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Abstract—The observation of a hypoechoic zone around the center of large tubes (the “black hole” phenomenon)
in ultrasound backscattering measurements with red blood cell (RBC) aggregation was reported for the first time
in 1989. Since then, a very limited number of studies tried to explain its complex mechanisms. In this study, blood
models characterized by different RBC aggregation levels were prepared by diluting horse blood plasma with a
saline solution in different proportions. A laser reflectometry technique was used to characterize the RBC
aggregation kinetics and cohesion forces between RBCs for each blood sample. The blood was circulated in a 12.7
mm diameter vertical tube. For each experimental flow condition tested, 25 or 15 power Doppler ultrasound
measurements were performed across the tube with a 10-MHz system and insonation angles varying between 40°
to 70°. For flow rates varying between 100 and 1250 mL/min, the “black hole” was observed in most measure-
ments performed with different aggregating RBC models. The “black hole” was more pronounced for RBCs with
a high kinetics of aggregation and measurements with increasing Doppler angles. Previous studies suggested that
this phenomenon is due to tube entrance effects, and the reduction of RBC aggregation at very low shear rates
around the center of the tube. In the present study, the “black hole” was observed for shear rates up to 25 s~
It is suggested that the structural organization and orientation of RBC rouleaux may participate in the
mechanism leading to the “black hole” phenomenon. A schematic representation of the rheological behavior of
horse RBCs in a large tube under steady flow is presented. © 1998 World Federation for Ultrasound in
Medicine & Biology. ‘

Key Words: Acoustic backscattering, Biofluid mechanics, Erythrocyte aggregation, Power Doppler ultrasound,
“Black hole” phenomenon, Acoustic anisotropy, Biorheology, Model.

INTRODUCTION

Red blood cell (RBC) aggregation exists in the normal
blood circulation and is abnormally increased in patients
with degenerative diseases, acute and chronic infections.
The process of RBC aggregation is reversible and gov-
erned by the shear forces of the flow. In the presence of
plasma adhesion macromolecules, a modal function de-
scribing the shear rate dependence of human RBC ag-
gregation was first reported by Chien (1976) and Copley
et al. (1976). According to these studies, the interaction
between RBCs gets stronger and RBC aggregation is
enhanced as the shear rate is increased from zero to
0.5 s~ L. For shear rates above 0.5 s™., the dispersion of

human RBC aggregates begins and continues with in-
creasing shear rates. At shear rates higher than approxi-
mately 50 s', normal human RBC aggregates are al-
most completely disrupted. However, they will form
again if the shear rate is reduced. Using ultrasound
backscattering methods, the shear-rate dependence of
RBC aggregation was studied in vitro (Sigel et al. 1983;
Yuan and Shung 1988; Shehada et al. 1994; Van Der
Heiden et al. 1995; Cloutier et al. 1996) and also in vivo
(Sigél et al. 1982; Machi et al. 1983). The first observa-
tion of a hypoechoic hole at the center of a large tube
with B-mode imaging is attributed to Yuan and Shung
(1989).

Using a 7-MHz B-mode system, Mo et al. (1991)
recorded images of porcine whole blood at 28% hemat-
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ocrit for different entrance distances in a large diameter
tube. From the images obtained at a constant mean flow
velocity of 1.4 cm/s, they showed that the hypoechoic
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zone in the central axis of the tube appeared when
increasing the inlet length of the tube. They suggested
that the “black hole” arose from disaggregated RBCs that
had insufficient time to reaggregate when they reached a
steady state at the center of the tube. The relationship
between RBC aggregation and the development of the
“black hole” in B-mode ultrasound images was further
studied by Shehada et al. (1994). A hypoechoic central
zone with a surrounding hyperechoic ring that was de-
pendent on the mean flow velocity was observed. They
showed that the shear-rate dependence of porcine blood
echogenicity followed a modal function. The hypoechoic
central zone (the “black hole”) corresponded to shear
rates lower than 0.05 s~, and the surrounding hypere-
choic ring to higher shear rates favorable for the en-
hancement of RBC aggregation (0.05 to 2 s~ ).

The objective of this study was to provide addi-
tional knowledge of the mechanisms of the “black hole”.
While studying the shear-rate dependence of horse blood
models characterized by different levels of RBC aggre-
gation (Cloutier and Qin 1997), the “black hole” phe-

nomenon was observed in most measurements and over '

a wide range of flow rates. Based on the literature review
and the results of the present study, it is hypothesized
that, in addition to the modal relationship of the shear
rate dependence of RBC aggregation and the ‘dynamics
of rouleau formation related to the entrance distance, the
RBC rouleau orientation and their structural organiza-
tion, as determined by the local distribution of the shear
forces within the flow, may be additional factors contrib-
uting to the “black hole.”

MATERIALS AND METHODS

Blood sample preparation

Horse blood was chosen for all experiments because
of the requirement of large quantities of blood covering
a wide range of aggregation levels. As described in
Weng et al. (1996), by replacing different proportions of
the total volume of plasma with an isotonic saline solu-
tion, different aggregation levels were obtained. The
horse blood was collected from a local slanghterhouse. A
solution of 1 g of EDTA in 10 mL of saline was imme-
diately added to the blood at a concentration of 30 mL
per liter of blood to prevent coagulation. Blood was then
brought to the laboratory and stored at 4°C. All experi-
ments were performed within 48 h after blood collection.
Before each experiment, the plasma was separated from
the red and white cells by sedimentation.

Measurements of RBC aggregation

Several blood samples of 1.5 mL were prepared by
replacing a part (between 17% and 75%) of the total
volume of plasma with an isotonic NaCl solution. Using
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a light-reflectometry technique based on a Couette flow
arrangement (Erythroaggregameter, Regulest, Florange,
France), RBC aggregation indices were measured from
these samples at room temperature and 40% hematocrit.
A laser diode (Hitachi, HL7801G) providing a radiation
at 780 nm was used as the light source. Indices on RBC
aggregation were derived from the analysis of the vari-
ation in light intensity of the signal scattered by blood, as
described in Donner et al. (1988). Two series of mea-
surements were performed by the instrument. In the first
series, the blood sample was sheared for 10 s at 550 s~*
to provide rouleau disruption and RBC orientation with
the flow. After abrupt cessation of the rotation, the vari-
ation of the scattered light intensity was recorded during
the rouleau formation process. The instrument provided
the following two indices on RBC aggregation kinetics:
tA and S,, that correspond to the primary aggregation
time and a mean kinetic index at 10 s, respectively. The
parameter tA was obtained from the inverse of the slope
of the scattered light intensity variation between 0.3 and
1.9 s after stoppage of the flow rotation. The index S;,
was calculated as the ratio of the area above the light
intensity curve during the first 10 s after flow stoppage to
the total area during the same period of time. For the
second series of measurements, the blood sample was
sheared at 96 different levels from 6 to 720 s~'. The
scattered light intensity was recorded by the instrument
as a function of the shear rate for each blood sample. The
scattered signal was characterized by a light intensity
increase up to a maximum, followed by a decay as the
shear rate was raised. The partial dissociation threshold
(yD) was obtained from the intersection of a regression
line computed for shear rates below 20 s~1, and a hori-
zontal line intercepting the maximum of the scattered
light intensity. The total dissociation threshold (yS) cor-
responds to the shear rate at the maximum scattered light
intensity. These last two parameters provided informa-
tion on the adhesive forces between RBCs. The values of
Si0. YD and S are proportional to the level of aggrega-
tion, whereas tA has an inverse relationship. The values
of these parameters for normal human blood, pig, horse,
sheep and calf bloods can be found in Weng et al. (1996).

According to the value of S,,, a dilution level was
chosen to obtain the aggregation kinetics desired. A total
of 14 experiments, each using a different aggregation
level with S;, varying between 14.2 and 38.6, were
performed. After the desired aggregation kinetics level
was obtained for a specific experiment, 1.5 L of blood
was reconstituted using the correct dilution level and
circulated into the flow model for at least 1 half 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
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verified during the experiment from a sample of 1.5 mL
taken from the flow model.

Experimental arrangement

The flow loop model used in the present study was
described in detail in a previous paper by Cloutier et al.
(1996). Briefly, this model is composed of a peristaltic
pump, a vertical Kynar tube with an i.d. of 12.7 mm, a
bottom reservoir of 2 L, and a top reservoir used to
minimize the oscillations produced by the pump. A valve
was used to control the flow rate and a cannulating-type
flow probe was inserted into the flow tubing to measure
the flow rate with an electromagnetic blood flowmeter
(Cliniflow II, Carolina Medical Electronics, King, NC,
model FM701D). A magnetic stirrer was used to contin-
uously mix the blood in the bottom reservoir. The peri-
staltic pump circulated blood from the bottom to the top
reservoir. To minimize the effect of the ultrasound at-
tenuation along the beam path and to allow acoustic
coupling, the Doppler probe operating at 10 MHz was
immersed in a small tank filled with horse RBCs sus-
pended in a saline solution at 40% hematocrit. A sus-
pension of RBCs was used to avoid sedimentation of
hyperaggregating cells. The pulse-repetition frequency
(PRF) of the Doppler instrument was 19.5 kHz and the
cut-off frequency of the high-pass wall filter was set at
3 Hz.

Measurements using different RBC aggregation levels

In the first part of the study, 4 experiments were
performed using a wide range of RBC aggregation lev-
els. The Doppler probe was fixed at an angle of 45° with
respect to the tube axis and a total of 25 Doppler mea-
surements were performed across the tube at incremental
steps of 0.5 mm and flow rates varying between 100 and
1250 mL/min. All experiments were performed under
laminar flow conditions. The spatial variation of the
backscattered power across the tube allowed the obser-
vation of the “black hole.” Measurements covered a
distance of 8.5 mm in a direction perpendicular to the
tube. The distance between the face of the transducer and
the recording sites was fixed at 19 mm, which corre-
sponded to a sample volume size of 3.7 mm> at —3 dB.
For measurements at the center of the tube, the distance
traveled by the sound wave was approximately the same
in the tube and the tank filled with the horse RBC
suspension.

For each of the 25 measurements performed across
the tube, the mean velocity and the backscattered power
were computed from the Doppler mean spectrum, as
described in Cloutier et al. (1996). To determine the
mean shear rate within the Doppler sample volume, the
velocity profile across the tube was first fitted to the
power law model:

v(r) = vmax[l - (r/R)n]’ (1)

where v, is the maximum centerline Doppler mean
velocity, r is the distance from the center of the tube, R
is the radius of the tube, and # is the power law exponent.
The 25 velocity measurements and the extrapolated zero
velocity values at the wall were used to fit this model. In
a second step, a shear rate profile y(r) was obtained by
calculating the derivative of v(r):

V() = nvper VIR 2)

The shear rate within the Doppler sample volume was
estimated by weighting the shear rate y(r) with a theo-
retical function describing the radial ultrasonic beam
power pattern in the far-field of the transducer, as de-
scribed in Cloutier et al. (1996). For all flow rates tested,
the modal relationship of the Doppler power (or RBC
aggregation) was obtained by expressing the power as a
function of the shear rate within the Doppler sample
volume.

Anisotropy of the “black hole” studied with hyperaggre-
gating RBCs ‘

In the second part of the study, 10 experiments
using hyperaggregating RBCs were used to verify the
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Fig. 1. Schematic representation of the positioning of the sam-
ple volume for measurements designed to characterize the
anisotropy of the backscattered power.
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Fig. 2. Examples of the different forms of backscattered power

variations obtained around the center of the tube: (a) a “black

hole” with two power peaks P, and P, with different magni-
tudes; and (b) no identified “black hole.”

hypothesis that the orientation of the RBC rouleaux is an
important factor contributing to the “black hole” phe-
nomenon. For this purpose, measurements were per-
formed at Doppler angles varying between 40° and 70°
by steps of 5°. Figure 1 illustrates the sample volume
positioning for this part of the study performed at a
constant flow rate of 1250 mL/min. An important factor
had to be considered in this experimental protocol. By
changing the Doppler angle, the refraction of the ultra-

sound beam at the wall of the tube could produce sig-

nificant effects on the Doppler power backscattered by
blood. Consequently, only relative power measurements
were performed when changing the angle. In addition,
because it is plausible to believe that the largest rouleaux
are located around the center of the tube where the shear
rate is low, only 15 measurements in the central region of
the tube were performed for every angle tested. These 15
measurements covered a radial distance (D’) of 5.5 mm
within the tube (see Fig. 1). To maintain D’ constant for
all angles 6, the incremental displacement of the trans-
ducer (Ad) was modified when changing the insonating
angle by using:
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L D’

Ad=15=15X sin0’ 3)

where L’ is the distance covered within the tube at an
angle 0.

It was experimentally observed that the attenuation
of blood in the tube and that of the suspension of red cells
surrounding the transducer were slightly different. To
reduce this effect on the skewness of the backscattered
power profile, the position of the transducer was adjusted
to have L,, = L, (see Fig. 1) for the sample volume
located at the center of the tube. At that position, the
range gate was adjusted to maximize the Doppler fre-
quency shift. By using this procedure, the backscattered
power profiles were symmetrically skewed with respect
to the tube center. To obtain L,, = L, the distance
between the face of the transducer and the Doppler
sample volume had to be changed for every angle tested.
This distance was varied between 13.5 mm (70°) and
19.8 mm (40°). It corresponded to sample volume sizes
varying between 3.0 and 4.0 mm® at —3 dB, respectively.

For each Doppler angle, the magnitude of the “black
hole” was quantified by computing the difference be-
tween the maximum and the minimum power at the
center of the tube obtained from the 15 measurements
performed within the distance D’ (see Fig. 1). Because
the “black hole” could be surrounded by two peaks
having different amplitudes, as shown in Fig. 2a, its
magnitude was estimated by using:

. P + P,
Black hole magnitude = 10 X log 3P ) 4)
2

where P; and P, are the maximum power values ob-
served on both sides of the central axis of the tube, and
P, is the minimum power of the central hypoechoic zone.
If no “black hole” was detected (see Fig. 2b), its mag-
nitude was set to zero.

Table 1. Horse plasma dilution level and indices measured
with the erythroaggregameter for a series of 4 experiments
characterized by different RBC aggregation levels.

Plasma dilution tA yD S
Number level (%) Sio (s) s ™Y
1 17 38.6 1.37 61.1 470
2 50 29.3 1.77 - >720
3 61 24.3 2.12 45.3 200
4 75 14.2 4.54 40.3 210

The instrument does not provide the value of yD when S is >720.
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Fig. 3. Examples of Doppler mean velocity, Doppler backscattered power, and the fitted power law velocity model
across the tube for a flow rate of 1250 mL/min approximately, and S, varying between 14.2 and 38.6. S, is the RBC
aggregation kinetics index and Q is the flow rate.

RESULTS

The “black hole” phenomenon at different RBC aggre-
gation levels

Table 1 summarizes the aggregation indices mea-
sured with the erythroaggregameter for this series of
experiments. As observed, results for yD and yS were
less consistent than those of tA and S,,.! By varying the
mean flow rate between 100 and 1250 mL/min, the
“black hole” was observed at the center of the tube for
most measurements. Figure 3 shows examples of the
distribution of the Doppler mean velocity, the Doppler
power, the fitted power law velocity model, eqn (1), and

! 'This may be related to the fact that all measurements were
performed at room temperature. In the study by Weng et al. (1996),
diluting the plasma with an isotonic saline solution consistently re-
duced yD and ¥S at 37°C. Information on the reproducibility of the
parameters measured with the erythroaggregameter can be found in
Donner et al. (1988).

the shear rate model, eqn (2), across the tube for a flow
rate of approximately 1250 mL/min and S,, varying
between 14.2 and 38.6. It can be observed that the
reduction of the power at the center of the tube (the
“black hole”) was more important for hyperaggregating
RBCs. For those measurements, the Doppler power was
generally low near the wall, maximum between the wall
and the center of the tube, and reduced at the central axis.

To better visualize the modal distribution of the
Doppler backscattered power as a function of the shear
rate and flow rate, the experimental data were fitted to
log-normal functions (TableCurve,® Jandel Scientific,
San Rafael, CA, version 1.10 for Windows") and plotted
using a logarithmic scale (dB), as shown in Fig. 4. For
several measurements performed at different flow rates,
the Doppler power in the tube increased when the shear
rate was slightly higher than the lowest value measured.
It then decreased when the shear rate was further in-
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Fig. 4. Shear-rate dependence of the Doppler backscattered power in dB for S, varying between 14.2 and 38.6, and flow
rates varying between 100 and 1250 mL/min, approximately. S;, is the RBC aggregation kinetics index, and the
numbers in parenthesis indicate the mean shear rate across the tube.

creased. For a given flow rate, measurements around the
center of the tube corresponded to the left part of the
log-normal function, and measurements toward the wall
corresponded to the right part. The power increase at low
shear rates, by up to 5 dB, is related to the magnitude of
the “black hole” computed using eqn (4). With the ex-
ception of the experiment at S;;, = 14.2, the peak of the
Doppler power gradually decreased in magnitude and the
shear rate at which the maximum power occurred grad-
ually increased when the flow rate was raised. The shear
rates corresponding to the maximum power values varied
approximately from 1 to 25 s, for flow rates varying
between 100 and 1250 mL/min, approximately. The lack
of power variations at high flow rates for S;, = 14.2 is

due to the absence of rouleau build-up and disruption
within the tube.

Anisotropy of the “black hole”

For this series of measurements, 10 trials were
performed for each angle of insonation using horse blood
having S,, around 34 (34.2 *= 1.5, n = 10). Figure 5
shows examples of Doppler mean velocities and Doppler
power as a function of the position across the tube for
different angles and S;, = 34.6. The magnitude of the
“black hole” seemed to increase as the Doppler angle
was raised. Figure 6 shows the magnitude of the “black
hole” computed with eqn (4) as a function of the Doppler
angle. Using a 1-way repeated measures analysis of
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Fig. 5. Doppler velocity and Doppler power across the tube as a function of the Doppler angle 6 for S, of 34.6. The
flow rate was approximately 1250 mL/min for all measurements. S,, is the aggregation kinetics index.

variance, the mean power variations shown in Fig. 6
were statistically significant (p < 0.001). The magnitude
increased significantly between 40° and 65°, and
dropped, not significantly, at 70°. The “black hole” had
a mean magnitude of 1.0 dB at 40° and 2.1 dB at 65°.
The anisotropic behavior of the Doppler power reduction
at the center of the tube suggests that the orientation of
rouleaux contributes to the magnitude of the “black
hole.”

DISCUSSION

The “black hole” phenomenon was observed for the
first time in 1989 (Yuan and Shung 1989) and, since
- then, a very.limited number of studies were oriented

toward its explanation. As mentioned before, Shehada et

al. (1994) proposed that the “black hole” and the hyper-

echoic ring around. the hole result from the modal (log-
normal) shear rate effect on porcine RBC aggregation.
According to their ‘experimental results, they suggested
that the very low shear rates around the center of the tube
(< 0.05 s™Y inhibit the formation of large rouleaux
whereas higher shear rates (between 0.05 and 2 s™1) in
the surrounding region aré favorable for the formation of
aggregates producing the “bright ring.” The entrance
length was also shown to contribute to the “black hole”
in the study by Shehada et al. (1994). For a given flow
rate, the “black hole” was present only if sufficient time
was allowed for the RBCs to form rouleaux in the higher
echogenic ring. '

In the present study with horse blood, the entrance
length. for all measurements was sufficient to allow rou-
leau build-up. Surprisingly, we observed Doppler power
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The results are expressed in terms of mean = SD and were

averaged over 10 experiments. The mean aggregation kinetics

index S;o was 34.2 £ 1.5 and the mean flow rate was 1250
mL/min, approximately.

drops at the center of the tube for almost all flow rates
tested, and almost all blood samples characterized by
different aggregation levels (see Figs. 3 and 4). It was
also observed that the “black hole” is accentuated with
hyperaggregating RBCs. Another interesting observation
of the present study was the presence of the “black hole”
at much higher velocities than those reported by Mo et al.
(1991) and Shehada et al. (1994). For example, the
velocity at the center of the tube in these ‘studies was
below 5.2 cm/s, but it ranged from 1.8 to 25.3 cm/s in our
study. Another important difference was the shear rate at
which the maximum backscattered power occurred for a
given flow rate. In Shehada et al. (1994), the maxima
were observed between 0.5 and 2 s™! and they ranged
from 1 to 25 s~', approximately, in our study (Fig. 4).
Because it is unexpected that RBC aggregation might be
enhanced at such high shear rates, we propose a new
hypothesis. explaining this finding after the following
review on the behavior of rouleau structures in flowing
blood and the anisotropy of ultrasound backscattering in
tissues with longitudinal structures.

Rotations; deformations, and orientations of rbuleaux
of RBCs

Goldsmith and collaborators (Goldsmith and Mason
1966; Goldsmith and Marlow 1972; Goldsmith 1986)
studied the flow behavior of rouleaux and elongated
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particles. Using normal human blood at low hematocrits
circulating in small tubes with radii varying between 30
and 100 um, they observed rotations and deformations of
rouleaux in shear flow. During rotation, the angular ve-
locity varied depending on the aggregate size. For rou-
leaux composed of 3 to 4 RBCs, the angular velocity was
constant throughout the orbit. For rouleau sizes of more
than 4 cells, the angular velocity increased when rou-
leaux bent for rotation and was minimum when they
stretched and oriented their long-axis parallel to the flow
direction. At a given local shear rate, the period of
rotation through 360° increased with increasing axis ratio
(length/diameter) for both rouleaux and rod-like particles
at low concentrations. The fraction of time during each
orbit spent in orientations close to the direction of flow
increased with increasing axis ratio. In a study by Chen
et al. (1995), morphological changes of RBC aggregates
were observed as a function of -shear stress. Human
RBCs at 10% hematocrit were circulated in a rectangular
flow chamber. By increasing the shear stress, the RBC
rouleaux were stretched, then large rouleaux were broken
into small rouleaux, which were then subjected to further
stretching by shearing until they broke again into smaller
ones.

Experimental observations at high particle concen-
trations have also been reported. Using a concentration
of 50% ghost RBCs suspended in plasma, 4-cell rouleaux
exhibited irregular rotations and deformations, even at
low shear rates, because of particle crowding (Goldsmith
1971). In a study on the flow behavior of rigid spheres,
rods and discs at concentrations for which particle inter-
actions were expected (Karnis et al. 1966),” particles did
not rotate in the plug flow region. Rods and disks were
slightly tilted and symmetrically organized with respect
to the central axis of the tube (see Fig. 7). Off-axis, near
the wall, particles exhibited erratic rotations and radial
displacements.

Anisotropy of ultrasound backscattering measurements
The ultrasonic anisotropic propetty of some biolog-

ical tissues consisting of oriented structures, like muscle

fibers, has been reported many times (Nassiri et al. 1979;

_ Picano et al. 1985; Aygen and Popp 1987; Rubin et al.

1988; Madaras et al. 1988; Mottley and Miller 1988;
Hoffmeister et al. 1995). It is currently believed that this
anisotropy depends on the orientation of fibers with
respect to the angle of insonation (Recchia et al. 1995).
For fibers perpendicular to the insonation angle, the
backscattered power is maximum, and it is minimum for
fibérs aligned with the ultrasound beam. Only a limited
number of in vitro measurements were performed to

2In that study, the partide concentration was around 30% (Harry
L. Goldsmith’s personal communication).
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Fig. 7. Steady orientation of cylindrical particles viewed along

the tube axis and in median plane in the region of plug flow in

concentrated suspensions of discs and rods (schematic). In

these experiments, the presence of a plug flow is due to particle

crowding (Skalak 1992). Reproduced with permission from
Karnis et al. (1966).

study the anisotropy of ultrasound backscattered by
blood. Using a 10-MHz Doppler system, Allard et al.
(1996) observed an angular dependence of the Doppler
power at the center of the tube, for porcine whole blood
circulated at mean shear rates varying from 17 to 515~
across the tube. For a hematocrit of 40%, the maximum
Doppler power was observed at insonation angles be-
tween 45° and 60°, suggesting a more tilted orientation
of rouleaux than that of rigid rods presented in Fig. 7. In
that study, no angular dependence was observed for
saline suspensions of calf RBCs because they do not
form rouleaux. Using a diluted suspension of carbon
fibers, Allard et al. (1996) observed a strong anisotropy
at the center of the tube. The backscattered power in-
creased linearly by 8 dB for insonation angles varying
from 40° to 80°. This anisotropic behavior suggests a
more parallel orientation of carbon fibers with the flow
compared to that of rouleaux of RBCs. Because of RBC
crowding, porcine rouleaux at the center of the tube were
probably free from rotation. On the other hand, most
rotating carbon fibers were aligned within = 10° with
respect to the tube axis, on the average.

A new hypothesis explaining the genesis of the “black
hole” phenomenon

Figure 8a, b, ¢ shows photomicrographs, taken un-
der static conditions, of normal and hyperaggregating
human RBCs and horse blood. Horse RBCs were char-
acterized by chains of rouleaux linked together to form
large clusters, as also observed for hyperaggregating

human RBCs. The orientation of these rouleaux is pos-
tulated as an additional factor intervening in the genesis
of the “black hole” phenomenon. Because the magnitude

Fig. 8. Photomicrographs of (a) normal and (b) hyperaggregat-
ing human RBCs, and (c) horse blood under static conditions.
The hyperaggregating human RBCs were obtained from a
patient with a history of coronary artery disease. The horse
blood model was obtained by replacing 67% of the total vol-
ume of plasma with an isotonic saline solution. Magnifications:
(a) 375 X, (b) 330 X, (c) 480 X. The horizontal line on each
panel corresponds to a distance of 30 pm.
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Fig. 9. (A) Schematic representation of the hypothesized mac-

roscopic structural organization of RBC aggregates for differ-

ent shear rates across the tube. (B) Postulated angular variations

of the backscattered power. The solid and dotted lines corre-

spond to Doppler angles of 40° and 65°, respectively. The

bidirectional arrows represent the region with the largest power
variations.

of the “black hole” increased as the Doppler angle was
raised from 40° to 65°, rouleaux were probably symmet-
rically oriented at an angle of approximately * 25° with
respect to the tube axis.

Figure 9A, B illustrates the following hypothesis
about the influence of RBC rouleau orientation and spa-
tial distribution on the mechanism leading to the “black
hole” phenomenon. In all our measurements, the en-
trance length was sufficient to allow the formation of
various sizes of RBC aggregates. In the region of higher
shear rates near the wall (Region 4), rouleaux have small
sizes and bend during erratic rotations. At the center of
the tube (Region 1), rouleaux do not rotate because. of
particle crowding and long chains are inhibited by the
too small shear rates (Copley et al. 1976). The increased
shearing off-axis (Region 2) enhances the probability of
cell bridging leading to the formation of the largest
nonrotating rouleaux. The high adhesive forces between
RBCs for horse blood probably reduced the flexibility of
rouleaux. This factor, particle crowding, and the pres-
ence of long rouleaux prevented rouleau rotation. Further
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off-axis (Region 3), rouleaux are smaller because of the
higher shear rates. On the average, the longest rouleaux
are deformed and more or less coherently align with the
flow, while the smallest have no specific orientation.

According to our hypothesis, a change of the Dopp-
ler insonating angle from 40° to 65° should result in an
increase in the magnitude of the “black hole” due to the
increased cross-sectional areas of long rouleaux detected
by the ultrasound beam in Region 2. At the center of the
tube, the anisotropy of the Doppler backscattered power
is less important because of the relatively small aggre-
gate structures present within the ultrasound beam. In
Region 3, the anisotropy is reduced whereas, in Region
4, it disappears because of the presence of rotating ag-
gregates, in an erratic manner. According to Fig. 9b, the
variation in the magnitude of the “black hole” as a
function of the Doppler angle is due to changes in the
backscattered power in the region where rouleaux are the
largest and aligned together (see the bidirectional ar-
TOWS).

As shown in Fig. 4, the flow rate strongly influences
the magnitude of the Doppler backscattered power and
the shape of the log-normal power distribution as a
function of the shear rate. The decrease in the magnitude
of the backscattered power is attributed to a decrease in
rouleau sizes as the flow rate and the corresponding shear
rate were increased. Indeed, large aggregates are more
easily broken because of the higher mechanical fragility
of long rouleaux. Figure 4 also shows that the shape of
the Doppler power distribution changed with the flow
rate. At the lowest flow rate, a narrow log-normal func-
tion was observed whereas it widened progressively with
increasing flow rates. Moreover, the peak of the back-
scattered power was shifted to higher shear rates when
the flow rate was increased. The well-organized structure
of rouleaux, proposed in Fig. 9, was probably maintained
at higher flow rates, but with smaller rouleaux. The high
cohesion of this structure can explain the high shear rate
of 25 s~ * needed to disrupt rouleaux at 1250 mL/min for
hyperaggregating RBCs.

Based on the model of Fig. 9, a stronger backscat-
tered power would have been expected from RBC rou-
leaux located on the left side of the tube because those
rouleaux are aligned more perpendicular to the ultra-
sound beam. As seen in Figs. 3 and 5, the backscattered
power was often skewed toward the right side instead of
the left side of the tube. For measurements on the left
side, the ultrasonic waves travelled a distance L;,, which
is larger than L, (see Fig. 1). The unexpected weaker
backscattered power.on the:left side of the tube is prob-
ably-due to the higher ultrasound -attenuation in the
moving blood with rouleaux, compared to that of the
stationary suspension of nonaggregating RBCs in the
reservoir containing the Doppler transducer:
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Comparison with results obtained with porcine whole
blood

According to a study by our group (Weng et al.
1996), porcine whole blood tends to produce clusters of
RBCs instead of long chains of rouleaux at stasis. In the
studies by Mo et al. (1991), Shehada et al. (1994), and
Cloutier and Qin (1997), a “black hole” was detected
with porcine whole blood. This finding may be ex-
plained, using our hypothesis, by the presence of clusters
of small rouleaux at the center of the tube and oriented
larger rouleaux off-axis at higher shear rates. It is im-
portant to mention here that our hypothesis is in agree-
ment with the explanations provided by Mo et al. (1991)
and Shehada et al. (1994). The mechanism proposed in
the current study is complementary and more general. In
a recent study by our group (Allard et al. 1996), back-
scattered power measurements were performed at the
center of a tube at a Doppler angle varying between 40°
and 80° to assess the anisotropy of porcine whole blood
under conditions promoting RBC aggregation. Based on
the observation of the angular dependence of the back-
scattered power, a cone-shaped orientation of rouleaux
was postulated to be present at mean shear rates across
the tube varying between 17 and 51 s, It is interesting
to note that this observation is also in agreement with our
hypothesis illustrated in Fig. 9. At the lowest shear rates
tested (8.5 s™!) by Allard et al. (1996), large and com-
plex clusters of aggregates were suggested to be present
at the center of the tube, leading to the disappearance of
the anisotropy.

CONCLUSION

The “black hole” phenomenon was observed in

most backscattered power measurements reported in the °

present study. It was emphasized when using hyperag-
gregating equine RBCs and a Doppler angle of 65°.
Previous studies suggested that this phenomenon is due
to the reduction of RBC aggregation at very low shear
rates and to tube entrance effects. Based on the present
work, it is proposed that the structural organization of
rouleaux across the tube and their orientation may con-
tribute to the mechanism leading to the “black hole”
phenomenon. A cone-shaped orientation of rouleaux was
suggested to be present around the center of the tube
under steady flow. The deformation of RBCs and stretch-
ing of rouleaux are other factors implicated in the rhe-
ology of blood in tube flow, although they were not
specifically taken into consideration in the model of Fig.
9. The detection of the “black hole” phenomenon in
human blood and its influence on the rheological prop-

erties of blood (like viscosity and flow resistance) has to .

be confirmed.
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