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Power Doppler Ultrasound Evaluation of the 
Shear Rate and Shear Stress Dependences 

of Red Blood Cell Aggregation 
Guy Cloutier," Member, ZEEE, Zhao Qin, Louis-Gilles Durand, Senior Member, ZEEE, and Beng Ghee Teh 

Abstract-The use of power Doppler ultrasound at 10 MHz is 
evaluated as a method to study the shear rate and the shear stress 
dependences of red blood cell aggregation. This evaluation was 
based on six in vitro experiments conducted in a 1.27-cm diameter 
tube under steady flow conditions. Porcine whole blood was 
circulated in the flow model at flow rates ranging between 125 to 
1500 mumin (mean shear rate across the tube ranging between 6 
and 74 s-I). For each flow condition, the variation of the Doppler 
power across the tube and the velocity profile were measured by 
moving the Doppler sample volume across the tube diameter. For 
each radial position, the shear rate within the Doppler sample 
volume was also determined by considering the radial power 
pattern of the ultrasound beam. To estimate the shear stress 
within the Doppler sample volume, the apparent viscosity of blood 
samples withdrawn from the flow model was measured for each 
experiment. The variation of the Doppler power as a function 
of the shear rate within the sample volume showed a rapid 
reduction of the power between 1 and 5 s-l, a transition region 
between 5 and 10 s-', and a very slow reduction beyond 10 s-'. 
Little variation of the Doppler power was measured for shear 
stress higher than 2 dyn/cm2. The maximum Doppler power for 
all flow rates was usually found near the center of the tube. 
Based on the ultrasonic scattering models, which predict that the 
Doppler power is related to the volume square of the scatterers, 
the method described in the present study showed a very high 
sensitivity to the presence of red blood cell aggregation for shear 
rates below 10 s-'. 

I. INTRODUCTION 

ED blood cell aggregation is a reversible physiological R phenomenon that constitutes one of the most important 
factors responsible for the non-Newtonian properties of normal 
human blood. The mechanisms of rouleaux formation and dis- 
sociation are very complex and depend on the physiochemical 
properties of several plasma proteins, the intrinsic properties 
of the red blood cells, and the mechanical properties of the 
flow [l], [2]. Rouleaux of red cells are normally easily broken 
down by an external force and they are formed again when 
the external force is reduced or removed. Under flowing condi- 
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tions, the formation, and break-up of aggregates are governed 
by the shear stress acting on the red cells. Under pathological 
conditions, it is believed that an elevated level of red cell 
aggregation may contribute to the initiation, development, and 
aggravation of cardiovascular disease [31-[71. 

The feasibility of using ultrasound to detect red cell aggrega- 
tion induced by dextran and fibrinogen was first demonstrated 
by Shung and Reid [8]. Later, it was postulated that the 
echogenicity of blood in large abdominal veins of dogs was 
due to the presence of red blood cell aggregation [9]. Other 
studies hypothesized red cell aggregation to be a cause of the 
smoke-like spontaneous echo contrast observed in vivo in low 
flow conditions [lo]-[14]. In parallel to these clinical stud- 
ies, experimental investigations aimed at elucidating factors 
affecting the backscattered power under flowing conditions 
of red blood cell aggregates were reported [15]-[22]. Static 
methods were also proposed to study red cell aggregation 
with ultrasound [23]-[25]. It was demonstrated in these studies 
that the echogenicity of blood depends on the shear rate, the 
hematocrit, the frequency of the ultrasound beam, the stoppage 
of the flow, the pulsation rate, and the concentration of dextran, 
fibrinogen, and other plasma proteins. Among all these factors, 
the shear rate (or shear stress) is the most important parameter 
affecting blood echogenicity under flowing conditions. Since 
the volume of the red cell aggregates depends on the shear 
rate and since the ultrasound backscattering coefficient from 
blood is theoretically proportional to the square of the volume 
of the scatterers [26], a high sensitivity of the technique to the 
presence of red cell aggregation is anticipated. 

An exponentially decaying relationship between the A-mode 
echo amplitude measured at the center of a tube and the 
mean shear rate across the tube was first demonstrated by 
Sigel et al. [9], [27]. A reduction of the amplitude of the 
echo by approximately 31 dB was found for mean shear rates 
varying between zero (five minutes after flow stoppage) and 
41 [9]. The relationship between the shear rate and blood 
echogenicity was later studied by many groups. However, 
with the exception of the study performed by Shehada et 
al. [22], no measurement of the shear rate at the site of 
the blood echogenicity evaluation was performed. In other 
experiments 191, [15]-[ 171, [20], [27], the echogenicity was 
compared to the cross-sectional mean shear rate estimated 
assuming Poiseuille flow, while it was expressed as a function 
of the shear rate derived from the Womersley model in the 
study by Kim et al. [18]. In the present study, the relationship 
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between the mean shear rate within the Doppler sample 
volume and porcine whole blood echogenicity was determined 
with a vertical steady flow loop model for shear rates varying 
between approximately 1-100 SKI. The relationship between 
the Doppler power and the shear stress acting on red cells was 
also evaluated. 

11. MATERIALS AND METHODS 

A. Flow Loop Model and Experimental Design 

Experiments were performed in a vertical steady flow loop 
model at room temperature (Fig. 1). The main flow conduit 
was a thin-wall heat-shrinkable transparent Kynar tubing hav- 
ing an inside diameter, when not heated, of 1.27 cm. The 
inlet length of the tube between the top reservoir and the site 
of Doppler recordings was sufficient ( I  = 57 cm) to have a 
fully developed laminar flow for all flow rates used in the 
study. A reservoir of one liter (bottom reservoir in Fig. 1) 
allowed filling of the model with blood or a water-glycerol 
solution. Continuous mixing of the solution was performed 
by a magnetic stirrer. A peristaltic pump (lung-heart pump, 
Sams Inc.) circulated the fluid from the bottom reservoir to 
the top reservoir. High impedance small openings were located 
between the top reservoir and the entrance of the vertical tube 
to reduce the oscillations produced by the pump. A constant 
pressure head was maintained and residual oscillations in the 
flow were eliminated by the overflow conduit located between 
the top and bottom reservoirs. Since the height difference 
between both reservoirs was constant, a valve was used to 
adjust the flow rate, which was continuously monitored with 
a cannulating type flow probe (Carolina Medical Electron- 
ics, model SF625) connected to an electromagnetic blood 
flowmeter (Carolina Medical Electronics, Cliniflow 11, model 
FM70 ID). 

The first yeries of measurements were performed with a mix 
of water-glycerol and 2 g/liter of superfine Sephadex particles 
(Sigma Chemical) to verify the presence of a fully developed 
laminar flow in the model. A volume of 60% saline and 40% 
glycerol was used to mimic the viscosity of whole blood. 
This Newtonian blood mimicking fluid was selected because 
it provides a parabolic velocity profile if the flow is effectively 
fully developed. The presence of a parabolic flow profile was 
verified by moving the position of the Doppler sample volume 
across the tube. The details of the method used to evaluate the 
velocity profiles are given below. 

A total of six experiments were performed with porcine 
whole blood to measure the shear dependence of red cell 
aggregation using power Doppler ultrasound. Porcine whole 
blood was selected because of the requirement of a large 
quantify of blood, and because of its red cell aggregation 
properties which were recently shown to be similar to those 
of normal human blood [28]. The fresh blood collected from 
an abattoir was adjusted to 40% hematocrit by remixing the 
plasma, white cells, and red cells separated by sedimenta- 
tion. At the beginning and at the end of each experiment, 
the hematocrit obtained by microcentrifugation (Haemofuge, 
Heraeus Instruments), the temperature, the pH (Sentron, model 
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Schematic representation of the steady flow model. 

lOOl), the partial dissociation shear rate (laser light erythro- 
aggregameter, Regulest, France), and the apparent viscosity 
at shear rates between 288 and 1 s-' (Brookfield cone- 
plate viscometer, model LVDVIII-CP-42) were measured. The 
partial. dissociation shear rate, which represents the shear rate 
needed for partially disrupting the rouleaux of red cells, was 
obtained from the erythro-aggregameter using the method 
described by Donner et al. [29]. A blood sample of 1.5 ml was 
withdrawn from the flow model and the dissociation shear rate 
was measured from the variation of the light intensity scattered 
by the blood sample submitted to a Couette flow at shear rates 
between 720 and 6 s-'. 

B. Doppler Data Acquisition and Spectral Analysis 

Doppler measurements were performed with a pulsed-wave 
10-MHz Doppler system developed at Baylor College of 
Medicine, Houston, TX. A pulse-repetition frequency (PW) 
of 19.5 kHz was used. The cut-off frequency of the high- 
pass clutter filter was set at 3 Hz. The angle between the tube 
axis and the nonfocused Doppler transducer was maintained at 
45". The transducer, having a 3 mm x 3 mm dimension, was 
positioned visually in line with the center of the tube. The 
Doppler in-phase ( I )  and quadrature (Q) components and the 
electromagnetic flowmeter output were digitized at sampling 
rates of 19.5 kHz and 195 Hz, respectively, for 10 seconds. The 
Doppler signals digitized with a Data Translation board (model 
DT-2821G-SE) were processed with autoregressive spectral 
modeling over temporal windows of 10 ms. A time interval 
of 10 ms separated each window. For each recording, 1000 
Doppler spectra and a mean spectrum were computed. The 
mean spectrum was normalized by the frequency response of 
the Doppler flowmeter to compensate for its limited frequency 
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bandwidth. A flat bandwidth between 3 Hz and half of the 
pulse repetition frequency (9.75 W z )  was then obtained. The 
optimal number of poles of the autoregressive estimation 
algorithm was determined by using the "Akaike's information 
criterion." 

C. Experimental Evaluation of the Velocity Profile 

All experiments were performed at flow rates of 125, 250, 
500, 750, 1000, 1250, and 1500 ml/min in order to cover 
a range of shear rates within the Doppler sample volume 
from approximately 1 to 100 s-l. The velocity profile was 
obtained for each flow rate by moving the transducer by steps 
of 0.5 mm. Twenty-five measurements were performed across 
the tube diameter. A Briiel and Kjaer audio analyzer (model 
2012) was used to monitor the Doppler frequency shift when 
adjusting the position of the probe. The minimum shear rate 
for a given experiment was obtained at the center of the tube 
and at a flow rate of 125 mumin while the maximum shear 
rate was found close to the wall at a flow rate of 1500 ml/min. 

For each position of the sample volume across the tube 
diameter, the Doppler mean velocity of the forward flow 
component of the mean spectrum was evaluated as follows: 

B w 

fk=-BW 

where c is the speed of ultrasound in blood (1570 d s ) ,  f o  

the ultrasound carrier frequency, 6' the Doppler angle, f B W  
the higher and lower frequencies of the -5-dB bandwidth 
of the dominant frequency peak, and P ( f k )  the power in a 
bandwidth A f = 19 Hz (19.5 kHz/1024 samples) centered at 
the frequency f k ,  The mean frequency was computed within 
fB W to eliminate the bias attributable to the noisy frequency 
components of the mean spectrum. 

Since the maximum velocity at the center of the tube was 
not necessarily measured, the alignment of the experimental 
velocities with the tube axis and the extrapolation of the 
positions of the zero velocity values at the wall were not 
straightforward. No determination of the center of the tube 
was attempted from the experimental data because of the 
possible variance in the velocity estimate and also because of 
the limited resolution of the sampled data (0.5 mm x sin0 in 
the radial direction of the tube). A second order least-square 
model defined as 

was fitted to the experimental velocity data. In (2), ai are the 
parameters of the model and z is the relative position of the 
Doppler sample volume across the tube. The position corre- 
sponding to the maximum of (2) allowed the determination 
of the center axis of the tube. The left and right locations of 
the wall were obtained by adding fR to the center position, 
where R = 6.35 mm is the radius of the tube. 

D. Cross-Sectional Distribution of the Doppler Power 

For each position of the Doppler sample volume across the 
tube, the Doppler power of the mean spectrum was computed 
by 

(3) 

where N = 1024 is the number of samples between &PRF/2. 
Since the size of the Doppler sample volume and the at- 
tenuation of the transmitted ultrasound signal influence the 
power of the backscattered echoes, both parameters were 
carefully controlled in the flow model. Misinterpretations of 
the red blood cell aggregation characteristics would be possible 
without using the following experimental approach. 

The position of the transducer was moved instead of that 
of the gated echoes to maintain a constant sample volume 
size of 3.7 mm3 at -3 dB. The distance between the face 
of the transducer and the recording sites was fixed at 1.9 
cm (far-field) for all measurements (assuming the speed of 
sound is 1570 m / s  in blood) by using the same delay of 24 p s  
between transmitted and gated echoes. In order to maintain 
a constant sound attenuation when moving the transducer, 
the Doppler probe was submerged in blood in a container 
(Fig. 1) to provide similar attenuating properties between the 
Doppler probe and the location of the sample volumes. Mixing 
of blood in this container was performed regularly to avoid 
sedimentation. The attenuation due to the wall of the tube was 
constant for all measurements and did not contribute to the 
variation of the Doppler power. 

E. Shear Rate within the Doppler Sample Volume 
To determine the mean shear rate within the Doppler sample 

volume, the experimental velocities V d  and the extrapolated 
zero velocity values at the wall were fitted to the power law 
model [30, p. 3221 

where U,, is the maximum centerline velocity, T the distance 
from the center of the tube, R the radius of the tube, and n 
the power law exponent. For a parabolic flow velocity profile, 
n = 2 and it is greater than two for a blunt profile. 

The shear rate y(r)  across the tube is, by definition, the 
rate of change d v ( r ) / d r  of the velocity across the tube. 
By computing the derivative of (4), the shear rate y(r)  was 
estimated by 

y(r) = nUmaxr(~-l)/R". (5) 

The mean shear rate averaged across the area of the tube 
was determined using 

As schematized in Fig. 2, the mean shear rate within the 
Doppler sample volume ~ ( r ) ~ ~  was estimated by weighting 
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Illustration describing the method used to evaluate the mean shear 

the shear rate y ( r )  with a theoretical function of the radial ul- 
trasonic beam power pattern in the far-field [31]. This function 
for a rectangular transducer was shown to be described by 

y(a) = sin2(an)/(an)2 (7) 

where a is the radial position, The normalized function 
y ( a )  has a value of one for a = 0 and zero for a! = 
f l , * 2 ,  etc. Two assumptions were made in the present 
study for estimating y(~),,.  First, the projection of the power 
distribution of the three-dimensional sample volume on the 
radial axis of the tube had the form of the function y(a!), and 
second, the beam power variation in the axial direction of the 
sample volume was minimum. 

Based on these hypotheses, the projection of the sample 
volume at -3 dB (S&~B) on the radial axis of the tube was 
determined by 

sv-3 dB = SVradlal COS 0 + SVaxial Sin 0 (8) 

where SVradlal (2.34 mm) and SVaxlal (0.86 mm) are the 
diameter of the Doppler sample volume at -3 dB in the 
radial and axial directions. Since the beam profile y(0.443) = 
0.5 ( - 3  dB), the parameter a: of (7) was substituted by 
0.443x/(SV-3 dB/2), where z is the radial distance from the 
position of the Doppler sample volume. The mean shear rate 
within the sample volume y(r) , ,  was estimated by 

00 

X = - m  

where R,, is the position of the sample volume within the 
tube. 

F. Shear Stress within the Doppler Sample Volume 

The sliding motion among fluid layers results in a force 
exerted on each of the layers. In the case of flowing blood 
in a tube, the force acting on the red cells is the shear stress 
T ( T )  given by T ( T )  = p ( y ( r ) )  x y ( r ) ,  where p is the apparent 
viscosity of blood that varies with the shear rate y ( r ) .  The 
shear stress acting on the red cells located within the Doppler 
sample volume, T ( T ) ~ ~ ,  was estimated by 

To determine the apparent viscosity p(y )  at a specific shear 
rate y = y(r),,, the power law model [32] 

P(Y) = h " - l  (1 1) 

where k and m are the parameters of the model, was fitted 
to the experimental curve relating the apparent viscosity to 
the shear rate. This curve was determined experimentally with 
the cone-plate blood viscometer between 288 and 1 s-'. The 
apparent viscosity at the shear rate ~ ( r ) , ~  was determined 
from the power law model because only a limited number of 
apparent viscosity was measured. 

G. Volumetric Flow Comparison 

To assess the reliability of the Doppler velocity profiles, the 
volumetric flow obtained with the electromagnetic flowmeter 
was compared with that estimated with the Doppler method. 
According to [30, p. 3231, the Doppler volumetric flow was 
estimated from 

nR2vmaxn 
Q =  n + 2  

where R,vmax, and n are the parameters of the power law 
model described in (4). A first-order least-square model was 
used to obtain the relationship between the electromagnetic 
and Doppler volumetric flow estimates. 

111. RESULTS 
The first series of measurements were performed with 

Sephadex particles suspended in a mixture of 60% water and 
40% glycerol at a flow rate of approximately 1500 mumin. The 
results of Fig. 3 show the experimental velocity measurements 
and the velocity function obtained from (4). A sound velocity 
of 1650 m/s was used in (1) to relate the Doppler frequency 
shifts to the red blood cell velocities (0.6 x 1480 m / s  which 
is the speed of sound in water + 0.4 x 1904 mJs which is the 
velocity in glycerol at room temperature [33]). The apparent 
viscosity of the Newtonian solution was 4.6 cP. A parabolic 
velocity profile was obtained (n  = 2.08) which suggests that 
the entrance length was sufficient and the flow was laminar 
(Reynolds number = 854). 

The hematocrit, pH, temperature, and the partial dissociation 
shear rate of the red blood cell aggregates were measured at 
the beginning and at the end of each experiment performed 
with porcine whole blood. Little variation was observed in 
each experiment for all parameters. The results expressed in 
term of mean ic one standard deviation (SD) were 39.8 5 
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Fig. 3. Experimental velocity measurements across the tube and power law 
model described by (4). V,,, and n are the best fit parameters of the model. 
The experiment was performed with a mix of 60% saline water, 40% glycerol, 
and 2 gfliter of Sephadex superfine particles at a flow rate of 1500 ml/min. 
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Fig. 4. Example of the relationship between the apparent viscosity and the 
shear rate obtained from one porcine whole blood sample. The power law 
model described by (1 1) is also plotted with the experimental results. 

0.2% for the hematocrit, 7.22 & 0.08 for the pH, 25 f. 3°C 
for the temperature, and 42 f 8 s-l for the partial dissociation 
shear rate. An example of the apparent viscosity expressed as 
a function of the shear rate, with the power law model fitted 
to the data (1 l), is shown in Fig. 4. 

Examples from one experiment of the Doppler velocity, the 
Doppler power, the fitted power law velocity model U(.) (4), 
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Fig. 5.  Examples of the Doppler velocity (black circles), the Doppler power 
(hollow circles), the fitted power law velocity model U(.) (full line), and the 
shear rate model y ( ~ )  (dashed line) obtained from one experiment performed 
by circulating porcine whole blood in the model at flow rates of (a) 1510 
and (b) 130 ml/min. 

and the shear rate model y(r) (5 )  are shown in Fig. 5 for 
flow rates of 1510 and 130 ml/min. Similar power Doppler 
variations were observed for all other flow rates. The power 
was usually minimum close to the wall and maximum near the 
center of the tube. Table I summarizes the values of the mean 
power and the power ratio (maximudminimum power) across 
the tube for all flow rates tested. A 17.3 fold increase in the 
mean power (12.4-dB variation) was found when varying the 
flow rate from 1505 to 129 ml/min. The power ratios across 
the tube also increased as the flow rate decreased. A power 
ratio of 5.8 (7.6 dB) was observed at a flow rate of 129 ml/min 
while a ratio of 1.7 (2.3 dB) was found at 1505 ml/min. 

The reliability of the velocity profiles was assessed by 
comparing the Doppler volumetric flow with that measured 
with the electromagnetic flowmeter. As shown in Fig. 6, a 
good coefficient of determination (r2 = 0.948) was obtained 
between both measurements. However, the Doppler method 
underestimated the volumetric flow for all flowrates. Table I1 
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TABLE I 

MINIMUM POWER ACROSS THE TUBE AS A FUNCTION OF THE FLOW 
MEAN POWER AND POWER RATIO BETWEEN THE MAXIMUM AND 

RATE. ALL RESULTS ARE EXPRESSED IN TERMS OF MEAN fl 
STANoARD DEVIATION. THE FLOW RATES WERE MEASURED WITH AN 

ELECTROMAGNETIC BLOOD FLOWMETER. ALL MEASUREMENTS WERE 
REPEATED OVER SIX EXPERIMENTS WITH THE EXCEPTION OF THE RESULTS A? 

1505 ml/min, SINCE ONLY THREE EXPERIMENTS WERE AVALLABLE 

Flow Rate Mean Power Power Ratio (mumin) (relative unit) 

129 f 2 156 f 51 5.8 f 1.4 
254 f 5 84 5 60 4.7 f 1.1 
509 f 6 31 f 19 3.5 f 1.0 
753 f 5 22 Z t  9 2.9 f 0.9 
1006 f 3 16 f 5 2.2 f 0.5 
1257 & 2 11 f 4 1.9 & 0.5 
1505 rt 7 9 5 2  1.7 f 0.3 
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Fig. 6. First-order least square relationship between the Doppler volumetric 
flow rate and the flow rate measured with the electromagnetic flowmeter. 

presents the mean shear rate across the tube estimated from 
(6) as well as parameters wmax and n used in the Doppler 
volumetric flow evaluation. As shown in Table I1 and also 
in Fig. 5, a blunter velocity profile associated with the non- 
Newtonian property of porcine whole blood was obtained 
when reducing the flow rate from 1505 mumin (n = 2.4) 
to 129 ml/min (n = 2.8). 

H. Shear Rate and Shear Stress Dependences 
of Red Blood Cell Aggregation 

The shear rate dependence of red blood cell aggregation was 
determined for the six porcine whole blood experiments. The 
results of Fig. 7 show a good reproducibility among experi- 
ments. Three zones characterized each curve: 1) a zone with a 
rapid reduction of the Doppler power between approximately 1 
and 5 s- l ,  2) an elbow around 5 to 10 s-', and 3) a zone with a 
very slow reduction of the power beyond 10 SKI. An example 
from one experiment of the Doppler power as a function of the 
shear stress is shown in Fig. 8. It is clear from this figure that 

TABLE I1 
MEAN SHEAR RATE ACROSS THE ' J h E  ESTIMATED FROM (6), AND PARAMETERS 
Vmax AND 12 OF THE MODEL FOR VALUES OF THE MEAN FLOW RATE BETWEEN 
129 AM) 1505 &min. ALL RESULTS ARE EXPRESSED IN TERM OF MEAN +1 

STANDARD DEVLATION. THE FLOW RATES WERE MEASURED WITH AN 
ELECTROMAGNETIC BLOOD FLOWMETER. ALL MEASUREMENTS WERE 

REPEATED OVER SIX EXPERIMENTS WITH THE EXCEPTION OF THE RESULTS AT 
1505 d m i n ,  SINCE ONLY THREE EXPERIMENTS WERE AVAILABLE 

Flow Rate Mean Shear Rate 
("in) Across the Tube umaX ( c d s )  n 

(q -1 )  

129 5.1 f 0.6 2.4 f 0.3 2.8 f 0.1 
254 11 f 3 5 f l  2.6 f 0.2 
509 24 f 7 1 1 f 3  2.5 f 0.2 

2.5 f 0.1 753 34 & 4 15 f 2 
2.5 & 0.1 1006 47 f 8 21 f 3 

2.47 & 0.09 1257 61 f 7  27 f 3 
2.39 & 0.05 1505 14 f 7 33 It 3 

the size of the aggregates was significantly reduced for shear 
stress ranging between 0.25 to 2 dyn/cm2. The reduction of the 
size of the aggregates for shear stress higher than 2 dyn/cm2 
was less important. 

IV. DISCUSSION 

As shown in Figs. 3 and 5, the accuracy of the experimental 
measurements of the Doppler frequency shift (velocity) was 
very good since no scattering around the fitted power law 
model was observed. The coefficient of determination r 2  
between the experimental and theoretical velocities was higher 
than 0.99 for all experiments. As shown in Fig. 6, some 
variance in the volumetric flow estimates was present. Part of 
the variance can be attributed to the Doppler method. It is also 
possible that improper cleaning of the electromagnetic probe 
between experiments or contamination of the electrode within 
an experiment have induced some variations. As also shown 
in Fig. 6, the Doppler method underestimated by 8% the 
volumetric flow measured with the electromagnetic flowmeter. 
This underestimation can be attributed to an error in the flow 
angle determination, a shift in the beam-to-vessel axis, or an 
underestimation of the radius of the tube. Picot and Embree 
[34] found that the largest source of uncertainty in the volume 
flow estimate was associated with the measurement of the 
Doppler angle. They found 5% uncertainty per degree of error 
in the flow angle determination. Since the angle between the 
tube axis and the axis of the transducer was measured visually 
with a goniometer, a small measurement error may have been 
present. A shift in the beam-to-vessel axis is also possible 
because the transducer was aligned visually. It is also possible 
that the tube radius could have been smaller than 0.635 cm 
because the thin-wall Kynar tubing was not perfectly circular. 
The effect of the underestimation of the volumetric flow on 
the shear rate estimates is unknown since the magnitude of 
this error was not quantified. 

A. Effect of the Shear Rate on Blood Echogenicity 
Very little data is available in the literature to compare with 

our results. In the steady flow study by Sigel et al. [9], the 
echogenicity of blood measured at the center of the tube at 10 
MHz dropped exponentially with the mean shear rate estimated 
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Fig. 7. 
obtained with the electromagnetic flowmeter and the mean shear rate across the tube (numbers in parenthesis) estimated from (6) .  

Doppler power as a function of the mean shear rate within the Doppler sample volume for experiments one to six. The legends give the flow rate 

assuming Poiseuille flow. In the present study, similar power 
variations were observed in Fig. 7. However, a meticulous 
comparison of our results with those in [9] is difficult because 
different methods were used to measure the echogenicity and 
the shear rate. 

An interesting study relating the B-mode blood echogenicity 
at 7 MHz to the shear rate was reported by Shehada et al. 
[22]. The objective of this study was to better understand 
the black hole phenomenon observed at the center of large 
diameter tubes under very low shear rate conditions [35]. For 
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electromagnetic flowmeter. 

each position T across the tube (see [22]), the echogenicity 
was compared to the shear rate y(r) estimated using (5). The 
actual shear rate within the ultrasonic sample volume was 
not estimated. The echogenicity increased when increasing the 
shear rate from 0.0001 to approximately 1 s-'. At shear rates 
between 1 and 10 s-l, the echogenicity dropped regularly with 
no change in the slope of the curve. In the present study, the 
slope changed significantly between approximately 5 and 10 
s-l (see Fig. 7). This difference between the results of both 
studies can be attributed to differences in the hematocrit (28% 
and 40%), transmitted frequency (7 MHz and 10 MHz), and 
to the possible overestimation of the shear rate in Shehada's 
study [22]. For instance, it is believed, based on our results, 
that an overestimation may have occurred due to the absence 
of weighting of the shear rate y(r) by a function describing the 
radial ultrasonic beam power pattern (see the method described 
in Fig. 2). For high shear rates close to the wall of the tube, 
ignoring the radial beam power pattern probably resulted in 
an overestimation of the shear rates, while near the center of 
the tube, the low shear rates were perhaps underestimated. 

Shehada et al. [22] also compared echogenicity as a function 
of the shear rate to erythrocyte sedimentation rates obtained by 
Copley et al. (see Fig. 6 of Shehada's paper). Good matching 
was obtained between the results of both studies. However, 
Copley et al. predicted maximum aggregation at a shear rate 
of 0.1 s-' while Shehada et al. found maximum echogenicity 
around 1 s-'. This observation also suggests that the shear 
rate may have been overestimated in Shehada's study. Other 
important factors that should however be considered are the 
hematocrit and the blood species difference between both 
studies. Shehada et al. used porcine whole blood at 28% 
hematocrit while Copley et al. studied human blood at hema- 
tocrits between 38 and 44%. In a study by Chien [36], the 

aggregation was maximum at 0.5 s-l for normal human red 
cells suspended, at 45% hematocrit, in a dextran 80 solution at 
a concentration of 4 g/100 ml. This suggests that the presence 
of bridging macromolecules may also affect the shear rate at 
which the maximum aggregation occurs. 

B. Comparison with the Results Obtained 
with the Erythro-Aggregameter 

In the present study, the partial dissociation shear rates of the 
six porcine whole blood samples at 40% hematocrit and room 
temperature were found to be within the range of 42 k 8 s-'. 
Using the same type of aggregameter, partial dissociation shear 
rates between 47 and 65 s-l were obtained with normal human 
blood at 40% hematocrit and 37OC [37]. The use of porcine 
whole blood at room temperature thus slightly underestimated 
the cohesion forces of normal human erythrocytes. 

The dissociation shear rates measured with the erythro- 
aggregameter are empirically extrapolated from the variation 
of the scattered light intensity (780 nm) as a function of 
the shear rates. The scattered light depends on the area, 
disaggregation and orientation of the red cells [29]. It is 
clear that ultrasound backscattering and light scattering do 
not provide the same type of information since the ultrasound 
backscattered power is principally a function of the volume 
square of the scatterers. Consequently, the direct comparison 
of the results of both methods is not straightforward. Using 
Couette flow and light reflectivity measurements at room 
temperature, Snabre et al. [38] found a monotonical decrease 
in the reflectivity index when the shear rate was raised above 
1 s-', indicating a progressive shear-induced dispersion of 
the rouleaux into smaller ones. A critical shear stress value 
of 2.5 dyn/cm2 was measured in this last study with normal 
erythrocytes suspended in a saline solution of dextran 80. In 
the present study, critical shear stress values around 2 dyn/cm2 
were obtained (see Fig. 8). Further work using blood with 
different aggregation tendencies will be necessary to compare 
the light scattering and ultrasound backscattering methods. 

C, Influence of the Structure of the Red Blood 
Cell Aggregates on the Doppler Power 

Few experimental methods can allow the study of the shear 
rate or shear stress dependences of red cell aggregation. By 
making a cone-plate viscometer transparent, direct microscopic 
observations of normal human blood at shear rates from 5.8 
to 230 s-' were reported [39]. At the lowest shear rate, three- 
dimensional cluster of red cells and no typical rouleaux were 
distinguished for normal hematocrit and 37°C. By increasing 
the shear rate, the size of the aggregates decreased and 
individual red cells were observed at shear rates higher than 
46 s-l. The rheogram (the dynamic viscosity measured with 
a Couette viscometer as a function of the shear rate) was 
used to speculate on the structure of red cell aggregation [40]. 
Three regions of the rheogram were defined: region A which 
corresponds to shear rates between 0.05 and 1 s-', region B 
that refers to shear rates between 1 and 20 s-l, and region C 
for shear rates higher than 20 s-'. In region A, the red cells 
were believed to be organized in complex three-dimensional 
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Fig. 9. Schematic representation of the structure of the red blood cell 
aggregates under three different shear flow conditions. (a) Shows the aggregate 
structure for shear rates between 1 and 5 s-l  (shear stresses between 0.25 
and 1 dydcm’), (b) for shear rates between 5 to 10 s-’ (1 to 2 dydcm’), 
and (c) for shear rates higher than 10 s-l  (2 dyn/cm2). 

networks or individual rouleaux; in region B, an equilibrium 
was speculated between the aggregation and disaggregation of 
red cells; while in region C, the red cells were expected to be 
dispersed and oriented with the flow. 

These studies on the structure of the aggregates are used 
here to propose an explanation of the results of Figs. 7 
and 8. The rapid reduction of the Doppler power between 
approximately 1 and 5 s-l (0.25 to 1 dyn/cm2) is believed 
to be associated to the breaking of large three-dimensional 
networks of red cells. The transition around 5 to 10 s-l  (1 
to 2 dyn/cm2) is hypothesized to be due to the dissociation of 
small networks or rouleaux of red cells. The small reduction of 
the Doppler power for shear rates higher than 10 s-l (shear 
stress > 2 dyn/cm2) may be the result of the separation of 
small rouleaux of a few red cells. Since the energy needed 
to break large three-dimensional structures is certainly much 
smaller than the one necessary to disrupt small rouleaux, 
most variations of the Doppler power were observed within a 
small range of shear rate or shear stress. Fig. 9 illustrates our 
hypotheses on the structure of the aggregates under shear flow. 

V. CONCLUSION 

It has been demonstrated that power Doppler ultrasound is 
a sensitive and reproducible technique to study the dynamics 
of red blood cell aggregation under steady flow. The variation 
of the Doppler power across the tube suggested that larger 
aggregates are around the center of the tube. An hypothesis 
conceming the effect of the shear conditions on the structure 
of the red blood cell aggregates was proposed. The variation 
of the Doppler power as a function of the shear rate or shear 
stress showed three specific regions: 1) a rapid reduction 
of the power that was postulated to be associated with the 
disruption of large three-dimensional aggregates, 2) a zone 
with a smaller reduction of the power probably due to the 
dissociation of large rouleaux, and 3 )  a region with a low 
variation of the power related presumably to the separation 
of small rouleaux of a few red cells. 
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