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Fractal dimension of three dimensional red blood cell aggregates were determined by measurement
of'their size and sedimentation velocity. The sedimentation of the aggregates was investigated with
red blood cells suspended in dextran 70 solutions at concentrations from 2 to 5 g/dL, at hematocrit
5% and 10%. The aggregate velocity and size were measured using an image analysis technique.
The velocity vs. radius dependence of the aggregates exhibited a scaling behavior. This behavior
showed the fractal structure of the aggregates. It is shown that the fractal dimension of the three
dimensional red blood cell aggregates depends on the dextran concentration in the suspension. This
parameter exhibited a minimum at dextran concentration between 3 and 4 g/dL. Thus the fractal
dimensions increased as the aggregation extent decreased. The obtained results show that the
sedimentation experiment together with image analysis is a promising technique to determine the
fractal dimension of the three dimensional red blood cell aggregates.
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1. Introduction

The red blood cell (RBC) aggregation process has been very extensively investigated [ 1].
The RBC aggregates alter the blood flow which is very important from a physiological
point of view [2]. For this reason both the mechanism of the aggregation as well as the
properties of the formed aggregates have attracted the interest of many investigators.
Many techniques to quantify RBC aggregation have been developed, however failure
of some methods in quantifying aggregation has been reported [1]. Among the param-
eters of RBC aggregation, fractal dimension seems to be a good candidate to give ad-
ditional knowledge about the process.

The adhesion of RBCs is the source of RBC aggregate formation. There are two
models of the mechanism of adhesion between RBCs [3]. First of them, the bridging
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model, involves plasma fibrinogen or polymers like dextran attaching to the glycocalyx
of'adjacent cells and building bridges between them. The second model, the depletion
model, assumes that fibrinogen or polymers flow out from the gap between cells
resulting in osmotic pressure joining these cells. Note that the measurements of the
adhesion of RBCs give quantitative and precise information about interactions under-
going between the cells [4].

The RBC aggregation process has many steps, stages and manifestations. There
are many factors participating in RBC aggregation and phenomena associated with this
process [5—11]. In the first stage of the RBC aggregation process rouleaux are formed.
There are techniques that provide information about the temporal changes of the size of
the formed rouleaux. Especially there are methods to measure the number of erythrocytes
in rouleaux at any given time of the process [0, 12, 13]. In the second stage of the
RBC aggregation process rouleaux coalesce to form three dimensional red blood cell
(3D RBC) aggregates. The size of the aggregates can be about 100 um. The large ag-
gregates exhibit a porous structure and the fractal dimension can be used as the quan-
titative measure of their structure.

In general, the fractal dimension of aggregates can be measured with the use of
light or ultrasound scattering, settling and image analysis techniques [14, 15]. JOHNSON
et al. showed that the method based on the Stokes equation gave appropriate fractal
dimension of aggregates [15]. BUSHEL et al. have shown that the behavior of aggregate
fractal dimension can be explained by numerical results [14]. They have shown that
increasing binding energy increases the probability of binding of two objects after their
contact. If that probability is high, the aggregation appears after first contacts giving
tenuous aggregates with relatively low fractal dimension. Lower probability increases
the mean number of contacts, yielding more compact aggregates with larger fractal di-
mension [14].

Up to now the fractal dimension of 3D RBC aggregates was determined in few stud-
ies by simple image analysis such as the modified box-counting method [16—18].
MENG-ZHEN KANG et al. gave the first demonstration of fractal characteristic of 3D RBC
aggregates [16]. Furthermore, they have shown that an increase of binding energy causes
a decrease of Hausdorff dimension and argued that for this reason the Hausdorff dimen-
sion should be used to assess the binding energy. Rapa et al. using the box-counting meth-
od estimated the fractal dimension of 3D RBC aggregates [17]. PENG Ka1 ONG et al.
studied horse blood and they have shown that the fractal dimension of RBC aggregates
suspended in dextran 500 solutions decreased from 1.49 to 1.36 with increasing dextran
concentration from 0 to 1.5 g/dL, where RBC aggregation increased [18]. In investi-
gations of ultrasound scattering in RBC suspensions, the fractal dimension of RBC ag-
gregates was considered [19-21]. Recently, preliminary results of the fractal dimension
of 3D RBC aggregates incubated previously in glucose solutions were obtained using
techniques based on the measurement of the sedimentation velocity [22].

In this study, we investigated the fractal structure of sedimenting 3D RBC aggre-
gates in dextran solutions, based on their sedimentation velocity vs. the mean radius
behavior. In our earlier studies, the various techniques of 3D RBC aggregates velocity
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measurements were proposed [22—24]. In this study, the velocity was measured using
Fourier’s method and the size of the aggregates were obtained from intensity correla-
tion in the image of the aggregates. The scaling behavior of the dependence of sedi-
mentation velocity from mean radius of aggregates is analyzed. Our purpose was to
interpret this behavior using fractal geometry. The effect of dextran concentrations on
aggregate fractal dimension is investigated. Finally, the correlation between obtained
fractal dimension and erythrocyte agreeability is discussed.

2. Materials and methods

Venous blood was drawn from adult healthy volunteers from the local blood center in
sterile tubes containing K;EDTA anticoagulant and stored at 4°C. The whole blood
was centrifuged at 3000 rpm for 5 min at 4°C, next the plasma and buffy coat was dis-
carded. To eliminate proteins, the RBCs were washed three times with phosphate buffer
saline (PBS: pH 7.4) at the previous settings of a centrifuge. RBCs were used to obtain
samples of suspensions in dextran 70 kDa solution at concentrations 2, 3, 4 and 5 g/dL.
in PBS at hematocrit 5% and 10%. At given hematocrit and dextran concentration, six
samples for different donors were prepared. Samples were gently mixed and injected
into the container. The experimental setup used in this study is shown in Fig. 1. The white
LED lamp illuminating the ground glass was a light source providing uniform bright-
ness of the sample. The sample was placed into a rectangular glass-walled container
of 18 x 23 x 1 mm?® (width x height x depth). The image of the sample was focused
by an objective and registered every second by the CCD camera (2592 x 1944 pixels),
where the fragments of the image sized 2.9 x 2.9 mm? (1000 x 1000 pixels) covering
the center of the container were investigated. Each measurement lasted for 3000 seconds
or less if the observed processes finished much earlier. Experiments were made at room
temperature (22°C). The experiments were carried out according to the ethical guidelines
laid down by the local bioethical commission.

The Fourier technique used to determine the velocity of the 3D RBC aggregates
is schematically shown in Figs. 2 and 3. The images of the suspensions were taken
every 1 s. Examples of the images are shown in the top of Fig. 2. From each of the
images, the single column of the pixels at the same position was selected. Next a pattern
of temporal sequence of pixel columns was constructed. The temporal sequence con-
sists of the columns ordered in time. The temporal sequence of the columns is shown

D
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Fig. 1. Experimental setup.
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Fig. 2. Composition of sequence of pixel columns from fragments of successive sample images of RBC
suspension at hematocrit 10% and dextran concentration 3 g/dL.

in the bottom of Fig. 2. This sequence shows the aggregate vertical positions as func-
tions of time. The slopes of these functions are equal to the velocities of the aggregates.
The mean velocity of aggregates can be measured using the Fourier transform of these
sequences [23]. The transform of the temporal sequences of 50 pixel columns is shown
in Fig 3a. To average the velocity of the aggregates, the procedure was repeated for
pixel columns at each position in the images. Then the square moduli of obtained trans-
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Fig. 3. Fourier transforms of sequences of pixel columns for one column position (a) and square modulus
of these transforms averaged over each column positions (b) for RBC suspension at hematocrit 10% and
dextran concentration 3 g/dL. The line passes through the transform at the direction in which it was widest.
The slope of the line determines the average velocity of RBC aggregates.
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forms were averaged. The averaged transform was shown in Fig. 3b. In the Fourier
transform one can observe that high values appeared from the down left part to the
upper right part of the plot. These high values of the Fourier transform correspond to
the orientation of functions observed in the plot of the column sequences. Since these
functions are almost parallel, the line passing through those high values can be intro-
duced. The slope of this line is inversely proportional to the mean slop of functions in
the plot of the column sequence [25]. Thus the slope of the introduced line determines
the average velocity of the aggregates.

The aggregate size was measured using vertical correlation function of the intensity
in the sample images. The example of the correlation function was shown in Fig. 4.
The correlation functions were averaged for images in a given temporal sequence.
Finally, the exponential function C(Ah) ~ exp(—Ah/r,) was fitted to the obtained
average correlation function, where A# is the vertical displacement and r, is the cor-
relation length, which is a mean aggregate radius estimation.

The theoretical description of the settling velocity of an isolated RBC aggregate is
given by terminal velocity in the presence of gravity, buoyancy and Stokes forces, since
due to the high Peclet number and low Reynolds number of sedimenting aggregates,
their motion is practically unaffected by inertial and thermal effects. From the equi-
librium of these forces for fully packed aggregates, the settling velocity can be given
by u, ~ r2, where r, is the aggregate radius. However, since the aggregates consist of
erythrocytes and solution between them, and the contribution of erythrocytes in aggre-
gate volume decreases with r,, i.e. the number of erythrocytes in aggregate N, does
not increase with the third power of aggregate radius, the aggregates exhibit the fractal
structure. Then the following scaling relationship can be introduced [15]: N, ~ 72,
where D is an aggregate fractal dimension. This dependence yields the relation for
aggregate velocity [15]: u, ~ 2 ~1. This velocity was derived for particles settling
without any interaction with other particles. In the system of collective sedimentation
of many particles, the velocity was additionally affected by a hindrance effect due to
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Fig. 4. The spatial correlation of the intensity in the sample images of RBC suspension at hematocrit 10%
and dextran concentration 3 g/dL used to assess the aggregate size.
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fluid backflow. The experimental [26] and theoretical [27] relations between the ve-
locity of isolated and non-isolated particle were well known. These relations in general
have the following form: v = uf{(p), where v and u are the velocities for, respectively,
non-isolated and isolated particle and f(¢) is a function of volume fraction ¢, given in
our case by hematocrit. Assuming that the volume fraction is constant in the investigated
phase of the process, the mean velocity of non-isolated aggregates of mean radius r,
is given by: v, ~rP -1

3. Results

The sequences of columns from images of a whole sample obtained at hematocrit
5% and 10% and dextran concentration 3 g/dL were shown in Fig. 5. On both images
initially no motion was observed because rouleaux were formed in the suspension.
The resolving power of the optical system is limited so that small linear or branched
aggregates cannot be observed. Next at time ~500 and ~300 s at hematocrit 5% and 10%,
respectively, the formation of 3D RBC aggregates takes place and these large aggregates
become visible. Immediately after their appearing they began to sediment. The time of
the beginning of 3D RBC aggregates formation was similar at each height of the sample,
whereas, the time of finishing of that phase decreased with increasing height. Espe-
cially, this can be seen in Fig. 5b. At a middle height of investigated sample, the sed-
imentation of large aggregates finished at ~1300 and ~800 s at hematocrit 5% and 10%,
respectively. After finish of that phase only sparse small aggregates can be observed.

At the bottom of the sample the deposit of packed cells was observed as the dark
area of low intensity, whereas, at the top, the region of sedimenting 3D RBC aggregates
can be seen. In contrast to sedimentation at physiological hematocrit, no clear solution
exists in the upper part of the container. The falling aggregates cause growth of the
deposit. When the sedimentation of the large RBC aggregates finished, the height of
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Fig. 5. The sequences of columns covering the whole measurement time from images of a whole sample
of RBC suspensions at dextran concentration 3 g/dL and hematocrit 5% (a) and 10% (b).
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the deposit reached a maximum. Later, decreasing of the height of the deposit manifests
the final packing of the structure.

The RBC aggregate radius and velocity as functions of time at hematocrit 5% and
10% and dextran concentration 3 g/dL were shown in Fig. 6. It can be seen that after
the start of sedimentation both parameters increased. Next they attained a maximum
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Fig. 6. The RBC aggregate radius (a) and velocity (b) as functions of time at hematocrit 5% and 10% and
dextran concentration 3 g/dL.
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Fig. 7. The mean and standard deviation of maximal values of aggregate radius (a), velocity (b) and the
times of achieving of these values (c) for investigated dextran concentration at hematocrit 5% and 10%.
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and began to decrease. The increase of radius and consequently velocity in the first
aggregation phase showed the predominance of the aggregate formation over their sed-
imentation. The decrease of the radius in the second sedimentation phase indicates that
aggregate sedimentation overcame the aggregate formation. The aggregation causes
increase of mean aggregate radius whereas the sedimentation occurring faster for larger
aggregates, decreases mean aggregate size. The maximal values of aggregate radius,
velocity and the times at which these values were attained, were shown in Fig. 7 for
investigated dextran concentrations. At both values of hematocrit, the times of appear-
ance of both, maximal aggregate radius and velocity increased with increasing dextran
concentrations. At hematocrit 5% these values were similar, whereas at 10% the times
for radius were smaller than that for velocity. For both values of hematocrit the maximal
values of aggregate radius exhibited maximum at 4 g/dL. The maximal values of the ag-
gregate velocity at hematocrit 5% decreased with dextran concentrations, whereas, at
hematocrit 10%, these values exhibited a maximum at concentration 3 g/dL.
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Fig. 8. The sedimentation velocity of aggregates vs. their mean radius in phase of sedimentation of large
aggregates at hematocrit 5% and 10% and dextran concentration 3 g/dL.
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Fig. 9. The means and standard deviations of fractal dimension for investigated dextran concentration at
hematocrit 5% and 10%.
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The dependence of sedimentation velocity of aggregates on their mean radius in
the phase of sedimentation of large aggregates was shown in Fig. 8 in the log—log plot,
for the same samples as for velocity and radius time dependence in Fig. 7. The sedi-
mentation velocity v, vs. radius », of 3D RBC aggregates exhibited scaling behavior
va ~ rP 1. The fractal dimension D for investigated samples was estimated from fit-
ting of the power functions to experimental plots and are shown in Fig. 9. This param-
eter for hematocrit 10% exhibited a clear inverted bell-shape dependence on dextran
concentration. The fractal dimension initially decreased and next increased with in-
creasing dextran concentration, attaining a minimal value at concentration ~4 g/dL.
For hematocrit 5% at smaller dextran concentrations similar behavior was observed.
This parameter after initial decreasing, attained a minimum at concentration ~3 g/dL.

4, Discussion

In this study we confirm the fractal structure of 3D RBC aggregates. A sedimentation
technique to determine the fractal dimension of the aggregates is proposed. The fractal
dimension is a parameter giving information about the RBC aggregability. This pa-
rameter was obtained from sedimentation velocity vs. mean radius behavior for aggre-
gates of RBCs suspended in dextran solutions.

During RBC sedimentation various phenomena and structures formed by the cells
occur. At the first stage of the sedimentation process, rouleaux formation takes place.
In the next stage 3D RBC aggregates form and sediment. During the 3D RBC aggregate
formation the growth of their size and an increase in their falling velocity is observed.
When the formation of the aggregates is completed, the parameters take maximum
values. Next the sedimentation of the formed aggregates takes place and this stage is
investigated in detail in this paper. The scaling behavior of the sedimentation velocity
of the formed aggregates vs. their mean radius confirms the fractal nature of the aggre-
gates. From the relationship, the fractal dimension of the aggregates was determined.

To show the correspondence between the extent of aggregation and fractal dimension
of the aggregates, the sedimentation of RBCs in dextran solutions was investigated.
The study of the dependence of RBC aggregation in dextran solution on its concentra-
tion has a long history [4, 28-32]. The characteristic bell-shape of the data for the
relationship was found with the use of different methods and techniques. Especially
for dextran 70, the RBC aggregation attains a maximum at concentration between 3 and
4 g/dL. From this study, a reverse behavior for the fractal dimension was seen. Higher
fractal dimension of the 3D RBC aggregates was observed at lower and higher dextran
concentrations while the minimum value for the fractal dimension was obtained at the
concentration responsible for the maximum of the RBC aggregation. The behavior of
fractal dimensions of 3D RBC aggregates investigated in this study with the use of
sedimentation techniques can be compared with the behavior of the dimension deter-
mined using imaging techniques [18]. PENG Ka1 ONG ef al. have shown the negative
correlation between the aggregation index and the fractal dimension of the aggregates
of horse RBCs formed in dextran 500 solution [18]. Furthermore they have shown this
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negative correlation in the case when dextran 40 was added to the solution to decrease
the aggregation. It shows a correspondence between the results obtained by the imaging
technique and ones obtained with the sedimentation technique used in this study.

Obtained fractal dimension can be also interpreted according to the results of nu-
merical simulation presented by BUSHELL ef al. [14] and MENG-ZHEN KANG et al. [16].
They have found that increasing binding energy between RBCs causes a decrease of the
fractal dimension of resultant aggregates. Thus obtained in our study changes of fractal
dimension can be interpreted as a result of changes of binding energy. Our results
indicate that maximum of binding energy appears at dextran concentration between
3 and 4 g/dL. The binding energy between RBCs suspended in dextran solutions was
earlier estimated by other authors assuming bridging as well as depletion models [29, 31].
They have obtained experimentally and theoretically the dependence of the binding
energy from dextran concentration. The dependence for dextran 70 achieved by these
authors corresponds with our data.

Finally let us consider the effect of hematocrit of the RBC suspension on the fractal
dimension of appeared aggregates. The fractal dimension of the aggregates at
hematocrit 10% is little higher than the dimension obtained at hematocrit 5% but the
dependence of the dimension on the dextran concentration is similar in both cases. Fur-
thermore, for dextran concentration 2 g/dL at hematocrit 10%, the fractal dimension
exceeded its possible maximum value. It suggests the existence of the mechanism,
more apparent at higher hematocrit, that at the beginning of the sedimentation phase
causes an increase of the velocity of the largest aggregates above the value predicted
by the above theoretical considerations.

5. Conclusion

In this study, for the first time the fractal dimension of sedimenting 3D RBC aggregates
was estimated. The fractal dimension of the aggregates exhibits an inverted bell-shape
dependence from dextran 70 concentration, taking a minimum value between 3 and
4 g/dL. It additionally shows that the fractal dimensions of the 3D RBC aggregates can
be a measure of the binding energy between erythrocytes. This suggests that the fractal
dimension of the 3D RBC aggregates and presented sedimentation techniques for its
determination can give an important insight into the field of RBC aggregation.
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