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Optical Properties of Human Blood

Sediment

B. GRZEGORZEWSKI® AND E. KOWALINSKA

Biophysics Department, The Ludwik Rydygier Medical University in Bydgoszcz
85-067 Bydgoszcz, Poland

The formation of human blood sediment by means of optical method
was studied. Light was transmitted through a layer of blood. The temporal
changes of the transmitted light intensity along the sample were measured.
Samples of blood from a healthy donor were investigated. The optical method
permits us to distinguish three phases of the blood sediment. At the top of the
container the well-known supernatant plasma layer creates. In the sediment
of the red blood two phases were distinguished. The rouleau formation phase
and the phase of demixed blood were found. The two phases are separated
by the moving boundary. The kinetics of this boundary was determined.
The optical data admit to a hypothesis about the physical phenomena of
the sedimentation process. The spinodal decomposition may be one of the
mechanisms of the blood sediment formation.

PACS numbers: 42.25.Bs, 82.70.Dd, 87.19.Tt

1. Introduction

Blood consists of plasma, gases, and cells. The composition of the complex
fluid has a fundamental physiological significance [1]. A vide variety of elements of
different nature and dimensions makes difficult to model the system. As a conse-
quence of these difficulties approximate approaches in the study of blood are nec-
essary. In the bio-colloidal model we assume that blood consists of plasma and ery-
throcytes. According to the classical definition the erythrocyte is a non-Brownian
particle. The diameter of the erythrocyte is 8 um so that it is too large to exhibit
thermal motion. However, mixing or an oscillatory shear flow causes an erratic
movement of the particles. Intercellular bridges constitute attractive interactions
between erythrocytes. The interaction causes that erythrocytes coalesce to form
rouleaux [2-4]. With time the rouleaux build a chaotic three-dimensional network.
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The intensity of the light transmitted by a blood sample increases the result of the
rouleau formation [5, 6]. The obtained curves are fitted by a sum of exponential
functions and received parameters are used in the analysis of this rouleau forma-
tion kinetics. The attractive interaction between erythrocytes provides a necessary
condition for a phase separation of the bio-colloidal system [7].

The sedimentation can be observed when a colloidal system is under the ac-
tion of an external field. The translational velocity of Brownian particles is a man-
ifestation of this phenomenon. The movement of the particles can be affected by
interactions. Sedimentation process of an idealized colloidal system admits physi-
cal modeling. Many theoretical techniques can be used to analyze the effects that
interactions have on the sediment formation [8].

The blood sedimentation phenomenon is utilized in clinical diagnostics since
1894 [9]. The monitoring of blood/plasma boundary position in time is the base of
conventional investigations of the phenomenon. These conventional investigations
deal with a global effect of the sedimentation process. In this way the erythrocyte
sedimentation rate curve can be obtained [10]. Usually two straight lines fit this
curve. It was shown that the second straight line of this curve corresponds to the
sedimentation of already formed aggregates [11]. Recently the optical coherence
tomography has been used in the study of blood sediment formation [12]. Chang-
ing the composition of the plasma one can obtain nonaggregating erythrocytes. In
this case a deposit of erythrocytes occurs in the lower region of the blood sediment.
In the upper region erythrocytes are in the erratic motion. Concentration profiles
of the sediment and the kinetics of the moving boundary between the deposit and
the phase of diffuse erythrocytes were experimentally and theoretically investi-
gated [13, 14]. The theoretical models of this sediment formation are insufficient
to highlight the process even for the simplified system [10, 14].

To recognize physical phenomena associated with the blood sedimentation
we have carried out the optical investigations. Blood of healthy volunteer was in-
vestigated. Measurements of the transmitted light intensity were performed. The
recognition of mechanisms of blood sedimentation and properties of the blood
sediment i1s achieved from the qualitative analysis of the optical data. The hypoth-
esis about the phase separation associated with the sedimentation is taken into
consideration.

2. Material and method

Blood from healthy voluntary was obtained by a venous puncture. To avoid
coagulation the blood was treated with sodium citrate. The hematocrit of the
original blood was 40%. The samples with hematocrit 33% and 57% were obtained
by the change of the amount of the plasma. Samples of uniformly distributed
erythrocytes were obtained by gentle mixing before experiment. This blood was
confined between two glass plates distanced by the teflon spacer. The thickness of



Optical Properties of Human Blood Sediment 203

the container was fixed to be 0.2 mm and the height was 20 mm. The measurements
were performed at room temperature. The experiment was carried out according
to the ethical guidelines laid down by the Bioethical Commission at The Ludwik
Rydygier Medical University in Bydgoszcz.
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Fig. 1. Schematic diagram of the experimental set-up used in the study of the blood

sediment formation.

The experimental set-up used for the measurements is shown in Fig. 1. The
measurements were made using He—Ne laser as the source of light. The laser beam
after passing through the collimator was focused by the lens Ly. The container
with the blood was placed at the beam waist position. The step motor moved
the blood sample vertically with the constant velocity of 2 em/min. The lens L
collimated the transmitted light and the lens L, focused the light in the plane P.
The intensity of the transmitted light was obtained with a photomultiplier Ph.
The circular stop filter was situated in front of the lens L; to reduce the high
intensity specular component of the light transmitted by plasma. The reference
intensity was obtained with a photomultiplier Phr. The time varying signals were
stored in the computer.

3. Results

Plots of the intensity of the light transmitted by the blood samples are given
in Fig. 2. Coordinates of the horizontal plane of a particular plot determine the
instantaneous location of the incident light beam along the sample. The dimension-
less variable /! is the position coordinate in units of the height [ of the container.
In these units 0 indicates the top of the container and 1 represents the bottom.
The vertical axis represents the transmitted light intensity. Plasma and two phases
of the red blood can be distinguished by a visual inspection of the plots. The high
values of the intensity registered at the top part of the container are the optical
representation of the supernatant plasma layer. The blood/plasma boundary is
clearly seen. The random intensity fluctuations manifest a phase of the red blood.
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We will show that in this phase the rouleau formation process occurs. The rows
of the intensity profiles characterize the other phase of the red blood. These rows
reflect large wavelength density variations of the blood. Initially the blood was
homogeneous thus the rows manifest a demixing process. The boundary moving
from the bottom to the top of the container separates the two phases of the red
blood. From Fig. 2 we also can see that the optical properties of the blood are

dependent on the hematocrit. The repeatable features of the optical representation
of the blood sedimentation process are clearly seen.
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Fig. 2. Intensity profiles of light transmitted by the blood samples as a function of

time at hematocrit 33% (a), 40% (b), and 57% (c).
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Figure 3 shows the temporal changes of the transmitted light intensity reg-
istered at a position @/l = 0.2. The relatively small values of the intensity are the
result of the scattering by the red blood. The sudden increase in this intensity
indicates that at the moment the light starts to pass through plasma. The high
transparency of plasma results in high values of the intensity. The instantaneous
position of the blood/plasma boundary can be found with a relatively high accu-
racy. This figure shows also that the optical properties of the plasma change with

time.
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Fig. 3. The intensity of light transmitted by the blood sample as a function of time at
a position of z/l = 0.2. The hematocrit of the blood is 33%.

Fig. 4. The intensity of light transmitted by the blood sample as a function of time at
a position of £/l = 0.7(w) and ¢/l = 0.55(0). The hematocrit of the blood is 33%.

To recognize the properties of the red blood the intensity profiles are ana-
lyzed. Figure 4 shows the changes of the transmitted light intensity as a function of
time. At a position of 2/l = 0.7 this intensity first increases, next reaches a sharp
maximum and finally decreases. The increasing intensity reflects the presence of
the rouleau formation phase of the red blood. This temporal increase in the trans-
mitted intensity is the well-known feature of the rouleau formation process. The
obtained data are insufficient to determine the kinetics of the rouleau formation.
The sudden decrease precedes the slow decreasing of the intensity. This slow de-
crease corresponds to the demixed phase of the blood. At a position of «/l = 0.55
the intensity maximum becomes broad and a sudden decrease is not observed.
Thus the temporal dependence of the intensity permits us to find the boundary
between the two phases of the red blood in the early stages of the sedimentation
process only. Figure 5 shows the intensity of the transmitted light as a function
of the position received at 26 min from the beginning of the sedimentation pro-
cess. This intensity profile can be fitted with two straight lines. This fit represents
a first approximation of the optical representation of the process. The first line
corresponds to the rouleau formation phase. The process of the rouleau formation
occurring in this phase produces large intensity fluctuations. The intensity has a
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Intensity profile of light transmitted by the blood sample. The hematocrit of

the blood is 33%. The straight lines represent the fit described in the text.
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Fig. 6. The kinetics of the boundaries found in the human blood sediment at hematocrit

33% (a), 40% (b), and 57% (c).

constant value along the region occupied by this phase. The second line corre-
sponds to the demixed phase of the red blood. The decrease in the intensity along
the region occupied by the second phase reflects an increase in the concentration

of the scattering units of this phase.

The two lines join at a position. This position

defines the instantaneous position of the boundary between the two phases. This
simple scheme is applicable to the obtained intensity profiles. By the peak to peak
analysis we have found that the distance between the rows of the intensity profiles
ranges from 0.7 mm to 1.6 mm. No relation was found between this distance and
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the hematocrit of the blood.

Figure 6 shows the kinetics of the boundaries found in the sediment of the
blood. The boundaries separate the plasma and the two phases of the red blood.
For the blood with the hematocrit 57% we were able to determine a part of the
kinetics only. In the first period of the sedimentation process the plasma, the
rouleau formation phase, and the demixed phase are present in the sediment. With
time the rouleau formation phase reduces and disappears. In the second period of
the process the sediment consists of the plasma and the demixed phase. The time
at which the rouleau formation phase disappears increases as the blood hemotocrit
increases.
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Fig. 7. Correlation coefficients of the intensity profile deviations at hematocrit 33%.

We have analyzed dependences between the intensity profiles corresponding
to the rouleau formation phase and the profiles of the demixed phase to verify that
the sample preparation does not affect our results. Averaged intensities of the pro-
files were calculated and subtracted from the signals. In this way we have obtained
a set of series of the intensity deviation. The correlation coefficients p(7) calculated
from the first and successive series of the intensity deviation are a measure of the
similarity of the fluctuations. Obtained in this way temporal dependence of the
correlation coefficient is shown in Fig. 7. From this figure one can see that the
intensity deviations are uncorrelated. It confirms that the blood demixing is the
result of the sedimentation process.

4. Discussion

In this paper we have extended the conventional approach in the study of
blood sedimentation by the analysis of the optical properties of the blood sediment.
This study permits us to grasp some physical mechanisms of the blood sedimenta-
tion process. Indeed, we have arrived at the set of experimental results that suits
an approximate and qualitative analysis of the blood sedimentation mechanisms.
Our experimental data are an optical representation of the blood states however we
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are unable to adopt some laws to support the analysis. Despite the limitations the
received data are admission to the discussion of the blood sedimentation process.

The optical properties of the samples permit us to distinguish three phases
of the sediment. The supernatant plasma layer creates at the top of the container.
The plasma 1s not homogeneous and in the phase a time dependent process occurs.
The plasma and the red blood are separated by the well-known blood/plasma
boundary. In the sediment of the red blood we have found the phase of rouleau
formation and the phase of demixed blood. The boundary moving from the bottom
to the top separates the two phases.

The position of the blood/plasma boundary can be obtained with a rel-
atively high accuracy from the optical data. The temporal dependence of the
blood/plasma boundary position gives the well-known erythrocyte sedimentation
rate curve. Huang et al. described this curve with two straight lines and found that
the second straight line corresponds to the phase of already formed aggregates [11].
We have found the another one boundary moving in the red blood sediment. The
approximate kinetics of the boundary was determined. The kinetics shows that
since the time when the two boundaries met, the demixed phase of the red blood
exists in the sediment only. On the other hand, we have found that the second
straight line of the erythrocyte sedimentation curve corresponds to the phase of the
demixed blood. There is no contradiction between the finding of Huang et al. [11]
and our result. In this paper the phase of already formed aggregates is called the
phase of the demixed blood, because the optical data exhibit the demixing process.

Free erythrocytes, achieved by the mixing procedure, coalesce in the con-
tainer to form rouleaux. The time necessary to an initial rouleau formation is of
the order of 1 min. This short-term process can be modeled by means of Smolu-
chowski’s theory [6, 15]. However, with time the formed rouleaux can dissociate
and associate. An equilibrium state of the blood can occur as a result of the
reversible reactions. Samsel and Perelson found the equilibrium solution of a re-
versible kinetic equation that describes the rouleau formation [3]. We have found
that in the course of the sedimentation process the blood of the rouleau formation
phase does not reach equilibrium. At the bottom part of the container the rouleau
formation process is suddenly stopped and the demixed start to develop. With
time the region occupied by this phase of the red blood reduces and disappears.

Finally let us consider the hypothesis about the phase separation of the blood
during sedimentation. When an idealized colloidal system 1s quenched from a stable
state to an unstable long ranged correlations start to develop. To reach the unstable
state the system crosses the spinodal line. The spinodal decomposition kinetics can
be described by the Cahn—Hillard theory. Demixing of the initially homogeneous
system is a result of this decomposition [8, 16]. The blood is a bio-colloidal system
thus we hypothesize the following scenario for the sedimentation process. Initially
homogeneous blood consisting of free erythrocytes reaches a quasistable state.
Friction forces reduce the velocity of erythrocytes and the attractive interaction
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between erythrocytes causes the rouleau formation. At the bottom of the container
the system is quenched to the unstable region of their phase diagram. As the result
of the quench the long ranged correlations start to develop and the demixing of
the blood occurs. The chaotic network formed by the rouleaux reduces the growth
of the blood density fluctuations. In the next part of the blood this scenario is
repeated. The phase separation of the whole red blood is finished when the highest
part of the blood is quenched. The sedimentation of the demixed blood occurs via
destruction of the network. This model of the blood sedimentation is maybe too
simple to be accurate, however highlight the experimental data.
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