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ARTICLE INFO Abstract

The aim of this study was to establish patterns of changes in surface tension and 
dilatational viscoelasticity of serum of patients operated on for the heart under 
cardiopulmonary bypass during intra- and intraoperative periods. The study was 
conducted in 40 patients with Coronary Heart Disease (CHD) who underwent myocardial 
revascularization operations. The control group was consisted of 17 individuals without 
chronic diseases and active complaints aged 50 to 75 years. Experimental studies of 
surface tension and dilatational viscoelasticity using drop and bubble form methods 
were performed using PAT-1 and PAT-2 tensiometers (SINTERFACE Technologies, 
Berlin, Germany). It was found that patients with coronary heart disease compared 
with healthy volunteers of the same age demonstrate decreasing in both dynamic 
and equilibrium surface tension by an average of 5-6 mN/m. This behavior of the 
changes indicates a significant increase in the concentration of surfactants in the blood 
serum of patients, which can be considered as an adaptive reaction of an organism in 
response to the development of CHD and CHF. The procedure for transferring patients 
to cardiopulmonary bypass does not cause changes in the dynamic and equilibrium 
surface tension of blood serum but leads to an increase in the sensitivity of the dilatation 
viscosity module to the oscillation frequency. Despite the absence of direct correlation 
between the biochemical and rheological parameters of the blood serum of patients, the 
study of surface tension allows reliable identification of patients with severe coronary 
heart disease and in the long term can become the basis for the development of a quick 
and cheap method of screening studies.

Keywords: Surface Tension; Blood Rheology; Coronary Heart Disease; Valvular Heart 
Disease

Introduction

Timely diagnosis of patients with Coronary Heart Disease (CHD) 
and acquired valvular pathology leads to decreasing of adverse 
pathological processes numbers, in particular, atherosclerotic 
lesions of the main arteries, related to the manifestations of 
multifocal atherosclerosis. A significant part of such patients showed 
a high level of proatherogenic lipids in serum [1], which are surface-
active substances (surfactants). Modern metabolic technologies 
make it possible to directly determine the molecular markers  

 
of various diseases, as, for example, this was done in [2]. However, a 
detailed chemical blood analysis is a complex and expensive process, 
while measuring of surface tension and dilatational viscoelasticity 
is the integral characteristic of blood and other fluids [3,4]. This 
approach led to a significant activity of researchers in relation to 
interphase (adsorption and rheological) characteristics of serum 
and plasma upon various pathologies [5-8]. The hemodynamic 
parameters, composition and properties of blood in micro vessels 
determine not only the behavior of its flow, but also the forces that 
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control the transfer of water and substances through the capillary 
endothelium [9]. One of the important factors that significantly 
effectson the capillary hydrostatic pressure and the fluid balance 
between the microvascular bed and the tissue is blood viscosity and 
its rheological characteristics. 

A significant amount of data has been accumulated as 
yet, showing the important role of changes in the rheological 
properties of blood both under normal and pathological processes 
in the human body [10]. Optimization of blood flow in the extreme 
conditions serves as an adaptive reaction that increases the reserve 
capabilities of the circulatory system and the organism as a whole. 
On the other hand, increasing of blood viscosity and its rheological 
properties upon pathology leads to a deterioration in its transport 
capabilities, the appearance of tissue hypoxia, metabolic changes, 
which to a certain extent determines the prognosis and nature of the 
course of the underlying disease [11]. The blood contains various 
high and low molecular weight surfactants, the concentrations 
of which vary significantly with various pathologies [12], which 
manifests in a change in their rheological characteristics. However, 
data on such changes in patients operated on for the heart under 
Cardiopulmonary Bypass (CPB) are practically absent. Thus, the 
aim of this study was to establish patterns of changes in surface 
tension and dilatational viscoelasticity of serum of patients 
operated on for the heart under cardiopulmonary bypass during 
intra- and intraoperative periods.

Materials and Methods

Experimental Part

Experimental studies of surface tension and dilatational 
viscoelasticity using drop and bubble form methods were performed 
using PAT-1 and PAT-2 tensiometers (SINTERFACE Technologies, 
Berlin, Germany). The technique is described in detail earlier [13]. 
A drop of blood serum was formed on a vertical capillary with the 
channel diameter of 1 mm and the external diameter of 3mm. The 
capillary end face has an internal diameter of 2.96mm. That is, the 
walls of the end face of the capillary are thin, which eliminates the 
influence of the contact angle on the shape and size of the droplet. 
The droplet area was automatically maintained constant during the 
experiment, within 34-36 mm2 at any surface tension. The volume 
of the formed droplet is 24-25 mm3. The drop volume decreases 
during adsorption due to changing in the drop shape. Experimental 
studies of dilatational rheology of blood serum were carried out 
after reaching equilibrium, which required 2000-2500s from the 
moment of droplet formation.

Dilatational module E characterizes the viscoelastic properties 
of surface (interphase) layers. Module E is defined as the ratio of 
the change in the surface tension of the solution γ to the relative 
change in surface area A:     dãE=

dlnA                                     (1)

The experiments were performed with harmonic oscillations of 
the droplet surface area with an amplitude of ± 8% and a frequency 
of 0.5 to 0.005 Hz. The error in determining surface tension in PAT-
2 and PAT-1 is 0.1 mN/m. The error in determining the viscoelastic 
modulus is several times larger and approximately equal to 
0.1/0.16 = 0.6 mN/m. To obtain rheological parameters in the PAT 
tensiometers, the oscillation frequency, amplitude and number of 
cycles were set. The calculation of the rheological parameters was 
carried out by the program included in PAT-2, using the Fourier 
transform and the model described in [14]. Dilatational module E is 
presented in [15-17] as a complex indicator that includes real and 
imaginary components:    

                    i iE E iE= +                           (2)

where the real part of Er is the elastic modulus, Ei is the imaginary 
part by which the dilatation viscosity is determined. Expression (2) 
can be transformed into equations for the viscoelastic modulus |E| 
and phase angle φ :

2 2 ,r iE E E= +    arctan i
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E
E

φ
 

=  
 

                                           (3)

It can be noted that the results using the drop shape method 
may differ from rheological parameters for a flat surface. For a flat 
surface with the diffusion mechanism of adsorption of a surfactant, 
both components of the module are given by the equations [15,16]:
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The parameter 2Dζ ω ω=  includes the angular frequency ω 
and the diffusion relaxation frequency ( ) ( ) 2.D c D d dcω −= Γ . The value 

( )0 / lnE c d dγ= − Γ   is ultimate elasticity, and the parameters c, Γ , and D 
are the volume concentration, adsorption, and diffusion coefficient. 
Equations (4) can be written in another form:

( ) 1/22
0 1 2 2 ,E E ζ ζ

−
= + +   ( )/ 1arctgφ ζ ζ= +         (5)

Here E  is the viscoelastic modulus, and ϕ is the phase angle 
between stress (disturbance) ( dγ ) and deformation (dA). For 
a spherical drop with radius R during adsorption from the bulk 
volume of the drop on its surface, JoosP. obtained the equation:

( )
[ ]

[ ]
1

0
0 1 coth( ) 1

1 coth( ) 1

E D dcE E i nR nRD dc R dnR nR
i R d

ω
ω

ω

−
 = = − − Γ + −

Γ

where 2 /n i Dω= . It is important to note that for the volume of 
drops and oscillation frequencies used in this work, the results of 
calculations according to equation (6) are only a few% less than 
the results for a flat surface, calculated for the same parameters 
according to equations (5).

Characterization of Clinical Groups: The study was conducted 
in 40 patients (22 males and 18 females) aged 49 to 70 years (mean 
age 62.1 ± 0.9) with Coronary Heart Disease (CHD) who underwent 
myocardial revascularization operations (aortocoronary or aorto-
mammary coronary artery bypass grafting, from 2 to 4 shunts). 
Cardiopulmonary Bypass (CB) was performed with use of the 
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Terumo System I apparatus, the Terumo Sarns TCM II temperature 
control device, and Medtronic Affinity NT oxygenators. The volume 
of the primary filling of the oxygenator with lines was 1300.0 ± 200 
ml. The following solutions were used: NaCl 0.9% - 700.0 ± 100.0ml, 
gelofusine (B.Brown) - 500.0 ml, mannitol 15% based on 0.5g/kg 
(200.0 ± 22 ml), sodium bicarbonate 5% - 100.0 ml, heparin 7500 
U. The following additives in CB were used: albumin 10% - 200ml, 
potassium chloride 7.5% -20.0. Before the start of cardiopulmonary 
bypass, the perfusate was heated to a temperature of 36.0°C. 
Surgical interventions with CB were performed in conditions of 
moderate hypothermia (33 - 34°C). 

To stop cardiac activity and prevent ischemic damage to the 
myocardium, the method of cold cardioplegia was used (Custodiol, 
Dr. Franz Köhler Chemie GmbH, Germany). Blood sampling for 
the study was performed 1 hour before the operation, at the 5th 
minute of the CB, 12 hours after the operation (1st day) and on the 
7th day after the operation. The control group was consisted of 17 
individuals without chronic diseases and active complaints aged 50 
to 75 years (average age 61 ± 1.0 year), 12 of whom were males 
and 5 – females. The age of the control group donors corresponds 
to the age of patients in the studied groups. Statistical processing 
included the calculation of the main parameters of the distribution 
of random variables. To obtain a representative sample, we used 
the methodology for determining significant median boundaries. 
If the law of distribution of the values of the studied indicators 
differed from the normal law, nonparametric criteria were used. 

The analysis was performed using licensed software packages 
STATISTICA 5.11, Microsoft EXCEL 6.0, and Med Stat [18].

Results and Discussion

In the Figure 1 the curves of the dynamic surface tension of 
blood serum for a healthy volunteer and a patient with coronary 
artery disease were showed. It can be seen that the curve for the 
patient lies much lower, and equilibrium is achieved in 1500-2000 
sec. Therefore, drops area oscillations (rheological studies) were 
performed at a time of more than 2000 s (Figure 1).  (Table 1) 
shows the results of studies of blood serum before, during and after 
surgery. Six parameters are presented: γ100 s - dynamic surface 
tension at an adsorption time of 100 seconds, equilibrium surface 
tension - γ∞ (adsorption time 2500 seconds), viscoelastic modulus, 
and phase angle ϕ at frequencies of 0.1 and 0.01 Hz. The indicated 
tensiometric and rheological parameters in a number of studies 
[9-12] were recognized as the most informative. One can see that 
almost all parameters for patients (except for the phase angle at a 
frequency of 0.1) significantly differ from parameters for healthy 
people. Both dynamic γ at 100 s and equilibrium γ in patients are 
5-6 mN/m less than in healthy ones. This indicates a significant 
increase in the content of surfactants in the blood of patients. In 
addition to measuring the tensiometric and rheological parameters 
for all studied populations, a biochemical analysis of the following 
blood serum components was performed: glucose, total protein, 
albumin, urea (Table 2).

Figure 1: Dynamic surface tension of the blood serum in patients with coronary artery disease and healthy persons.
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Table 1: Comparison of blood serum parameters of patients in relation to the control group and to the preoperative period (M ± Sd; 
Me; (Min-Max).

Groups

Parameters

γ,100s,

мН/м

γ∞,

мН/м

E 0.1Hz,

мН/м

E0.01H,

мН/м

φ 0.1Hz,

grad

φ 0.01Hz,

grad

Control

Group,

n = 17

50,0±2,2

Ме=51,0

(46,5-52,9)

45,5±1,3

Ме=45,6

(44,0-48,1)

29,5±3,0

Ме=30,3

(23,4-33,6)

15,9±3,6

Ме=15,0

(9,6-22,4)

20,8±2,7

Ме=21,0

(16,0-27,8)

33,0±4,4

Ме=33,0

(26,3-40,3)

Patients before

operations

n = 40

43,9±1,2*

Ме=44,0

(38,0-45,2)

40,0±2,3*

Ме=39,5

(33,5-42,7)

21,2±9,5*

Ме=26,7

(9,7-34,3)

12,2±5,0*

Ме=12,7

(3,6-20,7)

18,6±4,0

Ме=19,3

(11,4-26,8)

27,0±5,3*

Ме=29,0

(13,9-35,5)

Patients during CB (5th minute), 
n=16

44,0±0,7

Ме=44,3

(43,2-44,6)

41,4±0,8*

Ме=41,7

(40,5-42,2)

10,1±1,3*

Ме=10,2

(8,7-11,9)

7,4±1,1*

Ме=7,0

(6,0-8,8)

15,7±2,8*

Ме=16,4

(12,4-19)

18,2±2,6*

Ме=18,3

(15,5-21,3)

Patients in 1 day after

operations

n = 40

44,3±0,6*◊

Ме=44,4

(43,2-45,6)

40,1±2,2*

Ме=39,2

(36,7-43,5)

22,7±10,5*◊Ме=29,4

(9,6-35,3)

13,5±5,5*◊

Ме=16,8

(5,9-20,3)

17,2±3,2*◊

Ме=18,2

(11,1-23,3)

25,6±5,0*◊

Ме=27,5

(14,8-32,2)

Patients in 7 days after

operations

n = 40

44,5±1,3*◊

Ме=44,5

(41,3-49,9)

40,0±2,5*

Ме=39,2

(34,2-42,9)

22,6±10,4*◊

Ме=23,8

(11,0-37,2)

13,4±5,6*◊

Ме=12,1

(7,0-22,1)

17,6±3,7*◊

Ме=17,5

(11,4-26,1)

26,5±5,1*

Ме=28,0

(16,1-34,6)
Note: 
1.	 *	-	Statistical	significance	of	differences	with	respect	to	the	control	group	at	the	level	of	p<0.05.
2.	 ◊	-	statistical	significance	of	the	differences	with	respect	to	the	preoperative	period	p	<0.05.

Table 2: Comparison of biochemical parameters of blood serum of patients in relation to the control group, the preoperative period 
and the 1st day after surgery (M ± Sd; Me; (Min-Max)). 

Groups
Parameters

Glucose, mM Total protein, g/l Albumin, g/l Urea,mM Creatinine, mkM

Control

Group,

n = 17

5,47±1,24

Ме=5,4

(4,1-5,7)

74,1±4,7

Ме=73,4

(64,7-79,8)

43,3±3,1

Ме=42,5

(38,3-47,2)

5,0±1,54

Ме=4,9

(3,4-6,9)

73,3±15,9

Ме=72

(56,2-93,4)

Patients before

operations

n = 40

7,1±2,3*

Ме=6,3

(4,2-13,5)

74,8±7,0

Ме=76,2

(58,6-85,7)

40,8±7,0*

Ме=40,3

(31,0-42,9)

6,8±2,5*

Ме=6,4

(2,0-13,2)

106,8±24,4*

Ме=103,6

(62,0-182,0)

Patients during CB 
(5th minute), n=16

11,7±4,5*◊□

Ме=11,4

(5,6-30,0)

41,5±7,8*◊□

Ме=40,2

(26,0-55,8)

Patients in 1 day after

operations

n = 40

8,3±2*◊

Ме=8,0

(4,8-16)

58,6±6,4*◊

Ме=59,7

(37,3-70,0)

33,0±3,6*◊

Ме=33,7

(24,5-40,4)

8,3±2,3*◊

Ме=8,5

(4,6-14,9)

130,4±29,5*◊

Ме=119,4

(82,7-201,3)

Patients in 7 days after

operations

n = 40

7±2*□

Ме=6,5

(4,4-13,9)

64,7±6,6*◊□

Ме=64,8

(51,3-74,2)

34,3±2,9*◊

Ме=34,7

(29,9-39,0)

9±3,0*◊

Ме=8,5

(4,5-14,4)

130,7±39,9*◊

Ме=122,3

(90,7-243,3)
Note: 
1.	 *	-	Statistical	significance	of	differences	with	respect	to	the	control	group	at	the	level	of	p<0.05.
2.	 ◊	-	Statistical	significance	of	the	differences	with	respect	to	the	preoperative	period	p	<0.05.
3.	 □	-	Statistical	significance	of	differences	with	respect	to	the	1st	day	after	operation	p	<0.05.
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Table 2 shows that in patients before surgery, an initially 
elevated levels of glucose, urea, and creatinine are determined 
versus the control group, that indicates the development of an 
initial inflammatory reaction and renal hypoperfusion as a result 
of Chronic Heart Failure (CHF). During treatment, a significant (p 
<0.001) increase in glucose, urea, and creatinine levels was noted 
as a result of a systemic inflammatory response s an impact of CB 
and surgical trauma. The CB process leads to the development of 
renal hypoperfusion and the development of renal dysfunction 
in the early postoperative period (uremia), activation of stress-
activating systems (hyperglycemia) and systemic inflammation 
(hypo albunemia) through endothelium damaged by the systemic 
inflammatory response. In addition, intra- and postoperative 
hemodilution associated with blood loss and its replenishment 
leads to hypoalbuminemia. By the 7th day of the postoperative 
period, a positive dynamics of the studied biochemical parameters 
is noted. However, despite the positive trends, the level of the 
analyzed indicators did not significantly reach the preoperative 
“normal” values.

Conclusion

It was found that patients with coronary heart disease compared 
with healthy volunteers of the same age demonstrate decreasing in 
both dynamic and equilibrium surface tension by an average of 5-6 
mN/m. This behavior of the changes indicates a significant increase 
in the concentration of surfactants in the blood serum of patients, 
which can be considered as an adaptive reaction of an organism in 
response to the development of CHD and CHF. It can be assumed that 
an increase in the surfactants concentrations leads to a decrease 
in friction at the phase boundary, in this case serum/endothelium, 
which reduces the energy loss due to friction between these phases 
and can positively affect the decrease in hydrodynamic resistance 
in the microcirculation system during the progression of coronary 
heart disease and CHF. The absence of the effect of the operation 
on subsequent changes in the tensiometric and rheological 
parameters of the serum of patients was established. Probably 7 
days are not enough to change the composition of blood serum 
in relation to surfactants levels. The procedure for transferring 
patients to cardiopulmonary bypass does not cause changes in the 
dynamic and equilibrium surface tension of blood serum but leads 
to an increase in the sensitivity of the dilatation viscosity module to 
the oscillation frequency. Despite the absence of direct correlation 
between the biochemical and rheological parameters of the blood 
serum of patients, the study of surface tension allows reliable 
identification of patients with severe coronary heart disease and in 
the long term can become the basis for the development of a quick 
and cheap method of screening studies.
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