
In Vivo Recording of Blood Velocity Profiles and Studies
In Vitro of Profile Alterations Induced by Known
Stenoses

Mario Bassini, Ph.D.,* Emilio Gatti, Ph.D.,t
Tito Longo, M.D.,t Gianmarco Martinis, Ph.D.,*
Paolo Pignoli, M.D.,* Pier Luigi Pizzolati, Ph.D.*

Recordings ofblood velocity profiles and their behavior in the time domain in
some peripheral human vessels (carotid arteries and limb vessels) are reported.

Measurements have been obtained with a pulsed ultrasonic instrument based
on the analysis of the cross-correlation function of blood-diffused echoes. The
alterations of blood velocity profiles and of the velocity in the time domain,
induced by known stenosis, have been studied in vitro as a function of the
distance between stenosis and measuring point, and the position of the sample
volume along the diameter. These studies may be usefulfor a better comprehen-
sion ofblood velocity measurements made with ultrasound equipmentfor clinical
noninvasive diagnostic purposes.

T HE INTEREST in early athero-
sclerotic plaque is increasing because

of its recognized embolic potential, which
manifests in the cerebral circulation by
transient ischemic attacks (TIA).1
Furthermore, some experimental evi-

dence supports the hypothesis that, in some
circumstances, early atherosclerotic plaques
may regress.2 However, the detection of
these important lesions is a challenging
problem because they do not reduce pres-
sure and flow distally, and they are not de-
tectable by simple means (pressure and
flow measurements), as are the more ad-
vanced stage (lumen area reduction of 80%
or more) hemodynamically significant
stenoses.3 Biplane contrast angiography
has been the most reliable method to diag-

nose these early plaques. The invasiveness
of this procedure, however, has many draw-
backs. Ultrasonic techniques such as B-
mode real time echography,4 Doppler
imaging,5 and spectral analysis of the
pulsed Doppler signal6 are noninvasive and
promise an important diagnostic potential.
Because of their low calcium content, early
atherosclerotic plaques show an acoustic
impedance quite similar to that of blood.7
This has caused a high incidence of false
negatives (more than 50%) in series where
B-mode real time echography was used to
detect these lesions.8

Therefore, the only way in which we can
detect the presence and extent of early le-
sions is through evaluation of the hemo-
dynamic alterations induced within a few
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diameters from the plaques.9 The spectral
analysis of the pulsed Doppler signal gives
information about the presence and extent
of disturbed (turbulent) flow, which has
been demonstrated to occur downstream of
a 30% (lumen area reduction) symmetric
stenosis in the dog's thoracic aorta. 10 In this
preliminary report, the changes of velocity
profile induced by a known stenosis in vitro
were measured with an original ultrasonic
instrument, which differs from current
pulsed Doppler velocimeters. This study
was undertaken to evaluate the diagnostic
potential of the blood velocity profile,
which, as far as we know, has not been ex-
tensively studied.

Materials and Methods

The Flowmeter

Owing to its noninvasive feature, the ul-
trasonic technique for measuring blood
flow in vivo has been widely accepted as a
diagnostic tool. Ultrasonic energy can be
transmitted towards the vessels, either as a
continuous wave or as a pulsed wavetrain.
The former technique provides a blood ve-
locity measurement averaged over the ul-
trasound path; the latter technique gives a
value relevant to a limited portion of the
beam, when range gating is applied to the
received echo; however, both methods eval-
uate the velocity of measuring Doppler fre-
quency shifts.
A different approach, based on correla-

tion functions (presented in preliminary
works"1,12) has been developed. In the fol-
lowing sections, the performance of this
new method is described and compared to
the pulsed Doppler technique.

The working principle. A short voltage
pulse is applied to a wideband ultrasound
transducer so that a short pressure puise
travels in a narrow beam through the me-
dium, acoustically coupled to the trans-
ducer. Each inhomogeneity within the
beam backscatters some acoustical energy;
the transducer, operated in receiving
mode, gives an electrical signal which is a

time version ofthe medium structure along
the beam. If the medium undergoes a
movement in the direction of the beam, the
output signals (corresponding to successive
pulses) exhibit time displacements (Fig. LA)
proportional to the medium velocity; the
medium velocity can be measured by calcu-
lating the correlation function between suc-
cessive echoes (Fig. 1B). The velocity at a
definite depth can be measured by process-
ing a selected part of the received signal.

In the presence of medium movement
that is not parallel to the beam axis, only the
velocity projection along the beam is mea-
sured; however, the transverse component
of the velocity reduces the correlation be-
tween the signals, introducing some noise.
In Figure 2, the scheme of the measure-
ment and the relevant mathematical rela-
tionship are illustrated.

Flowmeter description. An instrument
which allows recording of velocity profiles
has been realized: its electronic circuitry
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Fig. 1 Consecutive echoes (a) and their cross-correla-
tion function (b).
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basically consists of a feedback loop that
automatically tracks the maximum of the
range-gated cross-correlation function. A
block diagram of the flowmeter shows how
these operations are implemented (Fig. 3).
Two points of the cross-correlation func-
tion are calculated. The time distance be-
tween the echoes chosen for correlation is a
selectable number (k) of periods of the rep-
etition frequency. This function has the
same shape of the autocorrelation function
of the echo, but is shifted in time by an
amount (TM) proportional to the medium
velocity.
The time interval (A) between the two

evaluated points equals half the period of
the correlation function (this period is the
inverse of the transducer resonating fre-
quency). The automatic tracking system
evaluates the function:

(T) = Rk (T + A )-Rk (T )

where Rk (T) is the correlation function, so
that 4+ (T) = 0. This condition is satisfied
when T = TM, and the value of T, which is
stored in a register, is continuously updated
and available for recording. In Figure IB,
the two calculated points of the correlation
are shown in correct tracking condition.
With regard to Figure 3, the block SO sam-
ples the sign of the received echo at time to
while SI and S2 sample it at times

to + kT + T +
A

2

and

to + kT + - A
2

respectively, where T is the ultrasound burst
repetition period: the estimation of +(T) is
.obtained by averaging successive SOS, and
SOS2 products. Part of the sampling circuits
are three differential stages that subtract
from the signal its average value; any echo
arising from fixed structures is then sup-
pressed if it is really stable. Slowly variable
echoes from quasi-fixed structures (for ex-
ample, vessel walls) are a major problem,

because they are not distinguishable from
echoes of slowly moving blood.

Actually, this problem is common to all
ultrasonic flowmeters (including pulsed
Doppler) and a compromise solution must
be adopted, choosing a suitable frequency as
the boundary between fixed echoes and
moving ones.

Fig. 2 Transducer geometry and notations.

Fig. 3 Flowmeter block diagram, SO, SI, S2 = sampling
units.
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The value ofTM is related to the velocity by
the following equation:

TM = 2kVLT
C

where:
VL = velocity along the transducer

axis
T = pulse repetition period
C = velocity of the sound in

the medium
In order to keep TM value within the

range ± 1 (where fo is the transducer fre-
4fo

quency), suitable values of k must be chosen.
depending on the expected velocity range.
The choice, when possible, of k> 1 improves
output signal to noise ratio.

Flowmeter performance. At present, the
flowmeter is equipped with a 6 MHz fre-
quency 3.6 cm focal length transducer, and
can obtain the following performances:

* Maximum measuring depth: 4.5 cm
* Spatial resolution: 0.5 mm
* Field depth: 1 cm
* Minimum detectable velocity: 1 cm/sec
* Maximum measurable velocity: - 120
cm/sec (0 = 60°)
* Pulse repetition rate: 10 KHz
* Time response: the system is able to track a
maximum acceleration of 800 cm/sec2
(0 = 600)

* Profile scan speed: selectable between
0.045 cm/sec and 0.75 mm/sec

The system can be equipped with trans-
ducers having frequencies ranging from 2
to 10 MHz; the performances vary accord-
ing to the chosen transducer.

Theoretical Comparison with the Dop-
pler System

A theoretical comparison between the
performances ofour flowmeter and those
of a pulsed Doppler system has been im-
plemented under the following assump-
tions:

* Steady flow
* Constant velocity within the sample vol-

ume
* Gaussian intensity distribution of the ul-

trasound beam at the focus of the trans-
ducer

* Absence of echoes from vessel walls

Apart from a small factor caused by sam-
pling the sign only, instead of the entire
value of each echo, the variance of the mea-
sured velocity appears to be very similar in
both methods when measuring high blood
velocities.

For moderate and low velocities, better
performances are expected by our system
due to the possibility of correlating echoes
whose time distance is more than one period
of the pulse repetition frequency.

Experimental Set-Up

To obtain good results in a reasonable
time, an experimental set-up has been im-
plemented that includes:

* The flowmeter
* A mechanical B-scan
* A pulsed Doppler with audio output
* A minicomputer for off-line reconstruc-

tion of profile time behavior

The mechanical B-scan is obtained by
moving the transducer of the flowmeter;
once the vessel has been localized, the veloc-
ity measurement is performed without re-
positioning the transducer.
The Doppler signal is obtained by syn-

chronous sampling of the return echo and
suitable filtering. Both B-scan and audio
Doppler are used to quickly identify the ves-
sel. Calibration tests have shown an agree-
ment within 5% by using a timed collection
method as a standard.
A minicomputer is connected to the

flowmeter. The computer is triggered by the
R wave of an electrocardiogram, or by a
suitable signal during in-vitro measure-
ments, and records the velocity vs time in
one point of the vessel. At the next trigger,
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the measuring point is shifted by 0.15 mm
and a new measure is done, and is so contin-
ued. At the end of the acquisition phase,
which requires 32 heart cycles, the computer
simultaneously displays on a video terminal
the velocity profiles vs time and the velocity
vs time for every point of the profile. It is
also possible to obtain spatial and temporal
averages of the profiles to reduce the statisti-
cal variance of records.
To test the clinical feasibility of velocity

profile measurement by means of the previ-
ously described flowmeter, some peripheral
vessels have been studied. Figures 4 and 5
show, respectively, the recordings of velocity
profiles in the cephalic vein and in two loca-
tions of the normal common carotid artery.
Figure 6 shows the midstream time behavior
of blood velocity in the normal common and
internal carotid arteries. In Figure 7, the
time evolution of the velocity profile of a
normal common carotid artery is reported.

Hydraulic Model

In-vitro measurements of velocity pro-
files by means of the previously described
ultrasonic velocimeter, were performed at
various locations with respect to a non-sym-
metric sharp-edged stenosis (Fig. 10). The
induced lumen area reduction was 33%.
The hydraulic model, implemented to sim-

A

B
Fig. 5 Velocity profiles recorded in a common carotid
artery: (a) proximal location, (b) in the bulb.

X: 0. 9 mmT/cm Y: 1.5 Crn.S- /cm

Peak velocity 6 cm/sec

Fig. 4 Velocitv profile recorded in a cephalic vein.

,5.8 cm s-'/div

~~~~~~~~~~~~~~

i}

Vrnx = 4.7 cm/s

normal common carotid artery
A
11.7 cm s-1/div Vms,, = 42 cm/s

normal internal carotid artery

B
Fig. 6 Blood velocity vs time in the midstream of a
common (a) and an internal (b) carotid artery.
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ulate the flow pattern of the human com-
mon carotid artery (Fig. 8) is schematically
represented in Figure 9. Two plexiglass
parallel pipes (2.5 meters long), one steno-
sis-free for reference and the other with the
stenosis, ensure the development of a para-
bolic profile. We used citrated calf blood at
room temperature (22 + 3°C); the hemato-
crit was 45%, viscosity 0.05 poise, and RBC
diameter 5 ,um; smears of the blood were
done before and after several hours of ex-
periments to verify the absence of gross
RBC abnormalities and microaggregates.
In Table 1, some hydraulic parameters
characterizing the model are shown.

Velocity profiles were measured in the
plane a (Fig. 10) at 2 and 1 diameter proxi-
mal to the stenosis (2 D-P, 1 D-P), at its
center (0-D), and at the 1, 2, 3, and 4 diame-
ter downstream (1D-D, 2D-D, 3D-D, 4D-
D).

Results

At location O-D, the velocity profile (Fig.
11) permitted measurement of the reduc-
tion in vessel diameter due to the 33% non-
symmetrical sharp-edged stenosis. The
measured residual diameter was 5.4 ± 0.4
mm, whereas, the actual residual diameter
was 5.4 + 0.1 mm. The quoted error on
the measured residual diameter was deter-
mined by the finite size of the sample vol-
ume (0.5 mm) and by inaccuracies of mea-
surement of blood velocities near the walls,
due to boundary errors. In a 33% sharp-
edged stenosis at O-D location, the velocity
gradients near the walls increased with re-
spect to the 2 P-D values with a flattening of
the velocity profile shape. The maximum
slope was measured on the side of the pro-
file facing the stenosis. The peak velocities
at O-D and 2 D-P locations were nearly
equal; this could be explained by the flat-
tening of the velocity profile, which ac-
counts for the same flow at both locations.
The peak velocity reached its maximum

value at 1 D-D location, and at the 4 D-D
location, it was still higher than prestenotic
(2 P-D) values.

t.700 Rs ......... ....

t 650 ns

t - 600 ns .........

.........
t ' 5_5 .......S,.,*

t '; 0.ms

t - 450 ms

t400ms

t -3 **ms

t - 300 ms

t - 250 ms

t20Z ms

150 .....

t -13000s

t.300ms ..... .. .....

t 5 3 ms ......

Fig. 7 Time evolution of the velocity profile during
cardiac cycle in a common carotid artery.

Fig. 8 Blood velocity vs time in the hydraulic model
simulating human carotid artery.
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Fig. 9 Hydraulic model simulating blood flow of human carotid artery.

Fig. 10 Sharp-edged stenosis model.

TABLE 1. Hydraulic Model Characteristics

Plexiglass pipe internal diameter: 8 mm
Pipe length before the stenosis: 2.5 m
Pulse frequency: 1.13 Hz.
Used fluid: calf blood (Ht 45%, RBC diameter 5

,um, ,u = 0.05 p).
Time and diameter averaged velocity: 30 cm/sec

(Vda).
Reynolds number for Vdta = 400.
Kinematic similarity parameters: a = 4.5.
Used stenosis: sharp-edged, non-axisymmetric

length: 20 mm, 33% lumen area reducing.
Fig. 11 Velocity profiles vs time at various locations in
a model of a 33% sharp-edged stenosis.

Texas Heart Institute Journal

/ 6

2D-P

00 20- D

2D- 40 -

191



The discrete number of measurements
we have done does not permit us to extend
our knowledge about velocity behavior at
points other than those measured. Down-
stream of the stenosis, the velocity profile
showed a reverse flow component, located
just behind the stenosis. The magnitude
and time behavior of this reverse flow com-
ponent depended on the distance of the
measuring point from the stenosis. The re-
verse flow began at 1 D-D, reached its maxi-
mum at 2 D-D, and had almost entirely
disappeared at 4 D-D; however, the velocity
profile was still asymmetric with respect to
its 2 P-D shape. In the time domain, the
reverse flow component was maximum at
each location during the early systolic de-
celeration phase, corresponding to point 4
in Figure 8.

Discussion

We performed our measurements on a
hydraulic model that permitted us to better
characterize the geometry ofthe stenosis, as
well as other hemodynamic parameters.
Other investigatorsl3-'5 evaluated the veloc-
ity profiles induced by smooth-edged axi-
symmetric stenosis both in vitro and in vivo.
Due to the fact that the geometry of the
stenosis and the induced percent area re-
duction are important in the quantitative
evaluation of flow characteristics,'6 we in-
vestigated in rigid pipes the behavior of a
sharp-edged nonsymmetric stenosis, which
is not accurately reproducible in compliant
living arteries. The stenoses we evaluated
are simplified models (such as the axisym-
metrical ones used by other investigators),
which approximate the complicated
geometries of natural atherosclerotic le-
sions. This approximation must be taken into
account when transferring the results of these
studies to the clinical setting.
To reduce the differences between the

model and the in vivo conditions, we pro-
duced a pulsatile flow charactertized by a
waveform similar to the one we registered
in the common and internal carotid arte-
ries, which have a so-called resistive flow
pattern,'7 i.e., without a reverse flow com-

ponent. As we experienced (and it is pre-
dictable from the theoretical analysisl8),
different flow waveforms produce differ-
ent velocity profiles. The flows previously
investigated were steady,'4"15 oscillatory'5
and pulsatile'3; this last was obtained by
superimposing an oscillatory pressure on a
mean pressure. We used fresh calf blood,
which is supposed to have rheologic prop-
erties similar to those of human blood. As
the flow waveform and the rheologic prop-
erties of the fluid are different from those
operating in vivo, some uncertainties are
supposed to be encountered in the process
of transferring the in-vitro results to the in-
vivo setting. Histand'3 found a good corre-
lation between dog femoral artery velocity
profiles and those measured in a model,
where the physiologic flow was simulated
by controlling the value of the Reynolds
number and the kinematic similarity pa-
rameter. 18
The ultrasonic transducer holder may

have introduced some errors in the velocity
profile measurements, because the position
of the transducer along the longitudinal
axis of the pipe was determinable with an
accuracy of + 0.25 diameter and the angu-
lation of the beam was defined with an ac-
curacy of + 3°. Efforts are in progress to
ameliorate the accuracy of the transducer
position and angle sensing system. The er-
ror due to inaccuracies in angle determina-
tion was systematic; that is, the velocity pro-
file shape did not change with various
angles, which influence only the absolute
value.

For obvious reasons, the electronic range
gating operated along a beam that was not
perpendicular to the longitudinal pipe axis.
Therefore, we measured the velocity in
points that were not in the same cross sec-
tion. Between the two cross sections, where
the first (i.e., proximal to the transducer)
and last (i.e., distal to the transducer) points
of velocity measurement lie, and there are
4.6 mm. It is possible to avoid this by a
mechanical scanning.'3
The present report refers to measure-

ments of the velocity profile only in one
plane, which is the same in which the steno-
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sis develops its contour (Fig. 10). A more
systematic tridimensional velocity profile
measurement program is running in our
laboratory by computer data acquisition
and processing. A more extensive tridi-
mensional knowledge of the flow field is
necessary for flow volume calculations'4
and for diagnostic clinical purposes, where
there is much uncertainty about the relative
positions of the stenosis and measured ve-
locity profile planes. Only the acquisition of
profiles lying in multiple planes permits the
identification of the profile most useful for
diagnostic purposes.
The flattening of velocity profile at 0-D,

without an increase of velocity, and its in-
crease downstream are findings reported
by other investigators,10,13,15 although the
various experimental conditions (flow
waveforms and stenosis geometry) make
the comparison of the results difficult. It is
clinically relevant, however, that Strand-
ness found low-grade stenoses (less than
50%) to produce spectral broadening (i.e.,
turbulence) without elevation of peak ve-
locity, which increased only for more severe
stenoses.
Downstream of the stenosis, the velocity

profile showed a reverse flow component
located just behind the stenosis. It is appar-
ent that a relatively low-grade stenosis
(33%) produces a marked reverse flow in
the velocity profile, which, therefore, is
likely to be a hemodynamic feature very
sensitive to stenosis. Further studies have to
be carried out to define the minimum de-
gree of stenosis that induces significant ve-
locity profile alterations.
From theoretical considerations,'8 it is

apparent that factors other than the locally
restricted geometry may affect the velocity
profile shape. In a future research pro-
gram, pulse frequency, blood viscosity and
the flow rate must be taken into account to
evaluate the specificity of the velocity pro-
file as a diagnostic tool.
Perhaps the time behavior of the velocity

profile may give more information than
that contained in the peak velocity profile.
According to the experiments per-

formed, to obtain an accurate map of the

residual lumen by means of ultrasound
methods for detecting blood flow (ultra-
sonic arteriography), it is also necessary to
plot points where flow is negative for part
of the entire cycle duration. Therefore,
current ultrasonic arteriographs5,'9 seem to
have some inconvenience with respect to
this possibility, because they detect as arte-
rial points only those where there is a posi-
tive forward flow; points with a negative
reverse flow are disregarded as venous.

In-vivo velocity profiles have been mea-
sured for physiological purposes20 and to
establish the distribution of wall shear
stress, which may be of significance in arte-
rial disease.2' As far as we know, the poten-
tial diagnostic value of the velocity profile
has been investigated in a clinical setting
only by Anliker.22 He found that the occlu-
sion of the internal carotid artery affects
the common carotid artery velocity profile
shape, which is also affected by a severe
aortic insufficiency.
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