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Ultrasound techniques provide in real-time detailed information about the struc-
ture and hemodynamic functioning of the cardiovascular system. The Doppler
technique, either continuous wave (CW) or pulsed, facilitates direct measurement
of the time-dependent blood velocity at a specific site. The gradual development
of Doppler techniques from the “simple” CW systems to advanced color Doppler
systems has expanded the possibilities to relate deviant blood flow velocity be-
haviour to changes in structure and functioning of the vessel wall. This chapter
will discuss in detail the signal analytic aspects of Doppler instrumentation, and
address the trade-offs and the interrelationships between resolution in the time,

spatial and frequency domain.
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1. Introduction

Since the introduction of ultrasound Doppler systems for human applica-
tions in 1960 by Satomura |1] and coincidentally by Fraunklin 2], the Doppler
technique to estimate the blood velocity pattern gradually gained an estab-
lished place in the assessment and evaluation of the dynamic characteristics
of the arterial and venous circulation and in the diagnosis of vascular disor-
ders. To appreciate its value in clinical practice, as will be demonstrated in
the accompanying chapters, we will first address the concept and evolution
of Doppler systems and demonstrate their applicability by providing a few

examples.
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244 A.P.G. HOEKS AND R.S. RENEMAN

If sound waves with a frequency f. are reflected by a moving acoustical
interface, then the interface will induce a shift f; in the sound frequency
proportional to the velocity v of the interface. This is known as the Doppler
principle [3], originally described for light. It was the Dutchman Buys Bal-
lot who described the phenomenon for sound waves, [4] after an attempt
to falsify the concept for sound using musicians with absolute hearing and
a moving train. To demonstrate the principle, consider a single wave imping-
ing perpendicularly on an interface with velocity v in the same direction as
the incident sound. The wave will have a velocity relative to the interface of
¢+ v, while after reflection the relative velocity is changed to ¢ — v with ¢ be-
ing the speed of sound in the medium. The time required for total reflection
of one wavelength A equals A/(¢+ v). In the meantime the front of the wave
has covered a distance A" with A'(f, + fq) = ¢ and Af. = ¢. Solving the above
relations for fy results in f; = 2f.v/(c — v). Sinece ¢ in tissue is far much
greater (about 1500 m/s) than blood velocities (v will generally not exceed
I'm/s) the expression may be simplified to f; = 2f.v/c for applications in
flowing blood. If the paths of the interface (Fig. 1) and of the sound waves are
inclined with respect to each other, with an enclosed angle «. the interface
velocity with respect to the sound waves will be reduced to v cosa and the

expression becomes
e Qf(.lr('()sn_. (1.1)
For blood flow examinations transducers are employed to convert electric
signals to sound and the reflected and backscattered signal to electric signals.
Only the veloeity component relative to the sound transducer (emitter and
receiver) contributes to the Doppler effect (Fig. 1). If the enclosed angle is 90°
(perpendicular observation), the Doppler shift frequency will be zero, while
for angles between 90° and 270° the shift frequency will be negative.
Assuming a relative velocity of blood of v = 1m/s and an emission fre-
quency of 5MHz the Doppler shift frequency will be f; = 6.1kHz (¢ =

1500 m/s). Generally, blood flow velocities are below 1m/s. only in and im-
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FiGure 1. Only the velocity component relative to the transducer contributes
to the Doppler effect.
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mediately distal to a stenosis velocities up to H5m/s may be reached. Hence,
the Doppler shift frequencies are in the audio range and can be evaluated
aurally.

Angles unequal to zero will only lead to a received signal, if the dimension
of the reflector is small with respect to the wavelength of the ultrasound
used, causing scattering of the sound in all directions. This requirement is
met by the red blood cells with an ellipsoid dimension of 5-8 pm. If they
travel with different velocities. then also a spectrum of Doppler frequencies
rather than a single frequency component will be received [5]. From a physical
and statistical point of view this is too simplistic because. due to the tight
packing (6 million cells per mm?). for any blood cell another can be found in
the direct neighborhood that will cancel the backscattered wave. However,
for blood flows the Doppler effect originates from variations in packaging
density rather than from individual cells.

Although the concept of Doppler systems seems to be rather simple, they
heavily rely on basic signal analysis concepts. The most fundamental one is
the relation between the effective signal bandwidth B and the effective du-
ration 7" of the corresponding impulse response [6]: BT> 0.5. The effective
bandwidth is defined as the square root of the mean squared deviation of
the central frequency; the same definition applies to the effective duration
of the impulse response. The minimum value of 0.5 for the time-bandwidth
product is attained for a Gaussian shaped spectral distribution (the corre-
sponding impulse response is then also Gaussian shaped). In daily practice
the above rule is simplified to BT= 1 with B and T the width of the spectral
distribution and the impulse response at half the maximum value, respec-
tively (Fig. 2). For a bandpass filter with a width of 2 MHz the duration will

be 0.5 us and increasing the bandwidth will reduce the duration. For a low-
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Fiaure 2. The product of the duration T and bandwidth B is approximately 1.
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246 A.P.G. HOEKS AND R.S. RENEMAN

pass filter both positive and negative frequencies should be considered. which
results in a bandwidth of twice the cut-off frequency.

As indicated above, an observation interval T" allows a frequency resolu-
tion of Af Hz. Recalling the Doppler equation (Eq. (1.1)), a spectral resolu-
tion of A fy relates to a velocity resolution Awv as:
2feAvcosa €

or Av=

Ja & 2T f. cos av

(1.2)

Hence, for the same observation interval 1" the velocity resolution will
improve with a higher emission frequency (or an observation angle close to
zero). On the other hand, in tissue the sound energy relative to emitted
energy decreases proportional with the sound frequency and the path, setting
an upper bound on the incident frequency.

In vascular studies and in vascular medicine the blood velocity is mea-
sured by placing a probe, containing the transducers for emission and recep-
tion of ultrasound, on the skin. The direction of the probe is interactively
varied to locate an artery until a balance is found between the amplitude and
the pitch of the Doppler ultrasound. As we will show, an important class of
Doppler systems needs only one transducer, acting alternatively as emitter

and receiver.

2. Continuous Wave (CW) Systems

2.1. Hardware Configuration

The simplest configuration to extract the Doppler shift information from
the blood velocity distribution is a Continuous Wave (CW) system. It em-
ploys separate transducers (Fig. 3) for emission and reception of ultrasound
(although theoretically also a single transducer would suffice). The sensitiv-

ity range of the probe is confined within the intersection of the emitted beam

transducers

Ficure 3. A CW probe has separate transducers for continuous emission and
reception of ultrasound waves. The sensitive region of the probe is where both

beams overlap.
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and the sensitivity range of the receiver crystal (Fig.3). Hence, the sample
volume of a CW Doppler system is quite large and does not convey informa-
tion about the depth the Doppler signals are originating from. On the other
hand the system exhibits a high sensitivity, making it easy to locate a vessel
of interest by listening to the Doppler sound. Nowadays the Doppler unit to
emit and process the received signal is the size of an average sized calcula-
tor and is therefore popular by medical doctors to check rapidly whether an
artery is still patent.

Before we go into the details of signal processing in Doppler systems, we
will first discuss the concept of complex signals, which can be considered as
an extension of real signals as we observe in common life. Any cosine (or sine)
wave is described by its amplitude A and frequency w, e.g. the signal s(t) =
Acos(wt), where t denotes time. The argument of the cosine is also called
the (instantaneous) phase of the signal. Since s(t) has 2 degrees of freedom it
is impossible to extract unambiguously the current phase or amplitude from
a sample (or a few samples) of an unknown signal. This problem is solved
by considering the sample as a projection of a complex signal on the (real)
x-axis (Fig.4). The sequence of x-axis samples is called the in-phase signal
as opposed to the sequence of the corresponding projections on the y-axis
(imaginary axis) denoted as in-quadrature signal. The amplitude of the signal
is the radius (the square root of the sum of squares of the real and imaginary
signals). while the instantaneous phase follows from the arctangent of the
imaginary and real component. The combination of a real and imaginary

signal is called a complex signal. The in-quadrature signal is derived from

Sample
point

FIGURE 4. A complex signal is composed of a real (in-phase) and an imaginary
(in-quadrature) component.
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248 A.P.G. HoEKS AND R.S. RENEMAN

the in-phase signal by shifting the phase over 90 degrees independent of
the frequency, i.e. the cosine-component is converted into a sine-component.
This can be accomplished in the time-domain as well as in the frequency
domain. A complex signal is commonly denoted as s(t) = A(f) exp(jwt) =
A(t)(cos(wt) + jsin(wt)). with A(t) the amplitude of the envelope of the
signal, w = 27 f the angular frequency and j the symbol for the complex

component.
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Fiaure 5. Block diagram of CW Doppler system

The basic configuration of a CW Doppler system is depicted in Fig. 5.
An internal oscillator provides the emitter amplifier with a sine wave with
a constant amplitude and frequency, the emission frequency. The receiver
amplifier has a large dynamic range to accommodate the large echoes from
structures, e.g. vessel walls, as well as the low amplitude signals backscattered
by the red blood cells. The bandpass filter suppresses all noise in the received
signal outside the bandwidth of interest (30kHz) to improve the signal to
noise ratio (SNR). The demodulator is a crucial element in Doppler systems,
because it shifts the frequency spectrum centered at the emission frequency
to zero frequency by multiplying its input signal r(t) = A(f) cos((we + wy)t)
by the quadrature oscillator signal:

d(t) = r(t){cos(wet)+jsin(wet)} = A(t) cos((we+wq)t){cos(wel )+ sin(wet)}

= 0.5A(t)[cos(wgt) + cos((2we + wa)t) + j{sin(wqt) + sin((2w. + wq)t) }.
(2.1)

The imaginary (labeled with j) and real components are processed by
separate channels. The signal components at a double emission frequency
are effectively suppressed by a lowpass audio filter with a cut-off frequency

of about 15kHz, depending on the emission frequency emploved and the
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anticipated maximum velocity. The demodulation process as indicated in
Eq. (2.1) applies for all frequency components the received signal is composed
of, so also for a signal with zero or a very low Doppler frequency, presumably
originating from stationary or slowly moving structures, e.g. vessel walls.
Reflections of the latter may have amplitudes exceeding the amplitude of
blood induced signals by at least a factor of 100 (10-60dB). To suppress these
low frequencies the audio filter is converted to a bandpass filter, where the
lower cut-off frequency (in the range of 300 to 600 Hz) sets also a lower bound
for the (blood) velocities that can be detected. If this cut-off frequency is set
too low the echoes from strongly reflecting structures will interfere with and
may even temporarily dominate the audio signal to determine [7]. Generally
the wall filter can be set at a lower value for the same emission frequency, if

venous flows are investigated.

2.2. Audio Evaluation

The demodulated bandpass filtered quadrature signals contain Doppler
shift frequencies in the audio range. Both quadrature channels sound exactly
the same. Aural evaluation may be impaired if the Doppler information of
both a vein and an artery is conveved. However, generally the vein and artery
will have an opposite flow direction with respect to the probe. Under this
condition the arterial and venous signals can be separated by a proper com-
bination of the quadrature signals (Fig.6). The cosine function is even, i.e.
cos(—wy) = cos(wy), while the sine function is odd, i.e. sin(—wy) = — sin(wy).
Phase shifting the cosine over 90 degrees independent of frequency (Hilbert

filter) vields a sine component with the same sign as the gquadrature compo-
h g I

sin(£oy)

negative

sum R

cos(E0 90" phase

shift
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difference >

Firaure 6. With a 907 phase shifter separate audio-outputs for positive and
negative Doppler frequencies can be derived from the quadrature Doppler signal.
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nent for positive frequencies, but an opposite sign for negative frequencies.
Hence, the sum will give only an output for positive frequencies, while the
difference becomes non-zero for negative frequencies. In this way velocity

direction information is recovered.

2.3. Velocity Estimation

An important characteristic of a Doppler system is its capability to esti-
mate the instantancous frequency averaged over a short interval (e.g. 20 ms)
within the observed region [8]. The Doppler equation relates the average fre-
quency to an average (blood) velocity. Usually in CW Doppler systems the
principle of a zero crossing counter is used to estimate the average frequency.
For this purpose only the sign of the quadrature signals is retained, so at any
instant it is only known in which quadrant the phase vector is located, but
its precise direction (phase) remains unknown (Fig. 7). If the phase vector
changes from the third to the fourth quadrant only the in-phase compo-
nent will change sign from negative to positive. Under that condition a short
(0.1 ms) positive pulse is generated. Alternatively, if the in-phase component
changes sign in the reverse direction, while the in-quadrature component
remains negative, i.e. the phase vector moves from the fourth to the third
quadrant, a negative pulse is generated. Subsequently the positive and nega-
tive pulses are low pass filtered with a cut-off frequency of about 20 to 30 Hz
(response time 50 to 30 ms), yielding a velocity output (after proper calibra-
tion) as a continuous function of time. The filter process may be applied to
the sum of positive and negative pulses or for both outputs separately. One
should realize that the sum of the velocity outputs is not equal to the velocity
of the summed outputs, because in the first case the amplitude information

-+ +/+

FIGURE 7. A quadrature sign processor (zero crossing detector) allows detection
of velocity direction.
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is not properly taken into account. The output of a zero crossing detector is
only accurate for signals wit a narrow bandwidth with respect to the cen-
ter frequency, but the error will be substantial (10%) for wide band signals
[9, 10]. Moreover, under poor signal-to-noise conditions large errors may oc-
cur, especially for zero crossings detectors acting on only a one-way phase
shift direction. We will later discuss a more advanced option to estimate the
average velocity.

2.4. Spectral Analysis

Any signal in the time domain can be decomposed into its constituent
components in the frequency domain (Fourier analysis). To allow proper in-
terpretation the signal should be stationary within a given time window, i.e.
its statistical characteristics should be constant. Due to the pulsatile nature
of blood flow, Doppler signals only comply with this requirement for a short
period of time. Therefore the quadrature Doppler signal is broken down into
short segments of 10ms that are subjected to Fourier analysis. For that pur-
pose the quadrature signals are sampled and converted to digital numbers
at a sample frequency, which should be at least twice the maximally antici-
pated frequency to avoid aliasing. In the latter case the phase vector would
rotate over more than 180° (Fig. 7). which would be interpreted as a phase
shift of less than 180° in the opposite direction. The observed Doppler fre-
quency then deviates in magnitude and in sign from the original one. The
spectral amplitude distribution of the subsequent time segments constitutes
the spectrogram with on the horizontal axis time and on the vertical axis the
(Doppler) frequency. The amplitude of each spectral component is displayed
as shades of grey |5, 11]. The selected length of the time window dictates the
width of each spectral bin (spectral resolution); for 10 ms segments this will
be 100 Hz. Increasing the length of the time segments will improve resolu-
tion at the expense of blurring the time-dependent features of the signal, e.g.
acceleration time. To avoid this problem the time segments are normally half-
overlapping, resulting in twice as many spectra for the same total length of
the signal. Spectral analysis is rather insensitive to the signal-to-noise ratio.
Even if the SNR= 1, the spectral distribution of the Doppler signal will re-
main clearly visible in the spectrogram. This is due to the fact that the noise
will evenly be distributed over the entire spectral range, while the Doppler
signal will be concentrated within a relatively small frequency band.
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As blood flow accelerates from end-diastole to peak-systole the number
of observed blood cells will remain more or less the same and one would
expect that the Doppler signal amplitude will hardly change. However, the
increased friction on blood cells due to shear stresses causes spatially a more
inhomogeneous density distribution and a concomitant increase in amplitude
[1214]. On the other hand, in the frequency domain in peak-systole the signal
power is distributed over a larger range, causing a substantial modulation of
the spectral amplitude over the cardiac cyele. This modulation is attenuated
by displaying the logarithm of the spectral amplitude with the additional
advantage that the appearance of the spectrogram is rather insensitive for
the gain settings.

A common parameter to extract from the spectrogram is the frequency
envelope because it is rather insensitive to the observed velocity distribution
and noise |15, 16]. However, there never is a sharp cut-off for the maximum
frequency. The sensitive region of a Doppler system depends on the local
shape of the ultrasound beam and, for pulsed Doppler systems, the axial
length of the sample volume (see next section). The transit time depends on
the path of the scatterers through the sensitive region and the velocity. Be-
cause of the time bandwidth product the transit time will cause blurring of
the frequency spectrum (geometric broadening) which will vary throughout
the cardiac cvele. For pulsed Doppler systems operating with an emission
burst of 6 periods the blurring may amount to 16% of the peak frequency
corresponding to the maximum velocity. In the past, several maximum fre-
quency estimators have been proposed [17 21] and each of them use some
arbitrary criterion for the maximum frequency with respect to the spectral

Doppler amplitude and the noise background.

3. Pulsed Doppler Systems

CW Doppler systems have the advantage that they have an unlimited
velocity range and that they are easy to use. On the other hand they have
a poor range selectivity which makes them less suited for regions with differ-
ent flow patterns, e.g. cardiac cavities or extremities where the arterial blood
flow may reverse in end-diastole. Pulsed Doppler systems, like echo systems,
allow the interrogation of the blood flow at a selected depth. Moreover, they
can easily be combined with echo systems to provide visual feedback about

the site of measurement.
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The concept of pulsed Doppler systems is based on the notion that signals
are fully determined by samples provided that, according to the Nyquist the-
orem, the sample frequency exceeds twice the maximally anticipated signal
frequency (see previous section). This observation implies that the received
signal intermittently rather than continuously can be applied to the input of
the demodulator (Fig. 8), or that the ultrasound can be emitted in bursts,
with a corresponding increase in bandwidth of the recciver filter. Because
the signal from the selected depth range is only intermittently present at the
output of the demodulator, it has to be captured with a sample-and-hold to
retain the value until it is updated in the next reception cycle (Fig. 8).

oscillator |§"‘.[?ﬂﬁ'ﬂ | sample-
filter and-hold
quadrature
o output
rl-signal | » )
demo- Ifmpn.s.s | sample-
dulator filter and-hold

Ficure 8. Demodulator of a pulsed Doppler system

The function of the lowpass filters following the demodulator is the same
as those for a CW system (to remove the double emission frequency), but the
design is completely different. Because it has to accommodate short bursts,
the bandwidth should be enlarged considerably. Let us assume a burst of
6 periods, then the fractional bandwidth (bandwidth divided by center fre-
quency) of the received radio-frequency (rf) signal equals 1/6. A fourth order
characteristic provides a roll-off of 24 dB/octave, so the filter will reach an at-
tenuation of about 70 dB at the center frequency. This is sufficient regarding
the dynamic range of the received signal, which will be of the same order.
Shorter bursts would even require a sharper roll-off. However, in practice
longer bursts up to 10 periods will be used in pulsed Doppler mode to avoid
the effect of depth-and-frequency depending attenuation on the center fre-
quency. The sample-and-hold is activated at a preset delay with respect to
the time of emission, corresponding to the desired depth of interest, and acts
as a gate for the demodulated and filtered signal. As stated, the active length
of the gate is given by the bandwidth of the lowpass filter, which was set ac-

cording to the burst length used. This also sets the axial length of the sample
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volume while its lateral dimensions are determined by the local shape of the
ultrasound beam [22]. It should be stressed that the demodulator of a pulsed
Doppler system cannot detect the Doppler shift. because of the short obser-
vation time. Instead it provides the phase of the rf-signal with respect to the
oscillator reference signals. The phase gradually changes with depth rather
than due to motion. Only the output of the sample-hold reveals the Doppler
signal. It has a staircase appearance and is directly suited for conversion to
digital format to perform wall filtering. In a digital filter the cut-off frequency
is directly related to its update frequency, i.e. the pulse repetition frequency
(PRF) of the pulsed Doppler system.

A pulsed Doppler system samples the Doppler signal from a specific depth
at a rate equal to the PRF of the system. This is sufficient to accommodate
without aliasing Doppler signals from physiological flows (peak velocities up
to 1.5m/s) but inappropriate for pathophysiological velocities as in arterial
stenoses or stenosed cardiac valves, Aliasing will show up on the spectrogram
as a roll-over: frequencies exceeding the upper limit of PRF /2 will appear at
the bottom near —PRF /2 and vice versa. This can easily be solved by shifting
the baseline upward or downward, depending on the direction requiring the
largest range. Baseline shifting will extend the frequency range to maximally
PRF, but then the flow should remain unidirectional. Some systems provide
a further extension by the hich PRF (Hi-PRF) option. Let us assume that the
system is suited (depth attenuation) and set for flow velocity assessment at
a depth of 10 cm. Doubling the PRF and halving the depth delay to 5 cm will
force the system to sample the signals from a depth of 5em with respect to
the current emission and from a depth of 10 cm with respect to the previous
emission. If the region at 5cm does not contain flow, then the Doppler signal
is appropriately obtained from a depth of 10cm at a double rate, thereby
extending the velocity range. The drawback is that the depth-depending
gain only operates over a short range, putting a high demand on the dynamic
range of the system, especially if the PRF is tripled or quadrupled.

If the Doppler signals are retained in their sampled (digital) form, then
a zero crossing counter is unsuited to estimate the average Doppler frequency,
because transitions over 2 quadrants may occur. In 1985 Kasai proposed an

alternative based on the argument of the autocorrelation C'(1) at lag 1 of the
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Ficaure 9. The RMS error (A\PRF) of the standard pulsed Doppler velocity esti-

mate (left picture) does not vary with the number of periods (NP) but improves

with increasing package length (PL) while the velocity estimate based on cross-
correlation (Sec.5) of the radio-frequent (rf) signal improves with both PL and
NP for a signal with a fractional bandwidth of 0.25, SNR= 10dB, mean velocity
is 0, and width velocity distribution 0.1 APRF.

sampled quadrature Doppler signals d(t), [23]:

g PL-1
el o ]‘ ) * . - ‘
CQ) = 57— ,Z| d*(j)d(j +1). (3.1)

In Eq.(3.1) PL is the package length (the number of Doppler signals con-
sidered) and d*(j) is the conjugate of d(j), i.e. the sign of the imaginary
part is reversed. As expected the precision of the velocity estimate decreases
with the square root of the package length (Fig. 9). Only for a SNR< 10 dB,
a short package length (PL<10), a mean velocity close to PRF/2 and a mod-
erate width of the velocity distribution (0.2PRF) the precision may be poorer
than 10% of the PRF, but for most conditions the precision will be better
than 5% of the PRF [24-26]. Unlike the zero-crossing meter, the approach
of the complex autocorrelator still functions properly if the instantancous
frequency exceeds PRF /2, provided that the velocity averaged over the time
window is not subject to aliasing. To maintain the dynamic characteristics
of the velocity waveform, the observation window should be about 10ms,
which converts to a package length of 100 for a PRF of 10 kHz (maximum
depth 7.5c¢m). This quite large number ensures precise detection of the aver-
age velocity, even if sophisticated wall suppression filters, like singular value

decomposition, are applied |27, 28].
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4. Multigate Pulsed Doppler Systems

The digital and computer techniques. cmerging in the 19807s, facilitated
reliable data processing of the sampled Doppler signals, e.g. vessel wall sup-
pression, mean velocity detection and spectral analysis. The associated high
processing power allowed to integrate parallel processing channels for cach
sample volume into single circuitry with serial processing, accommodating
many sample volumes. Given this technology it was a small step to extend
the number of consecutive sample volumes drastically to 64 and even 128
samples along a line of insonation [29-31]. A prerequisite is a large dynamic
range for the analog-to-digital conversion of the outputs of the demodulator
(Fig.8) because at that stage the weak Doppler signals from blood parti-
cles are still mixed with the large amplitude echo signals from stationary
and slowly moving structures like vessel walls. A total dynamic range of
72dB (12 bits) allows for echo signals that are a factor 100 (40dB) to 1000
(60dB) stronger than blood Doppler signals without saturating the analog-
to-digital converter. With multigate Doppler systems one can measure the
time-dependent velocity distribution over the cross-section of an artery lumen
as a function of time |32, 33].

The detail of the eventunally obtained instantancous velocity distribution
largely depends on the spatial resolution that can be attained. As stated
before a short duration of the emitted acoustic pulse requires a large band-
width, which enlarges the effects of depth- and frequency dependent atten-
uation. Hence, the central frequency of the received signals will be shifted
down: consequently the velocity will be overestimated (Eq. (1.1)). To solve
this problem, the local central frequency of received radio frequent (rf) signals
is estimated simultaneously [25, 34]. using autocorrelation of the demodulated
rf signals with depth lag 1 (Eq. (3.1)) over short depth segments. However,
the required roll-off of the phase detection filters following the demodulators
sets a lower bound for the pulse duration. This is why preference is given to
direct processing of the rf signals. One should realize that not only the pulse
duration but also the local beamwidth in combination with the angle of ob-
servation affect the radial resolution of the velocity estimate. For an angle of
60°-70° between flow direction and the incident beam it does not have sense
to make the pulse much smaller than 14 of the local beamwidth (Fig. 10):
further shortening will hardly affect the observed range in the radial direction

of the blood vessel.
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ultrasound beam

veloeity
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volume

Figure 10. The spatial resolution in the radial range is affected by both the axial
(length sample volume) and lateral (local beamwidth) resolution of the ultrasound
system.

5. RF Processing

Estimation of the average velocity (Doppler frequency) after demodula-
tion in a system with a high spatial resolution requires correction for the
effects of depth and frequency dependent attennation and will also make the
velocity estimate more noise sensitive, because of the decreased SNR. Be-
cause of these problems a switch is made to direct processing of the received
radio frequency (rf) signals, captured digitally with a relatively high conver-
sion frequency. The average displacement of reflectors within a depth window
over repeated observations then follows from the location of the peak of the

cross-correlation |35 of the two-dimensional rf matrix r(l. d):
C(0) =YY rl.dyr(l + 1.d + ). (5.1)
! d

As opposed to conventional Doppler processing, averaging is performed
over the cross-correlation of subsequent rf signals over a depth window rather
than correlation between rf signal and reference (oscillator) signal. The qual-
ity of the estimate improves with the length of the windows, in both depth
(axial length sample volume) and time (PRF). The problem is to find the
location of the peak. The rate of oversampling of the rf signal is reflected in
the number of sample points within the main lobe of the cross-correlation
function: a high oversampling is required to get a detailed cross-correlation
[36]. This will put a high demand on processing power, also because for each
sample point in depth the reflections of stationary and slowly moving reflec-
tors should be removed prior to cross-correlation. A simple way to perform
the latter operation is the removal of the baseline off-set, as observed over

the time-window. but also higher order approaches have been suggested [37
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39]. To estimate precisely the displacement from a coarsely sampled cross-
correlation function. various interpolation algorithms have been considered
[40], but they all incorporate to some extent the anticipated shape of the
auto-correlation of a received echo which may vary with the fractional band-
width of the rf signal. The result of the above rf processing is a direct estimate
of the average displacement, expressed in terms of the sampling distance in
depth direction. In this approach the reference is the previously observed rf
signal rather than an oscillator signal, eliminating the need for center fre-
quency estimation and scaling. Most importantly the displacement estimate
tends to work properly, even under poor SNR conditions (0dB with the sig-
nal and noise levels based on the same spectral range). The phase detector in
traditional pulse Doppler systems smoothes phase transitions prior to velo-
city estimation, while the rf processing technique retains in the displacement
detection algorithm the information on phase transitions originating from the
randomly distributed scatterers [24] by reversing the sequence of operations
and selective averaging in the depth direction (Eq. (5.1)).

The cross-correlation function of a periodic (rf) signal exhibits the same
periodicity, causing side lobes. For narrow band signals (ultrasound bursts
containing several periods) these side lobes may incidentally attain higher
values than the main lobe, resulting in displacement aliasing. However, em-
ploving short pulses will cause rapid decorrelation and attenuates the side
lobes. That is why this approach is especially suited for displacement (velo-
city) estimation in systems with a high spatial resolution.

A weak point of the displacement estimation as outlined above is the re-
quired range of correlation lags. spanning a displacement range of one to two
wavelengths. However, the number of required lags can be reduced to 3 if the
rf signals are converted to a complex signal and the shape of the rf spectrum
is known [41]. Because of the frequency characteristics of ultrasound trans-
ducers the spectral power density distribution G(f) can be approximated by
a Gaussian shape modeled as:

oo 2NES) (-2~ L)
A= W(M) (T) .

It is thereby assumed that due to dedicated filtering the signal power

(5.2)

S and noise power N cover the same root-mean square (RMS) frequency
range B around a center frequency f.. The two-dimensional cross-correlation
function C'(7,0). as function of the time lag 7 and depth lag d (both in sec-
onds), will be the inverse Fourier transform of the power spectral distribution

http://rcin.org.pl



Do DoOPPLER SYSTEMS COLOR ARTERIES RED? 259

(Wiener-Khinchin relation). taking into account the time shift §’ due to the
displacement Az = vT = ¢d'/2 of the scatterers with velocity v towards the

transducer in between observations:
o0
5) = / G(f) exp{2n (6 + 207 /c)}df. (5.3)
0

The basic transformation for a Gaussian pulse is:
F1 [(pr( afz)] = exp(—at?). (5.4)

Then the autocorrelation function (7 = 0) is given by:

&3]
ot
~

2(IN+S —252
C(0,0) = ﬁ—) exp ( [z )exp{?mfré} (5.

and the cross-correlation function for 7 # 0 by:

28 (—2(5 + 2ut/c)?

C(r,9) = exp

Bv2n B2
At this point the conversion can be made to discrete correlation coefficients
by considering sampling in depth and in time. The rf signal is sampled with
a frequency fg which should be a factor 4 higher than the central frequency f.

) exp{2njf.(0 + 2vT/c}). (5.6)

to accommodate high frequency signals, because of the bandwidth B, [41].
This sets the unit of the depth lag to 6§ = 1/f,. The temporal sampling
interval equals 1/PRF. Eq. (5.6) contains 5 unknown variables (v, f.. B. S,
N) which can be solved by considering the estimates for C'(0,0), C'(1,0) and
C(0,1)

2(S+N)
BV2r

2(5+ N
%\@)m ( . Bz)oxp{zm /1), (5.5)

Gl 0)= B%/SQ_T ex (L) exp{4nj fov/cPRF)}. (5.9)

C(0,0) = (5.7)

C{0,1) =

B2 APRF*

The argument of the estimate for the autocorrelation coefficient provides
the estimate for the center frequency of the received signal, while the argu-
ment of the estimate for the cross-correlation coefficient, normalized for the
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estimated center frequency, gives the velocity:
fo = foarg{C(0,1)} /27,

 ¢PRF arg{C(1,0)} (5.10)
2fs arg{C(0,1)}

NG

B=

1. \/111 ¢(0,0) — In |C(0, 1)‘ |
(5.11)
s ‘0(1.0)’
N~ (f‘(o,n)exp(lj, - ) ’C (1,0 ‘

The estimates for the center frequency, the bandwidth and the SNR can
be used to validate the velocity estimate, e.g. if the SNR exceeds a given
threshold the estimate is accepted, otherwise it will be zero. The cross-
correlation coefficients of the complex rf signals, obtained via a Hilbert filter,
within a data matrix with dimensions NS in depth and PL in time are esti-

mated as:

NS—4& NP—
> Z (t,d)r*(t +7,d +9)
C(r,8) = =L =1 4 (5.12)

(NS=8—=1)(PL—=7-1)

To get the best performance, the length of the depth window is set to
the axial resolution of the system as follows from the estimates for center
frequency and bandwidth. Simulations have shown (Fig. 9b) that the above
estimator based on complex correlation function has a precision of less than

1% of the PRF for an rf signal with a fractional bandwidth of 0.5 for a wide
range of signal conditions [41]. To improve robustness and detail in the velo-
city distribution, data windows are chosen half-overlapping in depth and in
time, rendering a large number of velocity estimates per second for a depth
range of 1-2cm.

The common wall filter is a highpass filter and, hence, suppresses Doppler
frequencies within a range around zero frequency. Considering a slowly mov-
ing structure like a vessel wall (or its reverberations within the lumen). the
cut-off frequency and roll-off should be set high to avoid that in the early
systolic phase the filter will leak signals from the structure. Clearly a zero
order filter (removing the mean level) will not do. An alternative is to use
above velocity estimator (Eq.(5.10)) estimator prior to wall filtering [42].
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Then the signals of structures will dominate and the estimator provides the
Doppler shift frequency as function of time. providing simultaneously in-
formation about the displacement of wall structures over time [42]. The wall
Doppler shift is subsequently used to shift the complex rf signals in frequency,
maintaining the spectral peak of the Doppler signals at zero frequency and
allowing the highpass filter to function optimally. Since the spectral disper-
sion of the structures is limited, the selection of the cut-off frequency is only
limited by the length of the time-window |27, 28,43, 44]. After blood velocity
detection the estimated velocities have to be corrected for the imposed shift
in signal frequency.

Processing of rf data puts some demands on the echo-systems. First of
all the rf signal should be accessible, while the phase relationship between
emission and data capture is maintained. Moreover, the echo system should
be capable to operate in echo M-mode with a high PRF (10 kHz for a 7.5 MHz
system) to avoid frequency aliasing. Finally, capturing rf signals at a sample
rate of 4 times the expected carrier frequency (25 MHz) at a PRF of 10 kHz
over a range of 20 mm, covering an artery) produces a huge amount of data

over an observation time of a few seconds.

6. Shear Stress

The shear stress is the drag per unit area exerted by the endothelium
on the flowing blood. This will slow down the velocity of the blood close
to the wall and for a straight vessel without bifurcations eventually result
in a velocity distribution across the lumen with the highest velocity in the
center of the lumen. A steep velocity gradient at the wall-lumen interface,
indicated as shear rate (SR), corresponds to a high shear stress (S5):

du(r)

or lr=r

SS =19

=nSR [Pal. (6.1)

The blood viscosity n varies with the shear rate: a low mean wall shear
rate (r = R) causes a high blood viscosity. Especially at low shear rates
(below 200s ') the viscosity will increase sharply, rendering viscosity mea-
surements by means of a blood sample impractical. However, for physiological
shear rates the non-Newtonian character of blood can be accounted for using

plasma viscosity (1o [Pas|), haemotocrit (Ht [%]) and wall shear rate, [45]:

log(n) = log(1) + (0.03 — 0.0076 log(SR))Ht. (6.2)
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If we assume that the emitted ultrasound burst has effectively a length of
2 periods (a relative bandwidth of 0.5) and the received rf signal has a center
frequency of 6.1 MHz, the length of the sample volume will be on the order of
0.25 mm which matches the anticipated beamwidth of 1 mm within the focal
zone of a transducer. Processing the rf data in half-overlapping segments in
depth and in time results in an interspacing of 0.125 mm, thereby retain-
ing the spatial and temporal details in the velocity distribution (Fig. 11).
As stated in the previous section, a wall filter adapting dynamically to the
velocities of the artery walls allows detection of low velocities which may oc-
cur close to the vessel wall. These velocities may behave erratically, because
velocity estimates have been set to zero based on the observed SNR while
other velocity estimates have been accepted although they have an unreli-
able value. Smoothing with a 3 x 3 median filter preserves the edges of the
velocity distribution. The next step is to compute the radial derivative of the
observed velocity distribution for each time instant and at each site, starting
from the middle of the lumen, resulting in the time-dependent shear rate dis-
tribution. Near the wall the shear rate will attain the highest value and the
maximum within a range of 2mm is accepted as the wall shear rate, [42]. As
a consequence the position at which the wall shear rate is obtained dynami-
cally varies over the cardiac cycle with the motion of the walls (Fig. 11). To
reduce minor curvature effects and associated secondary flow effects, the wall
shear rates at the near and far wall (from the viewpoint of the ultrasound

transducer) are averaged.

velocity [mm.s']

= depth [mm]
depth [mm] time [s) time [s]

(a) (b)

Ficure 11. Time-dependent velocity (left) and shear rate (right) distribution in
the common carotid artery of a young volunteer
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Although the adaptive wall filter permits the detection of relatively low
velocities, it remains impossible to detect the velocity gradient exactly at
the wall lumen interface, also because computation of the velocity gradient
involves 2 neighboring sample volumes with a non-zero velocity estimate. For
a 7.5 MHz system the actual velocity gradient is computed at a distance of
0.3mm from the wall [46]. For an artery with a diameter of 6 mm, this will
cause an underestimation of the true velocity gradient on the order of 10%.
On the other hand it may be assumed that at that radial position the effects
of shear thinning are negligible and that the estimated whole blood viscosity
(Eq. (6.2)) can be used.

One may consider using color Doppler systems in color M-mode (Sec. 7)
to assess the time-dependent wall shear rate. These systems, however, have
a poor spatial resolution, because they employ long ultrasound bursts (Sec. 1)
in Doppler mode. Moreover, the wall filters are not balanced to effectively
separate Doppler signals from the wall and from the blood with about the
same velocity relative to the ultrasound transducer. Generally the wall filter
is the key problem to assess the velocity gradient close to the wall. Let us
assume that the cut-off frequency of the filter corresponds to a velocity of
3cm/s, then the minimal velocity gradient for consecutive sample volumes
spaced at 0.3 mm equals 100s~ 1. Only if the velocity gradient is higher than
this estimated value it can be attributed to the velocity distribution.

Since it remains problematic to measure directly the time-dependent wall
shear rate researchers evaded to indirect methods, [47-50]. For a steady
flow the velocity distribution in a straight vessel will eventually develop
a parabolic shape, provided that the entrance length is sufficiently long. Then
the wall shear rate is directly related to the center stream velocity v which
can easily be measured with available Doppler systems [51]:

SR = 2nv/D. (6.3)

In this expression D stands for the lumen diameter and n indicates the
exponent of the modeled velocity distribution (which is 2 for a parabolic
velocity profile). For dynamic pulsatile conditions the shape of the velocity
distribution will vary over the cardiac cycle, but it is assumed that the mean
shape is still parabolic. However, direct comparison between direct and indi-
rect measurements shows that the indirect method underestimates the mean
and peak-systolic shear rate, and, hence, peak and mean wall shear stress, es-
pecially for compliant vessels, [52]. For elastic arteries the exponent is higher
than 3, indicating a blunted velocity profile.
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It is generally accepted that the lnmen diameter is adjusted to the pre-
vailing shear stress, [53 56]. At high shear stresses the endothelium will pro-
duce vasodilating agents, like NO and prostacyclines |57]. increasing arterial
diameter and. hence, keeping the shear stress within limits. At a low shear
stress, however, less of these vasodilating autocoids and endotheline (a vaso-
constricting agent) will be released. causing vasoconstriction. It is assumed
that regulation of the shear stress eventually results in a mean shear stress
of 1.5 Pa (15dyne/em?). In the common carotid artery we indeed observed
shear stresses of about 1.3 Pa, but in the brachial [52| and the femoral [58]
artery substantially lower mean stresses were found, ranging between 0.5 and
0.3 Pa. The latter arteries supply vascular beds with a high variation in blood
demand (factor 20-30). depending on the level of exercise, and an associated
variation in peripheral resistance. For this condition it is virtually impossible
to adjust dynamically the artery diameter to retain a shear stress of 1.5 Pa.
A high shear stress may after all damage the endothelium, [59]. That is why
arteries in the extremities have a substantially lower mean shear stress at
rest, [50,60] to accommodate without endothelial damage the high blood

flow in exercise.

7. Color Doppler Imaging

Blood cells exhibit a low echogenicity compared to structures like ves-
sel walls. Clonsequently blood appears black on an echo-image, but by using
the brightness information it is rather easy to locate normal arteries using.
The situation changes for arteries with calcified walls and a suspected low
or absent blood flow. Moreover, thrombotic formations as a result of vul-
nerable plaques have a higher echo level than blood and the difference with
vessel walls is not so obvious anymore. That is why some decades ago it
was proposed to extend the potentials of multigate Doppler systems to 2-
dimensional flow maps where the velocity information is superimposed in
color (color Doppler) on the echo-image in B-mode, |23]. The direct visual-
ization of the anatomical relationship between structures and flow makes it
directly clear where anomalies are to be expected.

To obtain flow maps a large number of sample volumes distributed along
the ultrasound beam have to be repetitively interrogated in pulsed Doppler
mode. An observation time of 1 ms (4 to 8 subsequent emission and process-

ing cvcles) will do to obtain a crude estimate for the velocity distribution
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[15.26, 28,61 69|, whereafter the beam is switched to another direction and
the process is repeated. In this way 16 velocity maps composed of 64 lines
can be produced per second. Although pulsed Doppler processing is subject
to aliasing, it does not seem to be a problem for color mode systems because
aliasing artifacts will show up as a mosaic pattern: the random distribution
of high velocities with opposite directions are easily identified as jets with
a high velocity as may occeur in and distal to stenotic heart valves and artery
stenoses.

Large flow maps composed of many lines or a low PRF because of the
required depth of investigation will reduce the flow map rate to below 10
frames per second, which becomes prohibitive to fully appreciate the dy-
namic behavior of arterial flow and cardiac action. That is why for the How
map, preference is given to a subsector of the echo-image, which is also in-
termittently updated. Because of the short observation time, the estimated
velocities are rather noisy prohibiting numeric quantification. Moreover the
short observation time sets a lower limit to the cut-off frequency of the vessel
wall filter. leaving a void between the color map and the wall. For a more
accurate assessment of flow anomalies the system is switched to single M-
line color mode or to single gate Doppler permitting frequency analysis of a
sample volume positioned., using the echo and flow map information.

[t may depend on the application, but in most situations one is interested
in the presence of blood flow rather than its magnitude. For those situations
it is not necessary to calculate the veloeity map: it is sufficient to detect the
amplitude of the Doppler signals [70-74] and to display its 2-dimensional
distribution in color mode (power Doppler, angio Doppler). A drawback is
that the information about flow direction is lost. On the other hand one may

average over a longer time, reducing estimation artifacts in the image.

8. Conclusions

Color Dappler systems differentiate the flow direction with a color (red
or blue) while the flow velocity is indicated by the brightness of the color.
The question remains whether the color is indeed linked to the sign of the
observed Doppler shift or to the type of vessel (artery or vein). In Sec. 1 it was
argued that particles moving towards the transducer would induce a positive
Doppler shift, but at many stages within a Doppler system the assigned
phase relationship is rather arbitrary. This applies to the reference signals for
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the demodulator (Sec. 2.1), for the inputs of the velocity estimator (Sec. 2.3)
and for the audio signal separator (Sec.2.2). If the inputs are swapped the
system still functions properly, although the sign of the velocity output will
be reversed. The situation becomes even more complicated for rf processing
(Sec. 5). There the direction of the displacement is linked to the time elapsed
after emission: a positive displacement is then associated with a shift to
a greater depth. For Eq. (5.3) this was corrected for by assigning to the time-
shift, due to a negative displacement (motion towards the transducer), with
a positive sign, while strictly speaking the sign should be negative.

Also in their application Doppler systems are not consistent. Spectra are
most easily interpreted if they are displayed in a positive fashion. Whether
arteries are interrogated with the probe direction aligned with the suspected
How direction or rather in the opposite direction depends on the local anato-
my. It is easier to observe the carotid arteries with the probe directed towards
the head. while in the brachial arteries the probe direction is opposed to the
main flow direction. But arteries may also exhibit a reversed flow direction.
A well-known example is the flow direction in the ophthalmic artery, which
changes sign if the blood pressure in the cerebral circulation is relatively low
due to an obstruction in the internal carotid artery. Also the flow direction
in the right common carotid artery may be reversed if the brachiocephalicus
(connecting the aorta to the right carotid artery and the subclavian artery)
is occluded. Then the right arm is indirectly supplied by flow from the head.

Because of the reported ambiguities in hardware, application and disease
it is nice that Doppler systems are equipped with a switch to change the po-
larity of the observed velocities. Color Doppler systems do not color arteries
red, however, it is the user who determines the displayed polarity, i.e. the

assignment of the red and blue color.
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