg. 23
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where p and q are measurable functions which depend on probe geometry, & is the
longitudinal fluid displacement, and 7 is the lateral fluid displacement between times t,
and t,,. The sums C, +C,, and C,, +C,, are calculated from the Doppler quadrature

i+1*"
signals. Since the former sum is real, the phase of the exponent in Equation (22) can
be computed, where it is assumed that the displacement in the direction of sound
propagation is not larger than a wavelength. This gives longitudinal displacement. With
this, both p and g can be computed and /7 can be deduced from these.

The uniform insonification method of Equation 11 is a technique by which flow rate can
be measured without knowledge of the Doppler angle. The returned power from the
signal indicates the cross-sectional area of the vessel and the normalized first moment
of the Doppler power spectrum provides an estimate of the mean velocity. The angle
independence arises because the first moment frequency decreases in proportion to
cos@ and the insonified cross-sectional area increases in proportion to cosé. It is diffi-
cult to apply this method in vivo, however, because the attenuation of the signal is usu-
ally unknown a priori, so the relationship between returned power and cross-sectional
area cannot be deduced. Hottinger and MeindI**® suggested a solution to this problem,
which is known as the attenuation-compensated method. This requires two beams, one
with a sample volume smaller than the vessel lumen, and the other with a beam pattern
that is uniform throughout the vessel lumen. The attenuation caused by the tissue is
determined from the backscattered power of the first beam, and this is used to deter-
mine flow rate from the signal returned by the second beam.

Evans et al.>* have designed a transducer which can transmit, alternatively, the required
narrow and broad beam patterns. In their method, only a single wide-beam signal is
transmitted. Narrow and wide sample volumes are achieved with receiving arrays that
focus on a narrow and a wide region, respectively. Thus, there is no reduction in the
effective pulse repetition frequency. The same group® showed good correlation
(r =0.96) between volume flow rates measured with this method and with dye or ther-
mal dilution techniques. They also found good correlation (r =0.98) between the Dop-
pler estimated diameters and diameters estimated from ultrasonic imaging.

3. High Frequency Sampling of the RF Signal

As discussed in subsection 11-B-2, in pulsed Doppler the amplitude spectrum of the
transmitted waveform has a shape similar to that shown in Figure 5 ¢, where the peak of
the spectrum is at the carrier frequency, and the other components are separated by the
pulse repetition frequency. When the returned signal is downmixed, the Doppler shifted
frequencies from the non-carrier components are generally removed by the low-pass
filter. These frequencies contain additional information about the scattering process.
Since this information comes from regions of the spectrum far from the narrow band
carrier signal, it is referred to as “wide band”. Wide band information can be used if the
returned rf signal is sampled directly with high speed analogue-to-digital converters.
The associated signal processing can be performed either in the time domain (time-
domain correlation and maximum likelihood) or the frequency domain (two-dimensional
Fourier methods).
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a. Time Domain Correlation

The principle of time domain correlation is illustrated in Figure 16 for two simulated A-
lines from parabolic flow with a Doppler angle of 30°. The digitized rf signals (c and d)
are first windowed into short segments separated by the pulse repetition time. This win-

dowing is analogous to gating in conventional pulsed Doppler.

The cross-correlation

between a windowed segment of one A-line and the windowed segment from the next
A-line is then computed. The component of flow velocity toward the probe is computed

as:
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FIGURE 16. lllustration of the time domain correlation technique. a) and

b) show the cross correlation functions between the two A-lines at times
surrounded by the boxes. The two A-lines represent the return from two
consecutive transmitted pulses scattered from Poiseuille flow with a beam-
to-flow angle of 30°. The second retumn (lower A-line) is shifted to the left
with respect to the first retumn (upper A-line). The shift is more noticeable
near the center of the Adine since this represents signal returned from the
centerline of the flow, where the velocity is higher. This is reflected in the
value of T at which the cross correlations are maximal.

Eq. 24

where 7, is the time lag at

which the cross-correlation
function is maximum. The
interpretation of this relation-
ship is simple. Inatime 7, a

particle in the sample volume
moves toward the probe by
an amount d =vr,. The time

required for sound to travel
from the probe, to the particle
and back is therefore reduced
by 2d/c. This change in
round trip time is the time lag
in the cross-correlation func-
tion. In essence, the method
measures the velocity of the
particles from the displace-
ment of the particles between
pulses divided by the time be-
tween pulses.

The left window shown Figure
16 corresponds to the center
of the vessel, where velocity
is highest, and the right win-
dow is near the wall, where
velocity is near zero. The
cross-correlation (Figure 16
a) for the centerline window
has a maximum at a positive
lag, whereas that for the
near-wall window (16 b) has a

48



maximum closer to zero.

The technique was first described for Doppler ultrasound by Dotti et al.>*® and imple-

mented by Bassini et al.**® It was applied to in vivo measurements and in vitro meas-
urements downstream of a stenosis by Bassini et al.*** Bonnefous and Pesqué®** fur-
ther described the advantages of the technique. They developed a computer simulation
tool which could be used to generate realistic Doppler echos which could then be proc-
essed by time domain correlation. Bonnefous et al.?®? described the application of the
method to color Doppler ultrasound. To implement the method in real time, they used a
single bit correlator, so that only the signs of the A-line data were used. Even with this
simplification they showed improvements in their method over conventional pulsed
Doppler methods.

One advantage of this method is that frequency aliasing is eliminated. In standard
downmixing, only the phase difference between signals is detected, and thus the great-
est time shift detectable between two pulses is a multiple of the carrier period. In time
domain correlation, however, wide band information, such as the shape of the amplitude
envelope, is also used, and this allows time shifts on the order of the entire width of the
receiving window to be detected.

There is a connection between time-domain correlation and the frequency domain
cross-correlation method described by Pedersen et al.??® for frequency modulated Dop-
pler. Both use cross-correlation, and both use wide band information. However, the
former performs a cross-correlation in the time domain, whereas the latter does so in
the frequency domain.

The most thorough error analysis of time domain correlation is given by Foster et al.?®®
and experimental verification of the conclusions is presented by by Embree and
O'Brian®®*. They divided the error into four sources: 1) windowing of the returned echo,
2) the presence of multiple scatterers in the range cells that move at different velocities,
3) increase in the sample volume size as a result of finite system impulse-response
time, and 4) variation in beam intensity as a particle traverses the ultrasound beam. Of
these four categories, 1) and 4) relate closely to classical Doppler ambiguity.

Error from the windowing of the returned echo increases in importance when the ratio of
the correlation time lag to the total window length increases. This ratio is a function of 1)
the velocity component of the flow parallel to the probe axis, 2) the sample volume size
and 3) the pulse repetition rate. For example, if the velocity is high enough that all par-
ticles move out of the sample volume between pulses, then the correlation between
consecutive A-lines is negligible and the velocity cannot be determined. In general, a
larger velocity along the probe axis, a smaller sample volume, and a lower pulse repeti-
tion frequency reduce the accuracy in the estimated time lag. Nonetheless, Foster et al.
263 found that noise caused by windowing led to standard deviations in the estimated
time shift of only about 0.5% for typical in vivo parameters. This implies that estimates
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obtained from only two pulses with time domain correlation result in lower noise than
than estimates from multiple pulses with conventional pulsed Doppler ultrasound.

In most Doppler ultrasound measurements, however, the velocity vector is not parallel
to the axis of the probe. When the velocity has a component perpendicular to the probe
axis, the variation in beam intensity with radial position causes substantial ambiguity
noise. This is because the change in the configuration of the particles in the sample vol-
ume is manifested by a change in the shape of the entire A-line rather than merely a
time shift. Simulation results of Foster et al. *®® yield a standard deviation of 3.7% for
the centerline of a physiological Poiseuille flow. It must again be emphasized that this is
without temporal averaging, and therefore suggests strong potential for decreased noise
in the velocity estimates.

The presence of multiple scatterers at different velocities in the range cells also in-
creases the variance in the velocity estimation. The mechanism is similar to that for
transverse velocity components described above since the entire shape of the A-line is
again altered from pulse to pulse. This is a spatial averaging effect, and is identical to
spatial averaging in conventional pulsed Doppler. The effect of finite system impulse
response time is also mainly a spatial averaging effect since it lengthens the device
sample volume.

Time domain correlation also lacks the velocity bias that results from frequency de-
pendent attenuation®®. This is because the cross-correlation is between two signal
segments which undergo identical attenuation.

The disadvantage of time domain correlation is the high cost of hardware needed to im-
plement it. Some techniques have been used which avoid the need to compute a com-
plete cross-correlation between sequential echos. Bonnefous et al.?®* show that good
results can be obtained when only the sign of the received signals is used, and this
speeds up calculations significantly. Another technique is described in the paper by
Bassini et al.?®° First, the cross-correlation at times 7+A and 7-A are computed,
where A is a small time increment. This indicates whether the this function increases
or decreases with 7. The value of 7 is then changed in the direction of increase and
this is repeated until a local maximum is reached. The method decreases the number
of cross-correlation values which must be calculated, but it converges to a local maxi-
mum rather than an absolute maximum. If the transmitted signal is a sinusoidal burst,
aliasing remains a problem because the cross-correlation then has multiple local
maxima (see Figures 16 a and 16 b).

The work of Embree and O'Brian®®*, illustrates the demanding requirements when com-

plete cross-correlation is implemented. They used a 50 MHz analogue to digital con-
verter and a processor which could multiply two samples and add the result to the pre-
vious result in 1 pusec. This means two samples of 256 points each could be cross-
correlated in 0.066 sec, or 15 correlations could be done per second, which is roughly
15 measurements per cardiac cycle. Although the number of required multiplies can be
reduced by Fourier methods, widespread use of the system and exploitation of its full
potential must nonetheless await advances in computer and data acquisition hardware.
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The time domain correlation method does not eliminate ambiguity noise, but it does
seem to reduce it significantly. It still suffers from the well-known tradeoff between tem-
poral and spatial resolution. For example, the sample volume can be made smaller if
the receiving window is shortened, but this in turn reduces the accuracy of the velocity
estimate. To quantify the ambiguity, it is necessary to compare time-domain correlation
directly to conventional pulsed Doppler with identical transducers and averaging times.
If the method proves to be as accurate as is indicated by initial studies, it has strong po-
tential for application to in vivo measurement with high spatial and temporal resolution.

b. Speckle Tracking

Trahey et al.?®® have proposed a method which uses the speckle pattern of B-mode im-
ages to track blood flow velocity. B-mode images are similar to color Doppler images in
that signals are transmitted sequentially along multiple adjacent lines of sight to form a
two-dimensional image. % todo 1la) Want to say that B-mode images are more wide
band. As discussed in subsection I1I-C-4, the speckle pattern is caused by interference
between echoes from numerous scatterers. If the relative distances between scatterers
does not change, the speckle pattern remains relatively constant. For uniform flow, for
example, the speckle pattern will appear to move at the velocity of the flow. Time do-
main correlation exploits this phenomenon in one dimension. However, if multiple A-
lines are available along adjacent lines of sight, as in B-mode images, the two dimen-
sional images can be processed to find the correlation in the speckle pattern between
sequential images. In the method described by Trahey et al.?®®, each B-mode image is
divided into cells. Correlation coefficients, C,,, are computed between the speckle pat-

tern in cell k of frame i and that in cell | of frame i+1. The cell I for which C, is

maximum is then matched with cell k, and the displacement between these two is the
estimated displacement of cell k between the two frames.

The implementation described above differs from time domain correlation in that corre-
lation coefficients between a finite number of cells are computed rather than the cross-
correlation function. This reduces the necessary computation time, but causes the
resolution of the possible displacement estimates to be limited to the cell size rather
than the pixel size. The full cross-correlation function implementation is, however, theo-
retically possible, should the necessary high-speed hardware become available.

The two major advantages of speckle tracking over conventional color Doppler are 1) it
generates two components of the velocity vectors, and 2) it does not exhibit spatial
aliasing. Several problems can degrade the quality of speckle tracking results, how-
ever. One is that the speckle pattern does change somewhat with location within the
scanned sector. It does so more rapidly for lateral target translations than for axial ones.
Another problem is that the speckle pattern will change when the configuration of the
target particles changes, such as when the fluid shear rate is non-zero.

c. Two-Dimensional Fourier Transform
A method related to time domain correlation and speckle tracking has been reported by
Mayo and Embree®® and by Wilson'®*. The returned A-lines from sequential pulses are
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acquired and aligned with one another to form the two-dimensional function, S(z,t)

shown in Figure 17 a. The z-dimension approximately represents the depth of the
measurement and the t-dimension represents time in multiples of the pulse repetition
time, 7,. Atwo-dimensional Fourier transform is computed on this data as:

(g h :%zf 7, t 2ngz ZnhkAth Eq. 25

where h is associated with a frequency and g is associated with a wavelength. The
transform in time is written as discrete because the function S(z,t) is inherently discrete

in the time dimension. The method is most easily explained if all insonified particles
move parallel to the probe axis with the same speed. In this case, each successive A-
line is identical to the previous one except for a time shift. Thus, if values of S(z,t) are
plotted for a fixed value of z and successive values of t, the resulting time series will
have the same shape as a discretized version of the A-line itself. If a single A-line is
represented as S, (z), then the time series for a fixed z, is S, (vt), where v is the parti-

cle velocity. Any spectral component in the g dimension thus has a corresponding
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FIGURE 17. Two dimensional Fourier transform method for Doppler
ultrasound signal processing. A): Consecutive A-lines are arranged such
that the coordinate along the A-line represents (approximately) depth,
and the coordinate from one A-line to the other represents time. B): The
two-dimensional spectrum has components along the line g = H/v, where
g represents the spatial part of the transform and f represents the
temporal part. C): If aliasing occurs, some spectral components lie on
lines which do not pass through the origin.
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component in the h dimension along the line in h—g space h=gv. The resulting
spectrum thus has components only along the line h =gv. This is illustrated in Figure
17 b. In this figure, the transmitted signal is wide-band, and this causes a wide distribu-
tion of spectral power along h =gv. If the target contained multiple velocities, each ve-
locity, v,, would cause a separate ridge in the spectrum along a line h=gv,. In the
idealized case where the transmitted signal is a pure sine wave of frequency «, the

two-dimensional spectrum of the returned signal is a delta function at approximately
g =aw,/(2c) and h =va, /(2c).

Wilson explains the relationship between the two-dimensional Fourier transform method
and conventional pulsed Doppler. This is readily explained if the gating of the returned
signal is neglected. In conventional pulsed Doppler, the returned signal is multiplied by
a sinusoid at the carrier frequency e, then integrated (low pass filtered) over the
length of the A-line to yield a new time series. This new time series is then commonly
transformed into frequency space. In equation form, the processing is expressed as fol-
lows:

13- - -
( ) - WZ f (t, kAt)e—anfotdt e—ZI'Jkat Eq 26
k=0

If f, is associated with cg, f with h, and t with z/c, Equation (26) is identical to
Equation (25) evaluated at g = f, /(Zc). Conventional pulsed Doppler thus evaluates
the two dimensional Fourier space at only one value of g. In the idealized case, where
the two dimensional spectrum is a delta function, no information is lost since that delta
function occurs at g = f,/(2c). However, this idealized case never exists, and useful
information can be gained from an examination of the entire two dimensional spectrum.

An example application described by Wilson'®* and patented by Mayo and Embree®®®
concerns aliasing. If the transmitted signal is broadband, the spectral content is spread
over a line h=gv. If the signal is aliased, usually as a result of a pulse repetition fre-

guency that is too low, spectral power will be on a line that does not pass through the
origin, as in Figure 17 c. Simple algorithms can be devised to detect this condition and
correct for it.

Two effects cause the true Doppler spectrum to have components that are not on the
line h=gv: 1) The finite signal length in the z and t directions, tends to broaden the

spectrum. 2) Transverse velocity components cause geometric broadening. Nonethe-
less, the two-dimensional Fourier transform approach and the time-domain correlation
method demonstrate that important information is present in the rf signals that is typi-
cally neglected and that could lead to improved spatial and temporal resolution for Dop-
pler instrumentation.

53



d. Maximum Likelihood Estimation

Ferrara and Algazi®®” ?*® have applied a wide band technique known as maximum likeli-
hood estimation to Doppler ultrasound. This is another method that has been borrowed
from Doppler radar. The method develops from the following probability question: If the
signal e, (t) is sent into a given scattering environment, and the signal s, (t) is received,

what is the most likely velocity at which the scattering medium travels? It is possible to
write the likelihood as a function of velocity as:

__f J: h'(t, u; v)s;; (u)dtdu Eq. 27

I

where s, is the complex envelope of s,, N, is the power of the additive noise in the
signal, T, and T, are the initial and final times over which the estimate is computed, and

the superscript * denotes complex conjugate. The function h’(t,u;v) depends on two

time variables, t and u, with v as a parameter. It must be derived from a mathematical
model of the scattering process. Conceptually, for each possible value of v, the re-
turned signal and the function h'(t,u;v) are used in the above integral, and I(v) is

evaluated. The velocity which yields the highest value for I(v) (i.e. the most likely veloc-
ity) is taken as the velocity estimate.

Ferrara and Algazi®®’ derive h(t,u;v) for the case where a single scatterer is present

and for the case where multiple scatterers are present. For both cases the use of this
wide band technique significantly improved the accuracy of the velocity estimation over
narrowband methods.

Maximum likelihood estimation has a distinct advantage over the other wide-band
methods described here in that the rf signals can be downmixed before they are proc-
essed. This downmixing is different from the process that leads to quadrature signals,
however. The signal is multiplied by the carrier frequency, but the bandwidth of the sub-
sequent low pass filter is wider than that of the transmitted signal. The components of
the rf signal which result from the harmonics shown in spectrum g of Figure 5 are kept.
Thus, whereas Embree and O'Brian sampled their data at 50 MHz, Ferrara and Al-
gazi® downmixed this same data and then applied a filter to it with a -3 dB bandwith of
3 MHz. This means that the signal could have been downmixed first and then digitized
at a frequency slightly higher than 6 MHz, which is substantially more accessible than
50 MHz.

C. Solid Mechanical Applications

Doppler ultrasound is typically associated with the measurement of fluid velocities.
However, two methods have recently been examined which relate to solid mechanical
measurements.
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The first of these methods has been called “Sonoelasticity,” and was described by Lee
et al.?*®° and Lerner et al.®” In this method, a sound wave in the audio spectrum is intro-
duced into the tissue of interest, and simultaneously color Doppler imaging is applied.
The

audio wave excites motion in the tissue, and this is detected with the imager. Since the
frequency of the audio wave is fixed, the velocity of the motion is directly proportional to
the amplitude, and the imager displays vibration amplitude as a function of spatial coor-
dinates. The authors note that stiffer tissues, such as hard tumors, show less vibration
than the surrounding tissues, and are thus candidates for diagnosis by this technique.

The second solid mechanical method is not strictly a Doppler method. It has been de-
scribed by Tristam et al.?”°, and uses M-mode images. M-mode images are sequences
of A-lines which are presented with depth along the vertical axis, time along the horizon-
tal axis and echo strength encoded in gray scale. If a tissue boundary is in motion, the
depth at which that boundary occurs changes in time, and this depth can be plotted as a
function of time. The objective of the technique is to discern pathological from non-
pathological organ motion. Although this at first seems to have little relation to Doppler
ultrasound, it is, like Doppler, a motion detection technique, and it can be considered to
be a low frequency analogue to time-domain correlation in which the velocity is deduced
from a shift in the A-lines.

D. Doppler Signal Analysis

It has long been recognized that the quality of the velocity estimate in Doppler ultra-
sound depends on the method by which the returned signals are processed. Doppler
signal analysis has evolved along with improvements in hardware and signal analysis
algorithms, and each new method has resulted in important studies designed to deter-
mined whether that method truly improved the measurement of flow velocity and hence
the diagnosis of disease. The sections on zero crossing detectors and Fourier trans-
form methods below are intended for historical perspective only and are not intended as
complete reviews. Of central concern in this section is the use of alternatives to the
Fourier transform in the analysis of Doppler quadrature signals.

1. Zero Crossing Detectors
In the earliest Doppler ultrasound implementations, the echos were downmixed with the
transmitted carrier and then processed by a zero crossing detector. This was the most
expedient method at the time, but numerous authors suggested that other methods
would be more appropriate.
Flax et al.?”* showed that the zero crossing frequency ( f,) is related to the power spec-

trum (P(f )) of the signal by the rms calculation:

Eq. 28
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The disadvantage of this is that it assigns more weight to high frequency components
than to lower frequency components, and thus introduces a bias in the Doppler fre-
guency.

Further analysis of the artifact caused by the zero crossing detector was given by
Jorgensen et al.?”> They concluded that the results depend on the relationship between
signal strength and the signal threshold used in the detector and called for improve-
ments in frequency detection circuitry. A summary of other artifacts of the zero crossing

detector with appropriate publications can be found in Reneman and Hoeks?">.

Some efforts have been undertaken to improve the performance of the zero crosser. A
simple example is a dynamic gain on the quadrature signals, which keeps the amplitude
above the trigger level and below the level at which clipping would occur?”2.  Another
example is the zero crosser interval histogram technique® "*, which uses the full histo-
gram, rather than a simple mean, of the zero crossing intervals, and therefore approxi-
mates the Doppler power spectrum. A third technique is the offset detector
(Burkhardt?*”®, and see also Gill*’®) in which the Doppler signal is first frequency shifted
by an amount f' before zero crossing detection. Early comparisons of velocity wave-

forms derived from a zero crossing detector and those derived from analogue spectral
analysis indicated that the latter could reduce numerous artifacts caused by signals that
are below the zero crossing threshold and by other factors?”’.

2. Fast Fourier Transform Methods

As computer technology advanced and digital signal processing methods became more
affordable, real time fast Fourier transform-based Doppler instruments were developed
(Blackshear et al.?’®, Rittgers et al.>’®). Power spectral analysis had been used much
earlier than this (see, for example, Sigel et al.'*), but not in real time. Many authors
presented studies which compared Fourier transform methods for Doppler frequency
estimation, such as first moment, mode and maximum, to the zero crossing technique
(Burkhardt®*”, Goldberg et al.?®®). In many cases, the quantitative differences between
velocity estimators computed from the fast Fourier transform and the zero crossing de-
tector were not substantial. Voyles et al.?®* concluded that mode frequencies were
comparable in accuracy to zero crossing frequencies, but were less affected by turbu-
lence. They found that first moment frequencies often provided underestimates of flow
velocity and suggested that this was a result of noise in the downmixed quadrature sig-
nals. The inaccuracies associated with the first moment calculation are consistent with
results of Cote and Fox?®. They found that for low signal to noise ratios, velocity wave-
forms estimated from the first moment method were not representative of expected
waveforms and that a thresholded zero crossing method was superior. Thus, it was
never shown that fast Fourier methods were universally better than zero crosser meth-
ods. Rather, it was shown that the benefits of Fourier methods depended on how the
spectrum was post processed and the nature of the downmixed signals. Perhaps the
greatest advantage of real time Fourier analysis was in the ability to visualize the com-
plete Doppler spectrum rather than extract a single numerical parameter.
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3. Alternative (“Modern”) Spectral Analysis Methods

The fast Fourier transform is a highly convenient and efficient method for spectral
analysis. However, in recent publications®®® it has been emphasized that all spectral
analysis techniques are based on some underlying model of the time-domain signal and
that all signals do not have the same underlying form. For example, if white noise is
passed through a low pass single-pole filter, the power spectrum of the output has the
form:

H(jo) =——.

2
1-[ @
0)0

where wj, is the cutoff frequency of the filter. If a short segment of the output signal is
examined, its energy spectrum is not identical to that of Equation (29) for two reasons:

Eqg. 29

1) The signal is a random process, and thus exhibits spectral variation from segment to
segment, and 2) The short segment is finite in length and therefore exhibits artifacts as
a result of windowing. There is no question that a precise representation of the short
segment energy spectrum can be obtained from the Fourier transform. Furthermore, if
the signal is sampled and the sample rate is higher than twice the highest frequency
contained in the finite signal, then the fast Fourier transform yields a nearly exact repre-
sentation of the signal segment's energy spectrum. However, that representation may
not accurately represent the underlying power spectrum of the filter output. If one knows
the shape of the filter, a better estimate of the underlying spectrum may be obtained
from a least squares fit of the filter shape to the energy spectrum of the finite segment.
This approach could be used, for example, to find the cutoff frequency w, if it were not

known.

For Doppler ultrasound, one wishes to obtain an accurate representation of the underly-
ing power spectrum, since this is related to the flow velocity more directly than the spec-
tra from short segments. In an effort to determine which model is the most appropriate,
a number of investigators have applied alternative spectral analysis techniques to digi-
tized or simulated Doppler quadrature signals.

The modern spectral analysis methods include autoregression (or maximum entropy),
moving average, and autoregressive moving average (ARMA). These are called ra-
tional transfer function models, and they have been reviewed, along with other methods,
by Kay and Marple?®®. They have also been reviewed in the context of Doppler ultra-
sound by Vaitkus and Cobbold®®*. The first two methods are special cases of ARMA.

*

Note the distinction between the term power spectrum for the stochastic
signal and “energy spectrumi for the finite duration segnent. Since the sto-
chastic process is considered to be of infinite duration, it has infinite en-
ergy and its energy spectrumis not defined. Conversely the power in the fi-
nite segnent, averaged over all tinme, is zero and hence its power spectrumis
zero.
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For ARMA, it is assumed that a discretized white noise signal, n,

filter. The output signal, x;, then depends on both the input noise signal and previous
values of the output by:

is the input to a digital

p q
X :—kZakxj_k+chknj_k+nj. Eq. 30
-1 =1

The a, are called the autoregressive coefficients because they reflect the dependence
of the time sequence x; on previous values of itself. The c, are called the moving av-
erage coefficients because they are the weighting factors in a moving average of the

noise sequence n;. The magnitude of the power spectrum P, . (w) of x is:
q 2
1+> ce™™
— k=
P, (@)= oAt pl . Eq. 31
1+ ae™
k=1

where g, is the power of n;. If all the ¢, coefficients are assumed to be zero, an auto-

regressive model results. If all the a, coefficients are assumed to be zero, a moving

average model results. The autoregressive method is the most computationally efficient
of the three, since the autoregressive coefficients can be evaluated by linear algorithms.
Numerous methods exist by which autoregressive spectra can be evaluated. Two of
the more common methods are the Burg method®® and the Marple least squares
method?®® %’ Other methods include the Yule-Walker method, the Box-Jenkins
method, and the forward backward error method.

The number of autoregressive coefficients, p, and the number of moving average coef-
ficients, q, are both variables in the spectral models, and are called model orders. In
general, these are not known a priori, and their determination can be problematic.

As was the case with other technologies, alternative signal analysis techniques were
applied to Doppler radar systems several years before they were used with Doppler ul-
trasound. Hsu and Giordano?®®, for example, concluded that autoregressive methods
could significantly improve frequency tracking. It was later shown by Kay?®® that the im-
provement depended on the tracking method and that for low signal to noise ratios Fou-
rier and autoregressive results were virtually identical.

Thorvaldsen®® has compared the Burg and Marple autoregressive methods on signals
which consist of two equal-amplitude sine waves in white noise. He concluded that for
this ideal case the Marple method was superior and that the Burg method was often in-
ferior, in terms of bias in the peak locations, to conventional Fourier methods.
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Shon and Mehrotra?®* compared six algorithms for autoregressive spectral analysis.

They used true autoregressive processes as the input signals so that the estimated
autoregressive coefficients, a,, could be compared to known values. They concluded

that the Marple method generally had the lowest root mean square error except when
the processes were highly correlated. For best overall estimation of the coefficients,
they recommended the Burg algorithm, but for best estimation of peak frequency they
recommended the forward-backward method.

It is difficult to extrapolate these early studies to Doppler ultrasound signals which are
neither sine waves in noise nor true autoregressive processes. Consequently, studies
have been undertaken recently to determine if modern spectral analysis methods could
provide better spectral and velocity estimates than Fourier transform methods.

Kitney and Giddens™® applied autoregressive techniques to Doppler ultrasound signals
from the flow downstream of a stenosis in a canine aorta. Their objective was to extract
velocity waveforms that exhibited coherent structures. The ultrasound measurements
were made simultaneously with hot film anemometry measurements so the two could
be compared. For the signal analysis, the ultrasound signals were first bandpass fil-
tered to eliminate baseline shifts associated with cardiac contraction. A homomorphic
filter was then applied. The effect of this filter is to eliminate amplitude modulation in the
signal. Autoregressive spectral analysis was then used to transform the signal into the
frequency domain, and an estimate of the Doppler shift was obtained from the spectra.
Finally, a nonlinear filter was applied to eliminate noise spikes in the traces of frequency
as a function of time. From the results, it appeared that these techniques could extract
features in the Doppler-estimated velocity signals which were similar to those of the hot
film anemometry signals. However, the comparison between Doppler traces and hot
film traces was qualitative, and no comparison was made between the autoregressive
methods and Fourier methods.

Another study of autoregressive methods was reported by Kaluzynski?*2. Doppler sig-
nals were collected in vitro from steady parabolic flow and in vivo from a brachial artery
for both small and large sample volumes, which gave, respectively, narrow band and
wide band spectra. Unsmoothed and smoothed Fourier spectra were studied along with
the autoregressive spectra. It was concluded that for the wide band spectra the
smoothed Fourier spectra and the autoregressive spectra were equivalent. However,
the autoregressive spectra varied less from record to record for the narrow band spec-
tra, which indicated that they provided more stable spectral estimates. No attempt was
made to compare the results to theoretical spectra for the given flow geometries.

Talhami and Kitney?*? used a simulated Doppler signal to study the potential of the
maximum likelihood spectral estimator.” They showed that the mode frequency of the
maximum likelihood spectrum followed rapid changes in input frequency of the simu-
lated signal with significantly greater accuracy than the mode frequency of the Fourier

1 Maxinmum likelihood in this context is substantially different from the

met hod of Ferrara and Algazi in section V-B-3-d in that the quadrature sig-
nals, rather than the rf signal, are processed here.
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spectrum. However, this simulation included only the amplitude modulation properties
of the Doppler signals and not the inherent frequency modulation properties associated
with Doppler ambiguity.

An in depth study of numerous spectral analysis techniques was undertaken by Vaitkus
and Cobbold®®* and Vaitkus et al.?*® This was again a simulation study, which used the
simulation of Mo and Cobbold®®®. The input spectrum was representative of spectra
from a carotid artery at the peak of systole. It had a gradually increasing amplitude from
0 Hz to approximately 1.2 KHz followed by a more rapid increase to a peak at approxi-
mately 2.3 KHz. For spectral analysis, the authors used two Fourier based methods,
one moving average method, three autoregressive methods, three ARMA methods and
one maximum likelihood method. They concluded that ARMA by singular value decom-
position and autoregression by the Yule-Walker method yielded the best results in terms
of bias and variance in the spectra. They recommended the ARMA method because
the inclusion of both poles and zeros in the model should allow greater flexibility.

The most substantial difference between the Fourier methods and the modern methods
was in the variance of the spectra. The bias of the Fourier method was actually lower
than that for all other methods except for the case of low signal to noise ratio (O db) for
which the ARMA singular value decomposition method yielded slightly lower bias. Most
of the bias in the Fourier method resulted from the natural peakiness of this method,
which is described in terms of low flatness by Vaitkus et al.?** This raises the question
as to whether the variance in the Fourier spectra could be adequately reduced by a

simple smoothing algorithm as studied earlier by Kaluzynski®?.

It is also important to remember that the extensive work of Vaitkus et al.?®* #*® was ap-
plied to one spectral shape. It is not certain that the results are directly applicable to
other shapes, particularly since the ability of a given parametric spectral analysis
method to model a particular spectral shape depends directly on the model order or
model orders. Some evidence that the results can be generalized is given by the in vivo

data presented in part two of their study®®>.

David et al.>** applied autoregressive, maximum likelihood and Fourier analysis to in
vitro and simulated signals and studied the effects of model order, signal to noise ratio
and velocity gradient on both velocity estimates and spectral estimates. The most sta-
ble spectral estimates were obtained with the maximum likelihood method of Mu-
sicus®®. For peak tracking at the centerline of Poiseuille flow, where the velocity within
the sample volume was relatively uniform, the bias in the autoregressive and Fourier
estimates was nearly identical (3.1%), and the bias in the maximum likelihood was
slightly higher (4.4%). The variance in these estimates depended on both model order
and signal to noise ratio. For moderate signal to noise ratios, there was a range of low
model orders, usually centered around model order 5, for which the variance of the
autoregressive methods was lower than that for the Fourier transform. For higher model
orders, the variance was larger or equal to that of the Fourier transform estimates.
However, for high signal to noise ratios, estimates of the Doppler frequency from the
first moment of the Fourier transform had consistently lower bias than any of the esti-
mates which used peak tracking. Furthermore, estimates based on the first moment of
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any of the modern spectral analysis methods were virtually identical to estimates based
on the Fourier spectrum. Thus, for narrow band signals free of additive noise, the Fou-
rier method was preferred on the basis of lower computational complexity. Simulation
studies corroborated these results and showed that the bias of the first moment esti-
mate became significant for signal to noise ratios below about 20 db, but the bias in the
peak tracker estimates remained low for signal to noise ratios as low as -9 db. Thus, as
signal to noise ratio becomes low, peak tracking becomes the preferred method of
analysis, and the modern signal analysis methods perform better.

For signals from a shear region, which have wide-band spectra, the first moment
method again had the lowest variance, but had the highest bias. Of the modern meth-
ods, the maximum likelihood method had the lowest variance, mainly as a result of iso-
lated anomalous frequency estimates in the autoregressive methods.

These results indicate the complicated nature of Doppler ultrasound signal analysis.
The optimal processing method depends strongly on the nature of the signal itself. In
particular, for narrow band signals, better Doppler frequency estimates can be obtained
from the Fourier first moment if the signal to noise ratio is high, and with the maximum
likelihood or autoregressive peak tracker if the signal to noise ratio is low. Studies by
Jones and Giddens®*® show that not only the signal to noise ratio, but also the shape of
the additive noise affect the model order at which peak tracking is optimal. For purely
white additive noise, the best model order was model order 1. For additive noise with a
higher power level in the low frequency range, model order 1 gave a variance compara-
ble to the bias in the Fourier peak tracker, and the optimal model order was near 5. In
some cases, however, the variance was anomalously high at some model order at or
near 5. There was no single processing method that universally gave superior results. It
is possible, however, that if foreknowledge of the bandwidth or signal to noise ratio of
the Doppler signal is available, one of the alternative spectral analysis methods can be
used to advantage.

One curiosity  of
autoregressive

analysis was illus-
trated by Wendling
et al'®. They
showed simulated
signals with no addi-
tive noise for which
the variance in the
autoregressive peak 0 1 2 3 4 0 1 2 3 4
tracker  frequency Time (sec) Time (sec)

estimates was high . . . .
(Figure 18 a) Whgn Figure 18: The addition of noise to the quadrature signal can

reduce the variance in the estimates of Doppler frequency
when an autoregressive routine is used for spectral analysis.
(a) No added noise. (b) Signal to noise ratio 25 db.
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in the peak tracker was dramatically reduced (Figure 18 b). This initially suggests that
frequency estimates might be improved if Gaussian white noise is added to the Doppler
ultrasound signals prior to autoregressive analysis. However, it must be remembered
that the original signal had no additive noise and would therefore have been best ana-
lyzed via the first moment of the Fourier transform. A real time system for autoregres-
sive signal analysis was implemented by Schlindwein and Evans®®’ for application to
Doppler ultrasound. This group later compared four of the more common methods for
model order selection.?®® They examined five signals, which included both pulsed and
continuous wave Doppler, from a variety of artery geometries. They found that the first
zero crossing criterion yielded results that differed greatly from those of the final predic-
tion error, Akaike's information criterion, and the criterion autoregressive transfer func-
tion (see Kay and Marple®® for an explanation of these methods). They then used simu-
lated autoregressive processes and found that none of the techniques yielded model
orders that consistently agreed with the order of the simulated signal, although agree-
ment improved with record length. They concluded that less error was introduced when
the model order was overestimated than when it was underestimated, and that the most
appropriate approach was to use a fixed model order of 10 or 12.

The selection of model order for autoregressive signals was also studied by Kaluzyn-
ski*®® with signals collected from the exposed carotid artery of an anaesthetized canine.
He concluded that incorrect results were often obtained from the standard criteria for
model order selection, and that the application of a single model order to all signals was
also inadequate. In particular, he noted that signals obtained during systolic accelera-
tion differed markedly from those obtained during systolic deceleration. Forsberg®® has
studied the application of singular value decomposition ARMA to Doppler ultrasound
signals. He used a simulation model based on that of Hoeks®**'. This model uses fil-
tered white noise, where the filter parameters are time variant, and where Gaussian
white noise is added to vary the signal to noise ratio. Conclusions were similar to those
of Kaluzynski®®® for autoregressive modeling. Improved spectra could be obtained
through the ARMA method, but spectral shape was highly dependent on model order,
and the correct model order could not be selected by any existing criterion.

The model order of 5 cited by David et al.?** differs from the higher model orders cited
by other investigators, such as 10 or 12 for Schlindwein and Evans®’ and for Vaitkus et
al.?*® The probable reason for this is that the latter groups implemented real autore-
gressive algorithms, whereas the work of David et al.”* used complex algorithms and
operated on both the in-phase and quadrature signals. The factor of two difference in
optimal model order is reasonable since the complex algorithm uses twice as many real
coefficients for a given model order as the real algorithm.

Bharath and Kitney®*? used modern spectral estimation techniques in an attempt to de-
termine Doppler angle from the bandwidth of the Doppler spectrum. They used the
spectral shape obtained by Censor et al.'®” which accounts for geometric broadening
effects in uniform flow, as the input to the simulation model of Mo and Cobbold®*® They
found that the bandwidth of the spectrum was most consistently and accurately esti-
mated by an ARMA model with 4 poles and 3 zeros. Although this does not address the
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problem of model order selection which results from highly variable flow conditions, it
demonstrates that, with foreknowledge that the flow is uniform, one can obtain good
bandwidth estimates and hence good estimates of Doppler angle through an ARMA
model.

The bias of several velocity estimators has been studied by Markou and Ku?! in laminar
and turbulent pipe flow. They found that zero crossing, and peak tracking by either Fou-
rier, autoregressive or maximum likelihood methods performed equivalently when veloc-
ity gradients were low. For large velocity gradients, the peak tracking methods were
superior, but there was no significant difference in the bias among the Fourier and the
modern methods. This study did not address the variance in the spectral estimates.

Mohamed*®® has applied autoregressive modeling to Doppler diagnosis of cardiac pa-
thologies. The method uses spectral features as well as the poles of the autoregressive
model to classify the signals from normal patients and patients with aortic or mitral
stenosis, aortic or mitral regurgitation, or pulmonary hypertension. This is a method
which requires autoregressive techniques since the information derived from the poles
of the autoregressive model could not be obtained from Fourier analysis. However the
diagnostic value of this information has not yet been evaluated.

The use of modern spectral analysis techniques was originally motivated by the desire
to find a spectral model that adequately represents the underlying Doppler process.
However, in most cases the techniques are used without specific justification in terms of
the underlying signal statistics. A more ideal approach is to base the signal analysis
method directly on a mathematical model for the Doppler signal. This approach has
been used in the work of Ferrara and Algazi®®” °® for wide band processing. For analy-
sis of the quadrature signals, the approach has only recently been taken in work by De-
stefano®®, which uses the simulation of Jones and Giddens*** as the underlying model
for the signal.

4. Time Domain Methods

A number of methods exist by which the Doppler shift can be obtained from time do-
main processing of the quadrature signals. The zero crossing detector is perhaps the
simplest of these. Another group of estimators is based on the following relationship

between the spectral centroid frequency, w, and the autocorrelation, R(r), of the com-
plex Doppler signal (Angelsen®):

_:R(0) Eq. 32
R(0)

where the dot notation denotes the derivative with respect to 7. Different implementa-
tions are distinguished by the method used to estimate R(0). This in turn depends on
the assumptions made about the signals. For example (see Kristoffersen and Angel-
sen®®), if p(t) and q(t) represent the in-phase and quadrature components of the
downmixed signal, respectively, then
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R(O) - qu (O)_ qu (0) Eq. 33

RO) R, (0)+R,(0)
This is the double correlator proposed by Brody®®’. If the velocity field is stationary in
time, however,

s () = i _ R(0) _ Ry (0) Eq. 34
R,,(0)=-R,(0), R, (0)=R,(0), and RO) " R.(0)

which is the single correlator estimator of Arts and Roevros®®®, For an analysis of the
properties of the double correlator, see Gerzberg and Meind**® and Angelsen®®. For
much more complete discussion of these time domain methods, see Kristoffersen and
Angelsen 3°°.

Kasai et al.'*® use Equation (32) to show that the instantaneous frequency can be ap-
proximated as qp(rp)/rp, where ¢ is the phase of the complex autocorrelation. They fur-

ther derive an expression for the variance, o, in the mean frequency as:

o :i{l—‘R(T"X} Eq. 35

T R(0)

p

This expression is often used to estimate flow variance in color Doppler systems.

The primary advantage of time domain methods is that they can be easily implemented
in real time. Many of them also enable compensation for bias caused by low signal to
noise ratios. An example was described by Gerzberg and Meind**® and further studied

by Barber et al.?*° This is based on the following idea. If w. is the mean frequency of
the noise, ws is the mean frequency of the signal with noise, P, is the total power of the
noise, and P, is the total power of the signal plus noise, then the corrected Doppler cen-
troid frequency is:

A L, [N Ea. 36
P -P P.-P,

Thus, the mean frequency and power of the noise are estimated, and these are used in
Equation (36) to obtain the corrected centroid frequency. This assumes that the signal
and noise are uncorrelated. Another example, the adaptive scheme of Angelsen and
Kristoffersen®®® 319 311 assumes that the noise spectrum is white. Here, the original
Doppler signal is shifted in frequency by -, , where «w, is the current estimate of the
Doppler frequency. The result has a spectrum for which the mean frequency is ap-
proximately zero. This signal is the input to a mean frequency estimator and the output
is averaged over time (low pass filtered) to yield a new estimate of w,. The output fre-

quency, w,, changes over time with a rate that depends on the frequency response of
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the low pass filter. White noise does not contribute significantly to bias in the estimate
because its spectrum is symmetric around « =0.

A second feature of the adaptive scheme is that it can track the Doppler shift beyond
the Nyquist limit. This does not mean that the method uses information in the signal
that is lost when the Fourier transform is used. Rather, the feature assumes that the the
Doppler shift changes slowly in time; if the flow velocity changes too rapidly, the system
will no longer be able to track the Doppler shift. This same assumption is inherent in the
alias extension method of Jaffe®'?, and those of Hoeks et al.*!® and Hartley®***, which
work on signals from a zero crossing detector. The assumption should, of course, be
avoided for a flow in which rapid changes in velocity are expected to occur, but it should
be reasonable for a wide variety of biological flows.

Alias extension techniques have also been applied to frequency domain processing of
Doppler ultrasound signals. Again, assumptions of continuity in the Doppler shift>*> 3¢,
the Doppler spectrum®™, or the velocity profile®” are used. Bias caused by noise can
also be reduced through frequency-domain processing if a suitable model for the under-

lying noise spectrum is obtained and this is subtracted from the spectral estimates.

The above section demonstrates that the specific signal analysis method used strongly
affects the quality of the velocity estimation waveform. However, it has not been shown
that any general approach to Doppler analysis is inherently superior to others. Modern
spectral analysis methods can reduce the variance in noisy signals, but can also in-
crease it for narrow band signals with high signal to noise. Furthermore, a reduction in
variance might also be achieved by appropriate post-processing of the Fourier spec-
trum. Time domain methods have advantages in ease of implementation, but the noise
subtraction and alias extension capabilities of some of these methods are achieved
through the imposition of assumptions on the velocity being measured or the character
of the background noise. These assumptions can also be applied to frequency domain
processing with equivalent effects. Care must be taken to assure that these assump-
tions are valid before they are used in a given measurement application.

VI. SUMMARY

The examination of recent developments in Doppler ultrasound repeatedly emphasizes
that the ability to accurately measure flow velocity depends on a priori knowledge of the
flow field and the instrumentation. Only after this knowledge has been carefully evalu-
ated can the optimal Doppler method and associated signal processing technique be
identified. Some information, such as the location and orientation of the artery and the
shape of the additive noise spectrum can be acquired prior to the measurement. Other
information, such as a rough estimate of the velocity must be assumed from a reason-
able knowledge of physiology.

Some of the recent work in Doppler ultrasound has the potential to reduce the number
of required assumptions through the use of information that is not considered in conven-
tional Doppler ultrasound. For example, time domain correlation and other wide-band
methods use more of the information in the returned signal and can eliminate the alias-
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ing problems associated with low sample rates. Also, multi-dimensional Doppler uses
two or more measurements from different angles to directly provide the Doppler angle,
which is critical to accurate measurement. These techniques show potential for funda-
mental improvement in the accuracy and resolution of ultrasound measurements.
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Figure 9: Theoretical spectra for several flow configurations with a uniform
beam pattern. Couette and Poiseuille flow have identically shaped spectra.

Wth a blunter entry flow, nore power is concentrated near f_. .

Fi gure 10: Theoretical spectrumfor flow downstream of a stenosis when the
beam pattern is uniform The reverse flow causes the peak at negative fre-
guency and the forward part of the recirculation region causes the high power
at low positive frequencies. The reduction in power near zero frequency is
caused by the high pass filter

Figure 11: Theoretical spectrumfor flow downstream of a stenosis when the
beam pattern is Gaussian. The reverse flow and forward recircul ation parts
of the spectrum have been greatly reduced in power over the uniform beam case
of Figure 10.

Figure 12: a) An illustration of a particle that crosses through the sound
field of a sinple source. b) The in-phase signal generated by a Doppler in-
strunent signal which uses the sinple sources as a transducer. The instanta-
neous frequency of this signal is high at first and then becones | ower as the
angl e between the particle velocity vector and the propagation direction of
the wavefronts approaches 90°. c¢) The power spectrumof the signal in b).
Broadeni ng i s caused by changes in both anplitude and instantaneous fre-
guency.
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Fi gure 13 Signals and spectra generated by particles that traverse the sanmple
volume. Two 2 mm |l ong sanple volunes are shown (dashed lines). One of these
is centered 9 mmfromthe probe and the other is centered 19 mmfromthe
probe. The beam pattern used is that for the far field of a circular piston
inan infinite rigid wall. Particle path 1 crosses the near sanple vol une
along the axial direction. Particle path 2 crosses the near sanple vol une at
a flowto-beam angle of 60°. Particle path 3 crosses perpendicularly through
the near sanple volune at a distance of 9.075 mmfromthe probe. Particle
path 4 crosses perpendicularly thorugh the far sanple volunme at a di stance of
19. 075 mm The spectrumfor particle 4 is generally narrower than that for
particle 3 as a result of a longer transit tinme. However, as shown in the
inset, energy in the spectrumfor particle 4 extends to higher frequencies.
The absoul ute bandwi dth for particle 4 is thus as wide as that for particle
3, as predicted by Newhouse and Reid[ 38].

Figure 14: Effect of nultiple scatterers on the estimated Doppl er spectrum
The signal froma single particle (a) has a snooth spectrum (b) from which

t he Doppl er shift ( fd) can be readily estimted. However, when signals from

multiple particles (c) are sumred (d), the result has a spectrumw th sharp
peaks, and the Doppler shift is difficult to |locate (e).

Figure 15: A summary of transnmitted signals that have been comonly used in
Doppl er ul trasound.

Figure 16: Illustration of the time-domain correlation technique. a and b
show the cross-correlation functions between the two A-lines at tinmes sur-
rounded by the boxes. The two A-lines represent the return fromtwo consecu-
tive transmitted pul ses scattered fromPoiseuille flowwith a beamto-fl ow
angl e of 30°. The second return (lower A-line) is shifted to the left with
respect to the first return (upper A-line). The shift is nore noticable near
the center of the A-line since this represents signal returned fromthe cen-
terline of the flow, where the velocity is higher. This is reflected in the
value of T at which the cross-correl ations are naxi nmal

Figure 17: Two di nensional Fourier transform nethod for Doppler ultrasound
signal processing. a) Consecutive A-lines are arranged such that the coordi-
nate along the A-line represents (approxi mately) depth, and the coordi nate
fromone A-line to the other represents tine. b) The two-di nensional spec-

trum has conponents along the line g=h/v, where g represents the spati al

part of the transformand h represents the tenporal part. c¢) If aliasing oc-
curs, sone spectral conponents lie on |ines which does not pass through the
origin.
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