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Characterization of Blood Flow
Turbulence With Pulsed-Wave
and Power Doppler Ultrasound
Imaging |

Blood flow turbulence downstream of a concentric 86 percent area reduction stenosis
was characterized using absolute and relative Doppler spectral broadening measure-
ments, relative Doppler velocity fluctuation, and Doppler backscattered power. Bidi-
mensional mappings of each Doppler index were obtained using a 10 MHz pulsed-
wave Doppler system. Calf red cells suspended in a saline solution were used to
scatter ultrasound and were circulated in an in vitro steady flow loop model. Results
showed that the absolute spectral broadening was not a good index of turbulence
because it was strongly affected by the deceleration of the jet and by the shear layer
between the jet and the recirculation zones. Relative Doppler spectral broadening
(absolute broadening divided by the frequency shift), velocity Sluctuation, and Dopp-
ler power indices provided consistent mapping of the centerline axial variation of
turbulence evaluated by hot-film anemometry. The best agreement between the hot-
Jfilm and Doppler ultrasound methods was however obtained with the Doppler back-
scattered power. The most consistent bidimensional mapping of the flow characteris-
tics downstream of the stenosis was also observed with the Doppler power index.
The relative broadening and the velocity fluctuation produced artifacts in the shear
layer and in the recirculation zones. Power Doppler imaging is a new emerging
technique that may provide reliable in vivo characterization of blood flow turbulence.

Introduction

Modern real-time ultrasound flow imaging systems combine
a gray-scale image of the scanned anatomy with an image pro-
duced by the color Doppler and power Doppler modes (Wells,
1994). Conventional pulsed-wave (PW) and continuous-wave
(CW) Doppler are used for quantitative in vivo evaluations of
the flow characteristics in vessels. The .observation of PW and
CW Doppler spectral broadening and the mosaic pattern on
color Doppler flow images are certainly the most important
features attributed to the presence of turbulence in the human
circulatory system. The visual inspection of an enlargement of
the spectral bandwidth (Taylor et al., 1988; Strandness, Jr.
1990) and the evaluation of spectral broadening indices (Evans
et al., 1989) have been used for many years to grade vascular
stenoses.

In addition to the presence of turbulence, other factors con-
tributing to the width of the spectrum were reported (Forster,
1977; Jones, 1993; Cloutier et al., 1993). These factors are the
intrinsic Doppler spectral broadening that is a function of the
Doppler angle (Newhouse et al., 1980), the changes in velocity
with space, the changes in velocity with time, and the properties
of the spectrum analyzer. Downstream of a stenosis, the broad-
enings produced by the shear layer (Hutchison, 1993) and flow
deceleration (Fish, 1991) probably dominate the broadening
associated with turbulence. However, at the centerline where
the velocity is fairly constant with radial position, and after flow
deceleration, turbulence can be an important factor affecting
the broadening of the Doppler spectrum.

The measurement of the temporal fluctuation of the Doppler
mean velocity, obtained by using a phase-lock loop frequency
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tracking method, was proposed to characterize turbulence (Gid-
dens and Khalifa, 1982; Casty and Giddens, 1984; Talukder et
al., 1986). Recently, a specially designed cuff containing 5
Doppler probes was used for in vivo mapping of the turbulent
velocity fluctuations across the aorta (Nygaard et al., 1994a;
1994b; Kim et al., 1994). Radial variations of the turbulent
Reynolds normal stress (RNS) downstream of graded stenoses
in pigs (Kim et al.,, 1994) and bidimensional mapping of RNS
downstream of aortic prosthetic valves in humans (Nygaard et
al., 1994b) were reported. Limitations of the ultrasonic Doppler
derived velocity fluctuations are the limited spatial resolution
of the technique, the relatively low frequency response ( <500
Hz), and the angle dependence. The difficulty in obtaining the
velocity fluctuation in real time and the lack of availability of
this index from commercially available ultrasound equipment
have probably contributed to its limited clinical use.

The first experimental study showing an increase of the ultra-
sonic pulse-echo backscattered power in the presence of blood
flow disturbance was reported by Shung et al. (1984). Since
then, studies by Bascom et al. (1988), Shung et al. (1992),
Cloutier and Shung (1993), Bascom et al. (1993 ), and Cloutier
et al. (1995) investigated the effect of turbulence on the Doppler
backscattered power. Measurements of the Doppler power were
made upstream and downstream of tube constrictions under
steady (Bascom et al.,, 1993) and pulsatile flows (Cloutier et
al., 1995). An increase of the power by approximately 3 dB
was measured downstream of severe stenoses in those experi-
ments. A power increase of 5.5 dB was found downstream of
a grid under pulsatile flow (Cloutier and Shung, 1993).

The objective of the present study was to compare the ability
of Doppler spectral broadening measurements (absolute and
relative), the relative temporal fluctuation of the Doppler mean
velocity, and the Doppler backscattered power in characterizing
blood flow turbulence downstream of a severe stenosis under
steady flow. Axial centerline measurements at different dis-
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Fig.1 Schematic representation of the mock flow model used to obtain
the bidimensional mapping of the Doppler indices. :

tances from the stenosis as well as bidimensional mappings
were performed. The Doppler ultrasound indices measured
downstream of the stenosis were compared to hot-film anemom-
etry experimental results reproduced from the literature.

Materials and Methods

Experiments were performed in a steady flow model im-
mersed in a water tank, at room temperature. The main flow
conduit was a thin-wall heat-shrinkable transparent Kynar tub-
ing having a diameter of 1.27 cm. An acrylic 86 percent area
reduction stenosis was positioned inside the Kynar tube as
shown in Fig. 1. The length of the stenosis was 6.7 cm and its
tapering distance was 1.2 cm (8 = 17 deg). The inlet length
of the tube between any curvature and the throat of the stenosis
was sufficient to have fully developed laminar flow (d = 50
cm).

A reservoir of 1 liter allowed the filling of the model with
blood. Continuous mixing of the solution was performed by a
magnetic stirrer. A peristaltic pump (lung-heart pump, Sarns
Inc.) circulated the blood at a constant flow rate of 1.8 liter/
min. A custom made damping filter was located between the
pump and the test section to eliminate the oscillations produced
by the rotation of the head of the pump. The flow rate was
continuously monitored with a cannulating type flow probe
(Carolina Medical Electronics, model SF625) connected to an
electromagnetic blood flowmeter (Carolina Medical Electron-
ics, Cliniflow II, model FM701D).

Washed calf red cells suspended in an isotonic saline solution
(Celline II™) at a hematocrit of 40 percent were circulated in
the flow model. Blood at normal hematocrit instead of any
analog fluid was used as the ultrasonic scattering medium be-
cause the fluctuation in the concentration of red cells and the
hematocrit are known to influence the acoustic backscattering
property (Shung et al., 1984; Mo and Cobbold, 1992). Bovine
albumin was added to the suspended red cells at a concentration
of 0.5 percent to prevent crenation of erythrocytes. At the begin-
ning and the end of each experiment, the hematocrit obtained by
micro-centrifugation (Haemofuge, Heraeus Instruments), the
temperature, the pH (Sentron, model 1001), and the dynamic
viscosity at different shear rates (Brookfield cone-plate viscom-
eter, model LVDVIII-CP-42) were measured. A total of 12
experiments were performed on different days with different
blood samples.

Bidimensional Mapping of the Doppler Indices Down-
stream of the Stenosis. Doppler measurements were - per-
formed with a pulsed-wave 10-MHz Doppler system developed
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at Baylor College of Medicine, Houston, Texas. A pulse-repeti-
tion frequency of 39 kHz and a high-pass clutter filter of 100
Hz (-3 dB) were used. The angle between the tube axis and
the 3 mm by 3 mm nonfocused Doppler transducer was main-
tained at 69 deg, as shown in Fig. 1. The transducer was posi-
tioned above the tube and at its center in the z direction. Bidi-
mensional mappings of the Doppler derived indices were ob-
tained by moving the transducer axially and radially. The axial
and radial resolutions of the images produced with this setup
were 5 and 1 mm, respectively. Eleven measurements were
performed across the tube for each axial position, as shown in
Fig. 1. Data recordings were performed between 0.2 and 10.0
tube diameters (D) downstream of the stenosis with an axial
displacement of 0.4 D (5 mm). No post-processing of the im-
ages was performed.

For correctly representing the power Doppler images, some
parameters needed to be controlled. These are the transmitted
power, the size of the sample volume, and the properties of the
attenuating medium between the transducer and the location of
the sample volume. In the present study, the transmitted power,
the sample volume size, and the transmission path length were
all kept constant for a given series of measurements. The trans-
ducer instead of the position of the gated echoes was moved to
maintain a constant sample volume size. The distance between
the face of the transducer and the recording sites was then
constant, as shown in Fig. 1. Moreover, the transducer was
inserted in a blood container laid on the tube to provide the
same attenuating properties between the Doppler probe and the
location of the sample volume. The attenuation due to the wall
of the tube, the thin film of water between the tube and the
container, and the bottom of the container made of cellophane
was constant for all measurements. Mixing of blood in the
containers was performed regularly to keep the solution homo-
geneous. The size of the sample volume at ~3 dB, as determined
experimentally with the method described in Cloutier et al.
(1995), was approximately 3.3 mm’. To help the positioning
of the sample volumes, a Briiel & Kjaer audio analyzer (model
2012) was used to monitor the Doppler frequency shift.

Centerline Axial Variation of the Doppler Indices and
Effect of the Size of the Sample Volume on the Doppler
Power. The experimental arrangement shown in Fig. 2 was
used to measure specifically, over several experiments, the axial
variation of the Doppler indices at the center of the tube. The
effect of varying the size of the sample volume on the Doppler
power was also tested by moving the transducer upward and
by using the second sample volume location. The effect of the
size of the sample volume on the other Doppler indices was
not tested. Moving the transducer upward resulted in a larger
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Fig. 2 Experimental setup showing the method used to determine the
centerline axial variation of the Doppler indices and the effect of the
sample volume size on the Doppler power.
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