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1. Introduction
Unrelenting attention is rightly paid to the energy 

budget of the body, but in most of the works we have not 
been able to find a complete understanding of this issue. 
As a rule, the chemical (which is essentially electromag-
netic) form of energy is studied. This component of ener-
gy exchange is well studied, but its connections with 
other forms of energy that take place in the body are, at 
best, veiled, and more often they are simply not consid-
ered. Meanwhile, the production of energy by the body 
already requires energy in itself: you need to get food 
(although today this is not a big problem in developed 
countries), and most importantly, you need to get oxygen, 
which is a kind of carrier of potential chemical energy, 
and then deliver it to the place use. It does not require 
new evidence that the process of oxygen transfer from 
the atmosphere to cells is energy dependent, and the cir-
culatory system plays a key role in this process.

The human body consumes energy at a high rate 
even at rest – about 100 W [1, 2]. Regulation of energy 
consumption is extremely complex and includes numerous 
compensation mechanisms, which can hardly be fully tak-
en into account in a particular patient. Even G. A. Ryabov 
in 1988 pointed out the need to take into account at least 
two indicators of the oxygen budget during hypoxia, and 
for different mechanisms of its development, pairs of in-
dicators are different [3]. This situation is typical not only 
for living nature, but also for inanimate. An example is 

the state of a gas in a vessel, the molecules of which move 
in different ways and unpredictably, but there are param-
eters that automatically take into account the behavior of 
all molecules – pressure and temperature. Thus, the un-
certain characteristics of gas molecules (with a large 
number of them) can be estimated with complete certain-
ty using integral indicators. In the microcosm, the situa-
tion is still not defined: even a single microparticle can-
not be completely definitely characterized, which is 
expressed by the Heisenberg uncertainty principle, 
known today to any high school student. Biological ob-
jects also have uncertainty in many ways, in particular, 
in the sense that the same result of regulation of a partic-
ular function can be achieved with different combina-
tions of the severity of different regulatory influences. 
This phenomenon was expressed in 1976 by Rushmer in 
the form of the principle of biological uncertainty [4].

Thus, the specific state of a particular function of 
the body, including the function of blood circulation, may 
be due to the implementation of an unpredictable combi-
nation of various adaptive mechanisms, and then the only 
universal method, which has long been used in the sci-
ences of inanimate nature, remains to describe the state 
of the function – energy.

Any circulatory disturbance reduces the supply of 
oxygen to tissues, which is a stressful situation that acti-
vates the sympathoadrenal system (SAS), and this, in 
turn, leads to an increase in tissue energy requirements 
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against the background of the impossibility of adequately 
providing this growth [3]. One of the consequences of 
SAS activation is an increase in total peripheral resis-
tance (TPR), bringing the volume of the receiving vessels 
into line with the reduced incoming blood volume. This 
requires an increased energy expenditure from the myo-
cardium without increasing its efficiency (a phenomenon 
that has been known for a long time, but has not yet been 
explained) [5], and if the myocardium cannot provide 
sufficient energy for blood flow, circulatory failure will 
develop, namely, heart failure.

One of the reasons for the primary decrease in 
myocardial contractility is acute coronary syndrome 
(ACS), the only way to correct it in some patients is cor-
onary artery bypass grafting (CABG) [6].

The aim of the study is to determine the energy char-
acteristics of the circulatory system in heart failure in pa-
tients with ACS on the background of CABG, depending on 
the degree of myocardial contractility (MC) decrease.

2. Materials and methods
The state of circulatory function was studied in 48 

patients with ACS who were admitted in the period from 
2013 to 2017 for performing CABG at the State Institution 
Heart Institute of the Ministry of Health of Ukraine. To 
participate in the study, patients gave written informed 
consent. The study was conducted in accordance with the 
requirements of the Declaration of Helsinki on Human 
Rights (1964), the International Conference on the Harmo-
nization of Good Clinical Practice (ICH GCP), the Coun-
cil of Europe Convention for the Protection of Human 
Rights and Honor with regard to the Use of Biology and 
Medicine (Convention on Human Rights and Biomedicine) 
(ETS-164), including the additional protocol of the Con-
vention on Biomedical Research of January 25, 2005 and 
the legislation of Ukraine (protocol No. 2 of June 10, 2020 
of the meeting of the Commission on Ethics and Bioethics 
of Kharkiv National Medical University). 

The examined patients were divided into 2 groups 
depending on the level of ejection fraction (EF) at admis-
sion. Group CF1 (cardiac failure) included 18 patients 
with EF less than 40 %, group CF2 – 30 patients with EF 
not less than 40 %. The principle of division into groups 
is associated with the prevailing clinical impression of a 
more severe course of ACS in patients with EF less than 
40 %. The demographic and anthropometric characteris-
tics of the examined patients are presented in Table 1.

The differences between the groups in the present-
ed indicators concerned only age: patients with EF<40 % 
were significantly older.

Upon admission to the hospital, all patients under-
went coronary angiography, after which they were trans-
ferred to the preoperative room, where, after induction into 
anesthesia (diprivan 1.5–2 mg/kg, fentanyl 1.5–3 μg/kg,  
arduan 0.08 mg/kg), they were intubated trachea and start-
ed mechanical ventilation (MV). In order to prevent fibril-
lation and achieve a coronary effect, β1-adrenergic blocker 
Betalok (2–2.5 mg) was administered. After that, the pa-
tients were transferred to the operating room. Basis anes-
thesia – sevoflurane in a semi-closed circuit (1.5– 
5 vol %), gas flow 3.2–3.7 l/min, analgesia – fentanyl 3– 
5 μg/kg∙hour. After a purse-string suture was applied to 
the aorta, heparin was injected at a dose of 300 U/kg and 
artificial circulation (AC) began. The gas flow into the 
lungs was 0.45–0.9 l/min under PEEP 4 mm H2O, the 
sevoflurane evaporator was connected to the HLM gas 
line (1.5–2.5 vol %). At the end of the main stage of the 
operation, the AC was stopped, the patient was warmed up, 
after reaching a body temperature of 34–35 °C, electrical 
defibrillation with energy of 10 J was performed and infu-
sion of dobutamine was started, the dose of which was 
controlled by pressure in the left atrium (target level 8– 
12 mm Hg). To normalize TPR, norepinephrine was used 
at a dose of 20–200 ng/kg∙min, to provide a coronary ef-
fect – nitroglycerin at a dose of 2–4 μg/kg∙min, to prevent 
fibrillation – Betaloc 3–7 mg bolus.

To determine the energy characteristics of blood 
circulation, we measured its mechanical parameters and 
parameters of the hemic oxygen transport link.

We divided the mechanical indicators into kinetic 
ones, describing the movement of blood through the ves-
sels without considering the reasons for the movement 
(end diastolic and systolic volumes – EDV and ESV, 
stroke volume – SV, heart rate – HR, cardiac output – 
CO) and dynamic, describing the causes of blood move-
ment (systemic perfusion pressure – SPP, equal to the 
difference between effective arterial and central venous 
pressure – APe and CVP, and TPR).

Of the hemodynamic parameters, EDV and ESV 
were directly measured by the echocardiographic method 
(apparatus “Aplio XG SSA-770A”, “Toshiba”, Japan), as 
well as HR, AP and CVP. Based on the measured values, 
SPP, CO, TPR and energy values were calculated.

Hemic indicators were calculated on the basis of 
a modified by us generally accepted method for deter-
mining the oxygen content in blood according to the 
formula [1]:

CO2
[mol/ml]=KH[mol/g]∙CHb[g/ml]∙SO2

+
+KB[mol/ml∙b]∙(1–CHt)∙pO2

 [b],   (1)

Table 1
Distribution of patients with primary heart failure by groups

Group Age, years 
M±σ

Body weight, 
kg, M±σ

Height, cm,  
M±σ

BSA, m2,  
M±σ

BMI, kg/m2,  
M±σ

Men 
n (%, p±m)

Women 
n (%, p±m)

CF1 
(n=18) 60.4±5.1 87.3±9.9 174.8±8.9 2.13±0.15 28.5±3.6 11 (61.1±11.5) 7 (38.9±11.5)

CF2 
(n=30) 56.8±4.3 88.7±8.2 177.0±7.4 2.16±0.11 28.5±3.6 21 (70.0±10.8) 9 (30.0±10.8)
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where KH=5.98∙105 mol/g – Hüfner’s constant reflecting 
the mass of oxygen bound by 1 gram of hemoglobin;  
CHb – hemoglobin concentration, g/ml; SO2

 – proportion 
of oxygenated haemoglobin; KB=1.04∙1011 mol/ml∙b – 
Bunsen constant, which reflects the mass of dissolved 
oxygen per unit volume of plasma at a unit partial pres-
sure of oxygen in it (b = dyn/cm2); pO2

 – partial pressure 
of oxygen in plasma.

Oxygen transport, consumption and extraction 
ratio (OER) was calculated using conventional methods.

On the basis of the above-described indicators, the 
energy parameters of blood circulation were calculated: 
blood flow power (BFP), oxygen reserve (OR) and circula-
tory reserve (CR). BFP was calculated based on the laws 
of hydrodynamics as the product of SPP and CO. The OR 
indicator was used as an indicator of the adequacy of oxy-
gen consumption by tissues to their needs and was calcu-
lated as one third of the quotient from the division of the 
arteriovenous difference in the oxygen content (mol/L) 
and the concentration of lactate (L) in the blood (mol/L), 
that is, OR is a dimensionless value:

2( )1 .
3

a v oC
OR

L
−=   (2)

The calculation of OR is based on the fact that 
aerobic oxidation of 1 mole of glucose requires 6 moles 
of oxygen, and during anaerobic oxidation, 2 moles of 
lactate are formed from 1 mole of glucose, that is, 1 mole 
of lactate corresponds to non-oxidation of 0.5 mole of 
glucose, or the non-use of 3 moles of oxygen [7].

For an integral assessment of the energy of blood 
circulation, we introduced the CR indicator, which is 
equal to the product of BFP and OR. Its decrease corre-
sponds to circulatory failure of any genesis, while its in-
crease corresponds to adequate provision of increased 
tissue energy requirements.

All measured and calculated parameters, with the 
exception of those not subject to normalization (SPP, CO2

, 
OR), were normalized to body surface area to obtain the 
corresponding indices: stroke (SI), cardiac (CI), specific 
peripheral vascular resistance (SPVR), index BFP (BFPI) 
and index CR (CRI).

Blood circulation indicators were recorded at the 
following stages: 

1) before the operation; 
2) exit from perfusion; 
3) transfer to the intensive care unit (ICU); 
4) transfer from ICU. 
An important feature of the perioperative period in 

the examined category of patients was a significant de-
crease in the oxygen capacity of the blood by stage 2, due 
to the need for hemodilution to provide AC.

In a preliminary study, the values of energy param-
eters of blood circulation were determined in 30 healthy 
volunteers [8], with which the results obtained in patients 
were then compared.

The significance of the differences between the 
indicators was assessed using the Student’s test; the dif-
ferences were considered significant if the p value was 

less than 0.05. Correlation dependences were assessed by 
calculating the Pearson correlation coefficient.

3. Research results
Naturally, the initial kinetic parameters of patients 

in the CF1 group were lower than in patients in the CF2 
group (Fig. 1), but in both groups they were lower than 
the reference values. All baseline differences were sig-
nificant and were caused by different MC.

Fig. 1. Kinetic parameters of blood circulation depending 
on MC (hereinafter M±m); Vln – a group of healthy 

volunteers

The response to the decrease in CI was an increase 
in vascular tone due to the activation of SAS in response 
to hypoxic stress, which was manifested in an increase in 
SPVR (Fig. 2). This imposed increased energy require-
ments on the myocardium to maintain CI, which requires 
an increase in SPP. The myocardium of patients of the 
CF1 group could not fulfil this requirement, as a result of 
which the SPP was reduced. In patients of the CF2 group, 
the myocardium possessed greater energy reserves, but 
they were only enough to prevent a fall in SPP, as a result 
of which the CI in these patients was also reduced, al-
though to a significantly lesser extent.

The complex of therapeutic measures (CABG and 
perioperative intensive therapy) increased the energy re-
serves of the myocardium and improved the state of micro-
circulation, as a result of which the SPVR decreased and the 
energy reserves of the myocardium made it possible to in-
crease the CI even without a significant increase in the SPP. 
However, with an initially lower MC, treatment outcomes 
were worse: CI increased to a lesser extent, and SPVR also 
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decreased to a lesser extent; only SPP and only in the CF2 
group did not differ from the level of healthy volunteers.

Fig. 2. Dynamic indicators of blood circulation 
depending on MC

Circulatory patterns associated with MC influ-
enced energy performance (Fig. 3). The useful power that 
the myocardium was able to deliver to the bloodstream 
(BFPI) was reduced in both groups of patients. Operation 
and intensive therapy in the CF2 group, already after the 
cessation of cardiopulmonary bypass, made it possible to 
significantly increase this indicator, whereas in the CF1 
group it significantly increased only at the end of the 
study, but remained significantly lower than in the CF2 
group. At the same time, in the CF1 group, only 33.3± 
±11.1 % of patients had BFPI achieved the reference val-
ues, and in the CF2 group – in 93.3±4.6 %.

Fig. 3. Energy indicators of blood circulation depending 
on MC

OR and CRI reflected the dynamics of all the stud-
ied parameters of blood circulation, changes in which 
were sometimes uncertain and multidirectional. With a 
more pronounced decrease in MC, they were significant-
ly lower than with a less pronounced one. At critical 
moments of the operation, they were minimal; at the end 
of the study, they became much higher than at the begin-
ning. In the CF1 group, CRI reached the level of volun-
teers in 22.2±9.8 % of patients, in the CF2 group – in 
63.3±8.8 %. Thus, CRI allows predicting the course of 
the perioperative period and evaluating the effectiveness 
of treatment in patients with ACS. The lower this indica-
tor, the slower adequate blood circulation is restored.

CRI also correlated with such clinical characteris-
tics as the need for inotropic support with dobutamine, 
the duration of postoperative AC and AV. The correlation 
coefficient of baseline CRI in the CF1 group with the 
dobutamine dose was r=–0.87±0.06; p=0.02, with the 
duration of postoperative AC – r=–0.81±0.08; p<0.03, 
with the duration of postoperative AV – r=–0.90±0.04; 
p=0.01. In the CF2 group, these indicators were lower 
(respectively, r=–0.72±0.09; p=0.04, r=–0.64±0.11; p= 
 =0.049 and r=–0.71±0.09; p=0.04), which can be regard-
ed as a lower compensation intensity.

4. Discussion of research results
Despite the fact that the kinetics and dynamics of 

blood flow has been studied for a long time and successful-
ly, the study of the energetics of blood circulation in the 
presented form has not been carried out before, although 
attempts of this kind have been made [5, 9]. As a result of 
the analysis of these attempts, it was revealed that they do 
not meet the strict requirements of physical science and lead 
to many inaccuracies, which we tried to neutralize [7, 10].

Currently, the fact that a decrease in MC leads to a 
decrease in such a kinetic indicator as CI and such a dy-
namic indicator as SPP does not require additional evi-
dence, which is caused by a compensatory increase in the 
dynamic indicator of TPR against the background of re-
duced myocardial ability to overcome it [5]. Our research 
has shown that such changes are accompanied by a drop in 
the energy indicators of blood circulation, first of all, the 
power of blood flow. As a result, as a response to circula-
tory hypoxia, a stress reaction develops in the form of an 
increase in vascular tone, which makes increased demands 
on the myocardium, the adequate implementation of 
which is impossible due to a decrease in MC [5]. Lack of 
oxygen supply to tissues is reflected in a significant de-
crease in OR and integral energy index – CR. The degree 
of decrease in these indicators corresponds to the clinical 
manifestations of the course of the disease and the severity 
of the decrease in MC, determined by EF.

Surgical treatment and intensive therapy aimed at 
increasing MC had a positive effect on the energy of 
blood circulation, which was restored the faster, the less 
pronounced the initial decrease in MC was.

The study of energy indicators of blood circulation, 
thus, makes a more complete description of the state of he-
modynamics and allows predicting the course of the early 
postoperative period, as well as monitoring intensive therapy.
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Study limitations. The small number of exam-
ined patients does not allow to extend the obtained data 
to the entire population of patients, which requires fur-
ther research.

Prospects for further research. The study of the 
energy of blood circulation is necessary for circulatory 
disorders of various origins, in particular – with vascular 
insufficiency and with hypovolemia associated or not 
associated with blood loss. This will clarify the patho-
genesis of circulatory failure and the prognostic value of 
energy indicators.

5. Conclusions
1. A pronounced drop in myocardial contractility 

against the background of acute coronary syndrome, ac-

companied by a decrease in the ejection fraction to 40 % 
and below, leads to a violation of the energy balance of 
tissues, which is expressed in a decrease in their oxygen 
reserve below 0.6 and circulatory reserve below  
300 mW/m2, which below the level of reference values   by 
about 1.5–2 times.

2. The more pronounced the initial disturbances in 
myocardial contractility in acute coronary syndrome, the 
slower the recovery of the energy parameters of blood circu-
lation after coronary artery bypass grafting, which requires 
the search for more effective methods of intensive therapy.
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