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I this paper the design of a high frequency ultrasound (HFUS) pulsed wave
Doppler (PWD) system for blood flow imaging in small vessels is presented. High
frequency and broadband ultrasound in the 50 MHz range is utilized in order
to obtain a good spatial resolution. Echo signals are analyzed making use of
combined time/ frequency domain approaches for axial blood fHow velocity esti-
mation. Furthermore, an approach for the estimation of the radial blood How
velocity component with rotational symmetric sound beams is presented. With
the help of these approaches, the magnitude and sign of the axial flow velocity
in sound propagation direction and the magnitude of the velocity component
perpendicularly are accessible. The implemented PWD system and the proposed
flow estimation approaches have been tested with the help of simulations and flow
phantom measurements. Results of the system’s validation and results of in vivo

images on small blood vessels are presented.
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1. Introduction

Ultrasound Doppler systems enable the assessment of blood flow in organs
and vessels by measuring blood flow velocities and perfusion [1]. In derma-
tology and other applications, small vessels with low blood flow velocities are
of special interest [2-6]. High resolution and robust flow estimation concepts
have to be applied under these conditions.

A PWD system with a high frequency spherically focused single element
transducer (50 MHz center frequency, 80% relative bandwidth) has been de-

signed and implemented. A waveform generator is utilized for transmit signal
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generation, and radio frequency (RF) echo signals are directly digitized with
a transient recorder. Periodic sequences of pulsed signals are transmitted
with an adjustable and predefined pulse repetition frequency (PRF) at dis-
crete lateral transducer positions for flow and perfusion imaging across blood
vessel’s cross sections [6-13|. Flow in vessels can be separated in axial and
radial flow velocities components in sound propagation direction and trans-
versely, respectively, in the context of the utilized spherically focused single
element transducer |8, 10-11].

Consecutive sequences of echo signals are acquired over time of flight (“mi-
cro time axis”) and over repeated pulse transmissions (“macro time axis”).
Digitized data is represented in the two dimensional micro,/ macro time axis
space, which enables an easy interpretation and motivation of different con-
cepts for blood flow velocities estimation. Conventional frequency domain
and time domain approaches as well as time /frequency domain approaches
for the estimation of axial blood flow velocities are discussed. Trade-offs be-
tween a good spatial resolution and a good velocity resolution are analyzed.
It is shown that combined time/frequency domain approaches can advanta-
geously be applied in the context of broadband systems [7.9,12]. Further-
more, an approach for the estimation of the magnitude of radial low veloci-
ties is proposed. The statistics of echo signals from blood, which transversely
cross the sound beam, is analyzed in this approach [8,10-11,14-15].

Implementations of wall-filters, which are utilized to suppress the station-
ary echoes from the non moving tissue, that are significantly larger than the
echoes from blood, are discussed. Power-mode images and color flow images
are calculated off-line.

Simulations and flow phantom measurements have been performed in
order to test and validate the implemented PWD system and the proposed
flow estimation strategies. Furthermore, in vivo measurements on small blood
vessels at the back of a human hand have been performed. It will be shown
that the implemented system is capable of detecting and measuring blood
flows in small vessels with diameters down to 100 gm with flow velocities in

the range of some few mm  s.

http://rcin.org.pl



CONCEPTS FOR HicH RESOLUTION BLOOD FLOW IMAGING ... 275

2. High Frequency Ultrasound for High Resolution Blood Flow
Imaging

A sufficiently good spatial resolution has to be achieved and sensitive
flow estimation approaches have to be applied for blood flow imaging in
small vessels with very small diameters and very small blood flow velocities.
High frequency and broadband ultrasound in the 50 MHz range is utilized to

fulfill these requirements.

2.1. Measurement Configuration

Because HFUS arrays operating at frequencies above 30 MHz are not vet
available, a spherically focused single element transducer is utilized for the

measurements. The measurement configuration is shown in Fig. 1.

b)

Mechanical
scanner

Fi1oUuRE 1. a) measurement setup, b) low geometry: true flow velocity vy ue. axial
&

and radial flow velocities v. and vg.

Movement artifacts. which might occur during in vivo measurements,
have to be avoided. A mechanically stable measurement platform that fixes
the transducer relative to the blood vessels under investigation, see Fig. 1 a).,
has been designed. The transducer is positioned above the blood vessel,
whereby an angle o between the direction of sound propagation (axial di-
rection) z and the flow direction is given. see Fig. 1 b). Ultrasound gel is used
as sound propagation medium between the transducer and the tissue. For
morphological skin imaging with HFUS. usually water is used as coupling
medium. This is achieved by mechanically scanning the transducer inside

a water bath inside a small tank with a slot at the bottom side, which is
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placed on the skin surface |6, 16-18|. But this is not appropriate for blood
How measurements because blood flow inside the small vessels would collapse
under the mechanical load. For this reason, ultrasound gel is used as sound
propagation medium. Air bubbles, which might be present in the gel. sig-
nificantly disturb the propagation of HFUS. Hence. air bubbles have to be
avoided as much as possible.

The ultrasound waves. which are emitted by the transducer, are backscat-
tered at the moving blood particles, mainly the ervthrocytes, inside the blood
plasma. Because a rotational symmetric ultrasound transducer with a narrow
sound beam is utilized for imaging. the true velocity vipe of moving blood
particles can be separated into the axial flow velocity v. in axial direction
z and in a flow velocity vp in the radial direction R perpendicularly to the

direction of sound propagation, see Fig. 1 b).

V; = Uhrue COSQ, VR = Vtrue SINQ, Ugrye = 4/ V2 + V5. (2.1)

The magnitude and the sign of the axial flow velocity v, can be estimated, i.e.
blood flow towards the transducer and that away from it can be distinguished
from each other and quantified with the signal processing concepts introduced
below. Tt will be shown that the radial traverse of blood particles through
the sound beam causes a modulation of the echo signal. This modulation
can be analyzed in order to estimate the radial flow velocity vy, Given the
rotational symmetry of the transducer, it is evident, even at this point, that
the direction of the radial flow cannot be measured.

The transducer is mechanically scanned along the lateral direction @ and
measurements are repeated with the transducer being stopped at discrete

lateral positions z, to obtain spatially resolved ow measurements.

2.2. Pulse Echo Measurements Utilizing High Frequency Ultra-
sound

A spherically focused ultrasound transducer is utilized for all measure-
ments in order to achieve a high measurement sensitivity and a good radial
resolution. Pulse echo measurements are performed emitting pulsed ultra-
sound waves. which propagate along the pencil-like sound beam. Ultrasound
waves, which are backscattered at acoustical inhomogeneities inside the tis-
sue and at the moving blood particles, are received by the same transducer,

The resulting radio frequency (RF) echo signal is directly sampled over time
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of flight (TOF). Under these conditions, the spatial resolution dg of the sys-
tem in radial direction R depends on the sound field characteristics, i.e. on
the focusing, the transducer’s center frequency f and the aperture diameter
D. The system’s capability to separate scatterers along the sound beam an-
alyzing echo signals over TOF . i.e. the axial resolution 4. in the direction of

sound propagation =, depends on the transducer’s bandwidth B |6, 16 17

& 1
op = — F =~ 1600 ym————F,
" T O fo /NTHz)
(2.2)
. 2cIn?2 1
5, = 2604 706 pm————
I D)

In Eq.(2.2) ¢ &= 1540 m s is the speed of sound and F = z3/D denotes
the “f=number’ with the focus length zy and the aperture diameter D. The
dispersive nature of the tissue attenuation happens to be remarkably promi-
nent in the case of high frequency broadband ultrasound, making it strongly
frequency dependent. Because the attenuation increases with increasing fre-
quency, echo signals are shifted down regarding center frequency and band-
width with increasing depth. Consequently. radial and axial resolutions are
degraded over depth [6.16 17].

2.3. Echo Signal Acquisition for Blood Flow Measurements

Pulsed signals are emitted for spatially resolved measurements along the
axial direction. Echo signals, which are backscattered at moving blood parti-
cles inside the transducer’s sound beamn, show a Doppler shift relative to the
transmit signal.

A single moving scatterer with a constant axial flow velocity v, is consi-
dered for an analytical description, first. With the speed of sound ¢ and the
system’s impulse response h(t), the scatterer’s axial position z(1) over time
and the relationship between the transmit signal sp(f) and the echo signal
sp(t) are:

z2(t) = zg + vst sp(t) = h(t) * st(alt —tp)) .,
2. 220 (2.3)
a=1—-—. o= —.
iz o

Because blood flow velocities are much smaller than the speed of sound,

the scaling factor in Eq. (2.3) is very close to one, i.e. a = 1. Consequently,
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long-term observations have to be performed to be able to estimate the axial
flow velocity v,.

In order to analyze the Doppler shift due to the axial scatterer movement
the concept of continuous wave Doppler (CWD) systems is considered first
[1]. In this approach, a sinusoidal continuous wave (CW) transmit signal
sp(t), i.e. a narrowband signal at angular frequency wp, is emitted from
a transducer. The echo signal sp(t), which is caused by backscattering at
moving blood particles, is received with another transducer, that is located
closely beside the first one, and shows an angular Doppler frequency shift
wp. The analytical transmit signal s (t) and analytical echo signal sp ()
are given by the following relationships, sce Eq. (2.3):

20,

jwot ! j(wo—wp)t
sT(8) = Ape?t | spy(t) = Age @00l p = w2

(2.4)

The Doppler frequency wp is proportional to the axial How velocity v,
and is very small compared to the angular frequency wp, which is chosen to
be the transducer’s center frequency. Usually, the echo signal is quadrature
demodulated, i.e. mixed with the CW transmit signal downwards to the
base band. As a result, the quadrature demodulated signal (I/Q-signal: in-

phase/quadrature phase signal) sp(t) is obtained:

sp(t) = spy (t)e 940t = Age~Iwot, (2.5)

Assuming sp(t) to be analvzed over a long time interval, a spectral analy-
sis delivers directly information about the distribution of axial flow velocities
inside the intersection of the two transducer’s sound beams [1].

In PWD systems. on the other hand, broadband pulsed signals with
a short pulse duration are emitted in order to obtain a good axial resolu-
tion, as motivated above. If only a single pulsed signal is emitted, the scaling
of the echo signal in Eq. (2.3) is too small to be analyzed with respect to the
axial flow velocity v.. For this reason, trains of consecutive broadband pulses
with an adjustable and predefined PRF fprp = 1/T are emitted in PWD
systems [1,2-3,7].

While the TOF of the ultrasound waves from the transducer to the
backscattering structures and back is on the order of several ps, the PRF
is some orders of magnitude higher. i.e. on the order of several ms. The ana-

lysis of the consecutive echo signals, which are caused by the consecutively
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emitted transmit pulses, enables a long-term observation of moving scatter-
ers. It is already evident from this description that a sampling procedure is
involved in this approach. In Fig. 2, a simulated sequence of RF echo signals
for one single point-like moving point scatterer inside the transducer’s sound
beam is shown.

0
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I'icure 2. Simulated sequence of RF echo signals for one single point-like moving

scatterer

In the simulation, a fractional bandwidth B/ fy = 80 %, i.e. a very broad-
band system, was presumed. The above described PWD concept is analogous
to a stroboscopic measurement setup with a periodically triggered flashlight,
which illuminates a moving object. With each flash, a “snapshot” is obtained,
i.e. the object’s movement is sampled over time. Consequently, the PRF is
a crucial parameter, which determines the maximum unambiguously mea-
surable axial flow velocity v, max in PWD systems [1]:

¢ frrr Py
Vz,max = . (2())
4 fo
In Fig. 2 the consecutive echo signals, which result from each pulsed trans-

mit signal, are shown side by side. In this representation, the “micro time axis”
is equivalent to the TOF, which is, scaled by the speed of sound ¢, propor-
tional to the axial coordinate z. Consecutive transmissions with the given
PRF define the “macro time axis” with a sampling from pulse to pulse. It
can be seen that the axial scatterer movement results in an echo signal move-
ment along the micro time axis for consecutive pulses along the macro time
axis. Below, this circumstance is utilized to estimate the scatterer’s axial flow
velocity, Whereas only a single point-like scatterer was considered so far, the
echo signal from blood is caused by the superposition of the ultrasound waves
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that are backscattered at many individual blood particles. Consequently, the
“speckle” texture, which is very typical for ultrasound images. is also found

in the echo signal sequences that are caused from backscattering at blood.

3. High Frequency Ultrasound Pulsed Wave Doppler System
Implementation

The block diagram of the implemented PWD system is shown in Fig. 3.

Clock
WFG = D — Matching
y A \ Power MEtWOTK  Tyansducer
M amplifier | PUX 9= MN ﬂ
= Waveform 4
A generator Duplexer ) !
divider - Stepping
:-PK- N motors
Tooe i
Trigger L - -1 Pulse
v compression
& P network
e h q (optionally)

Transient  Low noise
recorder  amplifier

Ficure 3. Block diagram of the implemented PWD system

The single clement transducer is excited with a transmit signal, which is
generated by a waveform generator (WEG: Model 2045 polynomial waveform
svnthesizer, Analogic Inc., USA: 500 MHz maximum sampling frequency. 8 bit
amplitude resolution) with a subsequent power amplifier (Model 250L, Am-
plifier Research Inc., Souderton, PA, USA). Arbitrary signals within a limited
bandwidth can easily be generated feeding digitized data of a desired signal
into the WFG. In the receive path, the RF echo signal is amplified with a low
noise amplifier (AU-1301. Miteq Inc.. Hauppauge., NY., USA: 30dB gain).
Thereafter, the RF signal is directly sampled and digitized with a transient
recorder (TR: RTD 720. Tektronix Inc.. Beaverton. OR, USA: 500 MHz sam-
pling frequency. 8 bit amplitude resolution). Pulse echo measurements are
performed, i.c. the same transducer is utilized for transmission and recep-

tion of ultrasound waves. A duplexer (DUX) is utilized to actively switch

http://rcin.org.pl



ConcerTs ror Hicn RESOLUTION BLoob FLOW IMAGING . .. 281

the transducer between the transmitter during signal transmission and the
receiver during echo siegnal I‘<'<‘(‘1)1it)|l.

[t is essential to synchronize the transmitter and the receiver in the PWD
system in order to acquire the echo \iglml sequences in an appropriate way.
Furthermore, a well defined and adjustable PRF is required. For these rea-
sons, the clock signal of the WFG is connected with the external clock input
of the TR. Furthermore, both devices, the WFG and the TR, are triggered
with the same signal, which is derived from the clock signal with an adjustable
frequency divider. The PRF is thus an integral divider of the 500 MHz clock
signal, see Fig. 3. With each trigger event, a pulsed transmit signal is emit-
ted and the resulting RF echo signal is acquired after a constant time delay,
which is adjustable in the WFG.

The electrical matching between the transducer and the driving electro-
nics can be improved with an optional matching network between the DUX
and the transducer. A reactance matching network was specially designed for
this purpose. However, the design of a broadband matching network is a dif-
ficult and challenging task. Consequently, the system’s bandwidth is lower
with the network than without it [16]. The transducer can be mechanically
scanned in the two orthogonal directions in the horizontal plane using two
stepping motors (Iselautomation KG. Eichenzell, Germany). A controlled
DC-motor (Physik Instrumente GmbH., Karlsruhe, Germany) is utilized to
mechanically move the transducer in axial direction. This allows the position-
ing of the transducer’s focus in a desired depth, which is usually the center
of the region of interest (ROI). In Fig. 4, a photograph of the implemented

PWD system is shown.

Frcure 4. Photograph of the implemented PWD system
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4. High Resolution Blood Flow and Perfusion Imaging

The acquired echo signal sequences are analyzed with the aim to quan-
tify blood flow velocities and perfusion with a high resolution. Appropriate
estimation approaches are required in the context of very broadband signals,
which are applied in the implemented PWD system. Spatial and velocity
resolution, i.e. the system’s ability to spatially resolve How conditions and to

differentiate flow velocities, are crucial parameters in this context.

4.1. Parameters for the Quantification of Blood Flow and Perfusion

In contrast to the morphological nature of B-mode (B: “brightness”) imag-
ing of biological tissues Doppler techniques allow for functional imaging, i.e.
they enable to quantify blood flow. Though several parameters like flow ve-
locities profiles, mean fow velocities, volume flow, quantified turbulences,
ete. are of interest from the physiological point of view, not all of them are
directly accessible with ultrasound. Furthermore, a suitable visualization of
measured data is an important issue in the medical application. The following
flow visualization modalities are typically applied in medical sonography [1]:

e Duplex mode: The axial flow velocity distribution of blood particles
inside one single point of interest is estimated and visualized over time.
This allows to analyze flow velocity changes over time in great detail.

e Color flow mapping (CFM): Mean axial flow velocities of blood
particles are estimated point-wise in a user-defined ROI. Estimated
mean axial velocities are visualized in a color-coding scheme and su-
perimposed to a grayscale B-mode image. This facilitates a detailed
analysis of the spatial distribution of mean flow velocities over time.

e Power mode: The energy of signals, which are backscattered at mov-
ing blood particles, is point-wise estimated in a user-defined ROI, and
results are visualized in a color-coding scheme. The perfusion of organs
can be analyzed in this mode. Blood flow is only qualitatively visualized
and no information about flow velocities is included.

The schematic in Fig. 5 shows the relationship between the different pa-
rameters and the actually given distribution of axial flow velocities. It is
assumed, that the likelihood L(v,) for a given axial flow velocity v, is es-
timated at each point of interest along the z axis. In the figure, L(v,) is

normalized to its maximum.
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FIGURE 5. Parameters and imaging modalities for flow and perfusion quantifica-
tion

For color flow mapping the mean flow velocity, v ean is calculated as the
centroid, i.e. the first moment over the zero order moment, of the velocity
distribution L(v,):

[ v,L(v,) dv,

Usshgan = >« 4.1
Uz me [ L(‘l‘z)(llﬁz ( )

Several approaches for the estimation of the axial How velocity distribu-
tion as well as an approach for the estimation of the mean radial flow velocity
component with rotational symmetric sound beam transducers are discussed

below.

4.2. Axial Flow Velocity Estimation

It was already discussed above that the flow of scatterers along the ax-
ial coordinates results in a movement of consecutive echo signals along the
micro time axis from pulse to pulse, see Fig. 2. Conventionally, sequences
of narrowband burst signals, i.e. trains of low-frequency pulsed signals, that
modulate the amplitude of a carrier signal at the system’s center frequency
fo. are transmitted in PWD systems. Under these conditions, the axial How
velocity distribution can be estimated sampling the sequence of quadrature
demodulated echo signals at constant lags on the micro time axis for consec-
utive pulses along the macro time axis. Employing the fast Fourier transform
(FFT) of sampled data. estimates for the axial How velocity distribution in
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cach depth along the sound beam are obtained (FFT-approach) [1.7]. Be-
cause spectral information is analyzed. this procedure can be classified as
a frequency domain approach. Kasai et al. proposed a very efficient tech-
nique for estimating the mean axial flow velocity analyzing the autocorrela-
tion function of sampled data [19].

However, these approaches are not appropriate in the context of broad-
band transmit signals, which are utilized in the implemented PWD system in
order to obtain a good spatial resolution in the axial direction of sound prop-
agation. The reason for this is that the envelope of the short duration pulsed
signals significantly passes through the range gates from pulse to pulse, i.e.
through the points at constant depths along the micro time axis. This can be
seen in Fig. 6. which shows another simulated echo signals sequence for six
discrete moving point-like scatterers with different axial flow velocities. For
the simulation, again. a very broadband system with a fractional bandwidth

B/ fy = 80% was presumed:

0 1 6 7
S, % } l“ilCl’()/T

3 4 5
14
-2~ AE v,/ Vomax =044

Zmax

= Vil Ve e = -0.25
b Vol Vo = 0.38
J' / Vs = 006
i VAV e = -0.03
micro o EELLL

Picure B Simulsted seauence of BF echo siznals for 8 discrete sinele voint-Tike
1 g .
moving scatterer |7|

The axial scatterer movement can be observed over a very small number
of pulses only by sampling the echo signals sequence at constant lags on the
micro time axis. As a result of this, a spectral broadening occurs applying the
FFT approach, what is the more distinct the higher the axial flow velocity
is. For this reason, the axial flow velocity resolution, which quantifies the
system’s ability to resolve different axial flow velocities, is the worse the
higher the axial flow velocity is |7].
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More recently. new approaches for the analysis of the RF echo signals in
the time domain have been introduced. The mean axial flow velocity of mov-
ing blood particles is analyzed by calculating the cross correlation function
of consecutive RF echo signals, i.e. of signals recorded along the micro time
axis, for consecutive pulses along the macro time axis (RF-CC approach:
Radio frequency cross correlation). Because the axial scatterer movement is
directly estimated by analyzing the time domain characteristies of the echo
signals, this technique is classified to be a time domain approach. This ap-
proach, however, suffers the drawback of estimating merely the means axial
flow velocity instead of the more desirable velocity distribution.

The pulsed echo signals sequence for single point-like scatterer, which
move with a constant axial flow velocity along the sound beam, shows a con-
stant time shift from pulse to pulse along the micro time hence the scatterer
moves along lines of constant inclination in the two-dimensional micro and
macro time axes space. see Fig. 6. Consequently, the axial scatterer movement
can be tracked by sampling the sequence of echo signals along trajectories,
which correspond to different axial flow velocities. For each trajectory, the
likelihood for given scatteres with a corresponding axial flow velocity is esti-
mated. This is done by analyzing the sampled RF echo signal or the sampled
quadrature demodulated signal (WMLE approach: wideband maximum like-
lihood estimator/Butterfly Search Algorithm [6-7.20-23|). Because spectral
and time domain information is combined in these approaches, they are clas-
sified as combined time/ frequency domain approaches, here [12].

Figure 7 shows the estimated axial velocity distributions for the echo sig-
nals sequence that are shown in Fig. 6. Results obtained with the FFT ap-
proach and with the Butterfly Search Technique are shown [7].

It can be seen that the axial resolution and the axial velocity resolution,
which quantifies the system’s capability to distinguish the axial positions
and axial flow velocities of moving scatterers, are better with the Butterfly
Search Technique than with the FFT approach. Furthermore, utilizing the
FF, spatial and velocity resolutions depend on the axial flow velocities [6-7].
This is due to enlarged spectral broadening brought about by shorter times
of observation, in which the scatterer movement can be analyzed.

In conclusion, the tracking of the axial scatterer movement in the context
of the Butterfly Search approach enables a long-time analysis of the echo
signals sequence along the macro time axis independent of the transmit signal

pulse width. Consequently, axial flow velocity distribution estimates have
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Ficure 7. Estimated axial velocity distribution: a) FFT approach, b) Butterfly

Search Technique [7]

a lower variance with the Butterfly Search approach than with the FFT

approach albeit at the expense of much higher computational cost.

4.3. Radial Flow Velocity Estimation

So far only axial scatterer movements in the direction of sound propa-
gation were considered and it was assumed that the scatterers movement in
transverse direction is of no further consequence. Actually, the traverse of
blood particles through the sound beam causes a modulation of consecutive
echo signals from pulse to pulse.

With the given rotational symmetry of the sound beam of the spherically
focused transducer’s sound beam, it is assumed that the point spread func-
tion (PSF) h(t, 2, R"), which is the system’s response for a single point-like
scatterer at an axial and lateral position z = z and & = R/, is separable into

an axial component h.(t. z') and a radial component hr(R'.2'):

h(t,2’,R') = h,(t,2") hp(R', 2. (4.2)

The system’s response regarding axial scatterer movements was already
discussed above. If the scatterers pass the sound beam in transverse direc-
tion, see Fig. 1 b), and if the observation time is sufficiently large. a significant
modulation of the echo signals sequence along the macro time axis is caused.
This modulation depends on the transducers’ sound field characteristics. The

magnitude of the radial How velocity i can be estimated with measurements
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of the PSF as a reference. However, the direction of the radial flow cannot
be measured with the rotational symmetry of the sound beam. Because of
the speckle texture, which is inherent in the echo signals backscattered at
moving blood particles, the speckle statistics has to be analyzed. In the pro-
posed estimation approach, this is performed analyzing the auto-covariance
function (ACVF) of the echo signals envelope |8, 10-11].

Again, simulated echo signals sequences have been utilized to establish
and to evaluate the estimation approach. The simulations were based on the
geometry in Fig. 8.

Trans-
Sound _ ducer
beam {} ﬁ
e
Tissue X ;
Vessel &

Parabolic flow
velocity profile

Ficure 8. Flow simulations: Vessel diameter D, insonation angle o

Laminar flow with a parabolic true velocity profile inside a vessel with
a given diameter D was assumed. Furthermore, uniformly distributed point-
like scatteres were assumed to be located inside the vessel. As an example
Fig. 9 shows a simulated echo signals envelope sequence for a single transdu-
cer position.

An incident angle o = 90°. i.e. a transverse flow relative to the direction
z of sound propagation, was chosen. The system’s axial and radial resolu-
tion in the simulation were 17 gm and 54 pm respectively like in the imple-
mented PWD system. A vessel diameter D = 450 pm, a peak flow velocity
of Virpemax = 22mm/s and a PRF fprp = 3200 Hz was assumed. A number

M = 50 of echo pulses was simulated, i.e. the observation time was about
16 ms.
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Fioure 9. Simulated echo signals envelope sequence

[t can be seen in Fig. 9 that the given speckle pattern decorrelates fastest
in the center of the vessel, where the radial flow velocity is the largest. On
the other hand, the echo signals are almost stationary at the vessel walls
because the flow velocity reaches zero. 1.e. no scatterer movement is given.
Consequently, the rate of the decorrelation of echo signals along the macro
time axis is a measure for the magnitude of the radial low velocity. However,
the actual sound beam characteristics, i.e. the radial component hy(R', 2"
of the PSF, see Eq. (4.2). has to be known.

Calibration measurements have been performed to measure the system’s
PSE. A tungsten wire with a 7 n diameter, which is significantly smaller
than the transducer’s axial and radial resolution and the wavelength at the
system’s fy = 50 MHz center frequency, was utilized as a point-like imaging
object. Because of the focused sound beam characteristics. which significantly
changes over depth z. see Fig. 1 b), the wire was imaged in several depths
[8,10-11.16].

The mean radial flow velocity is estimated in each depth z analyzing
the envelope of the echo signals sequence along the trajectory in the micro
and macro time axis space that corresponds to the estimated mean axial
fHow velocity at the same depth. The decorrelation of speckle is analyzed by
calculating the ACVFE of the sampled data, sec Fig. 10.

The ACVF of the B-mode data of the measured PSF is utilized as ref-

erence. The ACVFE of measured data is a replica of the ACVFE of the radial
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Ficure 10. a) ACVF of echo signal envelope over depth z, b) connection between

ACVF of echo signal envelope and ACVFE of measured PSF

component hz(R'. 2" of the PSF, which is scaled by the unknown mean

radial flow velocity vy [8.10-11]:
cpsF(T) = CocholVRE) . (4.3)
The estimated mean radial flow velocities over depth are shown in Fig. 11.

The radial flow velocity profile is reconstructed under the simulated condi-

tions. but the variance of flow velocity estimates is relatively high.

[mm/s]

v

0 01 02 03 04
z/[mm]
Figure 11, Estimated radial flow velocity over depth
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4.4. Stationary Echo Cancellation and Perfusion Estimation

Echo signals, which result from backscattering in the tissue, are stationary
signals, i.e. they do not change from pulse to pulse as long as movement arti-
facts can be neglected. In contrast, echoes from the backscattering at moving
blood particles change from pulse to pulse along the macro time axis. Be-
cause echoes from blood are significantly smaller than the echoes from the
tissue, it is desirable to suppress the stationary echoes prior the estimation
of flow velocities. Furthermore, if echoes from backscatter at blood are sepa-
rated from backscatter from the tissue, the signal energy is a parameter for
perfusion imaging, which is utilized for power mode imaging.

Making use of the fact that stationary echoes are constant components of
the sampled data along the macro time axis for constant lags on the micro
time axis, i.e. at constant depths z, this suppression can be performed by
digital filtering. The “wall-filter” has to be a digital high-pass filter. If a finite
impulse response (FIR) filter of an odd order N is applied, the relationship
between the digital input signal z,, and the digital output signal y,, can be

deseribed as follows:

N
U = Zh, Tpn—i, with: h; = —hx_;. (4.4)

=0

The impulse response in Eq. (4.3) ensures that a constant input signal
I, results in an output signal y, = 0, what is desired in order to suppress
the stationary echo signals. In Fig. 12 the magnitude of the filter's transfer
function is shown for different filter orders N and for the approximation of
a rectangular transfer characteristics with a cut-off-frequency corresponding
to an axial cut-off flow velocity v, cur = 0.1 - V5 max-

Another possible wall-filter implementation. which is a very straight for-
ward approach, is to estimate the mean value of the input signal sequence z,,,
 REiE [N S VI, which is utilized for velocities estimation. At the wall-filter’s

output, the following signal sequence y,, is assigned:

M
1
T = i Z.r;. Yn=Tp—2, n=12...,M. (4.5)

=1

The relationship between the wall-filter input and output in Eq. (4.5) is

a non-causal relationship.
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Frcure 12. Wall-filter transfer function (magnitude) for different filter orders N

5. Flow Phantom Measurements

Flow phantom measurements have been performed in order to evaluate
the proposed PWD system and the proposed approaches for flow velocities
estimation. Equivalent to the simulations discussed in the context with Fig. 8,
it was intended to perform the measurements under well defined conditions.
Flow phantoms were specially designed for this purpose, see Fig. 13.

"

=> ‘

Scan direction

Transducer

Tissue
phantom

Artificial
vessel

l_ | Blood mimicking fluid

Ficure 13. Flow phantom: artificial vessel embedded in agar with silica gel

particles
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Artificial vessels with a well defined diameter were produced by embed-
ding metal wires in blocks of agar that was used as tissue mimicking material.
Silica gel particles were added into the agar to obtain an acoustic backscat-
tering. The artificial vessels, which were obtained after removal of the wires,
were perfused with a well defined volume flow using a motor driven syringe
purmnp. A blood mimicking fluid, which consists of particles of yeast in a so-
lution of glveerol and water, was used for the measurements.

In Fig. 14 the envelope of echo signals sequences, which have been acquired
at a flow phantom with D = 450 g diameter. a = 657 insonation angle and

0.177 mm? /s volume flow. is shown.

Lateral transducer position

1 5 10 5 20
o = na— 1.0
Stationary echos
100
0.75
200
E
= ’ 0.5
~ 300
400 0.25
500£ Blood mimicking fluid [% 2]
= 'Z. | 0.0

0 100 200 300 400 500
x/ [um]

Fraure 14, Flow phantom measurement: envelope of acquired echo signals se-

quences at discrete lateral transducer positions

The ccho signals sequences at the discrete lateral transducer positions
are shown side by side. In each sequence the echoes from A = 50 transmit
pulses were acquired with a PRF fprp = 800 Hz. Stationary echo signals
from the tissue phantom are horizontal lines in the echo signal sequences,
The echoes from the moving scatterers inside the blood mimicking fluid
are visible as slanted lines, compare Fig. 6. A parabolic flow profile with
a maximum fow velocity virpemax = 2.221min; s is expected under the given
flow conditions. The expected maximum axial and radial flow velocities are
Vemax = 0.94mm/s and v ax = 2.0mm s, respectively, with the given

insonation angle.
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The estimated axial and radial flow velocity profiles are shown in Fig. 15.
The axial flow velocity profile estimate shows a maximum at the artificial ves-
sel's center and smaller flow velocities towards the vessel wall. The maximum
estimated axial flow velocity 0. 2 = 0.66 mm/s is smaller than expected.
This can be explained by the given uncertainty about the actual insonation
angle av in the measurement. Equivalent to the above discussed flow simula-
tion, the variance of the estimated radial flow velocities profile is relatively
high. The mean estimated radial flow velocity 0 nae = 2.2mm/'s at the

artificial vessel’s center is in the expected range [10]:

a) , b) ‘
vy fa Ay / /e
o7 b Ve/ [mmis] a0 b Vi [mmis]
06 35
0s :‘;
0.4 o5
03 15
02 1.0
0.1 0.5
0 1000 0 100(
0 160 800 0 e 800
0 600 7 00 7
200 00 o 400 wm s 400
200 2/ > 200 2/
> 500 4 2/ (um] 500 2/ [pm]
X/ [um] 6000 x/ [um] 6000

Ficure 15, a)estimated axial flow velocity profile, b) estimated radial flow velo-
city profile [10]

6. In Vivo Measurements

The implemented PWD system was developed for blood flow imaging
in small vessels with small flow velocities. In vivo measurements have been
performed at small veins at the back of a human hand, see Fig. 1. Echo
signals frames were acquired with a PRF fprp = 1kHz and an insonation
angle o = 65°.

In Fig. 16 a cutout of RF echo signals sequences at consecutive lateral
transducer positions are shown before and after wall-filtering.

The wall-filter, which is described in Eq. (4.5), was utilized. Again. the
echoes from the tissue and the vessel wall are visible as horizontal line. They
are suppressed significantly after wall-filtering. The echo signal energy after
the wall-filter is utilized as a measure to decide at each point in the color
flow image and power mode image whether flow is visualized or not. If the

energy is below a user-defined threshold. the morphological B-mode image
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Ficure 16. In vivo imaging: echo signals sequences: a)before wall-filtering,

b) after wall-filtering

information is visualized. If the energy is larger than the threshold, the flow
information is imaged.

The color flow mage in Fig. 17a) shows the mean axial flow velocity
distribution over the vessel’s cross section.

The maximum estimated axial flow velocity is 0. max &= 5mm/s In the
power mode image in Fig. 17h) the perfused cross-section is qualitatively

visible. The echo signal power is the highest at the vessel’s center. This is

. g b 11.0
) E mnvs ) a T 0y - 3
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FiGure 17. Vein at back of human hand: a) mean axial low velocities, b) power

mode, ¢)mean axial flow velocities, d) mean radial flow velocities.
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because the signal energy after the wall filter is the higher the more backscat-
tering blood particles are given and the higher the flow velocities are. Esti-
mated mean axial flow velocities and mean estimated radial flow velocities
are shown in Fig. 17¢) and d). Because the signal to noise ration (SNR) of
acquired signals is too low at higher depths, the color low images are shown
over a more limited depth range:

The estimated mean radial flow velocities distribution shows a maximum
at the vessel’s center and a decrease towards the vessel wall, as well. The
transducer is mechanically scanned along the lateral coordinate x in order
to acquire echo signal sequences at consecutive lateral transducer positions.
Because of the cyelic heart beat and the relatively long time between consec-
utive acquisitions, the PWD system is synchronized to the heart beat cycle.
This is achieved by triggering the data acquisition at each transducer po-
sition with the output of a photo-plethysmography system, which optically
measures the heart beat cycle. Under these conditions, the color flow map
represents the mean flow velocities at a constant phase of the cyclic heart

beat.

7. Summary and Conclusions

A concept for the utilization of high frequency and broadband ultra-
sound for high resolution blood flow imaging in small vessels was presented.
A PWD system with a spherically focused single element transducer with
50 MHz center frequency and 80% fractional bandwidth has been designed
and implemented. High frequency and broadband ultrasound is utilized in or-
der to achieve a good spatial resolution. Transmit signals are generated with
a waveform generator, and echo signals are directly sampled with a tran-
sient recorder. Transmitter and receiver are synchronized with each other to
acquire data with a well defined timing reference.

Referring to the cylindrical symmetric sound beam characteristics, the
true flow velocity was separated into the axial flow velocity component in
the direction of sound propagation and the radial component in transverse
direction. Acquired echo signals sequences were analyzed in a two dimensional
space with the micro and macro time axes.

It was shown that combined time/frequency domain approaches for ax-
ial flow velocities estimation can advantageously be applied in the context
of broadband transmit signals. Furthermore, an approach for the estimation
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of the magnitude of radial flow velocities was presented. The proposed es-
timation techniques were evaluated by How simulations and flow phantom
measurements.

The designed PWD system was successfully implemented. Results of How
phantom measurements show that How velocities in the range of some few
mim /s in artificial vessels as small as 100 g in diameter are reliably estimated
with the proposed approaches. In vivo measurements have been performed at
small veins at the back of a human hand. It was shown that axial and radial
flow velocities profiles in vessels with diameters as small as about 500 g can

be assessed.
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