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Abstract

Disruption of the balance between oxygen delivery and consumption remains a key contributor to metabolic
disturbances and potential perioperative complications. This study explores the feasibility of calculating
and applying the oxygen mass transfer coefficient (KO,) as a core indicator of the mass-exchange capacity
of the microcirculatory membrane. The proposed approach is grounded in the theoretical linkage between
critical parameters of cardiopulmonary bypass (CPB) and the fundamental Fick’s law, enabling a quantitative
assessment of oxygen diffusion efficiency under artificial circulation conditions.

Objective. To improve the assessment of systemic oxygen balance during CPB by introducing an integral
oxygen mass transfer coefficient (KO;), which combines the main perfusion adequacy criteria based on Fick’s
principle.

Materials and Methods. A total of 129 intraoperative observations were analyzed during cardiac surgical
procedures involving cardiopulmonary bypass (CPB). These data served as the basis for all necessary
calculations to determine the oxygen mass transfer coefficient (KO,). CPB monitoring parameters included
standard acid-base balance and blood gas variables consistent with the alpha-stat strategy, based on Astrup’s
micromethod and the Siggaard-Andersen principles, using conventional blood gas analyzers. Additionally,
physiological variables were taken into account, including hemodynamic indices, hematological status,
anthropometric characteristics, as well as indicators of perfusion efficiency and metabolic balance.

Results. Within the framework of analytical validation, KO, dynamics demonstrated consistent behavior across
both temperature groups and aligned with independent markers of tissue oxygenation status - specifically,
increases in lactate levels and oxygen extraction, decreases in venous blood gas parameters, and shifts in acid-
base balance. As these variables were not included in the clustering algorithm, their concordance supports
the analytical independence and functional informativeness of KO,. Furthermore, changes in KO, were often
observed to precede alterations in metabolic parameters.

Conclusions. The construct validity of KO, demonstrated sensitivity to early alterations in oxygen balance
and functional concordance with independent metabolic indicators, supporting its potential as a promising
engineering parameter for automated assessment of oxygenation efficiency during cardiopulmonary bypass.

Keywords: cardiopulmonary bypass, perfusion optimization, oxygen supply-demand balance, mass transfer
coefficient, critical conditions, cardiac surgery.

Introduction. Cardiopulmonary bypass (CPB) is an
essential component of modern cardiac surgery, pro-
viding temporary support for systemic circulation and
gas exchange during cardiac interventions. During sur-
gery, the CPB system fully replaces the heart’s pumping

© 2025 The Authors. National M. M. Amosov Institute of
Cardiovascular Surgery NAMS of Ukraine. This is an open access
article under the CC BY-SA license.
(https://creativecommons.org/licenses/by-sa/4.0/).

function and the lungs’ oxygenation capacity, ensuring
adequate oxygen delivery to vital organs under varying
temperature conditions - an aspect that is critically im-
portant for preventing ischemic injury [1,2].

The assessment of perfusion effectiveness in clinical
practice is based on a range of physiological parameters,
including the perfusion index (PI), mean arterial pres-
sure (MAP), mixed venous oxygen saturation (SvO,),
venous partial pressures of oxygen (PvO;) and carbon
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dioxide (PvCO,), as well as acid-base balance variables.
According to current international guidelines from the
Extracorporeal Life Support Organization (ELSO) and
the European Association for Cardio-Thoracic Surgery
(EACTS), these parameters serve as key markers of sys-
temic stability and adequate oxygenation [3,4].

Contemporary paradigms of perfusion management
focus on maintaining the balance between oxygen deliv-
ery (DO;) and oxygen consumption (VO,), which is wide-
ly recognized as the primary determinant of «adequate»
tissue perfusion. Targeted maintenance of this dynamic
equilibrium is achieved through integrated control of
hemodynamic variables and the blood’s gas transport
function, in accordance with established international
clinical standards. As noted by Carrasco-Serrano and
colleagues, maintaining this specific balance is critical for
preventing acute ischemic complications and is associat-
ed with improved clinical outcomes in patients undergo-
ing cardiopulmonary bypass [5].

Over the past decade, the integration of automated
control systems into various aspects of cardiopulmonary
bypass has progressed significantly. As early as the mid-
1980s, Riley and colleagues described a microprocessor-
based system for real-time data acquisition and process-
ing, enabling continuous monitoring of key parameters
and immediate alerting in the event of deviations [6].
Contemporary approaches now include automated tem-
perature management (controlling the cooling and re-
warming phases during CPB) [7], as well as continuous
gas exchange monitoring using systems such as Quan-
tum Perfusion [8], which enable automated regulation of
blood parameters (PaO,, PaCO,, Sv0O,) without the need
for interval-based venous sampling.

However, traditional macrocirculatory criteria often
fail to detect microcirculatory disturbances, particularly
during prolonged hypothermia or reperfusion phases.
As demonstrated by Kara et al., microcirculatory dys-
function may persist even when mean arterial pressure
(MAP) and mixed venous oxygen saturation (SvO,) re-
main within normal ranges, underscoring the need for
additional monitoring parameters [9].

From a fundamental physiological perspective, oxy-
gen transport across the microcirculatory membrane is
governed by Fick’s law, which states that the rate of mass
transfer depends on the concentration gradient and the
diffusional resistance of the membrane [10]. Neverthe-
less, under clinical CPB conditions, these processes are
significantly complicated by phenomena such as shunt-
ing, alterations in capillary membrane thickness, and
fluctuations in vascular resistance, necessitating the de-
velopment of adaptive, clinically oriented models [11].

The dynamic variability of the living microcirculatory
membrane necessitates the development of applied solu-
tions to adapt classical mass transfer laws to the practical
realities of cardiopulmonary bypass. Despite their chron-
ological remoteness, a number of foundational studies
remain scientifically relevant, as contemporary literature
has yet to propose novel methodological frameworks for
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the quantitative assessment of these processes. A deeper
understanding and clinical interpretation of regulated
physiological parameters - grounded in the principles
of fundamental physics - contribute to improving the di-
agnostic precision and therapeutic correction of oxygen
balance disorders.

This study is intended for practicing perfusionists and
proposes a practical framework for managing CPB based
on the principles of oxygen mass transfer in a real circu-
latory system, logically derived from Fick’s law.

The implementation of this study was made possible
through the support of the M.M. Amosov National Institute
of Cardiovascular Surgery of the National Academy of Medi-
cal Sciences of Ukraine. The research was conducted within
the framework of an official cooperation agreement with
the National Technical University of Ukraine «Igor Sikorsky
Kyiv Polytechnic Institute», which enabled the verification
of the engineering concept in the context of real clinical
cardiopulmonary bypass procedures. The authors express
their sincere appreciation for the access to clinical materials
and the facilitation of the research process.

Objective. To improve the assessment of systemic
oxygen balance during CPB by introducing an integral
oxygen mass transfer coefficient (KO;), which combines
the main perfusion adequacy criteria based on Fick’s
principle.

Working Hypothesis. According to Fick’s law of mo-
lecular diffusion across a membrane surface, the amount
of substance dM passing through an elementary surface
area dS normal to the direction of diffusion over time dt
is proportional to the concentration gradient dC/dx of the
substance. The negative sign indicates that diffusion oc-
curs in the direction of decreasing concentration:

dM = — DdSdt4S,
dx

For real-world conditions of cardiopulmonary by-
pass, we proposed the assumption that the surface area
dS of the microcirculatory membrane within the sys-
temic capillary network is inversely proportional to the
systemic vascular resistance index (SVRI). The oxygen
concentration gradient dC between blood and mitochon-
drial tissue is maintained by the indexed arterial oxygen
delivery (IDO), assuming that the mitochondrial oxygen
concentration remains Constant. The flux dM across the
microcirculatory membrane corresponds to the indexed
oxygen consumption (IVO5;).

Given the dynamic changes within the microcirculato-
ry network - including potential blood shunting - rather
than using the classical diffusion coefficient D, (whichis a
constant), we introduced the oxygen mass transfer coeffi-
cient (KO;), which reflects the dynamic properties of the
microcirculatory interface.

As a result, we derived an equation that is conceptu-
ally linked to the fundamental law of membrane mass ex-
change but is based on measurable parameters relevant
to artificial circulation:

dM = — DdsdtdS,
dx
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Here, IVO, serves as the functional equivalent of the
flux dM; 1/SVRI represents the effective surface area
dS; 1IDO, corresponds to the concentration gradient dC;
and KO, is introduced as the functional equivalent of
membrane permeability and thickness, analogous to D/
dx.

Accordingly, Fick’s law for oxygen transport across
the capillary membrane can be reformulated as follows:

_ 4 n-5K02xIDO2
IVO2 = 10 —sVRl

To enable a quantitative assessment of oxygen
transport efficiency under cardiopulmonary bypass
conditions, the following equation for the oxygen mass
transfer coefficient (KO,) was proposed:

1 ~—5IVO2x SVRI

Units of Measurement:

Oxygen Mass Transfer Coefficient - (KO,) = kg-s™*-m"~

Indexed Oxygen Consumption - (IVO;) = mL/min/m?

Indexed Oxygen Delivery - (IDO;) = mL/min/m?

Systemic Vascular Resistance Index - (SVRI) =
dyn-s-cm™*-m?

The validity of the proposed equation is supported
by the dimensional consistency of KO,, expressed as
kg-s™*-m™2. The oxygen mass transfer coefficient (KO,)
reflects the rate of oxygen transport through a unit surface
area of the capillary membrane per unit time, serving as
an integrated indicator of gas diffusion efficiency within
the «cardiopulmonary bypass-organism system». The
diffusional resistance of the membrane is defined as the
reciprocal of KO, (1/KO;), providing a measure of the
barriers to oxygen transport.

Materials and Methods. The study included N = 129
intraoperative observations recorded between August
21, 2023, and May 2, 2025, during cardiac surgical
procedures in n = 42 adult patients with acquired heart
defects. The general characteristics of the patient cohort
are presented in Table 1.

All surgical procedures were performed using conven-
tional cardiopulmonary bypass (CPB) technology with
central cannulation, ensuring effective anatomical de-
compression of the heart. The perfusion circuit consisted
of a disposable Sorin Inspire 8 membrane oxygenation
system with an integrated arterial filter, heat exchanger,
and connection tubing. Perfusion flow was maintained

2

Table 1
General characteristics of the patient cohort (n = 42)

Indicator, units Value

Age, years 55.7+12.6 (24;76)
Height, cm 174.4 + 8.9 (158; 190)
Weight, kg 93.7 £ 18.6 (50; 123)

Body surface area (BSA), m? 2.08 £ 0.23 (1.50; 2.49)
30.6 £ 4.9 (19.5; 38.7)

14 (33.3 %)

Body mass index, kg/m?
Female gender
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using roller-pump heart-lung machines equipped with
auxiliary temperature regulation systems. The mean du-
ration of CPB was 230 * 27 minutes.

To evaluate the impact of temperature strategy on
perfusion efficiency, observations were stratified into
two groups. The first group — normothermia (T 2 35 °C,
N =49) - corresponded to the controlled rewarming
phase following the main surgical stage. The second
group - moderate hypothermia (T = 28-32 °C, N =80) -
represented a targeted cooling strategy applied in ac-
cordance with myocardial and central nervous system
hypothermic protection protocols.

Comprehensive assessment of perfusion status in-
cluded measurements of hemoglobin concentration (Hb)
and hematocrit (Hct) as blood rheological parameters,
along with systemic hemodynamic indicators: mean ar-
terial pressure (MAP), central venous pressure (CVP),
and perfusion index (PI), normalized to body surface
area (BSA) calculated using the Du Bois formula.

Blood gas monitoring encompassed mixed venous
oxygen saturation (SvO,), partial pressures of venous
oxygen (PvO,) and carbon dioxide (PvCO), oxygen con-
tent in arterial (Ca0O,) and venous (CvO;) blood, as well
as pH, base excess (BE), lactate, and oxygen extraction
ratio (O2ER).

For each observation, indexed oxygen delivery (IDO;),
indexed oxygen consumption (IVO;), and systemic vas-
cular resistance index (SVRI) were calculated. Based
on these variables, the oxygen mass transfer coefficient
(KO;) was derived to reflect oxygenation efficiency un-
der the perfusion gradient, using the following original

formula:
_5 V02 x SVRI
K02 = 10 SW

Perfusion status stratification was performed using k-
means clustering (k = 3), applied separately within each
temperature group. The clustering model included only
three variables - IVO,, IDO,, and SVRI - which constitute
the analytical basis of the KO, formula. Prior to cluster-
ing, all input data were standardized using z-score nor-
malization to ensure equal weighting of variables within
the multidimensional space.

Each observation was automatically assigned to one
of three clusters, which were subsequently ordered by
the median IVO, value and conditionally designated as
states of reduced (Cluster 1), physiologically appropriate
(Cluster 2), or elevated (Cluster 3) oxygen consumption.

Despite a limited number of observations in some
clusters (N = 10-26), the clustering approach is meth-
odologically justified due to the low dimensionality of
the model, the homogeneity of the stratified cohort, the a
priori definition of cluster number, and the non-inclusion
of KO in the clustering algorithm - used exclusively for
analytical validation.

Additional credibility was ensured through post-
clustering statistical validation: for each cluster, descrip-
tive analysis was performed on key parameters (IVO,,
IDO,, SVRI, KO,), along with supplementary indicators of
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macrocirculation and metabolism (MAP, PI, SvO,, PvO,,
Ca0,, Cv0,, PvCO,, O2ER, pH, BE, lactate). Intercluster
differences were tested for statistical significance using
Welch’s t-test, with a significance level of a = 0.05.

Results. Analysis of the stratified normothermic (Ta-
ble 2) and moderately hypothermic (Table 4) groups re-
vealed consistent patterns between oxygen consumption
levels and the behavior of the oxygen mass transfer co-
efficient (KO,). Within each temperature group, k-means
clustering distinguished three functional states - re-
duced, physiologically appropriate, and elevated VO, -
accompanied by coherent shifts in lactate levels, diffu-
sion-related transport indices, and metabolic responses.
Below are the results for each temperature strategy con-
sidered separately.

In the normothermic group (N =49), the sequen-
tial ordering of clusters reflected a progressive increase
in VO, and was associated with corresponding rises
in venous lactate concentration (from 1.63 +0.59 to
3.52 £ 1.74 mmol/L), indexed oxygen consumption VO,
(from 87.46 = 20.65 to 133.19 + 19.78 mL/min/m?), and
oxygen extraction ratio O,ER (from 20.11+3.76 % to
28.00 £4.50 %). These changes were accompanied by
progressive acidosis, with pH decreasing from 7.39 + 0.04
to 7.31 £ 0.05, a rise in base deficit (BE from 0.52 + 2.45
to -4.01 + 3.35 mmol/L), and a compensatory reduction
in PvCO, (from 40.11 + 5.27 to 38.43 £ 5.22 mmHg).

According to the working hypothesis, the condi-
tional equivalent of microcirculatory membrane sur-
face area - SVRI - remained statistically unchanged
between Clusters 1 and 3 (p = 0.5744), as reflected by
their respective mean values: 2331.35+383.34 and
2398.69 * 338.54 dyn-s-cm™°-m? In contrast, transmem-
brane oxygen transport (KO,) was significantly higher
(p = 0.0029) in Cluster 3, with elevated consumption
(0.0071+0.0012 kg's™*m™%) compared to Cluster 1
(0.0059 +0.0010 kg-s™*-m™%). This difference may be
explained by a pronounced metabolic demand and the
presence of oxygen debt. The latter is confirmed by the
highest lactate concentration - 3.52 * 1.74 mmol/L - re-
corded in the third normothermic cluster.

The differences between Clusters 1 and 3 reflect a
progressive increase in metabolic oxygen demand during
the rewarming phase, which logically enhances oxygen
transport intensity and results in a corresponding eleva-
tion of the mass transfer coefficient.

Cluster 2, characterized by a conditionally physi-
ological level of VO,, proved to be the most informa-
tive for evaluating the physiological relevance of the
oxygen mass transfer coefficient (KO;). Despite re-
duced oxygen delivery (IDO,=283.14 mL/min/m?),
this cluster exhibited the highest systemic vascular re-
sistance (SVRI=3604 dyn-s-cm™>-m?), which resulted
in a localized and dataset-wide maximum KO, value of
0.0082 kg-s™*m™2.

This parameter configuration reflects pronounced
functional stress within the microcirculatory system,
manifesting as an increased diffusive workload required
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to maintain adequate oxygen consumption (VO;). These
changes most likely reflect the activation of compensa-
tory mechanisms within the microcirculation, particu-
larly the redistribution of blood flow between regions
with high and low metabolic demands («hungry» and
«satiated» zones). This observation is consistent with the
adapted model of dynamic capillary flow heterogeneity
implemented via cellular automaton modeling, as pre-
sented in the study by Ye Nastenko [12].

The increase in transmembrane oxygen transport was
further supported by the presence of an oxygen debt, as
evidenced by elevated lactate levels in Cluster 2, though
less pronounced than in Cluster 3. Thus, the cumulative
effect of oxygen debt and compensatory membrane dy-
namics under reduced oxygen delivery led to the highest
KO, value observed in the normothermic group.

Hemodynamic parameters such as mean arterial
pressure (MAP) and perfusion index (PI) remained sta-
ble across all clusters, indicating macroscopic compen-
satory integrity of the system. In contrast, gas exchange
variables defining the oxygen gradient showed charac-
teristic trends: partial pressure of venous oxygen (Pv0,),
mixed venous oxygen saturation (Sv0;), and venous oxy-
gen content (CvO,) progressively decreased alongside an
increasing oxygen extraction ratio (O,ER). This pattern
reflects a growing concentration gradient and, in accord-
ance with Fick’s law, enhanced transmembrane oxygen
mass transfer.

Simultaneous increases in lactate concentration and
decreases in pH and base excess (BE) suggest an elevated
metabolic load that could not be fully compensated by
oxygen delivery alone, necessitating additional activa-
tion of extraction mechanisms. Thus, KO, served in this
subgroup as an integrated engineering indicator, captur-
ing both the oxygen delivery gradient and microcircula-
tory membrane resistance, demonstrating sensitivity to
changes in VO, and tissue metabolic stress.

For most variables analyzed, statistically significant
inter-cluster differences were observed (Table 3). Excep-
tions included indexed oxygen consumption (IVO;) be-
tween Clusters 1 and 2, and systemic vascular resistance
index (SVRI) between Clusters 1 and 3, where no statisti-
cally significant differences were detected (p > 0.05).

Thus, during the normothermic perfusion phase (re-
warming), the oxygen mass transfer coefficient (KO;)
demonstrated high sensitivity to changes in perfusion
status, enabling clear differentiation between clusters
and showing a strong association with vascular resist-
ance mechanisms, oxygen transport gradient, and tissue
metabolic response.

In the moderate hypothermia group (N=80; T=28-
32°C), KO, preserved a similar trend - its values cor-
responded to a stepwise increase in oxygen consump-
tion (from 48.36 +10.08 to 111.83 +18.29 mL/min/m?),
demonstrating a positive correlation with oxygen
debt indicators (lactate increase from 2.08 +0.79 to
427 +1.66 mmol/L), indexed oxygen consumption
(IVO;), and oxygen delivery (IDO,: from 272.18 + 48.73

YKpaiHCbKUIA )XypHan cepueBo-cyanHHOT xipyprii ™ Tom 33,N2 3 ® 2025



134

Table 2
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Clustering of oxygen transport, gas exchange, and metabolic parameters under normothermia (T 2 35 °C), based on VO,

IDO;, and SVRI

Parameter (unit) VO, (Cluster 1) ©V0, (Cluster 2) TVO, (Cluster 3)
Number of observations (N) 25 10 14

IVO; (mL/min/m?) 87.46 £ 20.65 90.39 £ 18.76 133.19%£ 19.78

IDO; (mL/min/m?) 350.50 * 40.87 283.14 £56.17 409.38 + 39.87

SVRI (dyn-s-cm—-m?) 2331.35 + 383.34

3604.23 £ 697.48 2398.69 * 338.54

KO, (kg's m2) 0.0059 * 0.0010

0.0082 £ 0.0013 0.0071 £0.0012

MAP (mmHg) 77.64 +11.88 7790+ 10.51 75.64+11.39
SvO, (%) 79.50 £ 6.45 75.00 £ 6.79 73.36 £ 6.58
PvO, (mmHq) 44.83 % 691 39.83 * 5.64 38.14 + 6.53
Ca0; (mL/dL) 1471+ 2.28 13.24+2.01 1574+ 1.94
CvO; (mL/dL) 11.75%£1.92 9.87+1.85 11.31+1.86

Pl (L/min/m?) 2.66 £ 0.44 2.34 £0.37 2.74 %046
PvCO, (mmHg) 40.11 £5.27 39.11+4.84 38.43+5.22
O2ER (%) 20.11+3.76 25.20* 3.67 28.00 £ 4.50
Lactate (mmol/L) 1.63 £0.59 2.38+0.81 3.52+£1.74

pH 7.39 £ 0.04 7.35 £ 0.05 7.31 £ 0.05

BE (mmol/L) 0.52 £2.45 -2.05+2.88 -4.01 £ 3.35
Table 3

Statistical validation of inter-cluster differences under normothermia using Welch’s t-test

Parameter t(lvs2) p(1vs2) t(1vs3) p (1vs 3) t(2vs3) p (2vs 3)
IVO, -0.40 0.6903 -6.82 <0.0001 -5.39 <0.0001
IDO; 3.44 0.0044 -4.38 0.0002 -6.09 <0.0001
SVRI -5.45 0.0002 -0.57 0.5744 5.06 0.0003
KO, -7.27 <0.0001 -3.32 0.0029 4.09 0.0007

to 397.90 + 57.18 mL/min/m?), while systemic vascular
resistance remained stable (SVRI: from 2735.10 * 446.24
to 2486.17 + 464.39 dyn-s-cm™>-m?).

The association between KO, and metabolic demand,
as predicted by the working hypothesis, is supported
by its elevated values in clusters with higher lactate (up
to 4.27 +1.66 mmol/L), accompanied by progressive
changes in pH (from 7.35 + 0.04 to 7.30 + 0.04) and base
excess (from -1.32 +3.02 to -5.10 * 2.44 mmol/L), con-
firming the model’s sensitivity to metabolic shifts.

Gas exchange parameters further validated the strati-
fication logic: with increasing VO,, there was a consist-
ent decrease in PvO, (down to 33.75#*5.47 mmHg),
SvO, (down to 67.75+7.05 %), and CvO, (down to
9.48 + 1.74 mL/dL), along with a corresponding increase
in O2ER to 30.37 £ 4.71%. Meanwhile, the stability of
mean arterial pressure (MAP) (63.22-67.08 mmHg) and
perfusion index (PI) (2.41-2.77 L/min/m?) across all
clusters indicated preserved macrocirculation, support-
ing the interpretation of KO, as an independent marker
of microcirculatory oxygen transfer efficiency under
moderate hypothermia.

Despite the lack of statistically significant differences
in KO, values between clusters within the moderate hy-

pothermia group (Table 5), the coefficient demonstrated
a clear progression-from 0.0051 to 0.0088 kg-s™*-m™2 -
in line with VO,, IDO,, and lactate levels. This finding
supports the preserved physiological sensitivity of the
indicator, even in the presence of partial overlap in with-
in-group variation. Therefore, KO, remains a valid and
informative analytical marker of oxygen transport effi-
ciency under hypothermic conditions, despite the statis-
tical neutrality of group comparisons.

Discussion. In current clinical practice, the assess-
ment of oxygen balance during cardiopulmonary bypass
(CPB) is primarily based on macrocirculatory indica-
tors, which do not reflect the actual status of diffusive
exchange at the microcirculatory level. The oxygen mass
transfer coefficient (KO;) proposed in this study repre-
sents an attempt to quantify oxygenation efficiency using
a fundamental physiological principle - Fick’s law. Unlike
isolated analyses of VO,, IDO,, or SVRI, the KO, model
provides an engineering-based formalization of their
interrelation as a derived variable with a clear physical
meaning.

Validation results demonstrated that KO, dynamics
in both temperature groups were consistent and aligned
with independent indicators of tissue oxygenation load -
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Table 4
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Clustering of oxygen transport, gas exchange, and metabolic parameters under moderate hypothermia (T = 28-32 °Q),

based on IVO,, IDO,, and SVRI

Parameter (unit) V0, (Cluster 1) <>VO; (Cluster 2) TVO; (Cluster 3)
Number of observations (N) 26 42 12

IVO, (mL/min/m?) 48.36 = 10.08 71.24+11.82 111.83 £18.29
IDO, (mL/min/m?) 272.18 £ 48.73 318.29 £52.53 39790 + 57.18
SVRI (dyn-s-cm5-m?) 2735.10 = 446.24 2513.24 £ 43777 2486.17 * 464.39
KO, (kg-s*-m2) 0.0051 = 0.0009 0.0069 = 0.0009 0.0088 = 0.0012
MAP (mmHg) 63.22 + 8.45 65.86 * 6.33 67.08 £ 6.76
Sv03 (%) 74.22 +7.88 71.95%6.73 67.75 = 7.05
PvO, (mmHg) 39.24 + 6.24 36.74 =591 33.75 547
Ca0; (mL/dL) 13.72+1.85 1349193 1498 +2.03
CvO; (mL/dL) 10.18 £1.92 9.61+1.78 9.48 +1.74

Pl (L/min/m?) 241041 2.62 +0.47 2.77 £0.46
PvCO, (mmHg) 41.48 £5.38 40.72 £5.17 39.44 +5.29
02ER (%) 22.25 + 3.87 25.66 * 4.39 30.37+4.71
Lactate (mmol/L) 2.08£0.79 290+1.21 4.27 £1.66

pH 7.35 £ 0.04 7.33 +0.05 7.30 £ 0.04

BE (mmol/L) -1.32£3.02 -3.74+2.67 -5.10 £ 2.44
Table 5

Statistical validation of inter-cluster differences under moderate hypothermia using Welch’s t-test

Parameter t(lvs2) p(1vs2) t(1vs3) p (Lvs3) t(2vs 3) p(2vs 3)
IVO, -1.16 0.2528 -5.53 0.0001 -5.06 0.0004
IDO, -6.19 <0.0001 -5.93 0.0001 -2.28 0.0467
SVRI -4.73 0.0001 -0.56 0.5878 3.53 0.0019
KO3 -1.04 0.3046 -1.39 0.1874 -0.44 0.6668

including increases in lactate and oxygen extraction, de-
creases in venous gas parameters, and metabolic shifts
in acid-base balance. Since these variables were not in-
cluded in the clustering algorithm, their correspondence
supports the analytical independence and functional in-
formativeness of KO,. Moreover, KO, changes frequently
preceded alterations in metabolic parameters, highlight-
ing its sensitivity to early disturbances in oxygen balance.

At the same time, these results should be interpreted
within the scope of analytical validation. This study did
not aim to assess clinical implementation or diagnostic
accuracy, but rather to verify the mathematical consist-
ency and physiological behaviour of the model. Despite
the limited sample size and uneven cluster distribution,
the findings demonstrate the robustness of KO, and jus-
tify its further development.

From a bioengineering perspective, it is important to
note that all input parameters required for KO, compu-
tation are available within the CPB system in real time,
providing a foundation for its automated integration into
adaptive monitoring systems.

The next logical step involves extending the series of
studies to include analysis of KO, behavior under mild
and deep hypothermia, evaluation of its temperature

dependence, and establishment of reference ranges for

different perfusion strategies. Such an approach would

provide a foundation for integrating KO, into monitoring

systems designed for continuous assessment of oxygen

mass transfer efficiency during cardiopulmonary bypass.
Conclusions

1. The oxygen mass transfer coefficient (KO,), derived
from indexed oxygen consumption (IVO;), oxygen
delivery (IDO;), and systemic vascular resistance
(SVRI), demonstrated the capacity to reflect variations
in oxygen balance under cardiopulmonary bypass
conditions. Its values differed significantly across
stratified perfusion clusters, confirming the construct
validity of the proposed analytical model.

2. The findings indicate a high degree of concordance
between KO, and key metabolic markers - VO, and
lactate. The ability of KO, to respond to shifts in
oxygen balance even under stable macrocirculatory
parameters highlights its potential sensitivity to early
phases of tissue hypoxia.

3. The KO, model is based on parameters that are readily
available for continuous monitoring within the CPB
circuit, which provides a foundation for its integration
into automated bioengineering systems for adaptive
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perfusion control. The simplicity of calculation, and facilities essential for the implementation of this
physiological plausibility, and consistent behavior  study. This work was conducted within the framework of
across perfusion modes make KO, a promising an official collaboration agreement between the Nation-
engineering indicator of oxygenation efficiency that  al Technical University of Ukraine «Igor Sikorsky Kyiv
warrants further investigation. Polytechnic Institute» and the Institute, which enabled
the integration of advanced biomedical engineering ap-
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Pesiome

OcHoBHa QYHKIis CHCTEMH KPOBOOOITy — l0cTaBKa KHUCHIO. 3abe3MeuyeHHs1 a/leKBaTHOTO KUCHEBOTO 6aJslaHCy
miJ; yac mry4Horo kpooo6iry (1K) 3anuiiaeTbcs BaXXJIMBUM KpUTEpIiEM yIpaBJiHHSA nepdysiero nNpu oneparisx
Ha cepui. [lopymeHHs 6anaHcy Mix pocraBkoro (DO) Ta crnokuBaHHAM KUCHIO (VO2) € OCHOBHOIO NMPHUYMHOIO
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MeTaboJIiYHUX PO3JaZiB i MOM/IMBUX NepHoNlepallifHUX YCKIaJAHeHb. Y po60Ti pO3IJISHYTO MOXJIMBICTh po3pa-
XyHKy Ta BUKOpHUCTaHHS KoedilieHTa MaconepeHocy kucHIO (KO;) sik 0CHOBHOI XapaKTepHUCTUKU MacoOOMiHHOI
byHkuii MikpoLUPKYIATOPHOI MeM6paHU. OGI'PYHTOBAHUM TEOPETUYHNN 3B’130K OCHOBHHUX XapaKTePUCTHUK LITYY-
HOI'0 KpoB006iry 3 yHaMeHTabHUM PiBHAHHAM Pika [103B0JISIE KiNIbKICHO OLLiIHUTH epeKTUBHICTb AUY3iHHOTrO
TPaAHCIOPTY KUCHIO Yepe3 MiKpOLMPKYJIATOPHY NoBepxHIo B ymoBax LK.

MeTa. BrockoHasieHHs OL[iHKM KMCHEBOTO GasiaHcy opraHiamy mizg yac LK nuisixom BBeJeHHs iHTerpajbHOTO
koedinienTa MaconepeHocy kucHio (KO,), skuii 06'eHye OCHOBHI KpuTepil aZiekBaTHOCTI nepdysii Ha OCHOBI
piBHsAHHS Dika.

Marepiasim Ta Metoau. [IpoaHanizoBaHo 129 iHTpaomepauiiHUX CHOCTepeXeHb, OTPHUMAHUX IIiJ| 4ac
Kapzioxipypriunux BTpy4yaHb i3 BuUkopucTaHHAM K. ITapamerpu ouinku LK Bktovyaau 3arajJbHONPUHHATI
I «anbda-cTaT» cTpaTerii XapaKTepHUCTHKH KHCJIOTHO-OCHOBHOTO CTaHy Ta a30BOT0 CKJIaJLy KpoBi Ha OCHOBI
MiKpoMeTOAMKHU AcTpyna i npuHUuMniB 3iraapga-AHjepceHa i3 3aCTOCYBaHHSAM CTaHJAPTHUX ra3oaHaJsi3aTopiB.
JlonaTkoBo BpaxoBaHO ¢i3iosoriyHi 3MiHHI, 10 XapaKTepU3yKTb T'eMOAWHAMiKy, TeMaToJIOTIiYHUH CTaTyc,
aHTPOINIOMETPUYHI NapaMeTpH, a TakoK epeKTHUBHICTb Nepdy3ii Ta MeTabosiyHOrO 6asaHcy. Ha ocHOBI Lux AaHUX
o6uncieHo KO, - nudysiitHo 06yMoBJIeHUH iH)KeHEPHUHN TOKA3HUK, L0 BiZjoOpakae epeKTUBHICTh OKCUTeHallil B
ymoBax LK.

PesynbraTu. KoeodinienT Maconepenocy kucHio (KO;) feMOHCTpyBaB NOC/AiJOBHE 3pOCTAaHHSA BiANOBiAHO A0
VO, Ta MeTab0JIiYHMX NOKA3HUKIB Yy MexaxX 060X TeMIlepaTypHUX rpym. Y HopMoTepMmii 3HaueHHs KO, ctaTucTuy-
HO JJ0CTOBipHO 3pocTasu Big 0,0059 + 0,0010 g0 0,0071 + 0,0012 kr/c-M? (p = 0,0029), 3 NapajeJbHUM 3POCTAH-
HaM JsakTaty (Big 1,63 £ 0,59 o 3,52 + 1,74 mMouib/ 1) Ta ekcrpakuii kucHio O,ER (Big 20,11 + 3,76 % no 28,00
+ 4,50 %). Haiipumii sHayenns KO, (0,0082 + 0,0013 kr/c-M?) 3adikcoBaHi B ymoBax MakcuManbHoro SVRI (3604
AuH-c-cM~>-M?) ipu disiosnoriynomy VO, 110 CBiYUTh PO KOMNEHCATOPHE MiJiBULleHHA eGeKTUBHOCTI Audysil. ¥
noMipHiii rinorepmii KO, eMoHCcTpyBaB aHasoriuHy nporpecito - Big 0,0051 + 0,0009 o 0,0088 + 0,0012 kr/c-m?
BianoBigHo A0 VO, - i3 yiTko10 y3romxkeHicTio 3 DO,, saktaToM, pH Ta OER. [lonpu BifcyTHICTH cTaTUCTUYHOI
nocroBipHocTi, AuHamika KO, migTBepausa ¢iziosoriyHy 4yT/IuBicTh MoAesi 10 MeTaboJIiYHUX 3MiH HaBiTh y
cTabiyibHUX yMOBax Makponepdysii (6e3 3min MAP Ta PI).

BucHOBKHM. Pe3ysibTaTy NpoBeAEHOr0 aHali3y MiATBEPKYIOTh, 110 KoedilieHT Maconepeaadi kucHio (KO,),
chopMoBaHUH Ha OCHOBI 6a30BUX napaMeTpiB nepdysii, Moxxe BUCTYNaTH BaliAHUM AUY3iHHO 06yMOBJIEHUM
iH)KeHepHUM iHJMKATOPOM JJIs KiJIbKICHOI OI[iHKM KHCHEBOTo (GaslaHCy Mij| Yac ITYYHOTo KpoBoobiry. OTpuMaHi
JlaHi n03BoJsA0Th po3magatu KO, sk o6rpyHTOBaHUHN iHCTpyMeHT AJis Bepudikanil nepdysilinoro crarycy 3
NepCcrneKTHUBO Horo iHTerpanil B aBTOMAaTU30BaHI CUCTEMH MOHITOPUHIY Ta MepPCOHAJi30BAaHOIO KepyBaHHS
nepdyaieto.

Kamwwuoei cnoea: cepyeso-nezeHese wyHmyeaHHs, onmumizayisi nepgysii, 6asaanc docmasku i nompebdu KUCHH,
Koe@iyienm maconepedaui, Kpumu4Hi cmaHu, kapdioxipypzis.

CraTTs Haziuia B peaakiito / Received: 15.07.2025

[Ticnsa noonpainoBanHs / Revised:05.08.2025
[IpuitHsaTo no apyky / Accepted: 10.08.2025

YKpaiHCbKUIA )XypHan cepueBo-cyanHHOT xipyprii ™ Tom 33,N2 3 ® 2025



