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ABSTRACT 

The study was carried out to evaluate deformable and 
aggregative erythrocyte properties in humans under 
normal and pathological states and in rats exposed to 
various stressors. A strong correlation between the 
erythrocyte rheological determinants, i.e. deformability 
index and aggregation rate, was found under patho- 
logical and stress-induced states. The physiological 
significance of this phenomenon is to maintain the 
native structure of blood flow. 
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1. INTRODUCTION 

The mammalian blood is a dilute filterable gel in which 
the clusters of erythrocyte aggregates can be reversibly 
disintegrated and formed anew in various parts of the 
bloodstream thereby contributing to structurization of 
blood flow. The blood viscosity is a variable parameter 
closely related to vessel geometry and blood flow rate. 
The changes of blood viscosity and erythrocyte shape 
occur continuously in organism in physiological proc- 
esses of periodic alteration of CO2 concentration, the 
metabolites absorption and shear rate change. Therefore, 
the deformation and aggregation of erythrocytes as the 
most abundant blood cell abilities have leading impor- 
tance for this process and play a crucial role in maintain- 
ing normal bloodstream structure. Probably if the bond 
of deformability and aggregative abilities of big mass of 
the red blood cells were absent, the consequences would 
be unpredictable.  

There are few papers dealing with this interconnection 
between these important rheological erythrocyte pa- 
rameters. Shu Chien (1970) [1] was the first to raise this 
problem of interrelation between deformability and ag- 
gregation. But systematic investigations of the problem 

have not been done. In the following years there were 
only occasional evidences of possible relation between 
them. The interdependence of erythrocyte shape, de- 
formability and aggregation was noted as a result of their 
shape conversion [2,3]. The rheological properties of the 
cell have been shown to have significant effects on the 
dynamics of aggregation and the rate of rouleaux forma- 
tion [4,5]. So, most of the authors of a few articles of 
recent years are inclined to believe that the deformability 
of red blood cells plays an important role in their aggre- 
gation capacity. 

The use of suitable adequate methods for estimation of 
these parameters in erythrocytes under the closed-to in 
vivo conditions, makes it possible to elucidate substan- 
tially their relation to regulation of the viscosity blood 
properties by their transformation in healthy individuals, 
under pathology and after stress.  

2. MATERIALS AND METHODS 

All the measurements have been performed on humans 
and Wistar rats. The investigation deals with the whole 
blood of healthy volunteers (men, 20 - 24 years), breath- 
ing for 30 min per day via a respiratory system with ini- 
tial oxygen concentration of 15.5% and 1% reducing 
daily. Blood samples were also obtained from patients 
(men, 48 - 66 years) suffering from acute coronary syn- 
drome (ACS), stable angina of II, III and IV functional 
class (SA) and acute myocardial infarction (AMI) on the 
first admission day before drug therapy. All experiments 
were undertaken with the understanding and verbal con- 
sent of each subject according to the conditions set forth 
by a Human Subjects and Ethics Review Board. The 
study conforms with the Code of Ethics of the World 
Medical Association (Declaration of Helsinki). 

Wistar rats (males, age 3 - 4 months) were subject to 
various stress effects: acute hypoxia in a pressure cham- 
ber for an hour corresponding to the altitude of 7600 m 
above the sea level, immobilization for 3 hours, cooling 
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in a thermo-chamber at 4˚C, during complete starvation 
for 3 days with free water ad libitum and combination of 
cooling with hunger. Control rats were kept in vivarium 
on a standard diet. At the end of experiments the animals 
were decapitated using a guillotine without anesthesia. 
All the experiments were carried out with the approval of 
an Animal Protection Committee in accordance with the 
guidelines laid down by the NIH in the US regarding the 
care and use of animals for experimental procedures. 
Heparin in concentration of 100 units/ml was used as an 
anticoagulant.  

The deformability of erythrocytes (ED) was studied 
using the method of gradient ektacytometry that allows 
the shape of oxygen carriers (parameter Omin) to be as- 
sessed [6,7], using osmotic deformability profiles (os- 
moscans). The reversible tendency of RBC to form ag- 
gregates (REA) is described in terms of parameters de- 
termined by sequentially recording and analyzing the 
light transmission data through the whole heparinized 
blood samples at hematocrit 40% in a glass microcham- 
ber of 25 mcm height and of 16 mm diameter. The  

full erythrocyte disaggregation shear stress is achieved 
by voltage increase on piezo-crystal connected with sur- 
face of the micro-chamber. The rate of spontaneous ag- 
gregation (K) was determined from a half-period reduc- 
tion of the photometric transient signal through com- 
pletely disaggregated blood after power-down. All meas- 
urements were done at constant temperature of 25˚C. All 
results were expressed as the means ± SD. Student’s un- 
paired t-test was used to compare the data. Statistical 
significance was declared when p < 0.05. 

3. RESULTS 

The results of ED and REA obtained are represented in 
Table 1. Compared with healthy controls, the erythro- 
cytes of patients with cardiovascular diseases had sig- 
nificantly lower EI and higher K. The correlation be- 
tween EI and K were calculated for each examined spe- 
cies. As it can be seen in Table 2, the significant direct 
positive correlation was revealed in the experiments: the 
more ED, the more EA. Figures 1 and 2 show the range  

 
Table 1. Deformation and aggregation erythrocyte parameters of each investigated species. 

Men Rats 

 EI, relative units K, 10−3 s−1  EI, relative units K, 10−3 s−1 

Control, n = 28 0.625 ± 0.005 35.6 ± 2.1 Control, n = 46 0.697 ± 0.006 22.9 ± 2.9 

SAII, n = 27 0.584 ± 0.010∗∗ 47.0 ± 0.3∗∗ 

SAIII-IV, n = 41 0.560 ± 0.022∗∗∗ 49.1 ± 0.4∗∗∗ 
Cooling, n = 16 0.721 ± 0.009∗ 19.8 ± 2.3 

ACS, n = 35 0.562 ± 0.011∗∗ 42.0 ± 1.4∗ 

AMI, n = 19 0.535 ± 0.009∗∗ 49.2 ± 0.5∗∗∗ 
Hunger, n = 8 0.706 ± 0.012 26.3 ± 3.5 

Hypoxia, 7 days, n = 12 0.636 ± 0.012 38.1 ± 0.8 Cooling + hunger, n = 16 0.709 ± 0.016 23.0 ± 3.0 

Hypoxia, 14 days, n = 12 0.653 ± 0.009∗ 32.2 ± 1.0 Immobilisation, n = 16 0.704 ± 0.004 39.7 ± 4.8∗ 

Hypoxia, 21days, n = 12 0.645 ± 0.007∗ 37.6 ± 0.7 Hypoxia, n = 16 0.706 ± 0.010 43.0 ± 5.1∗∗ 

Values are means ± SD: ∗p < 0.05; ∗∗p < 0< 0.01; ∗∗∗p < 0.001. 

 
Table 2. Correlative coefficients between EI and K of each investigated species. 

Men Rats 

Control, n = 28 −0.010 ± 0.025, p = 0.561 Control, n = 46 0.202 ± 0.022, p = 0.671 

SAII, n = 27 0.477 ± 0.063, p = 0.001 Cooling, n = 16 0.592 ± 0.028, p = 0.017 

ACS, n = 35 0.555 ± 0.068, p = 0.0004 Hunger, n = 8 0.765 ± 0.024, p = 0.027 

SAIII-IV, n = 41 0.658 ± 0.044, p = 0.0008 Immobilisation, n = 16 0.768 ± 0.013, p = 0.0005 

AMI, n = 19 0.747 ± 0.068, p = 0.0001 

Hypoxia 7 days, n = 12 0.433 ± 0.040, p = 0.160 
Cooling + hunger, n = 16 0.864 ± 0.025, p = 0.006 

Hypoxia 14 days, n = 12 0.507 ± 0.029, p = 0.093 

Hypoxia21 days, n = 12 0.695 ± 0.018, p = 0.012 
Hypoxia, n = 16 0.865 ± 0.016, p = 0.001 
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Figure 1. The strategy fields of EI versus K and regression 
lines for men. 
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Figure 2. The strategy fields of EI versus K and regression 
lines for rats. 

 
of EI values versus K and regression lines at normal and 
pathological states for humans and rats accordingly. Us- 
ing the terminology of Population Biology it can be said 
that the strategy field at normal state (line 1) is described 
as circular distribution of the rheological determinants 
without any correlation between them. Another strategy 
field was revealed under pathological conditions (lines 2 
- 8). The parameters vary in different directions in com- 
parison with normal values, however, as follows from 
analysis of rheological parameter distribution, there is a 
close right positive correlation between them which be-
comes stronger in accordance with strengthening of 
stress effect. Thus, in all the experiments, a strong direct 
positive correlation dependence was revealed between 
ED and EA. Compared with the data obtained from 
healthy individuals the erythrocytes of all patients have 

significantly higher parameters Omin of osmoscans, i.e. 
erythrocytes are spherically changed: (147 ± 1) mOsm in 
norm and (151 ± 1)* mOsm in SAII, (155 ± 3)** mOsm 
in SAIII-IV, (180 ± 3)*** mOsm in ACS, (153 ± 1)** 
mOsm in SAI, (156 ± 1)** mOsm in 7 days of hypoxia, 
(159 ± 2)** mOsm in 14 days and (157 ± 2)** mOsm in 
21 days. The parameter in rats was not statistically 
changed. No correlation was observed between the rheol- 
ogical determinants and internal erythrocyte viscosity 
(osmoscan’s parameter O’). 

4. DISCUSSION 

The advantages of the osmotic gradient ektacytometry lie 
in its versatility, high accuracy and comprehensive char- 
acterization of red cell volume and surface maintenance. 
It provides information on population ED, S/V-ratio and 
hydration state of the erythrocyte hemoglobin. The de- 
termination of the REA-rate is more important, because 
the rate has dimensions to allow a dynamic physical in- 
terpretation [8]. Using whole blood samples in micro- 
chamber allows to evaluate the erythrocyte property in 
vivo approximation. We conducted measurements in 
blood samples to a single value given erythrocyte con- 
centration of 40% since hematocrit significantly affects 
on the degree of the erythrocyte aggregation. This al- 
lowed us to isolate the actual changes aggregation prop- 
erties of erythrocytes from other factors. Thus, the ad- 
vantage of our investigation is an adequate appreciation 
of rheological parameters of the erythrocytes in single 
blood sample. 

The blood viscosity results from unique abilities of red 
blood cells to ED and REA. It ranges essentially from 
150 cps at shear rate less than 0.1 S−1 to asymptotic val- 
ues of 3.5 - 4 cps while exceeding the threshold of ag- 
gregative destruction under 100 - 150 S−1. Such features 
of the blood flow curves are due to the ability of eryth- 
rocytes to form aggregates. The REA is one of the major 
determinants of increased blood viscosity at low shear 
rates. According to bridge theory, formation of monetary 
columns between erythrocytes is due to absorption of 
large molecules on the membrane surface and Van der 
Waals forces. Thus, the more erythrocyte profile ap- 
proximates tor, the more is the area of connecting sur- 
faces. For example, the change in erythrocyte shape 
(transformation) from tor to elliptic or spherical forms, 
which is associated with the decrease of ED due to re- 
duction of S/V-ratio, the specific contribution of the co- 
hesion forces decreases. The degree of REA and electri- 
cal repulsion also decrease. Since the most important 
thing in these transformations is the surface of interact- 
ing cells this mechanism is valid also for the theory of 
osmotic depletion. Under reversible erythrocyte trans- 
formations the ED enhances and amplification of elec- 
trical repulsion prevents avalanche-like strengthening of 
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REA which, in our opinion, is nature occurrence in regu- 
lation of the vascular network at transformation of sus- 
pended blood elements. If there was no correlation of 
rheological determinants then the shape changes of 
abundant erythrocytes would have catastrophic for life.  

One aim of practical application of the chaos theory in 
physiology and medicine is to establish whether the ir- 
regularity of the given process is related to the restriction 
of the number of linearly independent linked parameters 
and, correspondingly, the degree of their freedom. It was 
shown that the functional organization of a number of 
systems typical for normal state is disturbed under vari- 
ous diseases [9-12]. Under a lot of pathological condi- 
tions, the structural disturbances and changes in parame- 
ters of physiological regulation precede impairments in 
normal dynamics. Estimation of the degree of their regu- 
larity makes it possible to reveal pathological processes 
long before their evident manifestation. In many clinical 
situations a precedence of anomalous dynamics by vio- 
lence of the regulation structure of physiological pa-
rameters was shown by many authors. A quantitative 
analysis of an order degree of them predicts future states 
of physiological and neurological systems [13-17]. Thus 
the number of connections between system parameters is 
diminished at pathological states, and the estimate test of 
organism state must be representative of their dynamic 
interrelation. Taking in account the conclusions of chaos 
theory in diagnostics of pathological states, a correlation 
estimate of relationship between the erythrocyte rheolo- 
gical determinants has been analyzed. The determinants 
are not related between themselves at normal state, but 
under pathological conditions a close direct positive rela- 
tion appears between them approaching functional on 
some cases. Our results brought to light close ties of the 
rheological determinants and direct participation of ery- 
throcyte shape in physiological regulation of blood vis- 
cosity.  

The phenomenon of the direct positive connection of 
the rheological determinants has an important physio- 
logical significance. Under pathological violations of the 
cell membranes accompanied as a rule by reducing ED 
and strengthening REA the physiological regulation 
takes place. Our conclusion refreshes oneself by analyz- 
ing to their interrelations on the recovery of patients with 
cardiovascular diseases. According to our investigations 
the degree of correlative bound is reduced on the conva- 
lescence of the patients though rheological determinants 
are not restored. The bound accompanies a positive 
process and becomes near to norm, i.e. disappearance 
little in the time of discharging them from hospinal. 

Thus, the influence of rheological determinants bound 
on blood viscosity is quite evident: increasing REA re- 
sults in an enhanced viscosity, whereas increasing ED 
causes its reduction, and vice versa. Since the mainte- 
nance of blood flow structure is due to stable viscoelastic 

blood properties, the discovered close correlation be- 
tween the rheological determinants indicates adaptive 
possibilities to exhibit resistance to disorders of viscous 
and structural homeostasis of flowing blood. The corre- 
lation coefficient between ED and EA appears to be an 
indicator of norm and stress in mammalian organism. 
The regulation counteracts an alteration of the blood 
viscosity by reciprocal consequences of the direct posi- 
tive connection of the rheological determinants. 

Thus, since supporting bloodstream structure is obli- 
ged to the blood viscosity homeostasis, the revealed phe- 
nomenon of the tight bond of rheological determinants 
represents an adaptive physiological mechanism in mam- 
malian organisms to resist the break of the viscosity and 
structure homeostasis of moving bloodstream under pa- 
thological influences. The more the influence, the more 
the bond is expressed. The phenomenon has an adaptive 
physiological importance: under pathology of cellular 
membranes associated, as a rule, with impairment ED 
and strengthening REA, physiological regulation take 
place, thus preventing a shift in hemodynamic conditions 
and the blood viscosity due to reciprocal consequences 
of their direct positive relation. i.e., the enhancement of 
blood viscosity due to reduction of ED is compensated 
by REA reducing and vise versa. 
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