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The optical properties of the deposit of red blood cells (RBCs) formed during sedimentation have
been investigated. The human blood was obtained from healthy donors. RBCs were suspended in
isotonic saline containing Dextran 70 of concentrations 2, 4 and 6 g/dl. Hematocrit of the samples
was adjusted to 40%. The intensity of the light scattered by the samples of the RBC suspensions
as a function of time and altitude from the bottom of a sample was measured. The region occupied
by forming and sedimenting aggregates and the region occupied by deposit of the cells can be
found in the sample and the temporal dependence of position of the interface separating both
regions, called the deposit formation curve, can be determined. This curve exhibits the growth
phase and the packing phase. We have obtained the mean intensity of light scattered by the deposit
as a function of time. This intensity exhibits a monotonous decay with time over the growth as
well as the packing phase, what shows that packing of the deposit occurs in the same way in both
phases. The dependence from time of the mean hematocrit of the deposit was determined. We have
introduced an empirical expression describing this dependence. Finally, using this dependence,
we have obtained the mean intensity of light scattered by the deposit as a function of hematocrit.
We have shown that this intensity follows an exponential decay. The values of an optical parameter
of the deposit were found from this dependence.
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1. Introduction
Red blood cell (RBC) sedimentation is a very important process from medical point
of view. Linear and branched RBC aggregates called rouleaux, three-dimensional (3D)
RBC aggregates and deposit appear during the sedimentation of a suspension of
initially individual RBCs. To explain the RBC sedimentation process, it is necessary
to recognize the structures that are formed by RBCs and to determine the time and
altitude at which the structures appear in the sediment. Optical properties of
the structures are essential in the study of light scattering by the RBC sediment. Optical
properties of individual RBCs are relatively well recognized [1 – 3]. Although RBC
aggregates were a subject of extensive studies, the knowledge about their optical
properties is far from complete [4 – 6]. Deposit of RBCs attracted much less attention
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than RBCs and aggregates [7 – 9]. Thus, to highlight the RBC sedimentation, the optical
study of the RBC deposit is desirable.
During sedimentation, the suspension of RBCs separates into two layers: the upper
layer of plasma and the lower one containing plasma and structures formed by
the cells. The position of the interface between the two fractions as a function of time
defines sedimentation curve. Due to the lack of theoretical understanding of the RBC
sedimentation process, empirical models of the sedimentation curve are available
only [10 – 12]. The sedimentation curves exhibit three characteristic phases. First and
second phase show slow and fast fall of the position of the interface, respectively.
There is no agreement as to what affects the fall of the interface during the first
phase. The fast fall of the interface in the second phase reflects aggregate
sedimentation. The third phase shows an asymptotic behavior of this curve. During
this phase in the sediment, the packing of the cells occurs.
According to the two-region model of RBC sedimentation, there is another
interface in the layer containing the cells [13]. The interface separates forming and
sedimenting aggregates from the deposit of the cells. Recently, a method has been
proposed to determine this interface at physiological hematocrit, where the temporal
dependence of its position was called deposit formation curve [9]. This curve has
the growth phase and packing phase. The deposit formation curve in the packing phase
merges the sedimentation curve in its third phase. The results of the experimental
studies of RBCs suspended in plasma suggest that the packing of the deposit takes
place in the growth as well as in the packing phase. Furthermore, the results suggest
that the packing of the deposit in the growth phase occurs in the same way as in
the packing phase [9]. Up to now, the deposit attracted much less attention than
the RBC aggregates. In the study of the sedimentation curve, mainly the parameters
of its first and second phase were investigated [14, 15]. The data related to the deposit
were presented in the study of RBC sediment formation [7 – 10]. Especially,
the hematocrit measured at the bottom of sedimenting container characterizes
the sediment of the cells [10].
RBCs aggregate in the presence of plasma or polymer solutions. In the study of
the aggregation process frequently dextran solutions are utilized. Dextran solution,
being a plasma substitute, induces RBC aggregation in a characteristic way. Kinetics
of rouleaux formation has a maximum at an optimal concentration of the solution that
is dependent on the molecular mass of the polymer [16, 17]. This effect of the polymer
on the RBC aggregation has been extensively studied by means of light scattering,
visual monitoring, ultrasound scattering, RBC sedimentation and viscometry [18 – 21].
Another important property of dextran is an optical clearing of blood immersed in
the polymer. The optical clearing, caused by a refractive index matching, results in
an increase in penetration depth of light in tissue [22, 23].
In this paper, we study the sedimentation of RBCs suspended in Dextran 70
solutions. The deposit of the cells is investigated. The goal of this paper is to estimate
optical properties of the deposit of RBCs and in addition to give some insight into
the process of packing of the deposit.
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2. Materials and method
Human blood was obtained by venipuncture from 24 healthy donors. Blood containing
anticoagulant (K3EDTA) were centrifuged at 4 °C, at 3000 rpm for 5 min. Three times
washed RBCs were suspended in isotonic saline containing Dextran 70 of concentrations
2, 4 and 6 g/dl and 0.5 g/dl human serum albumin. Hematocrit of the samples was
adjusted to 40%. The samples were placed in a glass container of 20 mm height, 12 mm
width and 0.5 mm depth. The experiment was performed according to the ethical
guidelines laid down by the local bioethical commission.

3. Measurements apparatus
In the study, we have used experimental set-up described in [9]. The main part of
the set-up is shown in Fig. 1. Light from He-Ne laser (λ = 632.8 nm) was expanded
and collimated. The beam was focused by lens L1 onto the sample S located on
a motorized stage Ms. The stage moves the sample in vertical direction with velocity

Fig. 1. Experimental set-up used to study the red blood cell sedimentation. The light-source is the He-Ne
laser (λ = 632.8 nm), L1–L3 are the lenses, S is the sample located on a motorized stage Ms, F is
the nontransparent filter and Ph is the photomultiplier.

2 cm/min. The forward scattered light is collimated and focused by lenses L2 and L3.
To reduce the high intensity component of light, that appears when the beam
passes through the dextran solution, the nontransparent filter F was placed in front of
the lens L2. The scattered light was detected by a photomultiplier Ph as a function
of time and altitude of the sample. Experiment was carried out at room temperature.

4. Results
Figure 2a shows the intensity of light scattered by the sample of the RBC suspension,
in dextran at concentration 4 g/dl, as a function of time and altitude. The interface
between the layer of highly transparent dextran solution and the fraction containing
RBCs is clearly seen. Figure 2b shows the results of discrimination procedure outlined
in [9] that reveals the region occupied by forming and sedimenting aggregates and
the deposit of the cells. Figures 3a–3c shows the sedimentation curves s (t ) and
deposit formation curves d (t ) for samples at concentrations 2, 4 and 6 g/dl of dextran.
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The sedimentation curves are obtained from the discontinuity of the intensity between
the region occupied by dextran solution and the fraction containing RBCs. The deposit
formation curves are determined based on the procedure also described in [9].
a

b

Fig. 2. The intensity of light scattered by the sample of the RBC suspension I, in dextran at
concentration 4 g/dl, as a function of time t and altitude x (a); the region occupied by forming and
sedimenting aggregates (gray) and the deposit of the cells (black) (b).
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Fig. 3. The sedimentation curves s(t ) (open symbols) and deposit formation curves d (t ) (filled
symbols) (a – c); the experimental mean hematocrit of the deposit (scatter plot) and its approximation, in
packing phase, and extrapolation, in growth phase, calculated using expression (2) (solid line) with
the characteristic time of packing Td (d– f ), and the mean intensity of light scattered by the deposit as
a function of time (scatter plot) and its approximation (solid line) (g–i). The concentration of dextran of
the samples is equal to 2 g/dl (a, d, g), 4 g/dl (b, e, h) and 6 g/dl (c, f, i).
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The sedimentation curves exhibit three characteristic phases. The deposit formation
curves exhibit two phases. First phase shows the growth of the deposit. The duration
of the first phase coincides with the duration of the first and second phase of
the sedimentation curve. The deposit formation curve in its second phase is identical
with the sedimentation curve in its third phase.
The initial hematocrit of the sample is defined by Ht(0) = Ve /(Ve + Vp), where Ve
and Vp is the volume of RBCs and the solution, respectively. The hematocrit of
the deposit is given by 〈 Ht〉 D ( t ) = Ved (t )/Vd (t ), where Ved (t ) is the volume of RBCs
in the deposit, Vd (t ) is the volume of the deposit and 〈 …〉 D represents an average over
the deposit. Note, that in the packing phase of the deposit formation curve, all RBC
aggregates settled and Ved (t ) = Ve. The data in Figs. 3d–3f shows the mean hematocrit
of the deposit in the packing phase. The deposit always contains some amount of
plasma. In the process of packing this amount decreases. We have assumed that
packing of the deposit in the packing phase gives following dependence of its volume
from time:
⎛ t ⎞
Vd ( t ) = ( V e + Vpf ) + ( V p – Vpf ) exp ⎜– ----------⎟
⎝ Td ⎠

(1)

where Vpf is the volume of dextran solution in the deposit at t → ∞ and Td is the time
that characterizes the packing of the deposit. Thus the mean hematocrit of the deposit
takes the form
Ve
〈 Ht ( t )〉D = -----------------------------------------------------------------------------------------⎛ t ⎞
( V e + Vpf ) + ( V p – Vpf ) exp ⎜– ----------⎟
⎝ Td ⎠

(2)

The hematocrit calculated using this expression fits well the experimental data,
what is shown in Figs. 3d–3f. To obtain the dependence of the hematocrit from time
also in growth phase, when the RBC aggregates still sediment, we have assumed
that proposed function can be used as an extrapolation of the dependence found in
the packing phase (Figs. 3d–3f ). In Figures 3d–3f, it is seen that the characteristic time
of packing Td obtained at dextran concentration of 4 g/dl is the smallest. The packing
of the deposit for this concentration of dextran is faster than for greater as well as
smaller concentrations. This slightly coincides with time of joining sedimentation and
deposit formation curves for these samples (Figs. 3a–3c).
To confirm our assumptions about the validity of the approximation obtained
using function (2), we have used the hematocrit values obtained by KERNICK et al. [10].
The measurements were performed at different time and altitude of 200 mm sample
for whole blood at hematocrit 0.465. Since the deposit is formed at the bottom of
the sample, we have used the hematocrit values measured at that altitude. Figure 4
shows that the formula (2) fits well the data obtained by KERNICK et al.
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Fig. 4. The hematocrit values obtained by KERNICK et al. [10] measured at the bottom of the sample (scatter
plot) and approximation of these data obtained using function (2) (solid line).

The experimental data shown in Fig. 2a and the deposit formation curve permit us
to calculate the mean intensity of light scattered by the deposit as a function of time,
which is given by the following integral:
1
〈 I 〉 D ( t ) = ---------------d(t)

d(t)

∫

I ( x, t )dx

(3)

0

These means as functions of time are shown in Figs. 3g–3i. Due to the irregularity
of the deposit formation, the mean light intensity exhibits fluctuations.
Using the mean light intensity scattered by the deposit as well as its hematocrit as
functions of time, we can obtain the mean light intensity as a function of hematocrit.
These data, for the representative samples, are shown in Fig. 5. In first parts of
these plots, corresponding to the growth phase of the deposit formation curve,
fluctuations are clearly seen, whereas, second parts, corresponding to the packing
phase, become more regular. The results shown in Fig. 5 suggest that to describe
the obtained dependence, the following exponential law can be used:
I (〈 Ht〉 D ) ∼ exp ⎛– k d 〈 Ht〉 D d ⎞
⎝
⎠

(4)

where kd is an optical constant of the deposit and d is the thickness of the sample. As
it is seen in Fig. 5, this expression fits well the experimental dependence. Furthermore,
using that approximation and obtained dependence of hematocrit from time, we have
fitted the mean light intensity as a function of time. For this dependence we also
observe good agreement between received approximation and experimental data
(Figs. 3g–3i).
From the fitting procedure we have determined the value of the parameter kd for
the investigated 24 samples. We have obtained group means and standard deviations
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Fig. 5. The mean light intensity scattered by the deposit as a function of hematocrit, for samples at
concentrations 2, 4 and 6 g/dl of dextran (scatter plots) and the exponential law approximating this
dependence with the optical constant of the deposit kd (solid lines).

for this parameter: kd = (1.62 ± 0.29) mm–1 at cdex = 2 g/dl, kd = (1.46 ± 0.35) mm–1
at cdex = 4 g/dl and kd = (1.69 ± 0.24) mm–1 at cdex = 6 g/dl. Although the parameter
kd takes the lowest value at cdex = 4 g/dl, the means are not significantly different.

5. Discussion
In this study, the optical properties of the deposit were investigated. We have analyzed
the mean intensity of light scattered by the deposit as a function of time as well as
hematocrit. This analysis includes also the investigations of the temporal changes in
the mean hematocrit of the deposit.
Recently, we have proposed a method that enables to determine the deposit
formation curve, i.e., the temporal dependence of the position of the interface between
forming and sedimenting aggregates and the deposit of the cells [9]. In this study, we
have determined the dependence from time of the mean hematocrit of the deposit. This
dependence can be found directly in the packing phase only. We have proposed
a formula that describes the hematocrit as a function of time. The changes in
the hematocrit in the growth phase of the deposit formation curve were determined by
an extrapolation of dependence found in the packing phase. To confirm the extrapolation procedure, we have shown that the formula fits well the data obtained by
KERNICK et al. [10] in both phases.
The optical studies of the RBC sediment confirm that this structure changes
with time and altitude [7 – 9]. In spite of the facts, deposit of the cells seems to be
a regular structure in the sediment. The averaged intensity of light scattered by
the deposit exhibits a monotonous decay with time over the growth as well as
the packing phase. This dependence and the hematocrit as a function of time allow
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obtaining the dependence of the averaged intensity of light scattered by the deposit
from hematocrit. We have shown that this dependence follows an exponential decay
with an increase in the mean hematocrit. From this dependence, an optical parameter
of the deposit occurring during sedimentation of the RBCs suspended in dextran
solutions has been found.
The main interest in the studies of RBCs suspended in dextran solutions is
the rouleaux formation [16,17,19 – 21]. The kinetics of the RBC aggregation induced
by Dextran 70 takes a maximum at concentration 3 – 4 g/dl [19 – 21]. In the investigation of rouleaux formation induced by Dextran 500, it was shown that this kinetics
takes a maximum at concentration about 1 g/dl [19]. It is well known that dextran
concentration affects optical parameters characterizing the RBC suspension. For
example, Dextran 500 causes the best clearing effect in the RBC suspension at
concentration of 0.5 g/dl [23]. The mean optical parameter characterizing the packing
of the RBC deposit which occurred in Dextran 70, presented in this paper, exhibits
minimum at concentration 4 g/dl. However, the differences are not significant.
In summary, the results of the study support the idea of two-region model of
the RBC sediment formation. Our results show that packing of the deposit occurs
in the same way in growth as well as in packing phase. In this way the growth of
the deposit does not affect its packing. The optical properties found in this study show
that the intensity of light scattered by the deposit as a function of hematocrit follows
the exponential law.
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