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Fluctuations in settling velocity
of red blood cell aggregates
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Sedimentation of red blood cell aggregates was experimentally investigated by optical imaging.
Suspensions of red blood cell at low hematocrit were obtained from blood of healthy donors.
The velocity of three-dimensional red blood cell aggregates was measured using particle image ve-
locimetry. The magnitude and spatial correlation functions of the velocity fluctuations of the set-
tling aggregates were determined. It is shown that the fluctuations in the settling velocity exhibit
characteristic correlations in the form of swirls. The formation of 3-D red blood cell aggregates
leads to a large initial swirl. The growth of the aggregates and their sedimentation diminishes
the swirls size.
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1. Introduction

Sedimentation of a suspension of particles is an important issue in many areas of science,
technology and medicine. Ever since the pioneering work of BATCHELOR [ 1] in the early
1970s, many efforts were made to understand the sedimentation of non-Brownian
monodisperse spherical particles. The mean settling velocity gives some insight into
how sedimentation takes place, while fluctuations of velocity, caused by long-range
hydrodynamic interactions, considerably provide more information about the process.
Theoretical considerations predict a divergence of the magnitude of the fluctuations
with system size [2] while most experiments do not confirm this divergence [3, 4].
The velocity fluctuations reveal long-range correlations, in the form of swirls, and scal-
ing of the swirl size has been found [4]. The numerical simulations of sedimentation
of non-isotropic and deformable particles exhibit similarities to the sedimentation pro-
cess of spherical particles, however, they are much more non-stationary [5]. Moreover
the description of the processes observed for sedimenting spherical particles for higher
volume fraction rather cannot be simple extrapolation of that for lower volume
fraction [6, 7]. Although recent numerous studies have brought a wealth of information
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on the settling dynamics of particles, the authors agree that an understanding of
the sedimentation process is far from complete.

An investigation of the red blood cell (RBC) sedimentation process is significant
from a medical point of view. RBCs are flexible, biconcave discs that tend to form
aggregates in the presence of proteins or polymers [8]. Suspended RBCs form linear or
branched aggregates called rouleaux, which later coalesce into three-dimensional (3-D)
RBC aggregates [9]. These large aggregates sediment and form a deposit at the bottom
of'a container [9, 10]. RBC sedimentation has been studied theoretically since the turn
of the 1980s [11] but the proposed models were insufficient in explaining the process.
In investigations of RBC aggregation and sedimentation, difficulties still arise in iden-
tifying how the objects form and sediment [ 12, 13]. The formation of rouleaux has been
studied both experimentally [14—17] and theoretically [18]. To investigate the size of
the particles, the light scattering study of RBC suspensions has been performed [19-21].
Recently, new theoretical techniques are developed for the analysis of optical fields
scattered by particles with possible application in biomedicine [22—24]. Formation and
sedimentation of 3-D RBC aggregates are much less recognized. However, the velocity
of 3-D aggregates was frequently studied with the use of the image analysis, where
Fourier method [25], Hough method [25, 26] as well as particle image velocimetry [27]
were applied. The differences between the suspension of monodisperse rigid spheres
and blood suggest that the sedimentation process in these systems may be significantly
different. Thus, 3-D RBC aggregate dynamics remains one of the most important prob-
lems to be resolved in order to provide more insight into RBC sedimentation.

In this paper, the sedimentation of 3-D RBC aggregates was investigated. The ve-
locity of the settling 3-D RBC aggregates was measured using particle image veloci-
metry. The aim of the paper is to describe the long-range correlations in the fluctuations
of the aggregates velocity.

2. Material and method

The blood of healthy donors was examined in this study. The RBCs were extracted from
the blood, washed in phosphate saline buffer and resuspended in autologous plasma
at hematocrit 0.03, 0.05 and 0.07. A rectangular glass-walled container 30 mm wide,
I mm deep and 30 mm high was used to perform the sedimentation experiment.
The container was filled by injection of RBCs suspended in plasma. Measurements
were performed at room temperature 22+1°C. A sequence of images of the suspension
was obtained using an optical system shown in Fig. 1. The light from an illumination
system passed through the container with the blood sample and next was registered by
an imaging system. The imaging system with a CCD camera (1280x960 pixels) was
focused on a plane near the wall of the container. It sampled a cross-section of the con-
tainer sized 9x12 mm?, located 8 mm above the bottom of the container. Images were
taken every second. This period is approximately equal to the minimal ratio of the ra-
dius of the observed objects, estimated using the correlation function of the intensity
in the image plane to their sedimentation velocity.
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Fig. 1. Experimental setup.

The Reynolds number Re = 2aV,4p/1n and the Péclet number Pe = na*V, 4n/kT
of the sedimenting particles were estimated, where sedimentation velocity V. and ag-
gregate radius a are taken from the experiment, p= 1030 kg/m? is the density of
the plasma, 7= 1.6x107> Pa-s is the viscosity of the plasma, T is the temperature and
k is the Boltzmann constant. These numbers for RBC aggregates change in time during
the process. The Reynolds number was very low, Re < 4.1x107>. The Péclet number
after the initial 300 s was attaining very high values, Pe > 1.2x10*. Thus, the motion
of the RBC aggregates was practically unaffected by thermal fluctuations and inertial
effects.

RBC aggregate velocities V were obtained using particle image velocimetry (PIV).
LabView software was applied to process the data. Two-dimensional RBC aggregate ve-
locity-vector fields were received. Each velocity vector was determined by a cross-cor-
relation of the interrogation regions from successive pairs of images with the accuracy
of 2 um/s. The interrogation region, in the first step, was 64x64 pixels (0.64x0.64 mm?)
and next, to increase accuracy, it was decreased to 32x32 pixels (0.32x0.32 mm?).
The velocity fluctuation fields were determined from the velocity fields using the for-
mula 8V = V — (V).

3. Results and discussion

The RBC aggregates occurring at characteristic times during the process at hematocrit
0.05 are displayed in Fig. 2. The experimental technique does not enable the precise
identification of individual objects that appear up to about 300 s. During this initial
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Fig. 2. Images of the suspension of RBC aggregates obtained at 300 s (a), 600 s (b), 1700 s (¢) and
2000 s (d).
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Fig. 3. Velocity fluctuation fields obtained for the suspension of RBC aggregates at 300 s (a), 600 s (b),
1700 s (¢) and 2000 s (d). The respective vectors of the velocity fluctuations 8V are at a fixed magnifi-
cation of the vector scale.

phase, the RBC rouleaux formation mainly occurred. At 300 s just formed 3-D RBC
aggregates appeared in the suspension. At 600 s the formation of the aggregates is com-
pleted and the largest aggregates can be observed. Later due to a stratification, the frac-
tion of small 3-D RBC aggregates dominates in the area of observation. The velocity
fluctuations of these aggregates were estimated and the velocity fluctuation fields ap-
pearing at these times are shown in Fig. 3. The velocity fluctuation fields reveal regions
of correlated movement of the aggregates in the form of swirls. Figure 3 shows that
the formation of 3-D RBC aggregates is associated with creation of a large initial swirl.
The growth of the aggregates causes creation of smaller swirls. To quantify the size
of the swirls, the autocorrelation functions of the velocity fluctuations [4] were ana-
lyzed. This function was determined in a vertical direction for the horizontal velocity
fluctuations, C (z) = (8V,.(0)dV (z)), and in a horizontal direction for the vertical
velocity fluctuations C_(x) = (8V_(0)8V,(x)). It should be noted that in the above
formulas the angled brackets represent an average from the data given by a single ve-
locity field as the data are available only from the RBC sedimentation experiment.
Figure 4 shows the velocity correlations in both directions. The position of the first
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Fig. 4. Normalized autocorrelation functions determined in the vertical direction for the horizontal
velocity fluctuations C,(x)/C,(0) (a), and in the horizontal direction for the vertical velocity fluctuations
C.(2)/C(0) (b) obtained at 300 s, 600 s, 1700 s and 2000 s.
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Fig. 5. Time evolution of the parameters of the RBC sedimentation process at hematocrit 0.05:
sedimentation velocity Vg4, vertical AV} and horizontal AV, velocity fluctuations (a), the ratio between
vertical and horizontal velocity fluctuations AV} /AV, (b) and the vertical fﬁ and horizontal fj correlation
length of, respectively, horizontal and vertical velocity fluctuations (c).

minimum of these functions in a vertical and horizontal direction defines the correla-
tion length, §|T and fj, representing, respectively, the vertical and horizontal size of
the swirls.

Figure 5 summarizes the results obtained for the RBC sedimentation process.
These results reveal the non-stationary behavior of this process. The sedimentation ve-
locity Vieq = (V.), as well as the vertical and horizontal velocity fluctuations,
AV, = (6 Vg Y2 and A Vv, = (8V§ ) 2 respectively, first increased, at about 600 s
reached a maximum value and finally decreased (Fig. 5a). As it is shown in Fig. 5b at
the maximum of the aggregate velocity, the ratio between vertical and horizontal ve-
locity fluctuations was close to 2 and next it began to decrease. Figure 5¢ shows that
at 300 s formed aggregates initially created a large swirl. The growth of the aggregates
at time interval from 300 to 600 s caused decay of the initial transient swirl. After 600 s,
in the investigated region, smaller aggregates appeared. Figure 5¢ shows that the small-
er 3-D RBC aggregates created smaller swirls, which after stabilizing become verti-
cally elongated. After about 1700 s the swirls again increased. In this final phase of
the process, the investigated region was depleted of large aggregates and it was occu-
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Fig. 6. Time evolution of the parameters of the RBC sedimentation process at hematocrit 0.03 (left
column) and 0.07 (right column): sedimentation velocity V4, vertical AV} and horizontal AV, velocity
fluctuations (a), the ratio between vertical and horizontal velocity fluctuations AV /AV, (b) and
the vertical f " and horizontal f | correlation length of, respectively, horizontal and vertical velocity
fluctuations (c)

pied by small slowly sedimenting aggregates, which can be observed in Fig. 2d. In
Figure 6 the same evolutions at hematocrit 0.03 and 0.07 were shown. It is seen that
in spite of the complexity of the process, the main features of these evolutions can be
observed for the investigated samples.

The sedimentation of the 3-D RBC aggregates has some common features with
the sedimentation of monodisperse rigid spheres. For the monodisperse spheres scal-
ing laws for the size of the swirls &= 15a¢ " and for the velocity fluctuations
AV Vsea=2¢ 3and AV, /V 4= ¢"3 have been found [4]. Furthermore, in the suspen-
sion of rigid spheres cessatlon of mixing causes creation of a large initial swirl which
relatively quickly decays to reach the size predicted by the scaling laws [28]. In this
paper, it was shown that the formation of the 3-D RBC aggregates gives a comparable
effect, i.e., in both cases an initial large swirl was observed. Next, when smaller swirls
appear, the ratio between vertical and horizontal velocity fluctuations of the largest
RBC aggregates were about 2, as was found by SEGRE for monodisperse spheres before
the front arrives [4]. The most important common feature of the processes was the long-
-range correlations of the velocity fluctuations in the form of swirls. However, in gen-
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eral, the results presented in this paper show that the settling dynamics of 3-D RBC ag-
gregates exhibits much higher complexity than that of spherical monodisperse
particles. A departure from the results for monodisperse spheres, similar to the case
of the RBC aggregates, was observed by SAINTILLAN ef al. [5] in the study of the sed-
imentation of spheroids and deformable particles. Both for RBC aggregates as well as
spheroids and deformable particles, the sedimentation velocity and the velocity fluc-
tuations exhibited non-stationary behavior. The growth of 3-D RBC aggregates stim-
ulates an increase in sedimentation velocity and velocity fluctuations. For non-isotropic
prolate particles as well as for deformable particles, these parameters increased with
time as a result of the forming of clusters. This increase was also due to the vertical
orienting of non-isotropic particles and deforming of deformable particles. After at-
taining the maximum, the sedimentation velocity and velocity fluctuations for these
particles decreased with time, which was caused by considerable stratification in
the suspension. A decrease of the RBC aggregate size exhibits high polydispersity of
the aggregates and the stratification in their suspension. So, similarly as to the case of
spheroids and deformable particles, stratification in the suspension of RBC aggregates
decreased the sedimentation velocity and velocity fluctuations. The mean size of
the swirls created by the spheres and spheroids was stable up to the arrival of the sed-
imentation front. For RBC aggregates, this stabilization appeared despite a lack of
a clear sedimentation front. In the RBC suspension, the stabilization of the swirls size
was observed as long as there were enough sedimenting RBC aggregates. Finally, for
spheroids as well as for RBC aggregates, the swirls, at the final stage of their evolution,
again increased, whereas for the spheres they vanished.

4. Conclusion

In this study, a new approach to the problem of RBC aggregate sedimentation was
proposed. It allowed the revealing of long-range correlations of 3-D RBC aggregate
velocity fluctuations in the form of swirls. Although we have found common features
of the 3-D RBC aggregate sedimentation and sedimentation of monodisperse spheres,
differences between the processes are significant. The growth of 3-D RBC aggregates
stimulates similar behavior of the systems as the clustering effect. The results show
new mechanisms of the RBC sedimentation process. In this way, these effects should
be taken into account in the formulation of RBC sedimentation theory.
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