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Abstract

Recentiy, real-time blood flow imaging became possi-
ble thanks to the development of a velocity estimator
based on the phase-shift measurement of the succes—
~ive echoes obrained from moving blood [1]. However,
.is method suffers from the well known limitations
¢ pulse-Doppler instruments. These drawbacks are
sinly the conflict between velocity precision and
axial resolution requirements, and the velocity li-
mitation due to the aliasing phenomenon.
In this paper, a new principle for velocity estima-
tion, based on Cime domain correlation [2], is shown
to overcome these problems. A simplified version of
the technique using only | bit signals has been deri-
ved. This processing scheme has been optimized
through extensive computer simulations. Experiments
carried out on recorded in-vivo data, have confir-
med the feasibility of measuring velocity profiles
accurately, without the high velocity limitation
(aliasiog). Moreover, the possibility of obtain
instancanecus and accurate velocity profiles by
processing a limiCed number of echo response {about
10 A-lines) should provide new potential modalities
for clinical application of ultrasound.

I. Introduction

Successive developments of pulse-Doppler ultrasound
techniques involved the measurement of instantaneous
“lood velocity profiles on the beam axis. The first
Jproaches used multigate pulse-Doppler systems with
7 “hquenarial [3] ocr parallel processing [4] and the
ATI (moving target indicator) methoed [5-7]. Recenctly,
amultigate velocity profile reconstruction in real
time, using analog ultrafast spectral analysis has
been presented (8], However, these techniques did
6ol manage to produce two-dimensional imaging of the
actual flow dynamics in veal time,

Two-d imensional flow mapping in real time requires
very efficient and robust processing. Indeed, the
veloc ity profile estimation on the full beam axis has
to be performed at the pulse repetition frequency
(PRF equals a few kHz) and in comparison with con-
ventionsl pulse-Doppler systems, the observation time
{integrstion) is reduced to only a few repetitions
{about 10) in order to satisfy real time frame-rate
requi rements. Despite these formidable problems, a
first system has been developed which does produce
tvo-d jmensional Doppler flow maps [2] using an auto-
corre lstion technique.
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In the latter system, the phase shift of successive
echoes freom the moving scatterers, in response to
recurrent excitation, is detected according to the
usual descripcion of the Doppler effect. Consequent-
iy, the well-known limitations of existing pulse-
Doppler processing arose. These are mainly 3

- the maximum axial veloecity which can unambiguously
be measured :

- & PRE
max 4 f
o
where f 1is the central frequency of the tramns-

mitted signal and ¢ 1s the velocity of sound.

- the increase of the variance of the velocity es—
timation if one use broadband excitation to im—
prove range resclution.

As an alternative, we have presented in a previous
paper [9] a new time-domain formulation which des—
cribes the pulse-Doppler effect on successive echoes
from the moving targets as a progressive time shift
due to displacement of the scatterers. This approach
allows one to conveniently realize a powerful compu-
ter simulation tool. Various sets of rf A-lines re-
flected from a cloud of scatterers moving inside a
vessel can thus be created, taking into account a
velocity profile, the transducer design {(directivi-
ty profile and bandwidth) as well as practical
signal-to-noise ratios. Finally, strong stationary
echoes representing, for instance, signals from the
vessel walls, can be superimposed on the set of
"moving" A-lines at a specified ratio. This model-
ling enables to take into account the random inter-
farence effects which characterize the echo signal
from blood I!O. i1]. Specifically, the simulared
data allow an accurate and rtealistic evaluation of
the different velocity estimators, in parcicular
those suitable for real-time flow visualization.

As a consequence of the time-domain interpretationm
of pulse-Doppler, a novel class of blood velocity
estimators are derived which are able to measure
the time shift of the consecutive echoes. Among
them, the cross-correlation function is a well=known
technique for time-delay estimation used, for ins-
tance, in radar [12] and slurry flow measurements
within pipes [#3]. However, our application of time
domain correlation is fundamentally different from
the techniques developed in these areas or in pre-
vious works about random signal Doppler systems
[14, 15]. The cross-correlation function is shown
to provide an accurate and efficient blood velocity
estimator, Moreover, it allows one to overcome the
aliasing problem which appeared to be insoluble up
to now [ 16]. This apparently “magic™ Eeature can be
easily understood if one realizes Cthat there is no
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ambiguity in measuring a time shift instead of a
phase shift. On another hand, it will be shown in
this paper that cross-correlation of | bit-signals
after stationary echo cancelling, provides a robust
and performant velocity estimator,

The ability to overcome the classical velocity limi-~

tation of pulse Doppler systems, opens up new possi-

bilities for elinical applications. Furthermore,
the use of wideband transducers with this technique
improves not oaly the axial resolution, but alse
the precision of the velocity measurement. These
unique features indicate thac instantaneous and ac-
curate velocity profile measurements are possible.

II. Time domain formulation

Considering a recurrent excitation applied to a fi-
xed transducer it is received successive echoes
from the moving medium. Under some approximations
and considering 2 pure, uniform axial velocity V
of blood it can be shown {9] rthat the succeedin§
respouse are time-shifted according te

yk”(c) =yk(l:—T) (1)

where k is the rank of the excitation, ¥y is the
corresponding echo response, T is the time-shift
related to axial velocity V_, speed of sound c,
and excirarion periodT, byz

2V

T = T (2)

In other words, this simple relation indicates the
distance a group of scatterers have moved between
two excitation pulses,

However, this relation is only a first order appro-
ximation of practical situations because bloed
velocity is neither purely axial"or uniform. Thus,
this relation has to be limited to a First under-
standing of velocity estimators and computer flow
simulation should be used for mere accurate perfor—
mances evaluation.

ITI. Computer fiow simulation

Computer simulation of blood flow provides an effi-
cient tool to assess the robustness of velocity es~
timators te practical parameters such as signal to
noise ratio, number of A-lines to be processed,
quantization accuracy and sampling rate, cross-
range velocity.., Also the influence of beamwidth
and bandwidth of the transducer can be easily eva~
luated.

The geometry of flow simulation is shown fig. 1,
The details of the formulation are given in ref,

9 . Briefly, this model enables to take into ac-
count any velocity profile inside a vessel to syn—
thetize a set of echographic A-lines. To match as
close as possible to real situation, an A-line from
fixed-strong scatterers can be added to the previous
set of "moving"™ A-lines with a given ratio. Typi-
cally, a ratio of 40 dB is considered which corres—
ponds to the ratio of mean reflectivity between soft
tissues and blood. Finally a sequence of uncorrela-
ted noise lines with a specified bandwidth can be
also added. The chaining of the simulatioa is sum-~
marized in the flow chart shown in fig. 2.
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IV. Velocity estimator based on phase-shift
or time-shife

IV. 1. Phase-shift estimators

The time-shift wentioned in section II can be also
interpretated as a phase—shift of 3 frequency com-
ponent fo’ given by




A¢-2nfor (3)

where f is usually the center frequency of the
echographic signal.

As a consequence, two main classes of blood velocity
estimators suitable for pulse-Doppler applications
can be derived : the usual ones measuring phase-
shifts and 2 new one estimating time-shifts.

Mzin inherent problems in phase-shift measurements

are !

- the bias introduced by frequency dependence of tis-
sue attenuation which changes the center frequency
of the return signals [17] :

- the fluctuations of the local mean frequency of
the A-line induced by random interferences from
multiscatterers medium [18, 19] ;:

- the ambiguity of phase measurements which leads to
the aliasing effect,

. These drawbacks are the well-known limitations of
~onventional pulse-Doppler instruments and are pre—
'nt on existing color flow mapping systems. Thus
quantitative, accurate and instantaneous velocity

profile measurements are almost impossible with
estimators based on phase-shift,

IV.2. Time-shift estimators

In this section, we demonstrate that the limitatiens
of conventional pulse-Doppler techniques discussed
above can be overcome by an estimator working on
time~shif{t measurement. As mentioned above, the
basic idea of this processing is that at che first
order, the blood flow induces a translation in time
of the successive echo signal (Eq. !). The time cor-
relation technique requires that most of the scat—
terers stay within the beam between pulses so Chat
the correlation between fwo consecut.ve range gatedq
gchoes remains high, In practice, this assumption

is easily satisfied. As an example, let us coasider
a2 {low velocity V of ! m/s, a pulse repetition fre=
quency of 5 kHz, the displacement D of the cells
between echoes is given by

D = VT = 0,2 mm (4)

“his deplacement is actually relatively small com-
~are to the typical size of the resolution cell of
an ultrasonic system. Consequently, the axial flow
velocity profiles can be estimated from the measure-
ment of the echoes time-shift at any range along the
beam.

As a first-order understanding of the working of the
time correlation technique, let us consider Eq. (1)
that relates Cwo successive A-lines after stationary
echo cancellation. The local cross-correlation ber-
ween these two signals, defined for a specified
depth Z = ¢t/2, is given by

¢ (tha) = [Ty (en) (t'+u)de’ (s)
PN J: e YO LLING

where the time t = 22Z/C locates the range gate, W is
the duration of the range gate and u is the shife
parameters of cross correlation function. Introdu—

cing the results of Eq. (1), we obtain

£ +W
- ' [ '
Ck(c.u) ft yk(t } yk(c +u-T)dt (6)
In this ideal situation {uniform axial veloecity), it
Ls clear that the time position of the maximum of

the correlation function provides a measurement of
the time-shift and therefore of the blood velocity
at the corresponding range

c ‘l'k(t)
Vk(t)= 7 —5— with Ck(c.rk(c))=Maxu[Ck(t,u)] {7

A more accurate evaluation of the performances of
the time correlation technique has been done using
our computer~simulation tool. The results confirm
the advantages expected from the principle of this
estimator. First of them is the possibility to
overcome the usual velocity limitation of pulse
Doppler due to the aliasing effect. Indeed, a high
trange velocity will result in a significant time~-
shife. There Is no awbiguity in measuring it since
the correlation function presents only one absolute
maximum. This is illustrated ia figure 3. The two
upper plots of this figure show the range gated
echoes from the simulated moving A-lines of a rapid
blood flow of | m/s. The lower plot presents the
cross~correlation function of these range gated
echoes and the location of the absolute peak does
measure a time-shift greater than one period of the
rf signal.

Moreover, there is no longer mutually exclusive
requirements in veflectivity and blood flow ima—
ging because the use of wideband transducers in the
cross-correlation method improves both the range
resolution and the accuracy of the velocity measu-
rement. Indeed, the time-shift method can be under-
stood as a measure of the range displacement of the
targets between two excitations. Therefore, good
range resolution leads to an accurate velocity
estimate,

V. One-bit correlator

Cross-correlation processing is a well-known com—
parison method between two signals. In the case of
time-shifted signals like the A-lines reflected by
a moving mediym, this comparison can be carried
out also on the sign of the signals. This is a

] bit-correlation technique.

The performances ¢f cross—correlation processing
are also valid with the one-bit correlator. These
amazing features which are the aliasing suppression
and the accuracy of velocity estimation with wide-
band signals are well depicted on fig. 4 and §.
Indeed, the velocity estimations on the same sets
of simulated data with a phase-shift method illus-
trate the large variance (fig. 4) and the aliasing
effect at 47 cm/s (fig. 5).

VI. Experimental results

In order to evaluate further the performances of
our new blood velocity estimator we have built a
dedicated Digital Acquisition System {D.A.S.) for

in-vivo data recording. Velocity estimates were done
using a SKY array processor.
This D.A.8. is organized around a VME bus control-

led by a 638000 microprocessor running under
VERSADOS operating system. The transmit-receive
electronics was designed to operate with 5 MHz cen-
ter frequency transducers. The receiver and the
excitation have a fairly large bandwidth of 2.5 MHz,
matched to the one of the transducer! in order to
obtain a good resolution on the estimated velocity
profiles, The receiver output signal is digitized
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SHIET s } and duratioen, r_1umber of consecutive A"!.J..l:le? recor-
ded and dead time between sets of acquisition in
order to cover a full cardiac cycle for instance.

Fig. 2 : Example of cross-correlation function bet- A block diagram of the D.aA.5. is given fig. 4.
ween successive range gated echoes from a
fast flow (Vz = 1 m/s)
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We have used this system to record sets of A-lines
from various vessels in the body. Experiments were
carried out with a 5 MHz serorech transducer 6 mm
in diameter focused at 3 cm. The in-vivo velocity
profile estimation confirm very well the advaata-
ges expected from our new velocity estimator. as
an example, fig. 7 gives the instantaneous veloci-
ty profiles in the common carotid obtained with
phased-shift based processing and correlation tech-
aique. The reduction of the variance on the veloci-
t¥ estimates, even by processing a .imited aumber
of successive echoes (here |4), evidence the abili-
ty of the correlation processing to provide with
instantaneous and quantitative velocity profiles.
Moreover, the suppression of the aliasing effect is
mmonstrated on fig. 8 ! It is shown on this figure
the estimazed velocity profiles again on the common
carotid but during systolic flow. In this case,
time-shift based methods are able to measure without
ambiguity a peak velocity of 38 cm/s. On the same
set of data, phase-shift based processing fails both
in measuring the velocity gradient near the vessel
walls and the high velocities inside the vessel. In
the experiment with a PRF of 5 kHz and a center
Erequency of 5 MHz the aliasing occurs at 37.5 em/s.

Exctations drive L
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Fig. 7 : Instantaneous velocity profile in the
common carocid (PRF = 5 kHz, F.= 4 MHz,
number of suc iv i

signals processed NAL = [4), Larger vari-
ance with phase-shift method
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Fig. 8 : Instantaneous velocity profile in the
common carotid during systolic flow
(PRF = 5 kHz, Fé= 5 MHz, NAL = 14). aAlia-
sing effect with phase-shift method

VIi. Conclusions

We have presented in this paper 2 new blood veloci-
ty estimator. This technique has specific features
such as the suppression of the aliasing effect and
the improvement on the velocity esrimation with
broadband signals. These advantages have been con—
firmed both on simulated and im-vive data. The good
agreement between simulated and in-vivo results
justifies a posteriori the validity of our computer
flow model. On another hand, we will explore in the
next future, the clinical potentialities of this
tool which provides with instantaneous and accurate
velocity profiles.
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