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Abstract—In most studies that were aimed at evaluating the Kinetics of red blood cell (RBC) aggregation, human
blood was initially circulated at a high shear rate to disrupt the aggregates, and measurements were performed
following a complete flow stoppage, during the process of rouleau formation. However, it is known that a very low
shear rate can enhance the formation of aggregates, as demonstrated by the modal relationship of the shear-rate
dependence of RBC aggregation. The objective of the present study was, thus, to evaluate the influence of sudden flow
reductions compared to a complete flow stoppage on the kinetics of rouleau formation, using ultrasound backscat-
tering. Horse blood models, characterized by different aggregation levels, were obtained by diluting the plasma with
a saline solution in different proportions. Blood was circulated in a 12.7-mm vertical tube at a flow rate of 1250 mL
min~" (prereduction flow rate) to disrupt the aggregates. The ultrasound radiofrequency (RF) signal was recorded
from the center of the tube following different levels of sudden flow reduction or complete stoppage (postreduction
flow rate). All measurements were performed over 2 min, using a 10-MHz transducer. No power increase was
observed after complete flow stoppage. For postreduction flow rates varying between 20 and 160 mL min~?, the
backscattered power increased proportionally with the kinetics of RBC aggregation. The echo buildup was also faster
and stronger when the postreduction flow rate was increased. An unexpected pattern of variation of the backscattered
power was found for horse RBCs characterized by high kinetics of rouleau formation. The power increased rapidly
to a plateau, followed by another rapid increase and another plateau. Rouleau formation, random disorientation and
reorientation were postulated to explain the phasic power increases observed. © 1998 World Federation for
Ultrasound in Medicine & Biology.
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INTRODUCTION formation, which depends on the hematocrit, the temper-
ature, the concentration and affinity of plasma adhesion
macromolecules, and the characteristics of the RBC
membrane. The dispersion of the aggregates occurs un-
der high shear rate conditions. Because RBC aggregation
is a reversible process, rouleaux are formed again if the
shear rate is reduced.

Because of its sensitivity to the presence of RBC
aggregates, ultrasound backscattering was used to charac-

terize the kinetics of RBC rouleau formation. The kinetics

Red blood cell (RBC) aggregation is a normal reversible
physiological process occurring in flowing blood. As
shown by Chien (1976) and Copley et al. (1976), the
shear rate dependence of RBC aggregation is described
by a modal function (a function with a single maximum).
Under static conditions, RBC aggregates exist, but a
slight increase of the shear rate enhances the interactions
between RBCs and, consequently, the level of aggrega-
tion. For a given blood sample, the shear rate at which

the aggregation is maximum (the maximum of the modal
function) varies as a function of the kinetics of rouleau
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of rouleau formation refers here and hereafter to the in-
crease in rouleau size per unit of time. Shung and Reid
(1979) used a 7.5-MHz ultrasound transducer to record the
time variation of the backscattering amplitude from human
blood samples at a low hematocrit (8.2%), after flow stop-
page. They showed that the backscattering amplitude in-
creased initially after stoppage and reached a platean in
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about 2—4 min. At high plasma fibrinogen concentrations,
the backscattering amplitude increased more rapidly and the
final value was higher than that found at lower concentra-
tions. Boynard et al. (1987) also showed that the ultrasound
backscattering coefficient at 6 MHz increased with time
after stopping the stirring of human blood. By measuring
changes in the backscattered power during 20 min after
flow stoppage, their study also included the phase of sedi-
mentation of RBC aggregates.

Using a 10-MHz B-mode ultrasound scanner, Kim
et al. (1989) observed that the increase in echogenicity of
human blood occurs mainly within the first 140 s after
flow stoppage. Following that period, the power contin-
ued to increase slowly for up to 4 min. The increase in
echogenicity per unit of time was inversely proportional
to the hematocrit for hematocrits between 15% and 60%.
They concluded, from their study, that ultrasound echo-
genicity is a measure of the degree of aggregation for a
given hematocrit. Based on the spectral analysis of the
RF ultrasound signal, Kitamura et al. (1995) studied
human RBC aggregate formation as a function of time
following flow stoppage for different fibrinogen concen-
trations and hematocrits. At a constant hematocrit of
40%, rouleau buildup was proportional to the fibrinogen
concentration. At a constant fibrinogen concentration,
the aggregate size reached similar levels by varying the
hematocrit, but the rates of increase were inversely pro-
portional to the hematocrit. From these observations,
they suggested that the hematocrit may determine the
rate of aggregate formation and the fibrinogen concen-
tration, the size of aggregates. In a recent study (Weng et
al. 1997), it was shown that fibrinogen affects, not only
the size, but also the adhesive forces between RBCs and
the rate of rouleau formation.

In previous studies, blood flow was always stopped
after dispersing RBC aggregates at a high flow rate for
several min. However, as previously mentioned, a very
low shear rate can promote the enhancement of RBC
aggregation. Therefore, a sudden reduction of the flow,
instead of a complete stoppage, may better enhance RBC
aggregation, The objective of the present study was to
evaluate the influence of the postreduction flow rate on
the kinetics of rouleau formation using ultrasound back-
scattering. Horse blood models characterized by different
levels of RBC aggregation kinetics were used. Carbon
fibers were also circulated in the flow model to study the
influence of different levels of flow reduction and com-
plete stoppage on the orientation of the particles.

MATERJALS AND METHODS

Kinetics of RBC rouleau formation
All measurements were performed within 48 h after
EDTA anticoagulated horse blood collection. Before
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each experiment, the plasma was separated from the red
and white cells by sedimentation. Several blood samples
of 1.5 mL were prepared by replacing a part (between 0
and 75%) of the total volume of plasma with an isotonic
NaCl solution. Using diluted plasma, different RBC ag-
gregation kinetics were obtained because of the reduc-
tion of the concentration of plasma proteins responsible
for the aggregation (Weng et al. 1996). The kinetics of
rouleau formation was measured from these samples at
room temperature and 40% hematocrit using an erythro-
aggregameter based on a Couette flow system (Regulest,
Florange, France). A laser diode (Hitachi, HL7801G)
providing a radiation at 780 nm was used as the light
source. An index S, reflecting the kinetics of rouleau
formation was derived from the analysis of the variations
in light intensity of the signal reflected by blood (Donner
et al. 1988). S, has a direct relationship with the kinetics
of aggregation and was computed as the ratio of the area
above the light intensity curve during the first 10 s after
stoppage of the rotation of the cylinder to the total area
within the same period of time. A shear rate of 550 s~
was used before flow stoppage to disrupt rouleaux of
RBCs.

Five horse blood models from different animals
were prepared by selecting the appropriate plasma dilu-
tion level. Samples with values of S;, of 11.2, 14.8, 18.9,
25.6 and 32.3 were used. For each experiment, 1.5 L of
blood was reconstituted, using each dilution level se-
lected, and circulated into the flow model for at least
0.5 h before beginning the experiment. This procedure
eliminated air bubbles and allowed the temperature of
blood to reach that of the ambient air. The aggregation
indices were measured again during the experiment from
a sample of 1.5 mL taken from the flow model. Mean
values are reported in this manuscript.

Measurements with a suspension of carbon fibers
Carbon fibers were circulated in the flow model to
study the influence of the fiber orientation on the
ultrasound backscattered power following flow reduc-
tions. Cylindrical carbon fibers (Goodfellow, Berwyn,
PA) with a mean radius of 7 um and a mean length of
250 um were suspended in a test fluid made of a
volume of 40% glycerol and 60% saline at a concen-
tration of 0.5 g L™, Carbon fibers were previously
used as scatterers in a flow loop model (Allard et al.
1996) and in a tissue-mimicking phantom (Mottley
and Miller 1988). The results of the experiments with
carbon fibers were compared to those obtained with
horse blood. Because the size (radius and length) of
the fibers is independent of the flow conditions, the
results obtained with carbon fibers should distinguish
between the influence of the particle orientation on the
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Fig. 1. Schematic representation of the flow loop model used to
change the flow rate from the prereduction to the postreduction
levels.

backscattered power and that associated with the bind-
ing of rouleaux and dynamic rouleau buildup.

Flow loop model

The steady-flow loop model described in detail by
Cloutier et al. (1996) was modified according to Fig. 1.
To change the flow rate rapidly from the prereduction
state to the postreduction rate, a 3-way valve was used. In
valve position A-B, blood flow circulated in the left
branch at a prereduction flow rate of 1250 mL min~!
(maximum centerline velocity =~ 26 cm/s). In position
A-C, blood was circulated in the right branch at pos-
treduction flow rates varying between 20 and 160 mL
min~'. Two other valves were used in the model to
adjust the prereduction and postreduction flow rates. In
position B-C, the flow was immediately stopped, result-
ing in a postreduction flow rate of zero. The carbon fiber
suspension was circulated at 1000 mL min~' before
reducing the flow to values varying between 0 and 250
mL min~L,

The flow model was composed of a peristaltic
pump, a vertical Kynar tube with an inside diameter of
12.7 mm, a bottom reservoir of 2 L and a top reservoir
used to minimize the oscillations produced by the pump.
A cannulating type flow probe was inserted into the flow
tubing to measure the flow rate with an electromagnetic
blood flowmeter (Carolina Medical Electronics, Clini-
flow H, model FM701D, King, NC). A magnetic stirrer
was used to continuously mix blood or the suspension of
carbon fibers in the bottom reservoir. The peristaltic
pump circulated the fluid from the bottom to the top
reservoir. To allow acoustic coupling, the ultrasound
transducer was immersed in a small tank filled with
distilled water. The transducer was held at an angle of
45° to the flow direction. RF ultrasound measurements
were performed at the center of the tube. The Doppler
frequency shift was used to position the sample volume
at the center of the tube before reducing the flow.

Narrow-band RF signal acquisition and processing

The RF backscattered ultrasound signal was ob-
tained by using a 3 mm X 3 mm transducer connected to
a 10-MHz pulse-wave Doppler system developed at the
Baylor College of Medicine. An electronic driver circuit
was built in the system to allow the acquisition of the RF
signal before quadrature demodulation. The duration of
the transmitted ultrasonic bursts was 0.8 us (8 cycles).
To reduce the bandwidth and increase the signal-to-noise
ratio, an elliptic band-pass filter centered around 10 MHz
(BP-10.7, Mini-Circuits, Brooklyn, NY) was inserted
between the ultrasound system and the input of the
data-acquisition board. The insertion loss of this filter
was 0.86 dB at 10.7 MHz, its pass-band was from 8.5 to
12.7 MHz at —3 dB, and from 7.6 to 14.4 MHz at —20
dB. As reported in the Appendix, the electronic circuits
had a linear response over the whole range of backscat-
tered power measured with the different blood models
and carbon fiber solutions.

To allow successive recordings of the pulse-wave
signal during a period of 2 to 4 min following flow
reductions, a time gating circuit was designed to reduce
the pulse-repetition frequency (PRF) of the instrument
and control the gate duration from which the backscat-
tered echoes were detected. The RF signal was digitized
at a sampling frequency (F;) of 100 MHz with 8-bit
resolution by a Gagescope acquisition board (model
250-4 MB, Montreal, Quebec, Canada). The gated data
acquisition mode was used with the Gagescope board to
digitize signals only when the gate corresponding to the

* position of the sample volume was on. The RF signals

were sampled using a PRF of 250 Hz and a gate duration
(t,) of 0.5 us. After data acquisition, the backscattered
RF signal of each experiment was separated in measure-






