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Introduction 
Sepsis and septic shock are life-threatening 

complications, and intensive care for these conditions 
is aimed at restoring and maintaining adequate 
tissue perfusion [1]. The substrate for the deterioration 
of patient’s condition is usually a combination of 
hemodynamic disturbances, the primary one being 

a decrease in vasomotor tone. In this context, vaso-
plegia has the most pronounced effect on diastolic 
blood pressure (DBP) compared to systolic blood 
pressure (SBP) or mean arterial pressure (MAP) [2]. 

However, DBP should not be assessed in iso-
lation from heart rate (HR). A generalized infection 
activates the sympathetic nervous system, leading 

4 w w w . r e a n i m a t o l o g y . c o m G E N E R A L  R E A N I M AT O L O G Y,  2 0 2 6 ,  2 2 ;  3

https://doi.org/10.15360/1813-9779-2026-3-2698

Clinical  Studies

Prognostic Index for Compensation of Reduced Heart 
and Lung Functions in Patients with Sepsis  

Sergey A. Andreychenko1,2, Dmitry O. Ovcharov1*, Konstantin V. Yatskov3, 
Georgy N. Arbolishvili3, Maxim A. Rakhmanov2, Tatyana V. Klypa1,2 

1 Federal Scientific and Clinical Center for Specialized Types of Medical Care and Medical Technology,  
Federal Medical-Biological Agency of Russia, 
28 Orekhovy bulvar, 115682 Moscow, Russia 

2 Academy of Postgraduate Education, Federal Scientific and Clinical Center for Specialized Types of Medical Care 
and Medical Technologies, Federal Medical and Biological Agency of Russia, Department of Anesthesiology and Resuscitation, 

91 Volokolamskoe Highway, 125371 Moscow, Russia 
3 Moscow Clinical Science and Research Center 52, Moscow City Health Department 

3 Pekhotnaya Str., 123182 Moscow, Russia 

For citation: Sergey A. Andreychenko, Dmitry O. Ovcharov, Konstantin V. Yatskov, Georgy N. Arbolishvili, Maxim A. 
Rakhmanov, Tatyana V. Klypa. Prognostic Index for Compensation of Reduced Heart and Lung Functions in Patients with 
Sepsis.Obshchaya Reanimatologiya = General Reanimatology. 2026; 22 (3): 4–12. https://doi.org/10.15360/1813-9779-2026-
3-2698 [In Russ. and Engl.] 

*Correspondence to: Dmitry O. Ovcharov, odo1306@inbox.ru 
Summary 
Magnitude of heart rate (HR) fluctuation during sepsis and septic shock can significantly impact tissue 

perfusion and organ dysfunction.  
The aim of the study is to examine and compare the predictive characteristics of a composite index based 

on clinical parameters and demographic variables for early risk stratification of mortality in patients with sepsis. 
Materials and Methods. In a multicenter retrospective cohort study, data from 257 patients with sepsis or 

septic shock were analyzed, including age, sex, height, weight, severity of illness, comorbidities, bedside hemo-
dynamic and respiratory monitoring parameters upon admission to the ICU, and 3 hours after the initiation 
of intensive therapy, as well as treatment outcomes. Statistical characteristics of the generated Prognostic Index 
for Compensation of Reduced Cardiorespiratory Function (PICRCF) were assessed, calculated as the ratio of 
the product obtained by multiplying heart rate by respiratory rate and by age to the product obtained by mul-
tiplying of diastolic blood pressure by body surface area (BSA). To identify clinical and laboratory predictors 
of fatal outcomes, all patients were divided into two groups: survivors and those who died during treatment. 

Results. The hospital mortality rate in the analyzed patient sample was 48%. Differences were found be-
tween those who died and those who survived in terms of age, scores on the Glasgow (RR), heart rate (HR), 
and blood pressure (BP), as well as PICRCF values both upon admission ((PICRCF 0) and after 3 hours of in-
tensive care ((PICRCF 3). Notably, (PICRCF 3 demonstrated the highest discriminative performance among all 
studied predictors (AUC 0.800; 95% CI 0.744–0.855) with a cutoff value of 1.1 (sensitivity 69%, specificity 85%). 
In the Cox proportional hazards model, (PICRCF 3 was the only independent predictor of mortality (OR 1.313 
(95% CI 1.062–1.623), p = 0.012). Additionally, PICRCF values were associated with the number of days without 
organ replacement support. 

Conclusion. The indicators reflecting the state of the cardiovascular and respiratory systems, indexed ac-
cording to anthropometric and age characteristics, have several advantages over standard prognostic scales 
in the early risk stratification of patients with sepsis. The simplicity, accessibility, and rapid measuring of the 
components for calculating PICRCF allow for dynamic assessment of the patient's condition from the first 
minutes of admission to the ICU. 
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to the release of endogenous catecholamines and 
tachycardia. This biological mechanism is aimed 
at compensatory maintenance of cardiac output 
and vascular tone [3]. Nevertheless, persistent tachy-
cardia contributes to increased myocardial oxygen 
consumption and may exacerbate coronary hypo-
perfusion [4]. Furthermore, prolonged sympathetic 
activation promotes the development of autonomic 
nervous system dysfunction [5]. 

The degree of changes in the combination of 
increased HR and decreased DBP can be assessed 
using the diastolic shock index (DSI). Several studies 
have demonstrated that opposing pathophysiological 
deviations in DBP and HR may indicate severe car-
diovascular dysfunction, where increasing tachy-
cardia is unable to compensate for diastolic hy-
potension. This allows the DSI to be used as a cli-
nically significant predictor of adverse outcomes 
in a wide range of critical conditions [6–8]. 

In addition to arterial hypotension, tachycardia 
is associated with a number of clinical and demographic 
parameters. Although there is no evidence of a direct 
correlation, there is likely a certain inverse relationship 
between HR and body surface area (BSA) [9]. In turn, 
BSA, in addition to its wide clinical application as a 
biometric unit for standardizing physiological pa-
rameters, can also be directly applied for prognostic 
purposes. The predictive value of BSA has been con-
firmed in patients with acute kidney injury, congestive 
heart failure, and sepsis [10–12]. 

During cardiorespiratory testing, which allows 
for an objective assessment of exercise tolerance, 
maximum HR is of particular clinical significance, 
as it decreases proportionally with the patient’s 
age  [13]. Thus, the prognostic significance of HR 
varies across different age groups [14]. 

Respiratory rate (RR) is a well-known parameter 
for assessing the condition not only of the respiratory 
system but also of the entire body as a whole. RR is 
associated with clinical deterioration and mortality 
in various patient cohorts  [15]. At the same time, 
RR and HR are also interrelated in a certain way 
and can be used to predict mortality in critically ill 
patients [16]. 

We hypothesized that the combination of the 
listed clinical and demographic parameters could 
serve as a simplified equivalent of the functional 
status of the cardiovascular and respiratory systems 
in patients in the intensive care unit (ICU). 

The aim of the study is to investigate and com-
pare the predictive characteristics of a composite 
index based on clinical and demographic paramters 
for early risk stratification of mortality in patients 
with sepsis. 

Materials and Methods 
A multicenter retrospective cohort study was 

conducted at the ICU of the Central Clinical Hospital 

of Russian Railways-Medicine, the ICU of the Federal 
Scientific and Clinical Center of the Federal Medical 
and Biological Agency of Russia (FSCC FMBA), and 
ICU No. 8 of the Moscow Clinical Research Center 
of Hospital No. 52 of the Moscow City Health De-
partment. The study included all patients with sepsis 
and/or septic shock hospitalized between January 
2023 and December 2024. The criteria for «sepsis» 
and «septic shock» were defined in accordance with 
the Third International Consensus (Sepsis-3)  [17]. 
The study was approved by the local ethics committee 
of the Federal Scientific and Clinical Center of the 
Federal Medical Biological Agency (Protocol No. 
8_2023 dated September 12, 2023). 

Patients who did not undergo invasive blood 
pressure monitoring, who were readmitted to the 
ICU, or who died within the first 3 hours after sepsis 
verification were excluded.  

For analysis, data from electronic and/or paper 
medical records, including clinical and demographic 
characteristics of patients (age, sex, height, weight), 
assessment of severity of condition and comor-
bidities upon admission to the ICU (Glasgow Coma 
Scale (GCS), SOFA, APACHE II, Charlson Comor-
bidity Index), types of therapeutic modalities utilized 
(respiratory support and rate of mechanical venti-
lation (MV), vasopressor support, renal replacement 
therapy (RRT), as well as duration of treatment in 
the ICU, and outcome). Assessment of bedside 
vital signs was performed in two stages: the first 
upon the patient’s admission to the ICU (BP₀, HR₀, 
RR₀); the second — 3 hours after initiation of in-
tensive care (BP₃, HR₃, RR₃). 

When processing missing readings median 
values were imputed, as their maximum proportion 
for each variable was less than 5%. 

The Dubois formula was used to calculate 
BSA. DSI was calculated as the ratio of HR to DBP. 
We also assessed the statistical characteristics of a 
new indicator, named the prognostic index of com-
pensation for reduced cardiorespiratory function 
(acronym «PICRCF»), calculated using the formula: 
PICRCF = (HR × RR × age / DBP × BSA) / 1000. For 
patients on mechanical ventilation, the default RR 
was set to 50. This figure was chosen based on the 
maximum rank value for RR in the APACHE II scale.  

The hypothesis was that the predictive value 
of the composite PICRCF index would be higher 
than the predictive values of its components when 
used individually.  

To identify clinical and laboratory predictors 
of mortality, all patients were divided into groups 
of survivors and those who died during treatment. 

Statistical analysis of the data was performed 
using IBM SPSS Statistics 31.0.0.0 (IBM Corporation, 
USA). Continuous variables were expressed as the 
median and quartiles (Me [Q1; Q3]) and analyzed 
using the Mann–Whitney U test. Categorical vari-
ables were presented as absolute numbers and 
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percentages and analyzed using Pearson’s χ² test 
or Fisher’s exact test. Cox univariate regression was 
used to assess the association between mortality 
and indicators differing between groups. Variables 
with a p-value � 0.1 were included in a Cox pro-
portional hazards multivariate regression model 
to identify independent predictors of in-hospital 
mortality. The assumption of proportional hazards 
for each predictor was assessed using log-log survival 
plots and analysis of partial (Schoenfeld) residuals 
over follow-up time. ROC analysis was performed 
to determine the cutoff point for the identified 
predictors. The optimal cutoff value, providing the 
best balance between sensitivity and specificity, 
was determined using the Youden index. The 
strength of the relationship between variables was 
assessed using Spearman’s rank correlation coeffi-
cient. Two-sided p-value � .05 were considered sta-
tistically significant. 

Sample adequacy was determined based on 
the «10 events per variable» (EPV) rule for Cox mul-
tivariate regression. Based on the estimated hospital 
mortality rate for sepsis in low- and middle-income 
countries of 40% [18], the minimum cohort size was 
175 individuals. To account for an expected 20% 
rate of missing data (a conservative estimate based 
on a preliminary analysis of the local database), the 
target number of observations was increased to 219. 

Results 
The final study model included 257 patients 

(exceeding the minimum calculated sample size, 
n = 219; Fig. 1). 

In-hospital mortality was 48% (Table 1). 
A comparison of parameters between surviving 

and deceased patients revealed significant differences 
in age, GCS, SOFA, APACHE II scores, and the Charlson 
Comorbidity Index (p � 0.001). Deceased patients 
also had lower BSA values and were more frequently 
diagnosed with AF upon admission to the ICU. No 
differences in gender distribution were observed. 
When comparing bedside monitoring, baseline HR₀ 
and RR₀ were higher in the group of deceased patients, 
while SBP₀ and MAP₀ were higher in the group of 
survivors. After 3 hours of intensive care, differences 
between the groups in hemodynamic and respiratory 
parameters persisted and became apparent, including 
in SBP3 levels. Baseline values of combined calculated 
indices (DSI₀ and PICRCF₀) also differed and were 
higher in the group of deceased patients (p � 0.001). 
After 3 hours of targeted intensive care, a similar 
trend persisted for DSI₃ and PICRCF₃. 

The need for vasopressor support, MV, and 
RRT was higher in the group of deceased patients 
(p � 0.001). 

After testing for multicollinearity among the 
clinically significant parameters differing between 
surviving and deceased patients, a univariate Cox 
regression analysis was performed (Table 2). Of the 

7 variables included in the Cox proportional hazards 
multivariate model, only PICRCF₃ was statistically 
significantly associated with the risk of death in 
patients with sepsis (OR 1.313 (95% CI 1.062–1.623), 
p = 0.012). 

Among the early predictors of mortality studied, 
PICRCF₃ had the highest discriminatory power with 
an AUC of 0.800 (95% CI 0.744–0.855), a cutoff value 
of 1.1, with a sensitivity of 69% (95% CI 60–77%) 
and a specificity of 85% (95% CI 78–91%). The 
positive predictive value was 81% (95% CI 72–88%), 
and the negative predictive value was 74% (95% CI 
67–81%). Furthermore, the predictive value  
of PICRCF₃ exceeded that of PICRCF₀ (Fig. 2, b). 

In the correlation analysis, PICRCF₃ was also 
associated with the number of vasopressor-free 
days (rho = –0.5), ventilator-free days (rho = –0.5), 
and RRT-free days (rho = –0.3) (all p � 0.001). 

Discussion 
A hyperdynamic circulatory pattern with in-

creased cardiac output and low systemic vascular 
resistance is the most typical course of sepsis and 
septic shock. However, prolonged sympathetic hy-
peractivation can lead to myocardial dysfunction 
characterized by a significant deterioration in he-
modynamics in the context of tachycardia [19]. This 
relationship between heart rate and mortality can 
be described by a U-shaped curve. Thus, during 
sepsis, both very low and very high heart rates in-
crease the risk of death [20]. However, international 

Fig. 1. Flowchart of patient selection for the study.
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guidelines for the intensive care of sepsis specify a 
particular level of MAP to guide treatment strategy, 
without indicating target HR values  [21]. This ap-
proach is likely flawed and requires revision in light 
of the body of evidence from recent clinical trials. 

The shock index, first proposed more than 
half a century ago! and calculated as the ratio of 
HR to MAP, is a simple and informative hemody-
namic parameter for the early diagnosis of shock 

and hypoperfusion  [22]. Numerous studies have 
demonstrated its prognostic value, including in pa-
tients with sepsis [23]. Subsequently, several varia-
tions of the index were proposed to expand the ca-
pabilities of assessing hemodynamic status — the 
so-called modified shock index (ratio of HR to MAP), 
as well as the diastolic and age-adjusted shock 
indices (the product of age and the ratio of HR to 
SBP). All of these modifications have also been vali-

Table 1. Clinical, demographic, laboratory, and diagnostic parameters of deceased and surviving patients with 
sepsis (n = 257).  
Parameters                                                                                                                 Parameter values in the groups                                            p 
                                                                                                                            Survivors, n = 133                     Diseased, n = 124                               
Age, years                                                                                                        64 [54–72]                                   71 [58–77]                              � 0.001 
Male, n (%)                                                                                                       71 (53.4)                                      73 (58.9)                                 0.376 
BMI, kg/m²                                                                                               27.0 [24.1–31.6]                        25.1 [22.5–29.4]                           0.006 
BSA, m²                                                                                                      1.91 [1.79–2.07]                        1.82 [1.69–1.97]                           0.001 
GCS, scores                                                                                                    15 [15–15]                                   15 [12–15]                              � 0.001 
SOFA, scores                                                                                                      6 [4–8]                                         8 [6–11]                                � 0.001 
APACHE II, scores                                                                                        19 [16–24]                                   24 [20–29]                              � 0.001 
Charlson Index, scores                                                                                  6 [4–9]                                         9 [6–12]                                � 0.001 
Prevalence of AF on admission to the ICU, n (%)                             17 (12.8)                                      34 (27.4)                                 0.003 
CVP, cm H₂O.                                                                                                     4 [1–8]                                          5 [2–7]                                   0.487 
Treatment results                                                                                                  
HR₀, beats per minute                                                                              95 [80–110]                               101 [86–119]                              0.002 
HR₃, beats per minute                                                                              90 [78–102]                               100 [86–117]                            � 0.001 
Respiratory rate 0, breaths per minute                                                18 [17–20]                                   19 [18–22]                                0.002 
RR₃, breaths per minute                                                                            18 [16–20]                                   18 [17–21]                                0.006 
SBP₀, mm Hg                                                                                              117 [98–130]                              105 [90–128]                              0.062 
SBP₃, mm Hg                                                                                             120 [102–130]                             110 [95–125]                              0.003 
DBP₀, mm Hg                                                                                                66 [56–75]                                   60 [51–70]                                0.004 
DBP₃, mm Hg                                                                                                65 [59–73]                                   60 [54–69]                              � 0.001 
MAP₀, mm Hg                                                                                               83 [71–93]                                   75 [65–87]                                0.007 
MAP₃, mm Hg                                                                                               83 [73–92]                                   76 [68–87]                              � 0.001 
DSI₀                                                                                                                 1.4 [1.2–1.7]                               1.7 [1.3–2.1]                            � 0.001 
DSI₃                                                                                                                 1.4 [1.1–1.6]                               1.7 [1.4–2.0]                            � 0.001 
PICRCF₀                                                                                                         0.9 [0.7–1.1]                               1.3 [0.9–1.9]                            � 0.001 
PICRCF₃                                                                                                         0.8 [0.6–1.0]                               1.4 [1.0–1.9]                            � 0.001 
Length of treatment in the ICU, days                                                     6 [3–11]                                        7 [2–15]                                  0.546 
MV rate, n (%)                                                                                                 39 (29.3)                                      124 (100)                               � 0.001 
RRT rate, n (%)                                                                                                40 (30.1)                                      93 (75.0)                                � 0.001 
Frequency of vasopressor support, n (%)                                             94 (70.7)                                      124 (100)                               � 0.001 
Note. BMI — body mass index; BSA — body surface area; GCS — Glasgow Coma Scale; AF — atrial fibrillation; CVP — central venous 
pressure; ICU — intensive care unit; MV — mechanical ventilation; RRT — renal replacement therapy; HR, RR — heart rate, respi-
ratory rate; SBP, DBP, MAP — systolic blood pressure, diastolic blood pressure, mean arterial pressure; DSI — diastolic shock index; 
PICRCF — prognostic index of compensation for reduced heart and lung function; subscript indices: 0 — on admission, 3 — after 
3 hours of intensive care. SOFA — Severe Organ Failure Assessment; APACHE II — acute physiology and chronic health evaluation.

Table 2. Cox regression analysis accounting for variables associated with in-hospital mortality. 
Variable                                                               Univariate Cox regression                                                           Multivariate Cox regression 
                                                                      OR (95% CI)                                    p                                                     OR (95% CI)                                     p 
BMI                                                   0.974 (0.949–1.000)                       0.054                                       0.991 (0.963–1.020)                        0.549 
GCS                                                   0.964 (0.915–1.016)                       0.172                                                                                                           
SOFA                                                1.025 (0.969–1.085)                       0.392                                                                                                           
APACHE II                                      1.044 (1.018–1.071)                     � 0.001                                     1.016 (0.982–1.050)                        0.373 
Charlson M.index                        1.049 (1.006–1.093)                       0.024                                       1.030 (0.984–1.078)                        0.206 
AF on admission                         1.336 (0.898–1.987)                       0.153                                                                                                           
HR₀                                                   1.007 (1.000–1.015)                       0.062                                       1.002 (0.992–1.013)                        0.660 
RR₃                                                    0.990 (0.939–1.045)                       0.725                                                                                                           
DBP₀                                                 0.994 (0.982–1.005)                       0.286                                                                                                           
MAP₃                                                0.982 (0.968–0.996)                       0.010                                       0.993 (0.973–1.013)                        0.496 
DSI₃                                                  1.669 (1.250–2.230)                     � 0.001                                     1.105 (0.642–1.902)                        0.719 
PICRCF₃                                          1.522 (1.291–1.795)                     � 0.001                                     1.313 (1.062–1.623)                        0.012 
Note. See the notes for Table 1 for an explanation of abbreviations.
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dated for identifying patients with sepsis and an 
increased risk of death  [24, 25, 6]. Furthermore, 
when comparing the variations of the indices with 
one another, the age-adjusted shock index demon-
strated the highest prognostic accuracy [26]. Thus, 
it can be concluded that adding an age component 
improves the discriminatory characteristics of he-
modynamic predictors of mortality in sepsis. 

In the mammalian phylogenetic series, an al-
lometric relationship is observed between an increase 
in body size and a decrease in heart rate. Within 
the human population, this relationship is nonlinear 
and varies depending on lifestyle, constitutional 
characteristics, and the state of autonomic regula-
tion [27]. Nevertheless, several studies have demon-
strated an association between stroke volume and 
BSA [28], as well as an inverse correlation between 
height and resting HR in healthy volunteers  [29]. 
Furthermore, the increase in survival with increased 
BSA in patients with sepsis can also be explained 
by the «obesity paradox». Patients with larger BSA 
(and, as a rule, with increased body weight) have 
greater reserves of fat and muscle mass, which serve 
as reservoirs of energy and amino acids [30]. Thus, 
high BMI values serve, to a certain extent, as markers 
of the body’s greater physiological reserves. 

We developed the PICRCF formula based on 
literature data regarding the association of HR, age, 
RR, diastolic BP, and BSA with mortality. The direction 
of these associations determined the distribution 
of components between the numerator and de-
nominator: factors associated with an increased 
risk of mortality were placed in the numerator, and 
those associated with a reduced risk — in the de-
nominator. Thus, PICRCF represents a modification 
of the age-adjusted DSI, adjusted for RR and BSA. 
This indexing allowed for further improvement of 
the predictive characteristics of the developed in-
dicator with minimal complication of the calculation 
formula. 

The combination of clinical-demographic, res-
piratory, and hemodynamic data from bedside 
monitoring associated with HR, as presented in 
this study, allows for the effective prediction of an 
adverse treatment outcome in patients with sepsis 
upon admission to the ICU. Furthermore, the results 
indicate that the discriminatory ability of the prog-
nostic index calculated based on these indicators 
increases when they are reassessed after the com-
pletion of the initial phase of intensive care, which 
is consistent with published data [31]. 

From a practical standpoint, this allows for 
rapid bedside stratification of patients based on 
readily available clinical parameters. For example, 
during sepsis, a decrease in diastolic BP from 60 to 
40 mm Hg accompanied by an increase in HR from 
90 to 125 beats per minute and RR from 20 to 24 
breaths per minute in an average 40-year-old patient 

who is 170 cm tall and weighs 69 kg is associated 
with a 31% increase in the risk of in-hospital mortality. 
However, for an 80-year-old patient with identical 
anthropometric characteristics, such changes in 
hemodynamic and respiratory parameters and the 
need for only mechanical ventilation will increase 
the risk of an adverse outcome by 62%. Thus, the 
predictive value of PICRCF, in addition to statistical 
characteristics that exceed standard prognostic 

Fig. 2. ROC curves for predictors of in-hospital mortality in 
patients with sepsis (a) and the PICRCF score before and after 3 
hours of intensive care (b).  
Note. PICRCF indices: 0 –on admission; 3 – after 3 hours of 
intensive care. For a, b – all p<0.05.
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scales, lies in the ability to identify high-risk patients 
early, optimize resource allocation, and individualize 
intensive care. 

The study’s limitations should be noted. First, 
due to the retrospective nature of the analysis, data 
on the types and doses of vasopressors were not 
taken into account. Nevertheless, a study by Y. Shen 
et al. [20] demonstrated that in patients with sepsis, 
mortality is associated with tachycardia regardless 
of norepinephrine use. Second, the exclusion of 
patients in an agonal state, as well as those readmitted 
to the ICU, may have limited the diagnostic value 
of the results obtained due to selection bias. Never-
theless, the deterioration in vital signs among 
patients with sepsis — resulting from decompensated 
multiple organ failure following delayed transfer to 
the ICU and subsequent death — could also have 
significantly skewed the results. Third, the current 
study did not analyze parameters of advanced he-
modynamic and laboratory monitoring. However, 
there is evidence of a variable effect of tachycardia 
on in-hospital mortality depending on the cardiac 
index  [32] or serum lactate concentration  [33]. 
Fourth, patients with cardiac arrhythmias were not 
excluded from the study. AF was recorded in 20% 
of patients upon admission to the ICU. In the 
tachysystolic variant of AF, PICRCF index values 
may have been overestimated, thereby distorting 
the true assessment of disease severity. Fifth, the 
PICRCF index was assessed at limited time points — 
upon admission and after 3 hours — which allows 
for characterization primarily of the early stage of 
sepsis. The absence of follow-up measurements 
makes it impossible to assess the prognostic sig-
nificance of the index at later time points and its 
dynamics against the backdrop of ongoing intensive 
care, which requires further prospective studies. 
Sixth, a fixed RR value was used to calculate PICRCF 
in patients on mechanical ventilation, which may 
have limited the accuracy of assessing the respiratory 
component’s contribution to the index value. How-
ever, the need for mechanical ventilation in sepsis 
is an independent predictor of poor outcome, as it 
reflects the severity of multiple organ failure  [34]. 
Since critical deviations in RR (both tachypnea and 
bradypnea) in patients with sepsis are an indication 
for mechanical ventilation, the actual RR in patients 
on mechanical ventilation loses its independent 
prognostic value. Similarly to the widely accepted 
and validated APACHE II scale, where the maximum 
score for RR is assigned upon reaching the threshold 
of respiratory decompensation (� 50 per minute) 
and does not increase further, reflecting a «ceiling 
effect» of risk, the continuous value of RR in patients 
on MV in the PICRCF index serves as a standardized 
marker of disease severity. This approach, which 

treats RR as a continuous variable (rather than in-
troducing the dichotomous variable «mechanical 
ventilation» into the model), allowed us to include 
in the analysis patients who were on mechanical 
ventilation from the very first hours of treatment in 
the ICU, highlighting the severity of their condition 
without reducing the index’s discriminatory power 
or complicating the calculation formula. An addi-
tional physiological rationale is the proven nonlinear 
(J-shaped) relationship between in-hospital mortality 
and RR in critically ill patients [35], which confirms 
the appropriateness of a threshold-based, rather 
than a linear interpretation of extreme RR values. 
Finally, the PICRCF formula was developed using 
the a priori method, without internal validation. 
Thus, despite the multicenter nature of the study, 
external validation of the PICRCF index on an in-
dependent cohort of patients is necessary prior to 
its clinical implementation. 

The body of data presented allows us to con-
clude that vital signs reflecting the state of the car-
diovascular and respiratory systems, indexed to ac-
count for anthropometric and age-related charac-
teristics, offer a number of advantages in early risk 
stratification in patients with sepsis. Unlike di-
chotomous and rating scales, the index-based ap-
proach allows for continuous bedside assessment 
of parameters, making it possible to account for 
even minor changes in physiological parameters. 
Recording a set of minimal deviations in the func-
tioning of the respiratory and cardiovascular systems 
in patients with sepsis may be clinically significant, 
indicating the onset of decompensated organ dys-
function. Furthermore, the numerical scoring format 
of the calculated index is not subject to subjectivity, 
unlike assessments of skin mottling (livedo reticu-
laris) or capillary refill time. The simplicity, acces-
sibility, and speed of measuring the components 
used to calculate PICRCF enable dynamic assessment 
of patient’s condition from the very first minutes of 
admission to the ICU, which is crucial for the timely 
identification of the severity of sepsis. 

Conclusion 
The PICRCF index, based on a combination of 

cardiovascular and respiratory parameters, as well 
as demographic and anthropometric characteristics, 
offers advantages over standard prognostic scales 
in patients with sepsis. The predictive value of this 
index 3 hours after the start of intensive care was 
the highest among the early predictors of mortality 
studied in this research, with an AUC of 0.800 (95% 
CI 0.744–0.855), a cutoff value of 1.1, with a sensitivity 
of 69% and a specificity of 85%. In addition, PICRCF 
index values were associated with the number of 
days without organ replacement support.
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Summary 
The heated helium-oxygen mixture (t-He/O₂, heliox ) reduces resistance in the airways and improves ven-

tilation in affected zones of the lungs. Inhaled nitric oxide (NO) is a selective pulmonary vasodilator that lowers 
pressure in the pulmonary artery and enhances the ventilation-perfusion matchig, which also contributes to 
the optimization of oxygenation. 

The aim of the study is to assess the efficacy and safety of adding inhaled NO, t-He/O₂, and their combi-
nation to standard respiratory therapy in patients with polytrauma and pulmonary contusion. 

Materials and Methods: We conducted an open prospective randomized study. 186 patients were divided 
into 4 groups: the NO group (n = 43), the t-He/O₂ group (n = 49), the t-He/O₂ + NO group (n = 48), and the control 
group (oxygen therapy, O₂, n = 46). The respiratory therapy course lasted 12 days. We assessed the dynamics of 
computed tomography (MSCT) signs of pulmonary contusion, as well as the arterial blood gas (ABG) para-
meters (PaO₂, PaCO₂, SaO₂, lactate, pH) on days 1, 4, 8, and 12. 

Results. The most remarkable improvements were documented in the combination therapy group 
(t-He/O₂ + NO). By day 12, this group showed a statistically significant 69% reduction in the extent of lung 
injury on MSCT (p = 0.018), an increase in PaO₂ to 95.1 mm Hg (p � 0.001), a decrease in PaCO₂ to 35.8 mm Hg 
(p � 0.001), and a reduction in lactate to 1.38 mmol/L (p = 0.0025). The same parameters in the monotherapy 
groups NO or t-He/O₂ also markedly improved compared to the control group (O₂). No therapy-related adverse 
events were reported. 

Conclusion. Employment of inhaled t-He/O₂ and NO, especially in combination, as a part of the total care 
plan of patients with polytrauma and pulmonary contusion, contributes to a significant improvement in gas 
exchange and regression of radiographic signs of lung tissue injury. Thereby, described method is recom-
mended for early respiratory therapy in intensive care units. 

Keywords: helium-oxygen mixture; heliox; inhaled nitric oxide; polytrauma; pulmonary contusion; res-
piratory therapy; blood gas composition 

Highlight. A 12-day respiratory therapy course with inhaled NO and heated helium-oxygen mixture accele-
rates recovery from pulmonary contusion and improves gas exchange parameters in patients with polytrauma. 
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Introduction 
Polytrauma remains one of the leading causes 

of mortality and disability among working-age in-
dividuals, representing a significant medical and 
social issue, particularly for the healthcare system 
of law enforcement agencies  [1–5]. A distinctive 

pathophysiological feature of polytrauma is the 
syndrome of mutual buffering, where the simulta-
neous presence of two or more injuries causes a 
disproportionate worsening of patient’s overall 
health status due to destructive synergy between 
co-occurring conditions [3–6]. Pulmonary contusion, 
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as a common component of polytrauma, is an in-
dependent risk factor for the development of acute 
respiratory failure (ARF), prolongs the duration of 
mechanical ventilation (MV), and increases overall 
mortality [2–5, 7, 8]. 

The mainstay of respiratory support for a pul-
monary contusion is respiratory therapy aimed at 
optimizing oxygenation and ventilation. The search 
for adjunctive methods that can improve gas exchange 
and shorten the time needed for lung function re-
covery is an important issue in intensive care. 

Helium-oxygen mixture (heliox), due to helium’s 
low density, reduces resistance in the airways and 
improves ventilation in areas with turbulent flow, 
which could theoretically be beneficial in the edema 
and obstruction accompanying pulmonary contu-
sion  [9–13]. Thermal modification of the heated 
heliox, namely heating it immediately before inhala-
tion to 70–90°C, may further improve the rheological 
properties of sputum and mucociliary clearance. In-
haled nitric oxide (iNO) is a selective pulmonary va-
sodilator that reduces pulmonary artery pressure 
and improves ventilation-perfusion matching, thereby 
also helping optimize oxygenation [14–17].  

Numerous studies have confirmed that nitric 
oxide (NO) is a fundamental regulator of metabolic 
processes in all living organisms, exhibiting a wide 
range of biological effects. These findings have 
helped elucidate the mechanisms by which NO 
functions in biological systems. The physicochemical 
properties of neutral NO molecules, which are pro-
duced in the human body through enzymatic syn-
thesis, explain their dual action on target organs. 
NO molecules can both regulate and exert cytotoxic 
effects on cells and tissues [16, 18–21].  

NO is a key mediator involved in a wide range 
of biochemical processes that are critically important 
for regulating physiological functions at the cellular 
level. Its role in signaling, both intercellular and in-
tracellular, helps maintain the body’s homeostasis. 
In particular, in the cardiovascular system, NO in-
duces vasodilation by activating an endothelium-
dependent mechanism of relaxation of vascular 
smooth muscle [8, 17, 18, 20].  

The main effect of inhaled nitric oxide on the 
body is its direct action on the vessels of the pul-
monary circulation, through which various mecha-
nisms of improved gas exchange are effectuated. In 
addition, its direct regulatory effect on the smooth 
muscle of the bronchial tree helps reduce resistance 
to the gas mixture flowing through it [14–17]. The 
advantage of heated heliox in pathological bron-
choconstriction lies in its very low viscosity and 
high flowability, which ensure a high capacity to 
penetrate the alveoli and provide a direct thermal 
effect [9–13].  

Despite the well-established effects of heli-
um-oxygen mixtures and nitric oxide individually, 

data on simultaneous use of both — especially in 
combination of iNO with heated heliox — in patients 
with traumatic lung injury are limited.  

The aim of the study: to evaluate the efficacy 
and safety of adding inhaled nitric oxide (NO), 
heated heliox, and their combination to standard 
respiratory therapy in patients with polytrauma 
and pulmonary contusion.  

Materials and Methods 
An open-label, single-center, interventional, 

prospective, randomized clinical study was con-
ducted in the intensive care units of the National 
Medical Research Center for High Medical Tech-
nologies — A. A. Vishnevsky Central Military Clinical 
Hospital of the Russian Ministry of Defense 
(A. A. Vishnevsky NMRC HMT) from September 
2023 to May 2025. The study was approved by the 
Ethics Committee of A. A. Vishnevsky NMRC HMT 
(research project «Helium,» protocol No. 14/23 
dated July 20, 2023; research project «Helium+», 
protocol No. 2/25 dated February 27, 2025).  

Totally 15,846 patients with multiple trauma 
were subjected to chest MSCT screening upon ad-
mission to the medical facility. Of these, 468 patients 
had lung injury as the predominant problem in 
the setting of polytrauma, manifested as pulmonary 
contusion and respiratory failure without signs of 
inflammation. A total of 192 patients meeting the 
inclusion criteria were selected for the study (all 
men; mean age 31 ± 7 years). Of these, 186 com-
pleted the study protocol in full, and 6 patients 
were excluded because of emerging inflammatory 
changes in pulmonary tissue in four, and acute 
kidney injury requiring renal replacement therapy 
in two patients (Fig. 1).  

Inclusion criteria: patients of both genders 
aged 18–65 years with a confirmed diagnosis of 
polytrauma and pulmonary contusion (based on 
emergency chest MSCT), signs of respiratory failure 
(SaO₂ � 95%, PaO₂ � 80 mm Hg), who signed in-
formed consent.  

Exclusion criteria: isolated chest trauma; bac-
terial pneumonia at admission; severe organ patho-
logy (renal dysfunction with a glomerular filtration 
rate below 30 mL/min/1.73 m², need for hemodialysis, 
liver failure with signs of cytolysis, decompensated 
diabetes mellitus, oncologic or hematologic diseases); 
need for extracorporeal membrane oxygenation 
(ECMO); and participation in other clinical trials.  

Group allocation: 186 patients who met the 
inclusion criteria were randomized using sealed 
envelopes into 4 groups:  

Group 1 (NO), n = 43: standard of care + NO 
inhalations at a dose of 30 ppm via the Tianox 
device (AIT-NO-O1, according to Technical Specifi-
cations TU 32.50.21-001-07623615-2017), twice a 
day for 20 minutes each session. 



15w w w . r e a n i m a t o l o g y . c o mG E N E R A L  R E A N I M AT O L O G Y,  2 0 2 6 ,  2 2 ;  3

Clinical  Studies

 Group 2 (t-He/O₂, heated heliox), n = 49: stan-
dard of care plus inhalations of heated helium-
oxygen mixture (65–75% He, 25–35% O₂, temperature 
70–90°C) administered via the Heliox Extreme device 
(RZN 2016/3988, TU 9444-001-0116489960-2015) 
twice daily for 20 minutes. 

Group 3 (t-He/O₂ + NO), n = 48: standard of 
care + co-inhalations (t-He/O₂ + NO) according to 
the same regimen. 

Group 4 (control, O₂), n = 46: standard of care 
plus oxygen therapy via a Venturi mask (O₂ flow 
rate of 6 L/min) twice daily for 20 minutes.  

Standard therapy in all groups was administered 
in accordance with current clinical guidelines and 
included adequate pain management, respiratory 
support when indicated, antibacterial therapy, and 
infusion therapy.  

Measured parameters. The study’s primary 
endpoint was the change in PaO₂ (arterial oxygen 
partial pressure) by day 8 of therapy. In addition to 
PaO₂, changes in several arterial blood gas (ABG) 

parameters (PaCO₂, SaO₂, lactate, 
pH) and MSCT-based extent of 
pulmonary lesion resolution were 
assessed. Evaluations were per-
formed at baseline (day 1) and 
on days 4, 8, and 12 of therapy. 
The severity of lung contusion 
was assessed using a modified 
classification: CT-1 (mild), CT-2 
(moderate), and CT-3 (severe) [8].  

Sample size justification. 
The sample size was calculated 
for the primary endpoint, namely 
the change in PaO₂ (arterial oxy-
gen partial pressure) by day 8 of 
therapy. Based on a retrospective 
analysis of medical records of 
patients with polytrauma and 
pulmonary contusion at our cen-
ter, the minimum clinically 
meaningful between-group dif-
ference was set at 12 mm Hg. 
The standard deviation (SD) of 
PaO₂ in the study population 
was 7.0 mm Hg.  

The statistical calculation 
was performed using G*Power 
software (version 3.1.9.7, Univer-
sität Düsseldorf, Germany) for a 
one-way analysis of variance 
(ANOVA) with four groups. The 
following values were considered 
statistically significant: signifi-
cance level α = 0.05 (two-sided), 
statistical power (1–β) = 0.80, and 
expected effect size Cohen’s 
f = 0.50 (corresponding to a ratio 
of the difference in means to the 

standard deviation, �/SD � 12/7 = 1.71, converted 
to f for four groups).  

To control Type I error in multiple pairwise 
comparisons, we used the Bonferroni correction: 
the number of comparisons among the four 
groups was 6, so the adjusted significance level 
was α_adj  = 0.05 / 6 � 0.0083.  

Calculation result: the minimum required sam-
ple size was 21 patients per group. Taking into ac-
count possible attrition (about 10% due to the de-
velopment of inflammatory changes, acute kidney 
injury, and other reasons), the planned group size 
was set at 23 patients.  

In fact, after randomization and the exclusion 
of 6 patients, each group included 43 to 49 patients, 
which was 1.9–2.1 times more than the calculated 
minimum. Statistical power was calculated for a 
one-way analysis of variance (ANOVA) with four 
groups, a total sample size of n = 192, a significance 
level of α = 0.05, and Cohen’s f = 0.50, using G*Power 
software (version 3.1.9.7, Universität Düsseldorf, 

Fig. 1. Flowchart of patient selection for the study.



Germany) for the specified parameters. Power was 
approximately 1.00 (or 100%). Even after applying 
the Bonferroni correction, statistical power re-
mained very high (99%), ensuring the reliability of 
the conclusions for all planned between-group 
comparisons. 

Statistical analysis was performed using IBM 
SPSS Statistics for Windows, Version 22.0 (IBM Corp., 
Armonk, NY, USA) and Microsoft Excel LTSC MSO 
(16.0.14332.20761) (Microsoft Corp., Redmond, 
Washington 98052-6399, USA). The normality of 
distributions was assessed using the Shapiro–Wilk 
test and Pearson’s χ² test. Variables that followed a 
normal distribution were described using arithmetic 
means (M), standard deviations (SD), and 95% con-
fidence intervals (95% CI). In cases of non-normal 
distribution of quantitative data, they were described 
using the median (Me) and the lower and upper 
quartiles (Q1–Q3). Continuous numerical data from 
independent samples were compared using Student’s 
t-test, while paired samples were compared using 
the t-test for dependent observations. Differences 
between groups involving variables with non-nor-
mally distributed data were assessed using the 
Mann–Whitney U test and the Wilcoxon signed-
rank test. Proportions in groups and categorical 
variables were compared using Pearson’s chi-square 
test or Fisher’s exact test (when the outcome fre-
quency was less than 10%). Differences in group 
mean values were assessed using analysis of variance 
(ANOVA). The results of multiple comparisons were 
adjusted using Tukey’s method for pairwise mean 

differences and a significance-level correction (Bon-
ferroni adjustment). As a quantitative measure of 
effect when comparing relative measures, odds 
ratios (ORs) were used, with 95% confidence intervals 
calculated. Differences were considered statistically 
significant at p � 0.05. 

Generative artificial intelligence. No generative 
AI technologies were used in creating this article.  

Results  
Baseline characteristics of the groups: patients’ 

baseline demographic, clinical, and laboratory pa-
rameters were comparable in all four groups 
(p � 0.05), confirming the validity of the randomi-
zation (Table 1). All patients were male, which 
was related to epidemiology of polytrauma. Patients’ 
mean age was 31 ± 7 years. Moderate lung contu-
sion (CT-2) predominated, accounting for 77% of 
cases.  

Dynamics of MSCT findings: on day 12 of fol-
low-up, the most remarkable reduction in the volume 
of pulmonary involvement was observed in the 
combination therapy group t-He/O₂+NO (69% de-
crease from baseline, p = 0.018) and in the t-He/O₂ 
group (62% decrease, p = 0.044). In the NO group, 
the regression was 54% (p = 0.09), and in the O₂ 
control group, 42% (p = 0.230) (Fig. 2).  

Dynamics of ABG panel parameters. SaO₂: by 
day 4, SaO₂ had increased significantly in all study 
groups compared with the control group (p � 0.05), 
reaching its highest value in the t-He/O₂+NO group 
(96.6%). By day 12, SaO₂ had stabilized at 97.4% in 
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Table 1. Anthropometric, clinical, and laboratory parameters of patients. 
Parameters                                                                                                          Parameter values in the groups                                                            p 
                                                                                                 NO,                             t-He/O₂,                 t-He/O₂ + NO,                         O₂                              
                                                                                               n = 43                              n = 49                             n = 48                              n = 46                             
Age, years                                                                      32 ± 7                             30 ± 6                            30 ± 7                             32 ± 6                     0.779 
Gender, m                                                                43 (100%)                    49 (100%)                   48 (100%)                    46 (100%)                 0.999 
Height, cm                                                                  175  ±  6                          174 ± 5                          175 ± 7                          173 ± 7                    0.741 
Weight, kg                                                                 76.8 ± 6.8                      77.4 ± 8.1                     75.9 ± 8.6                      77.2 ± 7.6                  0.861 
Body mass index, kg /m²                                     25.6 ± 4.8                      24.9 ± 5.3                     25.1 ± 4.9                      25.8 ± 5.6                  0.863 
BMI � 25kg/m²                                                        12 (28%)                      16 (32%)                      17 (35%)                      14 (30%)                  0.902 
HR, bpm                                                                      92 ± 14                          86 ± 12                          88 ± 15                          90 ± 14                    0.668 
Pulmonary lesion MSCT                              1.96 (1.45–2.47)        1.92 (1.36–2.56)         2.0 (1.39–2.61)         1.94 (1.33–2.55)           0.675 
(on admission)*, scores                                                 
РaO₂ (on admission) mm Hg                             72.1 ± 6.9                      74.3 ± 9.7                     73.1 ± 8.4                      72.8 ± 8.8                  0.807 
РaСO₂ (on admission) nm Hg                           47.2 ± 6.8                      48.4 ± 7.6                     48.3 ± 7.7                      47.0 ± 7.5                  0.850 
SаO₂ (on admission), %                                       91.6 ± 1.4                      92.3 ± 2.1                     91.9 ± 1.9                      92.0 ± 2.2                  0.780 
Lactate level (on admission), mmol/L          4.12 ± 0.78                   3.86 ± 1.12                   3.92 ± 0.84                   4.01 ± 1.22                0.766 
pH (on admission)                                               7.33 ± 0.07                   7.32 ± 0.07                   7.32 ± 0.07                   7.33 ± 0.07                0.886 
ISS1 

extremities*                                                     2.3(1–4)                        2.4(1–4)                       2.3(1–4)                       2.4(1–4)                   0.950 
head*                                                                  2.6(1–4)                        2.5(1–4)                       2.5(1–4)                       2.6(1–4)                   0.953 
neck*                                                                  0.3(0–1)                        0.2(0–1)                       0.3(0–1)                       0.3(0–1)                   0.841 
face*                                                                   0.2(0–1)                        0.2(0–1)                       0.2(0–1)                       0.3(0–1)                   0.841 
chest*                                                                   9(9–9)                           9(9–9)                           9(9–9)                           9(9–9)                    0.999 
abdomen*                                                        2.8(1–4)                        2.6(1–4)                       2.7(1–4)                       2.8(1–4)                   0.964 
external* and other trauma                       2.2(1–4)                        2.4(1–4)                       2.3(1–4)                       2.0(1–4)                   0.790 

Note. Data in Tables 1 and 2 are presented as M ± SD, where M is the arithmetic mean and SD is the standard deviation. ISS1 — 
severity of combined injury by body region according to the Injury Severity Score (ISS), scores. * — Data are presented as Me, the 
median, (Q1–Q3) — lower and upper quartiles.
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the study groups vs 95.0% in the control group 
(Table 2). 

PaO₂. A significant increase in PaO₂ by day 8 
was observed in all groups; however, the increase 
was most remarkable in the t-He/O₂ and t-He/O₂+NO 
groups (to 95.3 and 95.1 mmHg, respectively; 
p � 0.001), exceeding the values in the control group 
(82.8 mmHg, p = 0.040) (Table 2). 

PaCO₂. A statistically significant decrease in 
PaCO₂ by day 8 was observed in the t-He/O₂ group 
(36.4 mm Hg, p = 0.027) and the t-He/O₂+NO group 

(36.1 mm Hg, p = 0.030). No significant changes 
were observed in the control group (p = 0.110) 
(Table 2). 

Lactate. By day 4, all study groups showed a 
significant decrease in lactate compared with base-
line (p � 0.05), whereas the change in the control 
group was not significant (p = 0.443). By day  12, 
lactate concentrations in the t-He/O₂ and t-He/O₂ 
+ NO groups reached 1.36 and 1.38 mmol/L, re-
spectively, which was lower than in the control 
group (2.34 mmol/L) (Table 2).  

pH. No intergroup differences were found in 
the dynamics of arterial blood pH (p � 0.05), although 
there was a trend toward faster physiological recovery 
to normal reference ranges in the groups treated 
with t-He/O₂ (Table 2).  

Safety. Throughout the entire follow up period, 
no adverse events related to NO or t-He/O₂ inhalation 
therapy were reported. The highest methemoglobin 
level recorded was 1%. 

Discussion 
The results of the study show that adding res-

piratory therapy with inhalations of NO and, in 
particular, with heated helium-oxygen mixture to 
standard of care in patients with polytrauma and 
pulmonary contusion leads to a significantly greater 
improvement in gas exchange parameters compared 
with oxygen therapy alone.  

Table 2. Dynamics of monitored ABG parameters over 12 days of therapy.  
Parameters, day                                                                                                                   Parameter values in the groups 
                                                                                                                                  NO,                    t-He/O₂,         t-He/O₂ + NO,                O₂  
                                                                                                                                n = 43                     n = 49                       n = 8                       n = 46  
SaO₂, %                                                                                                                       

1st                                                                                                       91.6 ± 1.4              92.3 ± 2.1              91.9 ± 1.9              92.0 ± 2.2 
4th                                                                                                      95.6 ± 1.1*            96.1 ± 1.3*            96.6 ± 1.1*             94.0 ± 2.2 
8th                                                                                                       96.1 ± 1.3              97.8 ± 1.1              98.9 ± 0.7              94.7 ± 1.9 
12th                                                                                                     96.6 ± 1.4              98.8 ± 0.8              99.1 ± 0.8              95.0 ± 2.8 
p, 1-е and 12th                                                                                p < 0.001               p < 0.001               p < 0.001               p = 0.285 

РаО₂, mm Hg                                                                                                          
1-е                                                                                                     72.1 ± 6.9              74.3 ± 9.7              73.1 ± 8.4              72.8 ± 8.8 
4th                                                                                                       82.7 ± 5.9              85.8 ± 6.3              86.7 ± 5.6              81.3 ± 7.1 
8th                                                                                                       88.1 ± 6.9              95.3 ± 4.5              95.1 ± 4.4              82.8 ± 4.8 
12th                                                                                                     92.8 ± 5.1              97.1 ± 1.9              98.3 ± 0.9              90.1 ± 8.2 
p, 1-е and 12th                                                                                p < 0.001               p < 0.001               p < 0.001               p = 0.036 

РаСО₂, mm Hg                                                                                                       
1st                                                                                                       47.2 ± 6.8              48.4 ± 7.6              48.3 ± 7.7              47.0 ± 7.5 
4th                                                                                                       43.2 ± 5.8              42.4 ± 4.6              40.9 ± 6.1              45.2 ± 6.5 
8th                                                                                                       39.2 ± 3.2              36.4 ± 2.6              36.1 ± 2.1              42.4 ± 6.1 
12th                                                                                                     37.2 ± 4.1              36.1 ± 2.3              35.9 ± 2.7              39.8 ± 4.5 
p, 1-е and 12th                                                                                p = 0.015               p < 0.001               p < 0.001               p = 0.110 

Arterial blood lactate, mmol/L                                                                     
1st                                                                                                      4.12 ± 0.78           3.86 ± 1.12           3.92 ± 0.84            4.01 ± 1.22 
4th                                                                                                     2.66 ± 0.62*          2.12 ± 0.68*          2.06 ± 0.74*            3.1 ± 1.18 
8th                                                                                                      1.78 ± 0.84           1.54 ± 0.91           1.48 ± 0.88            2.45 ± 1.32 
12th                                                                                                   1.82 ± 0.96           1.36 ± 0.85           1.38 ± 0.84            2.34 ± 1.14 
p, 1st and 12th                                                                                  p = 0.017               p = 0.003               p = 0.003               p = 0.144 

Arterial blood рН                                                                                                 
1st                                                                                                      7.33 ± 0.07           7.32 ± 0.07           7.32 ± 0.07            7.33 ± 0.07 
4th                                                                                                      7.36 ± 0.07           7.36 ± 0.07           7.36 ± 0.07            7.36 ± 0.07 
8th                                                                                                      7.39 ± 0.07           7.40 ± 0.07           7.40 ± 0.07            7.35 ± 0.07 
12th                                                                                                   7.38 ± 0.07           7.42 ± 0.07           7.43 ± 0.07            7.36 ± 0.07 
p, 1st and 12th                                                                                  p = 0.481               p = 0.155               p = 0.116               p = 0.667 

Fig. 2. Changes in CT findings of pulmonary contusion in the 
groups.  



The greatest effectiveness of the heated heliox + 
NO combination can be explained by its impact on 
different links in the pathogenesis of respiratory 
failure in pulmonary contusion. Inhaled NO, as a 
selective vasodilator, presumably improved perfusion 
in ventilated lung areas, thereby reducing shunt-
ing [16, 22–24]. Heated heliox, by lowering breathing 
mixture density and possibly through the mucolytic 
effect of warmed, humidified gas, may have helped 
improve gas flow distribution and patency of the 
distal airways, reducing areas of hypoventila-
tion [11–13, 20, 25]. The synergistic combination of 
these effects probably led to the fastest improvement 
of PaO₂, PaCO₂, and lactate values to normal ranges 
in group 3.  

Similar effects were reported in a systematic 
review and meta-analysis [26] that included 8 studies 
with a total of 1,097 patients with pneumonia, 
showing that adding He/O₂ to standard therapy 
may improve oxygenation regardless of the He/O₂ 
inhalation protocol used. During the COVID-19 
pandemic, He/O₂ inhalation improved oxygenation, 
helping to shorten the duration of oxygen therapy 
and reduce mortality [9, 10, 27]. The use of He/O₂ 
inhalation in preoperative preparation reduces the 
incidence of postoperative complications [25].  

An important finding is the significant reduction 
in lactate levels in all study groups by day 4. Since 
hyperlactatemia in critically ill patients often reflects 
tissue hypoperfusion and oxygen debt, its rapid 
decline during use of the studied methods may in-
dicate improved peripheral oxygenation and overall 
hemodynamics, which is consistent with the known 
effects of NO on microcirculation [9, 14, 17]. 

The complete absence of adverse events is 
consistent with the literature indicating the high 
safety of both low-dose inhaled NO [8, 18, 24] and 

heliox therapy [9, 11, 27] when used short-term in 
patients without severe pulmonary hypertension.  

The limitations of this study include its open-
label design, which is related to the technical cha-
racteristics of the equipment used, as well as its 
single-center setting, which may limit the generali-
zability of the results. A promising direction is to 
conduct multicenter studies using blinding to assess 
the impact of these methods on more hard endpoints: 
duration of mechanical ventilation, length of ICU 
stay, and all-cause mortality. 

Clinical relevance: the proposed respiratory 
support methods are low-cost, noninvasive, and 
can be rapidly deployed in hospital settings and 
military field medical facilities. Their use may help 
stabilize polytrauma patients more quickly, shorten 
intensive care stays, and improve outcomes, which 
is of great importance for medical support in emer-
gency zones. 

Conclusion 
Adding inhalations of either nitric oxide 

(30 ppm) or heated helium-oxygen mixture to standard 
respiratory therapy in patients with polytrauma and 
pulmonary contusion leads to a significant improve-
ment in gas exchange parameters (PaO₂, SaO₂, PaCO₂), 
as well as a more rapid reduction in arterial blood 
lactate, compared with standard oxygen therapy. 

The combined use of heated heliox and nitric 
oxide inhalations shows the most pronounced posi-
tive effect on gas exchange dynamics and on the 
resolution of CT signs of contusion-related lung 
injury, indicating a possible synergistic effect between 
the two methods. 

All inhalation treatments demonstrated a fa-
vorable safety profile when used over a 12-day treat-
ment course.
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Summary 
The aim of the study was to investigate the neuroprotective properties of lithium chloride in a model of 

photochemically induced stroke in rats. 
Materials and Methods. The experimental work was conducted in the organoprotection laboratory for cri-

tical conditions at the V. A. Negovsky Research Institute of General Reanimatology, Federal Research and Clinical 
Center of Intensive Care Medicine and Rehabilitology. The study included 32 outbred Wistar rats, randomized 
into 2 equal groups: the NaCl (control) group, treated with physiological saline solution, and the LiCl group, 
which received a 4.2% lithium chloride solution (63 mg/kg). The solutions were administered intravenously 
120 minutes after inducing a stroke. The ischemic stroke model was generated using photochemically induced 
thrombosis in cerebral sensorimotor cortex vessels. Neurological deficit was assessed using the «limb place-
ment test». Ischemic lesion volume  was measured using MRI (7 Tesla). Immunohistochemical analysis in-
cluded markers for NeuN (survived mature neurons), Cas-3 (neuronal apoptosis), and Iba-1 (microglial acti-
vation). Statistical analysis was performed using the Shapiro–Wilk test, Student's t-test, and the Mann–Whitney 
U test with significance at p � 0.05. 

Results. Lithium chloride infusion resulted in a 30% reduction in the ischemic lesion volume compared to 
the control group (p = 0.0236). The LiCl group showed an increase in signal intensity (relative units, RU) in the 
NeuN-positive neurons in the penumbra (80 RU vs 41 RU in the control group, p = 0.0001), a 25% decrease in 
signal intensity in Cas-3-positive cells (p = 0.0008), and a 58% decrease in signal intensity in Iba-1-positive cells 
(p � 0.0001). Neurological deficit in the LiCl group was less detectable (NaCL vs LiCl: 9,8 ± 1,2 vs 12,5 ± 1,5 scores, 
respectively, p � 0.0001). 

Conclusion. Lithium chloride demonstrated significant neuroprotective properties in a model of ischemic 
stroke, reducing the volume of damage and favoring the suppression of apoptosis and inflammation. The find-
ings validate the potential of lithium chloride as a therapeutic agent for treatment of ischemic stroke, owing 
in particular to ability to modulate key pathogenic mechanisms of the disease. The results underscore the need 
for further clinical research to assess the efficacy and safety of lithium in medical practice. 

Keywords: lithium; neuroprotection; ischemic stroke; acute cerebrovascular accident; NeuN; Cas-3; 
Iba-1 
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Introduction 
Stroke is one of the leading causes of death 

worldwide [1, 2]. Global stroke epidemiology shows 
a steady trend toward an increase in incidence, 
reaching 9.6 million new cases annually. This figure 
strongly correlates with the demographic aging of 
the population. According to studies, one in four 
people will suffer a stroke during their lifetime, 
with ischemic stroke being the predominant form 
of cerebrovascular disease [2]. 

The pathophysiological mechanisms of is-
chemic stroke involve a complex cascade of inter-
related processes, among which disruption of the 
blood-brain barrier plays a key role. Secondary 
damage in stroke involves oxidative stress and neu-
roinflammation, which lead to dysfunction of the 
cerebral vascular endothelium. These changes desta-
bilize the brain microenvironment, initiating vaso-
genic edema and hemorrhagic transformation of 
ischemic tissue, while the activation of microglia 
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and astrocytes closes a vicious cycle that exacerbates 
ischemic damage and contributes to the progression 
of neurological deficits [3]. 

Acute cerebral ischemia triggers structural in-
tracellular changes. The fate of neurons is determined 
by the degree and duration of pore opening, which 
alters the permeability of the mitochondrial mem-
brane (Mitochondrial Permeability Transition Pore, 
mPTP), along with the development of energy defi-
ciency, excitotoxicity, and oxidative stress. A moderate 
and transient increase in membrane permeability 
may be accompanied by reversible changes followed 
by cellular regeneration, whereas prolonged pore 
opening inevitably leads to death of cerebral struc-
tures. The pathophysiological process associated 
with mPTP opening is characterized by the release 
of key proapoptotic factors into the cytoplasm, in-
cluding apoptosis-inducing factor (AIF) and se-
condary mitochondrial activator of caspases 
(SMAC/Diablo) [4]. In addition, the enzyme glycogen 
synthase kinase 3β (GSK-3β), which is involved in 
regulation of cell death, inflammation, and oxidative 
stress, is considered one of the important patho-
genetic targets [5]. 

The use of lithium-containing drugs as a thera-
peutic agent has undergone significant evolution 
over the past decades, particularly in the field of 
neuroprotection  [6–8]. Initially known for their 
mood-stabilizing properties in the treatment of 
mental disorders, lithium-containing drugs have 
recently become the focus of intense research 
interest due to their neuroprotective effects in trau-
matic brain injury, Alzheimer’s disease, and amy-
otrophic lateral sclerosis [9–14]. 

Lithium is capable of modulating multiple 
signaling pathways, influencing apoptosis, au-
tophagy, cytoskeletal remodeling, gene expression, 
energy metabolism, oxidative stress, and the in-
flammatory response. Key targets of its action in-
clude the Wnt/β-catenin pathway, adenylate cyclase, 
inositol monophosphatase, and cyclooxygenase. 
The molecular effects of lithium are mediated by 
its interaction with GSK-3β, as well as GPCRs, IMPA, 
and IPP  [15]. The pleiotropic effect of this cation 
on cellular functions occurs through the phospho-
rylation of GSK-3β and its effects on cAMP-depen-
dent, inositol-3-phosphate, and calcium-mediated 
signaling cascades. In addition, lithium influences 
the activity of GABA and NMDA receptors, partici-
pating in the regulation of calcium homeostasis [16]. 
Lithium treatment reduces the production of pro-
inflammatory factors, including IL-1β and TNF-α, 
as well as other neuroinflammatory biomarkers in 
experimental animal models [17, 18]. Lithium exerts 
a cytoprotective effect on neuronal cell cultures in 
the presence of β-amyloid and colchicine [19]. The 
use of lithium ascorbate improves stress adaptation 
in in vitro and in vivo models [20]. 

The aim of this study is to investigate the neu-
roprotective properties of lithium chloride in a 
model of photochemically induced stroke in rats. 

Materials and Methods 
Experimental studies involving laboratory an-

imals were conducted in accordance with the Prin-
ciples of Good Laboratory Practice (Russian Fede-
ration National Standard GOST R 53434-2009, March 
2010) and protocols reviewed and approved by the 
Animal Ethics Committee of the A. N. Belozersky 
Research Institute of Physico-Chemical Biology 
(Minutes No. 2/20 dated February 12, 2020). The 
study was approved by the Ethics Committee of 
the V. A. Negovsky Research Institute of General Re-
animatology, Federal Research Center for Intensive 
Care Medicine (meeting minutes No. 1/25/5 dated 
February 7, 2025). 

The study was conducted on 32 outbred male 
Wistar white rats weighing 310±12.5 g and aged 
14–18 weeks.  

Modeling of photoinduced ischemic stroke. 
The model was induced following intraperitoneal 
administration of chloral hydrate (Sigma-Aldrich, 
USA) at a dose sufficient to induce anesthesia 
(400 mg/kg body weight), diluted in a 0.9% sodium 
chloride solution (Solopharm, Russia) at a rate of 
10 mL/kg body weight. Focal ischemic stroke was 
modeled in the sensorimotor cortex of rats using 
photochemically induced thrombosis of cortical 
vessels. The photosensitive dye Bengal rose (3%, 
40 mg/kg intravenously; Sigma-Aldrich, USA) was 
injected into the jugular vein. Afterward, the rat’s 
head was secured in a stereotaxic frame (Bregma 
coordinates: 0.5 mm distal and 2.5 mm lateral), 
and the skull was exposed via a midline incision, 
with the periosteum removed. The cerebral hemi-
sphere in the area of the sensorimotor cortex was 
irradiated with a green laser at λ = 550 nm for 15 min. 
After the skin was sutured, the rats were placed in a 
cage under an infrared heating lamp until they 
emerged from anesthesia. Body temperature was 
maintained at 37 ± 0.5°C throughout the experiment. 
Body temperature was measured using a rectal sen-
sor, and thermoregulation was performed auto-
matically by connecting the heating module to a 
thermostat and setting the threshold values. 

Grouping of animals. After regaining con-
sciousness and the ability to regulate body tempe-
rature independently, 120 minutes following induced 
ischemic stroke, the animals were administered in-
travenously a 0.9% sodium chloride solution, 
1.5  mL/kg (control group, NaCl, n = 16) or a 4.2% 
lithium chloride solution, 63 mg/kg (comparison 
group, LiCl, n = 16).  

After administration of the solutions, the ani-
mal’s general condition (level of consciousness, mo-
bility) was assessed, and analgesia was administered 
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(paracetamol 50 mg/kg subcutaneously). The animal 
was then transferred to a cage with free access to 
water and food. Throughout the experiment, the 
partial pressures of O₂ and CO₂ in the animal chamber 
were continuously monitored using an indoor at-
mosphere control unit («INSOVT» JSC, Russia).  

Instrumental methods. The studies were per-
formed using a magnetic resonance imaging (MRI) 
scanner with a magnetic field strength of 7 Tesla 
and a gradient system of 105 mT/m (BioSpec 70/30 
USR, Bruker, Germany). The extent of brain damage 
was assessed using graphical analysis of MRI images, 
with calculation of the volume of the damaged 
brain area. 

Immunohistochemical studies. The immuno-
histochemical analysis included NeuN, Cas-3, and 
Iba-1 markers. These markers were selected based 
on their biological functions. 

The NeuN protein (Neuronal Nuclei, also known 
as Fox-3 or RBFOX3) is expressed in most mature 
neurons but is absent in glial cells, stem cells, and 
immature neuroblasts. Decreased NeuN expression 
is associated with loss of neuronal integrity [21]. 

Caspase-3 is an enzyme involved in the process 
of apoptosis. 

The Iba-1 protein (Ionized calcium-binding 
adapter molecule 1) is a specific marker of microglia 
and macrophages involved in the immune response 
and inflammatory processes in nervous and other 
tissues [22]. 

The cells in which expression of these proteins 
was detected were designated as NeuN-positive, 
Cas-3-positive, and Iba-1-positive.  

For immunohistochemical analysis on the 
14th  day after stroke, immediately following eu-
thanasia (decapitation under anesthesia with 6% 
chloral hydrate), the rat brains were fixed in 4% 
formalin, embedded in paraffin, and sectioned to a 
thickness of 4 µm. The sections were deparaffinized 
in xylene and rehydrated in ethyl alcohol. High-
temperature antigen retrieval was performed in cit-
rate buffer, pH 6 (Target Retrieval Solution, DAKO, 
Glostrup, Denmark). The sections were cooled, 
washed three times in distilled water, and three 
times in phosphate-buffered saline (PBS IHC Wash 
Buffer + Tween, Cell Mark, Rocklin, USA) with a 
5-minute exposure time. To suppress endogenous 
peroxidase, the sections were incubated in 3% hy-
drogen peroxide for 10 minutes. To prevent non-
specific binding of primary or secondary antibodies 
to tissue proteins, Protein Block Serum-free (Abcam, 
UK) was used with a 30-minute exposure. The sec-
tions were incubated at 37°C for 1 hour with primary 
antibodies against Iba1 (ab5076, 1:500) and NeuN 
(ab177487, 1:200), Anti-Caspase-3 (ab13847, 1:100), 
and anti-Von Willebrand factor (ab9378, 1:200) di-
luted in Antibody Diluent (ab64211, Abcam, UK). 
The sections were then washed in PBS twice for 
5 minutes each. After washing the sections in PBS, 

they were stained with hematoxylin, rinsed in running 
water, dehydrated, and mounted. Images were ac-
quired using a Nikon Eclipse Ni-e microscope (Japan), 
and digital analysis was performed using NIS-Ele-
ments software (Nikon Europe B.V., Netherlands) 
and ImageJ, Fiji. Results were presented as signal 
intensity (Mean Intensity) in arbitrary units (AU). 

Methods for assessing neurological disorders. 
The limb placement test (LPT) was conducted ac-
cording to a protocol based on the method described 
by De Ryck et al. [23] and modified by Jolkkonen et 
al. [24]. The rats were habituated to human hands 3 
days prior to testing. The test consisted of seven 
trials assessing the sensorimotor integration of the 
forelimbs and hindlimbs in response to tactile, pro-
prioceptive, and visual stimulation. 

Statistical analysis of the data was performed 
using Microsoft Excel (Microsoft Corporation, 2021), 
Statistica 12.0 (StatSoft, Inc., 2014), and Med-
Calc 23.1.2 (MedCalc Software Ltd, 2025). The data 
were tested for normality of distribution of variables 
in the samples using the Shapiro–Wilk test. Samples 
with a normal distribution were tested for equality 
of variances (F-test). Data were presented as mean 
and standard deviation (M±SD), as well as median 
with interquartile range (Me [Q1–Q3]). Samples 
with a normal distribution and equal variances 
were compared using Student’s t-test. Parameters 
in groups with a non-normal distribution and sam-
ples with unequal variances were compared using 
the Mann–Whitney U-test. Results of LPT test across 
groups were compared using the area under the 
curve (AUC) for serial measurements. A two-sided 
significance level of p � 0.05 was used to assess in-
tergroup differences.  

Results  
The animals in the NaCl and LiCl groups were 

comparable in terms of body weight (p = 0.585) and 
age (0.931) (Table). 

The test results showed a statistically significant 
reduction in the severity of neurological deficits in 
the LiCl group compared with the NaCl group 
(p � 0.0001). (Fig. 1).  

The average extent of brain damage resulting 
from induced ischemic stroke was statistically sig-
nificantly lower by nearly 30% in the LiCl group 
(p = 0.0236) (Fig. 2). 

NeuN-positive cells were present in the area 
of ischemic damage in both groups. At the same 
time, in the penumbra zone, the signal intensity of 
NeuN-positive cells was statistically significantly 
higher in the LiCl group than in the control group, 
amounting to 80 AU vs. 41 AU (p = 0.0001) (Table, 
Fig. 3). 

In the area outside the ischemic lesion, there 
was no significant difference in the signal intensity 
of NeuN-positive cells between the groups. When 
determining the signal intensity of Cas-3-positive 



and Iba-1-positive cells, a statistically significant 
decrease was observed in the LiCl group compared 
to the control group: by 25% and 58%, respectively 
(Table).  

Discussion 

The present study demonstrated significant 
neuroprotective effects of lithium chloride in a 
model of photochemically induced ischemic stroke 
in rats. The results showed that LiCl treatment re-
duced the volume of the ischemic lesion by 30% 
compared to the control group, as confirmed by 
MRI data. This is consistent with previously published 
studies in which lithium exhibited neuroprotective 
properties by modulating key pathogenic mecha-
nisms of ischemia, such as oxidative stress, neu-
roinflammation, and apoptosis [25–27]. 

A key finding of the study was the significant 
increase in the signal intensity of NeuN-positive 
neurons in the penumbra zone observed in animals 
treated with lithium chloride. This indicates that 
neuronal viability is preserved and the extent of 
neuronal damage is reduced. At the same time, no 
intergroup differences in the signal intensity of 
NeuN-positive neurons were observed in the area 
outside the ischemic lesion, which underscores the 
selective action of lithium chloride on the ischemic 
zone. The data obtained support the hypothesis 
that lithium is capable of inhibiting apoptosis by 
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Table.  Comparison of groups by study parameters. 
Parameters                                                                                           Parameter values in the groups                                                                 р 
                                                                                                                NaCl                                                          LiCl                                                                
Bode weight, g                                                                         350 ± 36                                                350 ± 31                                                  0,585 
Age, weeks                                                                               17 [14–17]                                         16,5 [14–17]                                              0,931 
LPT, AUC                                                                                     86 ± 18                                                 115 ± 13                                               � 0,0001 
Lesion volume, mm³                                                       12,9 [10–13,8]                                       10 [5–11,8]                                              0,0236 
NeuN penumbra, AU                                                        41 [25–50,2]                                         80 [40–83]                                              0,0001 
NeuN outside lesion                                                      350 [180–451,2]                                362,5 [200–435]                                          0,920 
Cas-3, AU                                                                    13856 [10448–18142,2]                   10385 [9000–12681,2]                                   0,0008 
Iba, AU                                                                                      2836 ± 486                                           1179 ± 319                                            � 0,0001 

Fig. 1. Results of the «Limb placement test» test over time. 
Note. Each line represents the individual trend in test results for a 
single animal in the study group. 

Fig. 2. T2-weighted MRI images in the axial plane, acquired on a 7-Tesla scanner (BioSpec 70/30 USR, Bruker).  
Note. The hyperintense signal (white) corresponds to an area of vasogenic edema and ischemic injury. The red arrows indicate the 
boundaries of the ischemic lesion in the sensorimotor cortex of the brain. Left: NaCl group (control); right: LiCl group. A reduction in 
the area of ischemic damage was visually noted in the LiCl group.
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suppressing caspase-3 activity, 
which is consistent with the results 
of other studies [28, 29]. 

The decrease in the intensity 
of Iba-1-positive cells in the LiCl 
group indicates a reduction in 
microglial activation and, con-
sequently, a weakening of the 
neuroinflammatory response. 
This confirms the role of lithium 
in modulating inflammatory 
processes, which has been pre-
viously described in a study fo-
cusing on its effects on pro-in-
flammatory cytokines [30]. 

Lithium mechanisms of ac-
tion, such as inhibition of GSK-3β 
and regulation of calcium home-
ostasis, play a significant role in 
its neuroprotective properties [31, 
32]. The results obtained comple-
ment existing data, confirming 
that lithium medications may be 
a promising means for the therapy 
of ischemic stroke, especially in 
combination with other neuro-
protective agents. 

Conclusion 
Lithium chloride demon-

strated marked neuroprotective 
properties in a model of photo-
chemically induced ischemic 
stroke in rats, which were mani-
fested by: 

— a 30% reduction in the 
volume of the ischemic lesion; 

— an increase in the intensity 
of NeuN-positive neuron signals 
in the penumbra area; 

— a 25% and 58% decrease 
in the expression levels of cas-
pase-3 and Iba-1, respectively. 

The improvement in neuro-
logical functions in rats treated 
with lithium chloride confirms 
the clinical significance of its neu-
roprotective effect.  

Notably, the favorable safety 
profile of lithium at the doses used 
in this experiment, combined with 
the obtained data on its positive 
effects, suggests a promising out-
look for preclinical studies of its 
neuroprotective properties.

Fig. 3. Representative images of histological sections of rat brain. 
Note.  20× objective. a — hematoxylin and eosin staining; b — sections with a lesion site 
stained for Iba-1; c — combined cell staining: von Willebrand factor (vWf) in red, cas-
pase-3 (Cas-3) in brown; d — NeuN-positive cells. 1 — lesion; 2 — penumbra; 3 — intact 
tissue. 
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Summary 
The aim of the study was to identify the characteristics of dynamic reactive neuronal changes in sensori-

motor cortex (SMC) layers III and V of the rat brain in the remote period (up to 270 days) following bilateral 
common carotid arteries ligation (CCAL). 

Methods. The experiment was conducted on 66 male Wistar rats (a prospective cohort study with sequential 
terminal outcomes): intact control (n = 6) and groups with survival at 30, 90, 150, 210, and 270 days post-bilateral 
CCAL (n = 6 in each group after adjusting for mortality). Histological methods (Nissl and hematoxylin-eosin 
staining) were used to assess the total neuronal numerical density (NND), the density of four types of reactive 
altered cells (hyperchromatic shriveled cells — HCSC; hyperchromatic non-shriveled cells — HCNSC; hypochro-
matic cells — HCC; shadow cells — SC) and the neuroglial index (NGI). Paired and multiple comparison me-
thods, linear mixed models (LMM) with random intercept for the animal (to account for the paired data struc-
ture), Jonckheere–Terpstra test, quadratic trend test, correlation analysis, and �-analysis were applied. 

Results. A biphasic reduction in NND was observed in layer III of the SMC (maximum of -44.6% at 30 days, 
p � 0.001) with a wave-like dynamics (quadratic trend: F = 16.4, p � 0.001). HCNSC peak at 30 days (+683%) fol-
lowed by a decrease, while HCC showed a delayed peak at 150 days (+500%); both parameters showed a mixed 
pattern (steadily increasing trend: Z = 1.88, p=0.030 for HCNSC; Z = 2.45, p = 0.007 for HCC; quadratic compo-
nent: F = 8.2 and 7.4, p � 0.01). SCs demonstrated non-monotonous dynamics (quadratic trend: F = 19.2, 
p � 0.001) with a delayed peak at 210 days. NGI peaked at 30 days (transient gliosis, +95.5%, steadily decreasing 
trend, Z = –4.92, p � 0.001). The decrease in NND was less pronounced in layer V of the SMC, (–11.6% at 150 
days, p = 0.048), but there was an extreme increase in HCSC at 30 days (+945% from control, with a continuously 
decreasing trend, Z = –2.94, p = 0.002), a monotonous depletion of HCC (linear increasing trend, Z = 4.82, 
p � 0.001), and a prolonged building up gliosis (NGI +42% by 270 days, mixed pattern: steadily increasing trend 
Z = 4.15, p � 0.001; quadratic component F = 5.1, p = 0.028). LMM confirmed a significant «Layer × Time» inter-
action for all parameters (F = 24.1–71.2; p � 0.001). A correlational analysis revealed moderate positive correla-
tions between the layers (for SCs: r = 0.58; r_partial = 0.52; p = 0.004; for HCSC: r = 0.52; p = 0.008; for NGI: r = 0.44; 
p = 0.016). The �-analysis showed consistency in changes for SC, HCSC, and NGI. The extremum moments 
for SC (210 days) and HCSC (30 days) were synchronous in both layers. Temporal precedence of layer III was 
found for NGI (early peak of gliosis at 30 days compared to 270 days in layer V), as well as for HCSC and HCC 
(30–150 days compared to 90 days in layer V). Temporal precedence of layer V was identified for the first peak 
of SC (90 days compared to 210 days in layer III). 

Conclusion. Chronic ischemia induces various damage scenarios: layer III is characterized by a biphasic 
reduction in NND, asynchronous peaks of HCSC (30 days) and HCC (150 days), a delayed SC peak (210 days), 
and transient gliosis (a model of damage with delayed degeneration); layer V exhibits an extreme early increase 
in HCSC (30 days), early peak of SC (90 days), and prolonged gliosis (a model of progressive degeneration). 
Correlation and �-analysis indicate moderate synchrony in the degeneration processes; no convincing evi-
dence of cascading damage propagation from superficial layers to deeper ones was obtained. 

Keywords: chronic cerebral ischemia; sensorimotor cortex; cortical layers; hyperchromatic neurons; 
shadow cells; neuroglial index; white rats 
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Experimental  Studies

Introduction 
Chronic cerebral ischemia (CCI) is a key patho-

physiological factor in cerebral insufficiency and 
underlies discirculatory encephalopathy and vascular 
cognitive impairment, which represent one of the 
most significant medical and social challenges in 
neurology  [1, 2]. The pathophysiology of CCI is 
based on prolonged hypoperfusion, leading to a 
complex of metabolic disruptions, oxidative stress, 
neuroinflammation, and, ultimately, neuronal death 
and glial activation [3, 4]. Despite significant progress 
in understanding the general mechanisms of is-
chemic injury, layer-specific vulnerability of various 
cortical regions during prolonged hypoperfusion 
remains insufficiently studied. 

The sensorimotor cortex, as an integrative re-
gion, plays a critical role in the organization of vo-
luntary movements and processing of somatosensory 
information, therefore level of its dysfunction directly 
correlates with the clinical presentation of motor 
and sensory disorders in cerebrovascular disease [5]. 
Cortical architecture is organized in layers with 
unique cyto- and chemoarchitectonics, neuronal 
composition, and connection patterns in each layer, 
which determine their functional specialization 
and, likely, differences in resistance to damaging 
factors  [6]. Thus, the large pyramidal neurons of 
layer V, which give rise to the corticospinal tract, 
are characterized by a high level of metabolic activity 
and may be highly sensitive to energy deficiency [7]. 
At the same time, neurons in layer III, which form 
corticocortical associative connections, may be se-
condarily affected due to disruptions in neural net-
works and trophic support  [8]. Data from experi-
mental studies on models of acute focal ischemia 
(middle cerebral artery occlusion) do indeed indicate 
the heterogeneity of damage to cortical layers in-
volving both neurons and glial cells  [9]. However, 
the dynamics of reactive and degenerative changes 
in specific cortical layers in the long term following 
the onset of chronic hypoperfusion, which mimics 
progressive vascular pathology in humans, have 
been described only fragmentarily. 

One of the widely used experimental models 
for studying CCI is the bilateral common carotid 
artery ligation (2-vessel, 2VO — 2 vessels occlusion) 
model in rodents, which leads to a sustained re-
duction in cerebral blood flow and the development 
of delayed neurodegenerative changes [10]. Analysis 
of specific pathomorphological markers resulting 
from reactive neuronal changes (hyperchromia, 
shrinkage, chromatolysis), and emergence of shadow 

cells allows for the assessment not only of the extent 
of damage but also of the adaptive potential of 
neural tissue, as well as the dynamics of the neu-
rodegenerative process  [11]. The accompanying 
glial reaction, quantitatively assessed via the neu-
roglial index, is an integral component of patho-
morphosis, it can be either protective or destructive 
in nature, depending on the timing and context [12]. 

It has been hypothesized that different cortical 
layers exhibit not only quantitative but also qualitative 
differences in the pathomorphological responses to 
chronic ischemia, which may reflect distinct mecha-
nisms of vulnerability and adaptation. 

The aim of this study was to identify the chara-
cteristics of the dynamics of neuronal responses in 
layers III and V of the sensorimotor cortex (SMC) of 
the rat brain at long-term intervals (up to 270 days) 
following bilateral common carotid arteries ligation 
(CCAL). 

Materials and Methods 
The study was conducted on 66 sexually mature 

male Wistar rats (weighing 250–300 g). The experi-
ment was designed as a prospective cohort study 
with sequential terminal removal of animals. The 
animals were divided into 6 groups: an intact control 
group (n = 6, not subjected to surgery) and 5 experi-
mental groups with survival times of 30, 90, 150, 
210, and 270 days (study time points) following bi-
lateral CCAL. 

To ensure 6 viable animals for analysis at each 
time point, the initial cohort size was calculated 
(n = 11) taking into account the projected periope-
rative mortality (�25%) and long-term mortality 
(�20%). The experiment included 66 animals (11 
in each of the 5 experimental groups + 6 intact 
controls). Perioperative mortality (first 7 days) was 
23.6% (13 of 55 operated rats), primarily due to 
cerebral edema and ischemic respiratory failure. In 
the long-term period (8–270 days), another 17 ani-
mals (30.9% of those surviving the surgery) died 
due to progressive cachexia and infectious compli-
cations. The analyzed groups (n = 6 for each time 
point) were formed from animals that reached the 
planned time point and were suitable for histological 
examination. The experiment was approved by the 
Local Ethics Committee at Omsk State Medical Uni-
versity (Protocol No. 11 dated September 16, 2022).  

Under general anesthesia (Zoletil 100, 
10 mg/kg, intramuscularly), a model of incomplete 
global ischemia was induced by irreversibly ligating 
both common carotid arteries. The neurovascular 
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bundles were dissected sequentially, both common 
carotid arteries were exposed, and two ligatures 
were applied to each artery at a distance of 2–3 mm 
from one another. Control animals were not sub-
jected to surgery. 

Animals were euthanized by perfusion of 30 mL 
of a 4% paraformaldehyde solution in phosphate 
buffer (pH 7.2–7.4) through the aorta at a pressure 
of 90–100 mm Hg. The brain was embedded in 
paraffin. The sensorimotor cortex was isolated using 
stereotaxic atlases. Sections 7 µm thick were stained 
with Nissl’s thionin and hematoxylin-eosin. The 
following were assessed: total numerical neuronal 
density (NND, cells/mm²); the density of four types 
of reactively altered neurons: (hyperchromatic shri-
veled cells — HCSC; hyperchromatic non-shriveled 
cells — HCNSC; hypochromatic cells — HCC; 
shadow cells — SC and the neuroglial index (NGI) — 
the ratio of the number of glial cells to the number 
of neurons. Histological sections were examined 
under a Leica DM 1000 microscope (Leica Microsys-
tems, Germany). For each animal in layers III and V 
of the SMC, 5 fields of view were analyzed (×40 ob-
jective, 0.2 mm²). For each parameter, the arithmetic 
mean across the 5 fields was calculated for each 
animal, yielding an individual value (animal-level). 
Next, for each experimental group (n = 6), a variation 
series was formed from the individual values. Total 
sample size: for intra-layer analysis — 6 animals 
per group; for inter-layer comparisons — 6 pairs 
per time point; for correlation analysis — 36 animals 
(all time points); for �-analysis — 80 pairs of 
changes. 

Statistical analysis was performed in R (ver-
sion 4.3.2) using the tidyverse, lme4, lmerTest, em-
means, rstatix, and ARTool packages. For each pa-
rameter, the mean and standard error (M ± SEM), 
median, and interquartile range (Me [Q1; Q3]) were 
calculated. Normality was tested using the 
Shapiro–Wilk test. Since layers III and V were measu-
red in the same animal (paired data), linear mixed 
models (LMMs) with a random intercept for the 
«Animal» factor were used for the two-factor analysis. 
Effective degrees of freedom were estimated using 
the Satterthwaite method. When the residuals were 
non-normal, the Oshima–Algina rank transformation 
(ART, related to aligned ranks transformation 0 ART 
anova) was applied, followed by an LMM on the 
ranks. Analysis of temporal trends (monotonic 
trend): Jonckheere–Terpstra test. Non-monotonic 
(quadratic) trend: test for a quadratic component 
in Kruskal–Wallis rank-order ANOVA with orthogonal 
polynomials. A correlation analysis was performed. 
Correlations were calculated at the level of individual 
animals (n = 36) using Pearson’s coefficient and 
partial correlations (with the control of «Time» 
factor). To assess the consistency of the direction 
of parameter changes between adjacent time points, 
�-analysis was applied, and a comparison of the 

moments of parameter extrema in layers III and V 
of the rat brain’s SMC was also performed. �-analysis 
was based on pseudo-individual trajectories formed 
by randomly pairing individual animals from inde-
pendent terminal cohorts (30�90, 90�150, 
150�210, 210�270 days). For this reason, this ap-
proach was considered exploratory and was not 
classified as a full-fledged equivalent of lag modeling.  

The effective sample size was 80 unique pairs 
(4 transitions × 20 random pairings without repetition 
in a single iteration). A significance level of α = 0.05 
was adopted. Correction for multiple comparisons 
was performed using the Bonferroni method. 

Results  
In the control group, typical normochromatic 

pyramidal neurons predominated in layers III and 
V of the rat brain SMC. When stained with hema-
toxylin-eosin, they appeared as pyramidal or pear-
shaped cells with a perikaryon diameter ranging 
from 15–25 µm (in layer III of the SMC) to 20–35 µm 
(in layer V of the SMC), with a central bright, rounded 
nucleus (8–12 µm) and a distinct dark-purple nu-
cleolus; the pink eosinophilic cytoplasm had a gra-
nular structure due to uniformly distributed ba-
sophilic clumps of Nissl bodies. A distinct apical 
dendrite extended from the cell apex toward the 
surface of the cortex. Among the normochromatic 
cells, isolated, non- shriveled hyperchromatic neu-
rons were noted (Fig. 1). 

Throughout the entire observation period 
(30–270 days) following bilateral CCAL, various 
types of reactively altered neurons were detected 
in the SMC. Hematoxylin-eosin staining revealed 
polymorphism in the reactive changes of SMC neu-
rons, reflecting prolonged hypoperfusion and com-
pensatory-adaptive processes. However, the pro-
portion of reactively altered neurons was significantly 
lower than in acute ischemia. The following types 
of altered neuronal cells were identified: 1) hyper-
chromatic non-shrunken cells (HCNSC), 2) hyper-
chromatic shriveled cells (HCSC), 3) hypochromic 
(HCC), 4) vacuolated, 5) shadow cells (SC), 6) phago-
cytosed, 7) atrophic (simplified), 8) hypertrophied 
(complex) (Fig. 2).  

Long-term follow-up after permanent occlusion 
of both common carotid arteries revealed polymor-
phism in the reactive changes of neurons in the 
sensorimotor cortex, as detected by hematoxylin-
eosin staining. Atrophically altered neurons were 
identified, characterized by reduced perikaryon size, 
a flattened pyramidal shape, a thinned apical dendrite, 
moderately basophilic cytoplasm, and a compact 
but structurally intact nucleus. Concurrently, hy-
pertrophied neurons were recorded, characterized 
by an increase in perikaryon size, intense cytoplasmic 
basophilia, and a hypertrophied nucleolus. 

Hyperchromatic, abnormally shrunken, shrive-
led (pyknomorphic) neurons represented cells at 
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various stages of coagulative necrosis: with markedly 
reduced, angular perikarya and homogeneous, in-
tense basophilia of the cytoplasm and nuclei, which 
was a consequence of critical hypoxia episodes. A 
sign of severe hydropic dystrophy under conditions 
of persistent metabolic stress was vacuolated neu-
rons, whose cytoplasm contained multiple optically 
empty vacuoles, indicating edema and swelling of 
organelles (mitochondria, endoplasmic reticulum). 
«Shadow cells» with nearly complete lysis of the 
perikaryon indicated the complete loss of neurons 
in areas of maximum damage. 

The presence of neurons with is-
chemic changes («red neurons»), cha-
racterized by eosinophilic cytoplasm 
and pyknotic nuclei, indicated the oc-
currence of acute episodes of hypoxia 
in a scenario of chronic hypoperfusion. 
Neurons with signs of chromatolysis 
were also noted, reflecting reactive 
changes associated with ribonucleo-
proteins degeneration. 

The background changes con-
sisted of diffuse and focal gliosis (with 
a predominance of activated mi-
croglia) and spongiosis (exhaustion 
and vacuolization of the neuropil). 
Against this altered background, re-
actively transformed neurons were 
arranged chaotically, forming areas 
of thinning and patterns of neu-
ronophagy. 

Morphometric analysis showed 
biphasic change in the NND in layer 
III of the SMC: a 44.6% decrease from 
the control level by day 30 (p � 0.001), 
followed by an increase by days 
150–210 and a subsequent decrease 
by day 270 (28.0% below control, 
p � 0.001) (Tables 1, 2; Fig. 3). In 
layer V of the SMC, the decrease in 

NND was less obvious: the maximum drop of 11.6% 
was observed at day 150 (p = 0.048) (Table 3). The 
accumulation of hyperchromic shrunken neurons 
was more pronounced in layer V. For the remaining 
parameters (HCNSC, HCC, SC, NGI), layer III demon-
strated greater vulnerability (Table 3).  

Table 3 presents the maximum deviation of 
each morphometric parameter from the reference 
values, expressed as a percentage, as well as the 
vulnerability ratio (the maximum change in layer V 
divided by the maximum change in layer III). A 
ratio greater than 1 indicates greater sensitivity in 

Fig. 1. Pyramidal neurons in layer V of the sensorimotor cortex of rats in the 
control group.  
Note. Black arrow — normochromatic; red arrow — hyperchromatic, non- shriveled 
neurons. Hematoxylin-eosin staining (a, b). 100× objective, scale bar — 20 μm. 
 

Table 1. Results of a multiple intergroup comparison of morphometric parameters within each layer (intact control 
and time points 30, 90, 150, 210, and 270 days after ligation of the common carotid arteries). 
Layer                           Parameter                            Criterion                              Statistics                                      df                                                p 
III                                      NND                           Kruskal–Wallis                         H  =  29.2                                      5                                        � 0.001 
                                         HCSC                                 ANOVA                                 F = 52.4                                    5.30                                     � 0.001 
                                       HCNSC                        Kruskal–Wallis                         H = 28.8                                      5                                        � 0.001 
                                          HCC                           Kruskal–Wallis                         H = 29.5                                      5                                        � 0.001 
                                            SC                             Kruskal–Wallis                         H = 27.1                                      5                                        � 0.001 
                                           NGI                                   ANOVA                                 F = 98.2                                    5.30                                     � 0.001 
V                                        NND                           Kruskal–Wallis                         H = 17.6                                      5                                          0.003 
                                         HCSC                                 ANOVA                                F = 360.5                                   5.30                                     � 0.001 
                                       HCNSC                               ANOVA                                F = 127.4                                   5.30                                     � 0.001 
                                          HCC                                  ANOVA                                 F = 84.1                                    5.30                                     � 0.001 
                                            SC                                    ANOVA                                F = 287.9                                   5.30                                     � 0.001 
                                           NGI                            Kruskal–Wallis                         H = 28.6                                      5                                        � 0.001 
Note. NND — total numerical neuronal density; HCSC — hyperchromatic shriveled cells (neurons); HCNSC — hyperchromatic 
non-shriveled cells; HCC — hypochromic cells; SC — shadow cells; NGI — neuroglial index; df — degrees of freedom. For the 
Kruskal–Wallis test, the H-statistic is given; for ANOVA, the F-statistic is given.
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layer V, while a ratio less than 1 indi-
cates greater sensitivity in layer III. 

In layer III of the SMC, the 
Jonkheere-Terpstra test revealed sta-
tistically significant monotonic trends 
for HCSC (Z = –2.98, p = 0.001 — de-
creasing), HCNSC (Z = 1.88, p = 0.030 — 
increasing), HCC (Z = 2.45, p = 0.007 — 
increasing), and NGI (Z = –4.92, 
p � 0.001 — decreasing). No significant 
monotonic trends were detected for 
NND and SC (p � 0.05). However, the 
test for the quadratic component 
showed high significance for NND  
(F = 16.4, p � 0.001), HCNSC (F = 8.2, 
p = 0.006), HCC (F = 7.4, p = 0.009), and 
SC (F = 19.2, p � 0.001), confirming the 
non-monotonic (wave-like) nature of 
their dynamics. For HCNSC and HCC, 
a mixed pattern was identified (both 
components are significant) (Table 4). 

In Layer V of the SMC, the 
Jonkheere-Terpstra test revealed sig-
nificant monotonic trends for all pa-
rameters except NND: HCSC (Z = –2.94, 
p = 0.002  — decreasing), HCNSC  
(Z = 2.30, p = 0.011 — increasing), HCC 
(Z = 4.82, p � 0.001 — increasing), SC 
(Z = –3.85, p � 0.001 — decreasing), 
NGI (Z = 4.15, p � 0.001 — increasing). 
The quadratic component test was 
not significant for most parameters 
(p � 0.05), with the exception of  
HCNSC (p = 0.048) and NGI (p = 0.028), 
where a mixed pattern was observed 
(Table 4). 

Strong intralayer correlations 
were identified in the SMC for layer 
III: total NND was negatively corre-
lated with all parameters (r ranging 
from –0.88 to –0.45), SC correlated 
negatively with NGI (r = –0.70), where-
as HCSC, HCNSC, and HCC formed 
a cluster of positive correlations  
(r ranging from 0.46 to 0.95) (Table 5.1). 

For layers III and V, there was 
no interlayer correlation for total 
NND (r = 0.08), a moderate positive 
correlation for HCSC (r = 0.52), mod-
erate negative correlations for HCNSC 
(r = –0.38), HCC (r = –0.39) and SC  
(r = –0.54), as well as a weak positive cor-
relation with NGI (r = 0.35) (Table 5.2). 

To assess differences in the dy-
namics of pathological processes between layers 
III and V, linear mixed models (LMMs) with a random 
intercept for the animal were used (Table 6). The 
«Layer × Time» interaction effect was statistically 

significant for all six morphometric parameters 
(p � 0.001). The foremost interaction was observed 
for HCSC (F = 71.2), indicating fundamentally diffe-
rent dynamics of irreversible ischemic damage in 

Fig. 2. РReactively altered pyramidal neurons in layer V of the rat sensorimotor 
cortex following BCCAL.  
Note. Hematoxylin-eosin staining. 100× objective, scale bar = 20 µm. a, b — 30 days 
after bilateral CCAL. Black arrows — hyperchromatic shreveled neurons. Blue 
arrow — hypochromatic neurons. Red arrow — vacuolated («red») neurons. * — 
microvessel with signs of perivascular edema. с, d — 90 days after bilateral CCAL. 
Black arrow — hyperchromatic neurons. Blue arrows — hypochromatic neurons. 
Red arrow — shadow cells. Yellow arrows — signs of edema and swelling of neuropil 
cell bodies. e — 150 days; f — 210 days after bilateral CCAL. Black arrows — hyper-
chromatic neurons. 
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the examined layers. �-analysis (consistency of the 
direction of changes between adjacent time points) 
showed that for SC, HCSC, and NGI, changes in 
layers III and V were co-directional significantly 
more often than by chance (68%, 66%, and 64%, re-

spectively; p � 0.05 for all). The highest consistency 
was observed for SC — a marker of complete neu-
ronal death. 

To assess whether one layer might be leading 
the other, we compared the timing of extreme pa-

Table 2. Reactive neurons at the time points of the study: comparison with controls (2.1) and percentage distri-
bution in layers III and V of the rat sensorimotor cortex (2.2).  
2.1. Comparison with control  
Layer                           Parameter                      Time point, day                      Difference               95% CI                   p-corr                        η²p 
III                                      NND                                        30                                       –31.9              [–39.5; –24.3]           � 0.001                     0.89 
                                                                                           270                                      –20.0              [–27.6; –12.4]           � 0.001                          
                                         HCSC                                       90                                       +10.4                 [8.0; 12.8]              � 0.001                     0.91 
                                       HCNSC                                      30                                        +8.2                   [6.5; 9.9]                � 0.001                     0.88 
                                                                                           210                                       +9.3                  [7.6; 11.0]              � 0.001                          
                                          HCC                                       150                                       +8.0                   [6.6; 9.4]                � 0.001                     0.90 
                                            SC                                          210                                      +27.0                [24.0; 30.0]             � 0.001                     0.94 
                                           NGI                                         30                                       +0.84                [0.78; 0.90]             � 0.001                     0.95 
V                                       HCSC                                       30                                       +10.4                 [9.6; 11.2]              � 0.001                     0.97 
                                           NGI                                        270                                      +0.45                [0.38; 0.52]             � 0.001                     0.89 
2.2. Interlayer comparison  
Time point, day                         Parameter            Neurons proportion in layers (% , Me [IQR])                           p                          p-corr  
                                                                                                                   III                                              V                                                 
30                                                         HCSC                     18.7 [16.5–21.0]                 27.4 [25.3–29.6]                          0.004                     0.016 
                                                           HCNSC                    23.7 [21.0–25.5]                 13.0 [11.5–14.5]                        � 0.001                  � 0.001 
                                                              HCC                          4.5 [3.2–5.8]                       9.2 [8.0–10.5]                           � 0.001                  � 0.001 
                                                                SC                         20.7 [18.0–23.0]                   8.8 [7.2–10.9]                           � 0.001                  � 0.001 
90                                                         HCSC                     27.2 [24.5–29.0]                 19.5 [18.8–20.0]                          0.016                     0.064 
                                                           HCNSC                    13.6 [11.5–15.8]                 18.7 [16.8–20.0]                          0.031                     0.124 
                                                              HCC                       13.2 [11.0–15.0]                 13.6 [12.1–14.6]                          0.720                     � 0.05 
                                                                SC                         25.9 [20.5–30.0]                 15.5 [15.3–15.8]                          0.016                     0.064 
150                                                       HCSC                     18.8 [17.0–20.5]                 21.9 [20.7–23.1]                          0.016                     0.064 
                                                           HCNSC                    13.9 [12.0–15.5]                 18.8 [17.8–19.7]                          0.004                     0.016 
                                                              HCC                       17.1 [15.0–18.8]                 12.8 [10.2–14.6]                          0.016                     0.064 
                                                                SC                         26.7 [22.0–31.0]                 14.1 [13.1–16.0]                          0.004                     0.016 
210                                                       HCSC                     14.9 [13.0–16.5]                 21.2 [20.0–21.6]                        � 0.001                  � 0.001 
                                                           HCNSC                    18.9 [16.5–21.0]                 12.9 [11.1–13.7]                          0.004                     0.016 
                                                              HCC                        10.6 [8.5–12.8]                      5.9 [5.0–7.2]                              0.004                     0.016 
                                                                SC                         30.5 [26.3–32.0]                 16.9 [16.0–17.9]                          0.004                     0.016 
270                                                       HCSC                     20.6 [18.0–23.0]                 22.8 [21.8–23.3]                          0.031                     0.124 
                                                           HCNSC                    17.7 [15.5–19.8]                  10.4 [9.9–11.5]                         � 0.001                  � 0.001 
                                                              HCC                        10.5 [8.8–12.2]                      5.7 [5.1–7.1]                              0.004                     0.016 
                                                                SC                         37.3 [33.0–41.0]                 16.8 [14.0–19.4]                          0.004                     0.016 

Note. NNND — total numerical neuronal density; HCSC— hyperchromatic shriveled cells (neurons); HCNSC — hyperchromatic 
non-shriveled cells; HCC — hypochromic cells; SC — shadow cells; CI — confidence interval; η²p — partial eta-squared (measure 
of effect size); Me — median; IQR — interquartile range. Percentages were calculated using the formula: (density of a given cell 
type / NND) × 100%. In Table 2.1, for NND, HCSC (layers III and V), and HCC (layer V), we used Tukey’s post-hoc test (ANOVA); 
for the others, we used Dunn’s method with Bonferroni correction (Kruskal–Wallis). In Table 2.2, the Wilcoxon signed-rank test 
for dependent samples with Bonferroni correction was used for inter-layer comparisons (adjusted significance level p � 0.005 
for 10 comparisons).

Table 3. Comparative analysis of the vulnerability of layers III and V of the rat sensorimotor cortex at study time 
points. 
Parameters                                                        Layers, % max. changes vs control                                                                     Ratio V/III 
                                                                            III                                                               V                                                                               
NND                                                      –44.6 (30 day)                                  –11.6 (150 day)                                                            0.26 
HCSC                                                      +473 (90 day)                                    +945 (30 day)                                                             2.00 
HCNSC                                                  +683 (30 day)                                    +527 (90 day)                                                             0.77 
HCC                                                      +500 (150 day)                                   +364 (90 day)                                                             0.73 
SC                                                         +1800 (210 day)                                  +455 (90 day)                                                             0.25 
NGI                                                        +95.5 (30 day)                                    +42 (270 day)                                                             0.44 
Note. NND — total numerical neuronal density; HCSC — hyperchromatic shriveled cells (neurons); HCNSC — hyperchromatic 
non-shriveled cells; HCC — hypochromatic cells; SC — shadow cells; NGI — neuroglial index. The maximum percentage change 
was calculated using the formula: [(maximum parameter value after CCAL — control value) / control value] × 100% (for indicators 
showing an increase, «+») or [(minimum value after CCAL — control value) / control value] × 100% (for indicators showing a decrease, 
«–»). A vulnerability ratio � 1 indicates higher sensitivity of layer V, � 1 indicates higher sensitivity of layer III. The time period during 
which the maximum change was recorded is indicated in parentheses.
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rameter values (maxima and minima) in layers III 
and V of the SMC based on group averages. Syn-
chronization of the extrema — that is, the occurrence 
of a maximum or minimum at the same time — 
was observed for the HCSC and for the secondary 
SC peak. The HCSC peak was recorded in both 
layers at 30 days; however, in layer V, the damage 
intensity was +945%, whereas in layer III, the HCSC 
peak was delayed and less pronounced (90 days, 
+473%). The secondary SC peak was also synchro-
nous in both layers and recorded at 210 days (layer III: 
+1800%, layer V: +455%). A temporal priority of 
layer III, i.e., the onset of the extreme values occurring 
earlier than in layer V, was identified for total NND, 
HCNSC and HCC, and NGI. The first minimum of 
total NND was recorded at 30 days in layer III and 
at 150 days in layer V. The maximum of HCNSC was 
reached at 30 days in layer III (+683%) and at 90 
days in layer V (+527%). The maximum for HCC 
was recorded at 150 days in layer III (+500%) and at 

90 days in layer V (+364%); meanwhile, in layer III, 
HCC began to increase as early as 30 days, reaching 
a plateau by 150 days 

The maximum NGI was observed at 30 days 
in layer III (+95.5%) and at 270 days in layer V 
(+42%), with the most pronounced lead being 240 
days. A temporal priority of layer V was identified 
only for the first SC peak: 90 days in layer V (+455%) 
versus 210 days in layer III (+1800%). Analysis of 
the dynamics of HCNSC and HCC showed that in 
layer III, HCNSC reaches its maximum early (30 
days) followed by a decline, whereas HCC has a de-
layed peak (150 days). In layer V, both parameters 
peaked synchronously at 90 days. 

Discussion 
This study is the first to conduct a comparative 

analysis of the long-term (up to 270 days) dynamics 
of reactively altered neurons in layers III and V of 
the sensorimotor cortex in a model of chronic cere-

Fig. 3. Comparison of the dynamics of the density of reactive and pathologically altered neurons in layers III and V of the rat 
sensorimotor cortex at the long-term following ligation of the common carotid arteries.   
Note.  On the graphs: median — line; interquartile range — box (not shown for minimal values). 
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bral ischemia (bilateral CCAL) using appropriate 
statistical methods that account for pairwise de-
pendence (linear mixed models with random in-
tercepts for the animal) and the limitations of a 
small number of time points—in favor of �-analysis 
and analysis of extrema. Chronic ischemia, unlike 
acute infarction, more often causes progressive dys-

function and dystrophy rather than massive coagu-
lative necrosis [1, 3, 11]. Therefore, the prioritized 
classification and grading of altered neurons, taking 
into account the specifics of the bilateral CCAL 
model, had their own distinctive features. 

The morphological picture following bilateral 
CCAL revealed a spectrum of changes — ranging 

Table 4. Results of the Jonckheere-Terpstra test and the quadratic trend test. 
Layer                           Parameter                    Z               p (Jonckheere)            Trend                  F (quad.)             p (quad.)                pattern 
III                                      NND                      3.12                     0.999                       нет                        16.4                    � 0.001         non-monotonic 
                                          HCSC                    –2.98                    0.001                       МУ                         1.8                       0.185                     linear 
                                        HCNSC                   1.88                     0.030                       МВ                         8.2                       0.006                    mixed 
                                           HCC                      2.45                     0.007                       МВ                         7.4                       0.009                    mixed 
                                             SC                       –1.35                    0.088                       нет                        19.2                    � 0.001         non-monotonic 
                                           NGI                      –4.92                   � 0.001                     МУ                         2.1                       0.152                     linear 
V                                        NND                     –1.02                    0.154                       нет                         0.8                       0.382                  no trend 
                                          HCSC                    –2.94                    0.002                       МУ                         3.2                       0.079                     linear 
                                        HCNSC                   2.30                     0.011                       МВ                         4.1                       0.048                    mixed 
                                           HCC                      4.82                    � 0.001                      МВ                         0.9                       0.347                     linear 
                                             SC                       –3.85                   � 0.001                     МУ                         2.9                       0.094                     linear 
                                           NGI                       4.15                    � 0.001                      МВ                         5.1                       0.028                    mixed 

Note. NND — total numerical neuronal density; HCSC — hyperchromatic shriveled cells (neurons); HCNSC — hyperchromatic 
non-shriveled cells; HCC — hypochromatic cells; SC — shadow cells; NGI — neuroglial index. The Jonkheere–Terpstra test checks 
for the presence of a monotonic (constantly increasing or constantly decreasing) trend. A positive Z-value indicates an increasing 
trend, while a negative value indicates a decreasing trend. The quadratic trend test was performed using Kruskal–Wallis rank-sum 
analysis with orthogonal polynomials. MD — monotonically decreasing; MI — monotonically increasing.

Table 5.  Pearson correlation matrices (r) between the intra- (5.1) and inter-layer (5.2) parameters of the rat sen-
sorimotor cortex following ligation of the common carotid arteries. 
5.1. Correlations between parameters in layer III (р � 0.05) 
Parameters                                                                                                     R values for the compared parameters 
                                                             HCSC                                    HCNSC                                      HCC                                          SC                                           NGI 
NND                                               –0.84                                       –0.82                                       –0.85                                       –0.45                                       –0.88 
HCSC                                                                                              0.78                                         0.76                                         0.52                                          0.68 
HCNSC                                                                                                                                          0.95                                         0.48                                          0.75 
HCC                                                                                                                                                                                               0.46                                          0.74 
SC                                                                                                                                                                                                                                                  –0.70 
5.2. Correlations between the same parameters in layers III and V 
Parameters                                                                               r (III and V)                                                                      p 
NND                                                                                                0.08                                                                       0.64 
HCSC                                                                                              0.52                                                                          0.001 
HCNSC                                                                                         –0.38                                                                          0.02 
HCC                                                                                               –0.39                                                                          0.02 
SC                                                                                                   –0.54                                                                  � 0.001 
NGI                                                                                                  0.35                                                                           0.04 
Note. Statistically significant correlations (p � 0.05) are shown in bold, (n = 36 paired observations).

Table 6. Analysis of the connections between layers III and V of the rat sensorimotor cortex. 
6.1. Two-factor LMM with a random intercept for the Animal (the «Layer × Time» interaction effect) 
Parameters                                         F                                              df1                                           df2                                              p 
NND                                                 38.4                                          5                                          29.1                                    � 0.001 
HCSC                                               71.2                                          5                                          28.9                                    � 0.001 
HCNSC                                            36.8                                          5                                          29.0                                    � 0.001 
HCC                                                 30.5                                          5                                          29.2                                    � 0.001 
SC                                                      24.1                                          5                                          28.8                                    � 0.001 
NGI                                                   28.6                                          5                                          29.0                                    � 0.001 
6.2. Correlation and �-analysis 
Parameters                  Correlation r (95% CI)                 Partial r                         Consistency, %                                 p 
SC                                          0.58 [0.31; 0.76]                            0.52                                         68                                        0.004 
HCSC                                    0.52 [0.23; 0.73]                            0.48                                         66                                        0.008 
NGI                                       0.44 [0.14; 0.67]                            0.37                                         64                                        0.016 
Note. NND — total numerical neuronal density; HCSC — hyperchromatic shriveled cells (neurons); HCNSC — hyperchromatic 
non-shriveled cells; HCC — hypochromatic cells; SC — shadow cells; NGI — neuroglial index; LMM (Linear Mixed Model) — a 
linear mixed model with a random intercept for the «Animal» factor: Parameter ~ Layer × Time + (1 | Animal); df — degrees of 
freedom (according to Satterwhite); partial correlation — controlling for the «Time» factor; �-analysis was performed on 80 pairs 
of changes (4 time points × 20 animals); binomial test vs. null hypothesis of 50% agreement.
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from potentially reversible dystrophic changes (at-
rophy, vacuolization) to irreversible necrobiotic 
changes (coagulative necrosis, lysis) — which sup-
ported the model of progressive neurodegeneration 
under conditions of chronic cerebral hypoperfusion. 
The detection of «red neurons» in the long-term 
indicated a dynamic, progressive nature of the da-
mage, in which acute ischemic episodes superim-
posed on the chronic process. Meanwhile detection 
of hypertrophied neurons indicated concomitant 
compensatory-plastic processes. This morphological 
mosaic reflected the competition between two 
pathogenetic trends: destructive (neurodegeneration) 
and adaptive (neuroplasticity). Preservation of the 
pool of hypertrophied neurons may have represented 
a structural reserve of the cortex and a morphological 
substrate for partial functional recovery, which ex-
plained the clinical variability of neurological deficits 
in chronic cerebral ischemia. 

According to our data, layer III proved to be 
more sensitive to neuronal loss, the accumulation 
of reversible dystrophic forms (HCNSC, HCC), and 
delayed death (SC), whereas layer V was characterized 
by a selectively high vulnerability to irreversible is-
chemic damage leading to emergence of the hy-
perchromatic shriveled (HCSC) neuron type. A 
biphasic decrease in NND in layer III with wave-
like dynamics (quadratic trend, F = 16.4, p � 0.001) 
indicated damage with partial recovery and delayed 
secondary degeneration, which is consistent with 
the concept of dissociative neurodegeneration in 
chronic ischemia [8]. The first phase of the decrease 
(by 44.6% at 30 days, p � 0.001) reflected the direct 
consequences of acute hypoperfusion and an energy 
crisis.  

The subsequent partial recovery (150–210 days, 
NND 55.6–56.3 cells/ mm²) may have been associated 
with adaptation and compensatory mechanisms, 
including the plasticity of surviving neurons and 
temporary functional-spatial reorganization of 
neural networks. The final decrease in NND by 270 
days (to 51.5 cells/ mm², –28.0% of control) indicated 
the exhaustion of compensatory potential and de-
velopment of delayed secondary degeneration. NND 
decrease was less evident in layer V (maximum –
11.6% at 150 days, p = 0.048) and did not show a sta-
tistically significant trend (Jonkheere–Terpstra test, 
p = 0.154; quadratic component, p = 0.382). This cor-
responds to a model of slowly progressive atrophy 
without pronounced recovery waves. 

Thus, layer III was characterized by non-mo-
notonic (wave-like) dynamics of NND, HCNSC, 
HCC, and SC, reflecting processes of partial recovery 
and delayed degeneration. In contrast, layer V was 
characterized by linear (monotonic) dynamics of 
most parameters, which corresponded to a model 
of slowly progressive atrophy without marked com-
pensation waves. The most obvious difference be-

tween the layers was observed for SC: in layer III — 
a non-monotonic pattern with a delayed peak (210 
days); in layer V — a monotonic decline following 
an early peak (90 days). 

The extreme increase in HCSC in layer V at 
30 days (945% higher than the control) confirmed 
high metabolic vulnerability of the large pyramidal 
neurons of the corticospinal tract  [7]. The V/III 
layers vulnerability ratio based on HCSC was 2.00, 
indicating a significantly higher sensitivity of layer 
V to irreversible ischemic damage. The «dark neuron» 
phenomenon is traditionally regarded as a marker 
of severe, often irreversible ischemic damage  [11, 
13]. A monotonically HCSC decreasing trend in 
layer V (Z = –2.94, p = 0.002) indicated gradual elimi-
nation of these cells following acute injury. In layer 
III, by contrast, the peak of HCSC was delayed until 
90 days and was less pronounced (+473%), which 
may indicate a slower development of coagulative 
necrosis in the superficial layers. 

HCNSC and HCC dominated in layer III, but 
their dynamics differed fundamentally. HCNSC 
peaked at 30 days (+683%), reflecting an acute re-
sponse to ischemic stress characterized by protein 
overexpression and preservation of cellular archi-
tecture  [14–16]. HCC, in contrast, had a delayed 
peak at 150 days (+500%), indicating increasing 
suppression of protein synthesis and chromatolysis 
as compensatory mechanisms were exhausted. The 
temporal disparity between HCNSC and HCC peaks 
is a novel, not described previously phenomenon, 
indicating that hyperchromic and hypochromic re-
sponses represent not merely different stages of a 
single process, but qualitatively distinct mechanisms 
of response to chronic ischemia. The wave-like dy-
namics of HCNSC (quadratic trend, F = 8.2, p = 0.006) 
and HCC mixed pattern (monotonically increasing 
trend, Z = 2.45, p = 0.007; quadratic component, 
F = 7.4, p = 0.009) indicated a recurrent nature of 
functional disruptions with periods of compensation 
and decompensation. In layer V, both parameters 
peaked synchronously at 90 days (HCNSC: +527%, 
HCC: +364%), which may indicate a more rapid de-
pletion of metabolic reserves in the deep layers. 

The dynamics of shadow cells — a marker of 
complete neuronal death — deserve special attention. 
In layer III, SC exhibited a non-monotonic pattern 
with a delayed peak at 210 days (quadratic trend, 
F = 19.2, p � 0.001; maximum increase of +1800% 
compared to control). In layer V, the SC peak was 
recorded earlier (90 days, +455% compared to control), 
followed by a monotonically decreasing trend 
(Z = –3.85, p � 0.001). This difference may indicate 
different mechanisms of neuronal death: in layer III — 
delayed secondary degeneration occurring after the 
exhaustion of compensatory mechanisms; in layer V — 
earlier elimination of dead cells, directly associated 
with the extreme accumulation of HCNSC at 30 days.  
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The results indicate that neuronal loss in diffe-
rent layers occurred independently, whereas the 
accumulation of HCNSC was moderately synchro-
nous. Negative interlayer correlations for HCNSC 
(r = –0.38), HCC (r = –0.39), and SC (r = –0.54) may 
indicate a redistribution of functional load between 
layers or an alternative pattern of complete dege-
neration (predominant damage to either layer III 
or layer V in different animals). Neuronal death in 
layer V occurred earlier, which may be a direct con-
sequence of the extreme accumulation of HCNSC 
at 30 days. In layer III, neuronal death (SC) was de-
layed until day 210, which corresponds to the model 
of secondary degeneration following the exhaustion 
of compensatory mechanisms [8, 17, 18]. 

The diverse nature of the injury was confirmed 
by the dynamics of NGIs. Early transient gliosis in 
layer III (peaking at 30 days, +95.5% compared to 
control, followed by a steady decline, Z = –4.92, 
p � 0.001) corresponded to the classical model of 
an acute astroglial reaction with possible involvement 
of astrocytes in neuroprotection and recovery of 
homeostasis [19, 20]. In contrast, a sustained increase 
in NGI in layer V over 270 days (maximum +42% by 
day 270, mixed pattern: monotonically increasing 
trend Z = 4.15, p � 0.001; quadratic component F = 5.1, 
p = 0.028) indicated a chronic neuroinflammatory 
process and prolonged glial activation, which over 
time may contribute to the progression of degen-
eration  [19–21]. A statistically significant «Layer × 
Time» interaction for NGI (F = 28.6, p � 0.001) con-
firmed fundamentally different temporal dynamics 
of gliosis in analyzed layers. 

Contrary to the initial hypothesis of a cas-
cade-like spread of degeneration from superficial 
layers to deeper ones, the data from the analysis of 
reactively altered neurons did not confirm a direc-
tional (lag-like) influence between the layers of the 
SMC. Correlation analysis at the individual animal 
level (n = 36) revealed statistically significant positive 
correlations between layers for the SC (r = 0.58; 95% 
CI  [0.31; 0.76]; r_partial = 0.52; p = 0.004), HCSC 
(r = 0.52; [0.23; 0.73]; r_partial = 0.48; p = 0.008), and 
NGI (r = 0.44; [0.14; 0.67]; r_partial = 0.37; p = 0.016). 
High values of partial correlations (with the control 
of «Time» factor) indicated intragroup consisten-
cy — in the same animals, degenerative processes 
in different layers proceed synchronously. 

�-analysis (consistency of the direction of 
changes between adjacent time points) showed 
that for SC, HCSC, and NGI, changes in layers III 
and V were in the same direction significantly more 
often than would be expected by chance: for SC — 
68% (55 out of 80, p = 0.004), for HCSC — 66% (53 
out of 80, p = 0.008), for NGI — 64% (51 out of 80, 
p = 0.016). The highest consistency was observed 
for SC — a marker of complete neuronal death. 
Thus, according to the analysis of the numerical 

density of reactively altered neurons, pathological 
processes in layers III and V developed in parallel 
and moderately synchronously, rather than sequen-
tially. This did not rule out the presence of complex 
network interactions between layers, but did not 
confirm the simple cascade model of «first layer III, 
then layer V». 

A comparison of the times of the extrema re-
vealed different patterns of temporal dynamics in 
layers III and V. Synchrony was observed for the 
HCSC (peak at 30 days in both layers) and for the 
secondary SC peak (210 days in both layers). For 
HCSC, this confirmed the simultaneous development 
of acute ischemic injury; however, the intensity of 
this damage was significantly higher in layer V 
(+945% versus +473% in layer III, where the peak 
occurred at 90 days), which is consistent with the 
high metabolic vulnerability of large pyramidal neu-
rons of the corticospinal tract [7]. 

A temporal priority of layer III was identified 
for most parameters reflecting neuronal functional 
state (NND, HCNSC) and glial response (NGI). The 
first minimum of NND was recorded at 30 days in 
layer III and at 150 days in layer V. The maximum of 
HCNSC was reached at 30 days in layer III and at 
90 days in layer V. The most pronounced advance 
(at 240 days) was observed for NGI: an early transient 
peak in layer III (30 days, +95.5%) and a late pro-
longed peak in layer V (270 days, +42%). According 
to the literature, this likely indicates different mecha-
nisms of the glial response: neuroprotective astroglial 
activation in the superficial layers and chronic neu-
roinflammation in the deep layers [22–24]. For HCC, 
a predominance of layer V was identified (peak at 
90 days versus 150 days in layer III), which may 
reflect a more rapid depletion of metabolic reserves 
in the deep layers. 

A temporal priority of layer V was also observed 
for the first SC peak (90 days vs. 210 days). This im-
plies that complete neuronal death in the deep 
layers occurred earlier, which may be a direct con-
sequence of the extreme accumulation of HCSC in 
layer V at 30 days. In layer III, neuronal death was 
delayed until 210 days, which is consistent with a 
model of secondary degeneration following the ex-
haustion of compensatory mechanisms [8, 17, 18]. 

Thus, the analysis of extrema confirmed that 
pathological processes in layers III and V did not de-
velop completely synchronously: functional disrup-
tions (HCNSC) and the glial response occurred earlier 
in layer III, whereas complete neuronal death (SC) 
and the depletion of metabolic reserves (HCC) oc-
curred earlier in layer V. However, for the key marker 
of irreversible damage (HCSC), synchrony was ob-
served in terms of timing, but with varying intensity 
and a delayed peak in layer III. 

The results obtained are consistent with studies 
demonstrating the heterogeneity of damage to cor-
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tical layers during ischemia [10, 22–26], but for the 
first time they demonstrate long-term dynamics 
(up to 270 days) in a model of chronic hypoperfusion 
using appropriate statistical methods that account 
for individual variability. In contrast to data obtained 
in the acute ischemia model [11, 18, 27–29], massive 
coagulative necrosis was not observed; instead, 
progressive dystrophy with polymorphism of reactive 
changes dominated, which corresponded to the 
chronic nature of the injury and the model’s char-
acteristics — the presence of a well-developed col-
lateral network in rodents. In addition, the small 
number of time points (6) limited the ability to 
identify complex nonlinear relationships, although 
the use of quadratic trends partially compensated 
for this limitation. 

Conclusion 
Chronic cerebral ischemia induced by bilateral 

ligation of the common carotid arteries led to sta-
tistically significant and qualitatively distinct changes 
in neuronal populations in layers III and V of the 
rat cerebral cortex during the long-term follow-up 
period (up to 270 days). 

Layer III of the SMC was characterized by a 
biphasic decrease in total neuronal density (peaking 
at 30 days), asynchronous dynamics of hyperchro-
matic non-shriveled (peaking at 30 days) and 
hypochromatic neurons (peaking at 150 days) (qua-
dratic trends), a delayed peak in shadow cells 
(210 days), and transient gliosis (peaking at 30 days, 
followed by a decline). This reflected a damage 
model featuring components of partial recovery 
and delayed secondary degeneration. 

Layer V of the SMC was characterized by a less 
pronounced but sustained decrease in the overall 
neuronal density (peaking at 150 days, with no sig-
nificant trend), an extreme early increase in hyper-
chromic shrunken neurons (day 30, which was 

twice the increase in layer III), a synchronous peak 
of hyperchromatic non-shriveled and hypochromatic 
neurons (day 90), monotonous depletion of 
hypochromatic neurons (linear increasing trend), 
an early peak of shadow cells (90 days), and pro-
longed progressive gliosis (by 270 days). This corre-
sponded to a model of progressive degeneration 
with primary metabolic damage to large pyramidal 
neurons. 

Linear mixed models with random intercepts 
for each animal confirmed the presence of a statis-
tically significant interaction between the «Layer» 
and «Time» factors for all key morphometric pa-
rameters, demonstrating different temporal dynamics 
of pathological processes in the layers under study. 

Correlation analysis at the individual animal 
level revealed moderate positive correlations between 
layers. �-analysis showed consistency in changes 
for shadow cells, hyperchromatic shriveled neurons, 
and the neuroglial index. The time points of the 
peaks for hyperchromatic shriveled neurons (30 days) 
and the secondary peak of shadow cells (210 days) 
were synchronous in both layers. A temporal priority 
of layer III of the SMC was detected for the total 
neuronal density, hyperchromatic non-shriveled 
neurons, and the neuroglial index (early time points). 
A temporal priority of layer V was identified for the 
first peak of shadow cells and hypochromatic neu-
rons. No conclusive evidence of a cascade-like 
spread of damage from superficial to deep layers 
was obtained, with the exception of a possible lead 
in the glial reaction in layer III of the SMC. 

The data obtained support the need for further 
comparative studies of layers III and V of the SMC 
in a larger sample of animals and for the development 
of therapeutic strategies aimed at both protecting 
metabolically vulnerable pyramidal neurons and 
modulating the glial response during chronic hy-
poperfusion.
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Summary 
Superior mesenteric artery (SMA) syndrome is a rare cause of high duodenal obstruction.  
We report a case of an asthenic male (BMI 17.9 kg/m²) presenting with acute bowel obstruction.  
Methods. Multiphase CT demonstrated marked pre-stenotic dilation of the D2 of the duodenum (max 

8.8 cm) and compression of the D3 between the aorta and SMA, with an aortomesenteric angle of 11–12° and 
distance of 7 mm. A morphological, asymptomatic nutcracker phenomenon was present without hematuria. 
CT-suggested colitis was ruled out endoscopically and histologically. After consultation with vascular surgeon 
and shared decision-making, the patient opted for enteral bypass. The patient’s preoperative anaesthesiology 
assessment revealed no contraindications to general anaesthesia for the planned laparoscopic procedure. 
A laparoscopic laterolateral, anisoperistaltic duodenojejunostomy was performed using a linear stapler (mi-
nimal blood loss; operative time 76 minutes) with a perianastomotic drain.  

Results. Postoperatively, the nasogastric tube was removed on POD2, oral intake resumed from POD3, and 
the drain removed on POD4. Transient rise in CRP/leukocytosis on POD2 (negative presepsin) was managed 
empirically with ampicillin/sulbactam (Clavien–Dindo II). Patient was discharged on POD6 (7-day stay). 
At three months follow-up he remained symptom-free with objective nutritional gain (BMI + 2.3 kg/m²).  

Conclusion. This case supports laparoscopic duodenojejunostomy as a safe and effective definitive option 
in hemodynamically stable patients with CT-quantified SMA obstruction. A concomitant asymptomatic nut-
cracker phenomenon does not require vascular intervention nor alter operative strategy. 

Keywords: superior mesenteric artery syndrome; SMA; Wilkie’s; duodenal obstruction, aortomesenteric 
angle, nutcracker phenomenon, laparoscopic duodenojejunostomy 
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Introduction 

Superior mesenteric artery (SMA) syndrome 
(Wilkie’s syndrome) is a rare cause of high duodenal 
obstruction resulting from compression of the 
third  (D3) portion of the duodenum between the 
aorta and the overlying SMA [1, 2]. 

Its estimated population incidence is low, most 
commonly reported at approximately 0.013–0.3%. Di-
agnosis relies on the clinical findings and contrast-
enhanced CT with assessment of the aortomesenteric 
angle and the aortomesenteric distance [1, 2].  

The nutcracker entity denotes compression 
of the left renal vein between the aorta and the 
SMA. The nutcracker phenomenon is a morpho-
logical, often incidental finding without symptoms, 
whereas the nutcracker syndrome represents the 
symptomatic form with hematuria and/or venous 
congestion [3, 4]. 

Coexistence of SMA syndrome with a nutcracker 
entity is rare and has been reported mainly in single 
case reports [5–7]. 

Here, we present SMA syndrome with a con-
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current asymptomatic nutcracker phenomenon 
managed by laparoscopic duodenojejunostomy. 
The case report was prepared in accordance with 
the SCARE criteria [8]. 

Patient consent 
The authors of the case study obtained a 

written consent from the patient to publish this 
case study and to use the medical information and 
visual aids. 

Ethics Commission 
The approval of the ethics committee was not 

necessary as the article is a completely anonymized 
case study and no experiments were performed. A 
clear written consent was obtained from the patient 
regarding the photographs and information being 
published. 

Case report 
An asthenic man (BMI 17.9 kg/m²) was evalu-

ated in the Emergency Department for acute ileus 
presenting with sudden epigastric pain, recurrent 

vomiting, and cessation of flatus. His history included 
hospitalization in 2013 for abdominal pain, then 
assessed as duodenoparesis with esophageal dys-
motility. From that time until the current episode 
he tolerated solid food and maintained a stable 
weight without significant loss. On admission, ab-
dominal distension was present with maximal ten-
derness in the epigastrium and absent bowel sounds. 
Laboratory tests showed leukocytes 19.6 × 109/L and 
CRP 11 mg/L, with mild hyponatremia. Initial 
X-ray/ultrasound confirmed a sub-ileus/ileus pat-
tern. A subsequent multiphase abdominal CT 
demonstrated marked prestenotic dilatation of the 
D2 duodenum (up to 8.8 cm) and compression of 
the D3 segment between the aorta and the superior 
mesenteric artery (SMA), with an aortomesenteric 
angle of 11–12° and an aortomesenteric distance of 
7 mm (Fig. 1). Segmental colitic changes of the 
colon described on CT (suspected IBD) were later 
excluded by pancolonoscopy during differential 
work-up. Incidentally, the CT also revealed the mor-
phological picture of an asymptomatic nutcracker 
phenomenon (compression of the left renal vein 

Fig. 1. CT findings in SMA syndrome with concurrent nutcracker phenomenon. 
a — axial image — marked pre-stenotic dilation of D2 of the duodenum (max 8.8 cm, arrow); b — axial image — pre-stenotic dilation 
of the left renal vein with tapering at the aortomesenteric space (asymptomatic nutcracker phenomenon, arrow); c — sagittal image — 
narrow aortomesenteric angle ~11–12° with the transition point in D3 (arrow). Source: author. 

a

b

c
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between the aorta and SMA) without clinical man-
ifestations. The relevant measurements and threshold 
values are summarized in Table. 

After consultation with vascular surgery, the 
diagnosis of Wilkie’s syndrome was confirmed, ope-
rative options and risks were explained. SMA trans-
position was proposed, but the patient preferred 
an intestinal bypass. Following preoperative opti-
mization (hydration, proton-pump inhibitor, LMWH 
prophylaxis, nutritional support; internal 
medicine/anaesthesiology assessment: ASA II), we 
performed a laparoscopic latero-lateral, anisoperi-

staltic, stapled duodenojejunostomy. General anaes-
thesia was administered in accordance with the re-
quirements for a laparoscopic procedure (patient 
intubation, inhalational anaesthesia, and analgesia 
with opioids plus sedatives). Port configuration: a 
10 mm camera port supraumbilically on the midline, 
above it, for triangulation, a 5 mm (left, operator) 
and a 10 mm (right, operator) port and a separate 
5 mm assistant port to the right above the triangu-
lation (Fig. 2). A drain was left near the anastomosis. 
The procedure was completed without intraoperative 
complications with minimal blood loss, an operative 
time 76 minutes and no need for conversion. 

POD1: CRP 113 mg/L, leukocytes 16 × 109/L. 
POD2: leukocytes rose to ~20 × 109/L and CRP to 
306 mg/L; presepsin was negative, therefore empiric 
antibiotic therapy with ampicillin/sulbactam 
(Unasyn) was initiated, with subsequent improve-
ment and decline of inflammatory markers 
(Clavien–Dindo II). The nasogastric tube was re-
moved on POD2. Oral refeeding began on POD3 
with stepwise advancement (liquids to soft diet) 
and emphasis on small, frequent, high-energy/high-
protein meals, complemented by oral nutritional 
supplements. Estimated requirements were calcu-
lated using a pragmatic weight-based method (ideally 
from ideal body weight): ~25–30 kcal/kg/day 
(�105–126 kJ/kg/day; 1 kcal = 4.184 kJ) with ~1.2–1.5 g 
protein/kg/day [10]. Electrolytes (phosphate, potas-
sium, magnesium) were monitored during refeeding 
according to local protocol. If oral intake remained 
insufficient (e. g., � 60% of the target), escalation to 
enteral feeding distal to the anastomosis (or short-
term parenteral nutrition) was considered. The 
drain was removed on POD4. The patient was dis-
charged on POD6 (total hospital stay of 7 days) 
with a structured nutritional plan for home focused 
on ongoing weight gain (small frequent energy-

Table. Objective parameters, reference thresholds and clinical interpretation. Patient data: present case; reference 
thresholds per [1, 2]; nutcracker definition per [3]; BMI per WHO [9]. 
Parameter                                            Patient value             Reference values / thresholds                    Interpretation 
Aortomesenteric angle (CT)        11–12°                          Physiologic ~28–65°;                                     Strongly supportive of SMA 
                                                                                                      suspicious for SMA � 22° [1, 2]                   
Aortomesenteric distance (CT)   7 mm                            Physiologic ~10–28 mm;                             Strongly supportive of SMA 
                                                                                                      suspicious for SMA � 8 mm [1, 2]              
D2 (second portion)                      8.8 cm                          In SMA typically marked                             High-grade obstruction proximal 
dilation, max diameter                                                         proximal duodenal dilation                       to D3 
                                                                                                      (often >3–4 cm) [1,2]                                       
BMI                                                       17.9 kg/m²                 � 18.5 kg/m² = underweight                      Asthenic habitus — predisposition 
                                                                                                      (predisposing factor for SMA) [9]             for AMS 
Nutcracker phenomenon            present;                      Phenomenon = morphologic LRV            Asymptomatic finding; does not 
(left renal vein)                                 no hematuria            compression without symptoms;            change acute management 
                                                                                                      Syndrome = with hematuria/ 
                                                                                                      venous congestion [3]                                     
Endoscopy/histology for IBD     not confirmed          —                                                                          CT 'colitic' changes without  
                                                                                                                                                                                     endoscopic/histologic correlation 
Note. Published «normal» ranges for aortomesenteric angle/distance vary slightly; the thresholds � 22° and � 8 mm are among the 
most commonly cited and clinically used [1, 2].

Fig. 2. Port Placement for laparoscopic DJ bypass.  
Source: author.
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dense meals) including a prescription for high-
energy, high-protein oral nutritional supplements 
(e. g., 2–3 servings daily) in addition to meet the 
calculated targets. At 3-month outpatient follow-
up he reported good dietary tolerance without dys-
peptic symptoms and weight gain, with BMI in-
creased by 2.3 kg/m². 

Discussion 
Superior mesenteric artery (SMA) syndrome 

(Wilkie’s syndrome) is a rare vascular variant in 
which a narrowed aortomesenteric angle and reduced 
aortomesenteric distance lead to compression of 
the D3 portion of the duodenum between the aorta 
and the SMA. It typically occurs in asthenic patients 
with low BMI, after rapid weight loss, or in the pre-
sence of anatomic predispositions [1, 2, 11–13]. 

In our case, the clinical picture of high-grade 
obstruction correlated with the CT findings (aor-
tomesenteric angle 11–12°, distance 7 mm) and 
marked prestenotic dilation of D2, meeting the 
most commonly reported diagnostic criteria for 
SMA syndrome [1, 2, 11, 13]. 

Diagnosis relies on contrast-enhanced CT with 
multiplanar reformations (MPR). The aortomesen-
teric angle is measured on a sagittal plane aligned 
to the SMA axis, the aortomesenteric distance on a 
coronal plane at the D3 level, with additional as-
sessment of the extent of oral duodenal dilatation. 
Although published ranges vary slightly, thresholds 
of � 22° and � 8 mm are among the most frequently 
cited and clinically used [1, 2, 11–13]. Because the 
aortomesenteric angle and distance vary with posture 
and respiration, standardizing measurement con-
ditions (phase, MPR alignment) is important. In 
our case we used portal-venous phase with MPR 
aligned to the SMA axis and at the D3 level [11, 12]. 
Our diagnostic measurements and visual correlates 
(angle 11–12°, distance 7 mm, D2 dilatation) are 
shown in Fig. 1 and summarized against reference 
thresholds in Table [1, 2, 9, 11–13]. 

As complementary tests in selected cases, an 
upper GI contrast study (barium transit) or EGD 
may be considered to document the transition zone 
and exclude an intraluminal obstruction [11, 12, 14]. 

The differential diagnosis of high duodenal ob-
struction includes annular pancreas, congenital mem-
branes/webs, malrotation, Crohn’s disease, and neo-
plasms, which can mimic SMA syndrome [11–13]. 

A concomitant nutcracker entity (compression 
of the left renal vein between the aorta and the 
SMA) represents a separate spectrum of vascular 
anomalies. The phenomenon denotes an isolated 
morphologic finding without clinical manifestations, 
whereas the syndrome is a symptomatic condition 
with hematuria, lumbar pain, or signs of venous 
congestion [3, 4]. Coexistence of SMA syndrome 
and a nutcracker entity has been reported in single 

case reports, and the two diagnoses are linked by a 
narrowed aortomesenteric angle [5–7]. In our case, 
this was an asymptomatic nutcracker phenomenon 
without hematuria that did not affect therapeutic 
decision-making focused on relieving the duodenal 
obstruction (Fig. 1, b). 

Diagnostic ambiguity at the initial evaluation 
of our patient is also noteworthy. The index CT de-
scribed segmental colitic changes (suspected IBD), 
which were ruled out by pancolonoscopy and his-
tology. The dynamics of ileus, bowel distension, 
and reactive mucosal changes can mimic inflam-
matory bowel disease. Endoscopic verification with 
biopsy is therefore essential to avoid inappropriate 
treatment. 

Management of SMA syndrome is stepwise. 
In selected patients, conservative therapy may be 
initiated (nutritional intervention aimed at restoring 
the fat pad within the aortomesenteric angle, post-
prandial positioning, prokinetics, and, if needed, 
enteral feeding distal to the obstruction). Conser-
vative management works best with shorter symptom 
duration and lesser dilatation. In practice, a time-
limited trial is undertaken with clear nutritional 
targets (weight/angle increase) and lifestyle mea-
sures  [1, 2, 11–13]. Persistent symptoms, marked 
dilatation, or recurrences indicate surgery [1, 2, 
11–13]. Because conservative management had 
failed to provide sustained symptom relief, surgical 
bypass was considered appropriate in our patient. 

Nutritional rehabilitation is central in SMA 
syndrome because it targets the underlying mech-
anism: low BMI and loss of retroperitoneal/mesen-
teric fat reduce the aortomesenteric angle and dis-
tance, thereby aggravating duodenal compression, 
while weight restoration may rebuild the protective 
«fat cushion» and contribute to symptom improve-
ment. Accordingly, conservative management when 
feasible is typically built around nutritional therapy 
(together with postural measures, prokinetics and 
decompression) and should be guided by explicit, 
objectively monitored goals focused on weight 
restoration [1, 2, 11–13]. 

From a practical standpoint, energy and protein 
targets can be set pragmatically at approximately 
25–30 kcal/kg/day (� 105–126 kJ/kg/day) and 
1.2–1.5  g protein/kg/day (preferably using ideal 
body weight in underweight patients), with early 
re-establishment of oral intake supported by high-
energy/high-protein oral nutritional supplements [10, 
15]. If oral intake remains inadequate, enteral feeding 
distal to the obstruction (e. g., nasojejunal/jejunal 
feeding) should be considered, while parenteral 
nutrition is reserved for intolerance or failure of 
enteral strategies [10, 15]. In markedly underweight 
patients or after prolonged poor intake, cautious 
caloric escalation with monitoring and correction 
of phosphate, potassium and magnesium (and con-
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sideration of thiamine supplementation according 
to protocol) is recommended to mitigate refeeding 
syndrome risk [16]. Even after definitive surgical 
bypass, continuation of a structured nutritional 
plan after discharge (energy-dense small frequent 
meals, oral supplements, and dietitian follow-up) 
helps secure sustained weight restoration, which 
was also observed at follow-up in our patient. 

Among operative options, duodenojejunosto-
my (DJ), preferably laparoscopic, is considered the 
first-line method, as it reliably bypasses the site of 
compression, provides rapid relief of obstruction, 
and has a favorable postoperative profile compared 
with open surgery. The surgical principle of the DJ 
bypass is illustrated in Fig. 3 [1, 2, 11–13, 17]. 

Alternatives to the intestinal bypass include 
Strong’s procedure (division of the ligament of 
Treitz with derotation of the duodenum), which 
may fail when the duodenum is firmly fixed, and 
gastrojejunostomy, which does not address the 
obstruction at D3 and carries risks of bile reflux 
and blind-loop syndrome. Therefore, it is used 
only exceptionally [1, 2, 11–13]. 

Laparoscopic DJ shows high success rates and 
low morbidity in published series. Long-term out-
comes confirm sustained improvement in symptoms 
and BMI, although patients with concomitant moti-
lity disorders may have a poorer prognosis [11, 12, 
17]. In our case, given the marked D2 dilatation, 
unequivocal CT quantification, and patient prefe-
rence, laparoscopic DJ was chosen. The procedure 
was performed with minimal blood loss, an operative 
time of 76 minutes, and no need for conversion. 
The postoperative course corresponded to a 
Clavien–Dindo II stage, consistent with common, 
pharmacologically manageable complications after 
minimally invasive visceral procedures. Published 

data support the safety profile of the laparoscopic 
approach in this indication as well [1, 2, 17]. 

Transposition of the superior mesenteric artery 
is a less frequently used alternative in which caudal 
reimplantation of the SMA increases the aortome-
senteric angle and relieves D3 compression. This 
technically demanding vascular procedure requires 
appropriate expertise and is considered on a case-
by-case basis (e. g., after failure/contraindication of 
DJ/Strong’s, specific anatomy, or concomitant 
planned vascular reconstruction). In available reviews, 
SMA transposition is described in small series and 
case reports and is not regarded as first-line because 
of its greater complexity compared with DJ [11–13]. 

When nutcracker syndrome is clinically manifest 
(hematuria, lumbar pain, venous congestion), options 
include open transposition of the left renal vein or 
endovascular stenting of the LRV. The choice depends 
on age, severity, anatomy, and institutional experience. 
LRV stenting is a less invasive solution with good 
short-term outcomes, but it requires antithrombotic 
therapy and surveillance for thrombosis or stent 
migration; long-term data are limited [3, 14, 18]. 

In overlap with SMA syndrome, when duodenal 
obstruction is treated by DJ bypass (and the patient 
declines vascular SMA transposition), LRV stenting 
can be considered for symptomatic nutcracker syn-
drome as a standalone or staged procedure. Rarely, 
regression of duodenal compression after LRV sten-
ting has been reported due to altered anatomic re-
lationships [5]. 

Limitations and strengths of our case. This is 
a single-case report with a 3-month follow-up and 
without postoperative re-measurement of aor-
tomesenteric parameters; generalizability is there-
fore limited. Strengths include quantified diag-
nostics (angle/distance, Table 1, Fig. 2), a detailed 

Fig. 3. Intraoperative views — duodenojejunostomy. 
Note. a — jejunum aligned and approximated to the third part of the duodenum at the intended laterolateral anisoperistaltic 
anastomosis site; b — linear stapler positioned intraluminally across the duodenum and jejunum immediately before firing. After 
construction the enterotomies were oversewn in two layers. Source: author. 

a b



surgical description with a minimally invasive ap-
proach (Fig. 3), and an objective nutritional benefit 
(BMI + 2.3 kg/m²). 

Conclusion 
Minimally invasive duodenojejunostomy is a 

safe and effective definitive option in hemodynamically 
stable patients with superior mesenteric artery syn-
drome and clearly confirmed obstruction. Compared 

to alternatives (Strong’s procedure, gastrojejunostomy), 
it reliably bypasses the site of compression and 
provides rapid recovery with low morbidity. Concurrent 
asymptomatic nutcracker phenomenon does not re-
quire vascular intervention and does not change the 
surgical strategy. Based on our case, we support a la-
paroscopic-first strategy within multidisciplinary de-
cision-making in appropriately selected patients.
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Summary 
The aim is to demonstrate the successful use of veno-arterial extracorporeal membrane oxygenation (VA-

ECMO) in a patient developing acute myocardial infarction (AMI) and cardiogenic shock due to spontaneous 
coronary artery dissection in the third trimester of pregnancy. 

Patient and investigative techniques. We analyzed laboratory and hemodynamic parameters, mechanical 
ventilation settings and ECMO circuit parameters in a 32-week pregnant woman with acute myocardial in-
farction and cardiogenic shock caused by spontaneous coronary artery dissection. We reviewed all stages of 
patient’s management from hospital admission, including initiation of ECMO, performing of cesarean section 
under extracorporeal support, and patient's transportation to tertiary center for heart transplantation. 

Results. The use of VA-ECMO in a patient with AMI at 32 weeks of gestation provided biventricular circu-
latory support, which allowed to stabilize severe cardiogenic shock and safely place coronary stents, providing 
sufficient placental blood flow to preserve the life of the fetus. A cesarean section (CS) was performed under 
VA-ECMO support resulting in delivery of a live baby-girl weighing 1.8 kg with an Apgar score of 5/6. The 
mother was transported after CS to the V. I. Shumakov National Medical Research Center for Transplantation 
and Artificial Organs, Ministry of Health of the Russian Federation, where emergency orthotopic heart trans-
plantation (OHT) was performed. 

Conclusion. We present a case report of spontaneous coronary artery dissection leading to AMI and car-
diogenic shock and requiring life-saving circulatory support with VA-ECMO. The case demonstrates the urgent 
need of both treatment arms including established protocol of coronary angiography with percutaneous coro-
nary intervention, and timely employed individual approach, that include VA-ECMO, intra-aortic balloon 
pump, and left ventricular decompression. The use of high-tech methods and a professionally employed mul-
tidisciplinary approach saved the lives of both the mother and the child. 

Keywords: extracorporeal membrane oxygenation; pregnancy; acute myocardial infarction; cardiogenic 
shock; spontaneous coronary artery dissection; caesarean section 
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Introduction 
According to the US Center for Disease Control 

and Prevention, in 2023, «other cardiovascular caus-
es» accounted for 10.4% of all maternal deaths, 
with bleeding accounting for 18.1%. These statistics 
included all deaths during pregnancy and within 1 
year after childbirth  [1]. The incidence of acute 
coronary syndrome (ACS) during pregnancy ranges 
from 3 to 6 cases per 100,000 pregnancies. Maternal 
mortality from ACS ranges from 5 to 10% [2]. The 
common causes of ACS in pregnant women include 
atherosclerosis  [3, 4] and spontaneous coronary 
artery dissection (SCAD) [5]. SCAD, which can de-
velop before and after childbirth, is the cause of 
acute myocardial infarction (AMI) in pregnant 
women in 27–43% of cases. The mortality rate for 
AMI in pregnant women is currently 5–11% [6]. 

SCAD is a spontaneous, non-traumatic, and 
non-iatrogenic dissection of the coronary artery (CA) 
wall with the formation of a false lumen  [7]. Only 
43% of SCAD cases occur during the peripartum pe-
riod. Two pathohistological theories of its development 
are described in a publication by Sharonne N. Hayes 
and colleagues [7]. It is hypothesized that hormonal 
shifts (changes in the sensitivity of estrogen and 
progesterone receptors) associated with pregnancy 
lead to alterations in arterial architecture. SCAD is 
rarely associated with inflammatory diseases. 

According to a multicenter prospective study, 
cardiovascular diseases account for the majority of 
maternal morbidity and are responsible for more 
than 25% of maternal deaths in the United States [8]. 
There are several diseases that can lead to cardio-
vascular complications during pregnancy. They in-
clude arterial hypertension, arrhythmias and car-
diomyopathies, congenital or acquired valve defects, 
coronary artery disease (a leading cause of SCAD), 
pulmonary hypertension, and venous thromboem-
bolism or amniotic fluid embolism. Cardiomyopathy 
and/or heart failure account for more than 50% of 
cardiovascular disorders during pregnancy. Cardio-
genic shock (CS) during pregnancy caused by severe 
myocardial damage leads to reduced cardiac output, 
hypoperfusion of target organs, and hypoxia in the 
mother and fetus. Cardiogenic shock carries a poor 
prognosis, with in-hospital mortality rates of 30–50% 
and long-term mortality of about 50%. Temporary 
or long-term mechanical circulatory support (MCS) 
is used in management of cardiogenic shock caused 
by cardiomyopathy or SCAD [8]. Veno-arterial ex-
tracorporeal membrane oxygenation (VA-ECMO) 
as one of MCS modalities addresses the problem of 
tissue hypoperfusion, but creates a risk of bleeding, 
along with the risk of placental abruption, which 
directly threatens fetal life [8].  

In publications on the use of ECMO in obstetric 
patients, both veno-venous extracorporeal mem-
brane oxygenation (VV-ECMO), used for indications 

such as pulmonary embolism, viral pneumonias, 
and sepsis, and VA-ECMO  [9],  [10] are reported. 
Reports of VA-ECMO use in the peripartum period 
are extremely rare and are usually limited to isolated 
case reports. Thus, in a literature review by 
A. M. Sarah  et al. [10], 45 cases of ECMO use in the 
antenatal period were reviewed: 41 VV-ECMO cases 
and 4 VA-ECMO cases. Overall maternal survival 
was 77.8% and fetal survival was 65%. According 
to a systematic review by Emily E. Naoum et al. [11], 
among 358 women who received MCS in the peri-
partum period, ECMO was used antenatally in 
22.6% of patients, VA-ECMO in 40.5% of cases, 
and overall maternal survival was 74.3%. Of the 
358 pregnant women included in the study, only 3 
patients had SCAD as the cause of the life-threa-
tening condition. 

In the Russian Federation, the use of ECMO 
has increased markedly over the past 15 years [12–15]. 
In obstetrics, ECMO is most often used in the post-
partum period. The first reported experience of a 
cesarean delivery in a patient on VV-ECMO was de-
scribed by a team of authors from Krasnodar [16]. 

The purpose of this case report was to demon-
strate the successful use of VA-ECMO in a patient 
at 32 weeks of gestation with a confirmed diagnosis 
of spontaneous coronary artery dissection and 
ST-elevation myocardial infarction complicated by 
cardiogenic shock. 

Case Report 
On Day 1 (07/04/25) at 08:40, a 31-year-old 

female patient was brought by an ambulance crew 
to the emergency department of the R.S. Akchurin 
Emergency Hospital (R.S. Akchurin Emergency Hos-
pital, Republic of Tatarstan, Naberezhnye Chelny) 
with a diagnosis of «ST-elevation acute myocardial 
infarction of anterolateral localization. Spontaneous 
coronary artery dissection (?). Cardiogenic shock, 
SCAI C [17]. Pregnancy, 31–32 weeks». According to 
the updated SCAI (Society for Cardiac Angiography 
and Interventions) classification of cardiogenic 
shock stages, the patient’s CS on admission corre-
sponded to stage C, progressing to stage D. Com-
plaints upon admission include general weakness, 
occasional chest burning equal to 2–3 scores on a 
10-score VAS for the past 5–6 days, and maximum 
pain intensity on the morning of hospitalization. 
Objectively, the patient was conscious, and her he-
modynamic parameters were stable with vasopressor 
support (noradrenaline at a dose of 0.25 µg/kg/min). 
BP 105–110/75 mm Hg, HR 67–72/min, SpO₂ 98%. 
ECG: sinus rhythm, HR 67/min, QS in V2–V3 leads, 
qR in V4 lead, ST-segment elevation in I, aVL, and 
V2–V6 leads. ST-segment depression in III and aVF 
leads. Blood troponin level: 367 pg/mL. 

To determine the extent of coronary artery in-
volvement, coronary angiography (CAG) was per-



formed. Particular attention was paid to positioning 
the patient on the operating table and protecting 
the fetus from X-ray radiation. CAG findings were 
as follows: coronary circulation type — right-domi-
nant. Left main coronary artery — occlusion in the 
distal third (dissection of the LAD, LCx). LAD — 
occluded. TIMI 0 flow. LCx — occluded. TIMI 0 
flow. RCA — no stenoses detected. TIMI 3 flow.  

Left common femoral artery and vein cannu-
lation was performed. VA-ECMO was initiated. In-
direct stenting of the left main coronary artery and 
the LAD (segments 5 and 6) was performed using 
Calypso (R-Vascular) drug-eluting coronary stents, 
3.0 × 33 mm and 3.5 × 33 mm, respectively. Balloon 
angioplasty of the circumflex artery. Intravascular 
ultrasonography (IVUS). 

After percutaneous coronary intervention (PCI), 
the patient was transferred to the cardiac intensive 
care unit. BP 98/89–120/87 mm Hg, CVP 14–10 mm 
Hg, pulmonary artery pressure 42/15 mm Hg, PCWP 
25–29 mm Hg, heart rate 104–112 beats/min. ECG 
showed sinus rhythm. Norepinephrine 
0.05  µg/kg/min, dobutamine 3 µg/kg/min. Urine 
output was 0.8–1.2 mL/kg/h. Arterial blood lactate: 
2.1–1.8 mmol/L. Echocardiography: LVEF 33%, LVOT 
VTI 8 cm. EDV 136 mL, LV ESV 91 mL. Continuous 
fetal heart rate monitoring showed fetal heart rate 
varying from 138 to 152 beats/min.  

The ECMO lines and oxygenator were primed 
with 0.9% NaCl solution, and 5,000 units of heparin 
were added to the solution. Before cannulation and 
connection, the circuit was placed on circulation 
and warmed to 37.0°C, with FiO₂ of 100% and a 
fresh gas flow of 3 L/min. Ultrasound scanning of 
the inguinal vessels was performed beforehand to 
determine their diameter and identify any anatomical 
variants or anomalies. Vascular cannulation was 
performed using a percutaneous dilatational tech-
nique under X-ray guidance, with local infiltration 
anesthesia using 40 mL of 1% lidocaine solution, 
potentiated with fen-
tanyl — 50 µg intravenous-
ly. The ECMO device used 
was the MEDOS DELTAS-
TREAM III (Medos Mediz-
intechnik AG, Germany); 
the arterial cannula was 15 
Fr, 31 cm, and the venous 
cannula was 21 Fr, 60 cm, 
with multilevel fenestra-
tions. The «door-to-VA-
ECMO initiation» time was 
80 minutes. Blood flow 
through the ECMO circuit 
was 3.5 L/min at 8,400 rpm, 
oxygen flow was 3.5 L/min, 
and FiO₂ was 100%. He-
parin anticoagulation was 

administered at 10–17 U/kg/h with a target aPTT 
of 60–70 seconds, along with dual antiplatelet thera-
py: aspirin 125 mg and clopidogrel 75 mg.  

After 14.5 hours, the patient reported recurrence 
of retrosternal pain and worsening shortness of 
breath. Subsequent angiography revealed a dissection 
of the LAD distal to the stented segment. Stenting 
of the dissection segment and coronary arteries 
IVUS were performed. An intra-aortic balloon pump 
catheter was inserted via the right common femoral 
artery into the aorta to unload the left ventricle in 
view of reduced LV contractility. The device was ope-
rating in 1:1 mode. Decreased LV myocardial con-
tractility persisted, LVEF declined from 33% to 28%. 

On Day 2 (07/05/25), further progression of 
heart failure manifested by a decrease in left ven-
tricular myocardial contractility (LVEF 25–28%, 
LVOT VTI 6–7 cm, LVEDV 155 mL, LVESV 116 mL) 
(Fig.) and worsening respiratory failure due to re-
current pulmonary edema. Respiratory support was 
also provided, alternating high-flow nasal oxygen 
therapy (FiO₂ 60–65%) with noninvasive mask ven-
tilation (FiO₂ 60–65%). 

On Day 3 (07/06/25), due to a marked reduction 
in LVEF, worsening cardiovascular insufficiency, 
and decreased uteroplacental blood flow, a decision 
was made to proceed with delivery by cesarean 
section while on VA-ECMO. Given the high risk of 
postoperative uterine hemorrhage, a supply of 
packed red blood cells, platelet concentrate, cryo-
precipitate, and fresh frozen plasma was prepared, 
and heparin infusion was discontinued 2 hours 
before surgery. 

The procedure was performed in the catheteri-
zation lab. After induction of anesthesia (propofol 
1.5 mg/kg, fentanyl 1.5 µg/kg, rocuronium 50 mg), 
the trachea was intubated using videolaryngoscope. 
At the time of intubation, ECMO circuit blood flow 
was increased by 0.7 L/min, and fresh gas flow by 
0.5 L/min. The ventilator settings were: FiO₂ 40–50%, 
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Fig. Parameters of cardiac contractile function (day 2). 
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respiratory rate (f) 10–12 breaths/min, tidal volume 
5 mL/kg, PEEP 5–6 cm H₂O, and inspiratory pressure 
(Pinsp) 13 cm H₂O. After transition to mechanical 
ventilation, the VA-ECMO settings were: ECMO 
circuit blood flow 3.5–3.7 L/min, pump speed 
8,400–8,700 rpm, oxygen flow 2.5–2.0 L/min, and 
FiO₂ 70%. Before fetal extraction, guide catheters 
were advanced via the radial artery introducers to 
the ostia of the uterine arteries. The fetus was de-
livered. After delivery, balloon occlusion and em-
bolization of the uterine arteries were performed. 
The uterus was sutured. A baby girl was born, weigh-
ing 1.8 kg, with an Apgar score of 8. The newborn 
was put on a ventilator and transported by ground 
ambulance to the Republican Pediatric Clinical 
Hospital in Kazan, Republic of Tatarstan.  

Anesthesia was total intravenous: fentanyl at 
a dose of 2 µg/kg, propofol at a dose of 2 mg/kg/hour, 
and muscle relaxation with rocuronium bromide 
50 mg. Intraoperative blood loss was 400 mL. The 
volume of postoperative blood loss over the following 
24 hours was approximately 70–90 mL. Heparin in-
fusion was resumed 8 hours after surgery at a rate 
of 8 U/kg/hour. 

On Day 4 (07/07/25), echocardiography showed 
that the cardiac pumping function remained ex-
tremely poor (a spherical-shaped LV, spontaneous 
echo contrast, LVEF 10–15%), creating a risk of in-
tracavitary thrombus formation. Atrial septal punc-
ture was performed to decompress the LV. An addi-
tional 21 Fr cannula was advanced through the 

right common femoral vein into the left atrial cavity. 
The mechanical support setup was as follows: blood 
from the LA, RA, and IVC was drained into the 
ECMO circuit and returned via a cannula in the left 
common femoral artery, with an IABP catheter in 
the aorta.  

The right common femoral vein was used as 
vascular access for cannulation of the left atrium. 
During catheterization, angiography revealed throm-
bosis of the common iliac vein. Thromboaspiration 
and balloon angioplasty of the right common iliac 
vein were performed. After that, it became possible 
to advance the cannula into the left atrium through 
the interatrial septum.  

On Day 5 (07/08/25) ultrasonography revealed 
a 4 × 6 cm retroperitoneal hematoma in the area of 
the right iliac vein, which required relaparotomy. 
The source of the bleeding was not identified.  

After relaparotomy, the patient was conscious. 
Mechanical ventilation was continued via an oro-
tracheal tube in SIMV-PC mode: FiO₂ 45%, rate 
10/min, Vt 5 mL/kg, PEEP 6 cm H₂O, Pinsp 
13–12  cm H₂O. Hemodynamic parameters: BP 
128/68–121/72  mmHg, PAP 32/15 mmHg, HR 
125–122/min, SpO₂ 98–99%. ECMO parameters: 
3.5–3.7 L/min, 8,400–8,700 rpm, oxygen flow 
2.0  L/min, FiO₂ 70%, heparin infusion 8 
units/kg/hour, aPTT 55–85 sec.  

On Day 6 (07/09/25), the patient was trans-
ported from Naberezhnye Chelny to Moscow by a 
combined mode of transport: 40 km from the 

Table. Surgical procedures and associated complications. 
Stages of treatment, date                                   Medical interventions                                                                                    Complications,  
                                                                                    Procedure                                                          Details                                         sequelae  
Day 1, 04.07.2025                  Cannulation of femoral                           The left common femoral artery                 No 
                                                    vessels for VA-ECMO                                and the left common femoral vein  
                                                                                                                              are cannulated                                                    
                                                    LAD CAG/PCI, IVUS                                                                                                                   No 
                                                    LAD CAG/PCI, IABP                                  PCI in the distal segments                             No 
                                                                                                                              of LAD artery. Catheterization   
                                                                                                                              of the right common femoral  
                                                                                                                              artery for IABP                                                     
Day 2, 05.07.2026                                             Continuation of intensive therapy,   
                                                                               consultations, and a medical council                                                        
Day 3, 06.07.2025                  Cesarean section, uterine arteries                                                                                        Blood-loss  
                                                    embolization                                                                                                                                 400 mL 
Day 4, 07.07.2025                  CAG, interatrial septal puncture,         Common iliac vein thrombosis,                  Hemorrhagic shock 
                                                    insertion of additional cannula           balloon angioplastyа                                        retroperitoneal  
                                                    in the left atrium                                                                                                                          hematoma 
Day 5, 08.07.2025                  Re-laparotomy                                            Hematoma 4 × 6 cm in size, soft,                 No 
                                                                                                                              100–150 ml in volume in the projection  
                                                                                                                              of the right iliac vein.                                        
Day 6, 09.07.2025                  Medical evacuation by car +                  MV, VA-ECMO, IABP                                         No 
                                                    airplane                                                          
                                                    Transported to the V. I. Shumakov                                                                                           No 
                                                    NMRC for Transplantation  
                                                    and Artificial Organs, MoH                                      
Day 8, 11.07.2025                  Re-laparotomy                                                                                                                             No 
                                                    Orthotopic heart transplantation                                                                                         No  
Day 9, 07.12.2025                  Weaning from VA-ECMO, IABP                                                                                              No 



R. S. Akchurin Emergency Hospital to Begishevo Air-
port (Nizhnekamsk), then about 900 km by plane 
to Zhukovsky Airport (Moscow), and then 60 km 
from Zhukovsky Airport to the Shumakov National 
Medical Research Center for Transplantology and 
Artificial Organs, Ministry of Health of the Russian 
Federation. The total medical evacuation time was 
approximately 5 hours. 

All treatment stages and surgical procedures 
are presented in the table.  

Discussion 
Management of pregnant women with AMI 

during pregnancy and the postpartum period in-
volves multiple objectives: treating cardiogenic 
shock and the myocardial infarction itself, preserving 
fetal viability, and preparing the patient for delivery, 
including an anticoagulation strategy required by 
the AMI treatment regimen and ECMO, as well as a 
hemostatic strategy for the delivery period. Adminis-
tration of certain medications during pregnancy 
such as furosemide and sedatives (dexmedetomidine, 
propofol) poses an additional challenge, as they 
have strict restrictions for use during pregnancy, 
but still must be used when clinically indicated, 
e. g., for the treatment of pulmonary edema. These 
factors, along with many others, make effective 
management of cardiogenic shock during pregnancy 
really challenging.  

This clinical case highlights the need to employ 
standard treatment protocols, and make rapid and 

timely decisions. The strong interest in SCAD in 
pregnant women is due, above all, to the limited 
amount of empirical data that would make it possible 
to develop a structured diagnostic and treatment 
protocol for the SCAD. As for the epidemiology, it is 
important to note that the overwhelming majority 
of SCAD patients are young women with low standard 
cardiovascular risk scores; however, it is difficult to 
assess the true prevalence of this condition because 
of under-diagnosis and the specific features of its 
clinical presentation [18]. 

The preparation of the patient and equipment 
required for ground and air transportation is not 
described, as this is a different topic worthy of a 
separate publication.  

Conclusion 
We presented a case report of SCAD in a preg-

nant woman, which resulted in AMI and CS, neces-
sitating MCS with VA-ECMO. We showed that a 
combination of standard of care approaches, such 
as coronary angiography with percutaneous coronary 
intervention, and a timely individualized approach, 
including VA-ECMO, intra-aortic balloon pump, 
and left ventricular decompression, is required to 
manage such conditions. The use of advanced tech-
nologies and a professional multidisciplinary ap-
proach made it possible to save both the mother 
and the child.
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Summary 
The combination of syndromes and organ failure manifestations that develop after an acute critical ill-

ness (ACI) and demand the continuation of intensive care does not currently have a single definition. Mean-
while, the steadily increasing number of patients with such manifestations poses a challenge to the entire 
healthcare system. The complex pathogenesis and the differences in subtypes of chronic critical illness (CCI) 
necessitate a personalized approach to management of these patients. 

Objective. To clarify the available data on the terminology of CCI, its prevalence, development timelines, 
clinical manifestations, pathogenesis, subtypes, and outcomes. 

Materials and Methods. A literature review wasconducted using the PubMed, Google Scholar, and eLibrary 
databases. The review included 60 papers covering approaches to CCI definition, associated terminology, the 
investigation on of pathogenesis, clinical aspects, and CCI subtypes. 

Results. Several case definitions were identified for CCI, reflecting the attitude toward this condition — ei-
ther as one of the phases of acute critical illness or as a new disease. Additionally, two main approaches to di-
agnosing CCI were established: the first based on the duration of patient's stay in post-anesthesia care and in-
tensive therapy (PACU/ICU) due to the need for intensive care, and the second based on the emergence of 
newly identified specific clinical and laboratory manifestations. The development of CCI is an unfavorable 
outcome of acute critical illness, leading to increased patient disability and a rise in mortality. 

Conclusion. Further research is needed for deeper insights into development of CCI, establishing unified 
approaches to its definition, assessing risk factors, identifying its subtypes and associated organ dysfunctions.   
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Introduction 

Early publications on patients with prolonged 
stays in the ICU addressed issues related to prolonged 
mechanical ventilation (PMV). For example, the 
article by Cox JM [1] discusses the indications for 
initiating MV, approaches and methods for its im-
plementation, i. e. via tracheotomy or nasotracheal 
intubation for prolonged ventilation. The author 
describes his experience with MV in one child via a 
nasotracheal tube for 30 days, and in four children 
with a tracheostomy in place for 4.5 years, and ad-
dresses the criteria for extubation and weaning pro-
cedures. 

Alternatively, other emerging studies [2, 3] were 
discussing how the extent of administered therapy 
depends on the condition of critically ill patients, 
what were the indications for limiting or discontinuing 
intensive care in order to avoid sustaining life in 

those «whose biological existence continues, but 
who no longer have a human identity» [3]. 

In 1982, F. J. Indihar, D. P. Forsberg [4] noted 
that «chronic, long-term, protracted illnesses are 
attracting increasing attention as a major medical 
and social problem of our time.» In the same article, 
the authors describe a three-level dependency of 
patients on intensive care in the setting of a prolonged 
respiratory support unit. Level 1 includes patients 
requiring oxygen therapy, nebulizer therapy, reha-
bilitation, and educational interventions. Level 2 
includes patients with minimal activity during the 
day who require mechanical ventilation, tracheosto-
my care, and physical therapy. At level 3 are patients 
with no activity at all, fully dependent on nursing 
care and respiratory therapy.  

The distribution of conditions leading to hos-
pitalization in this unit is noteworthy: the majority 
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of patients suffered from chronic obstructive pul-
monary disease (72 patients), the sequelae of closed 
head injury (5 patients), and neuromuscular disor-
ders (11 patients). 

Thus, by the time the term «chronic critical 
ill» was proposed in 1985 by K. Girard and T. A. Raf-
fin [2], the problem of chronic ventilator depen-
dence and other intensive care measures among 
patients who had survived the acute phase of a 
critical illness had already been highlighted in a 
number of publications [1, 4]. 

Recently, there has also been a growing interest 
in the development of chronic critical illness (CCI) 
in patients who have survived acute critical 
illness  (ACI), as evidenced by relevant domestic 
and international publications  [5, 6]. This can be 
explained by the increasing number of such patients, 
significant medical, social and ethical challenges, 
and the economic costs associated with their care. 

Study objective: to clarify existing data on the 
terminology of CCI, its prevalence, time to onset, 
clinical manifestations, pathogenesis, subtypes, and 
clinical outcomes. 

Materials and Methods 
A search for articles on patients’ prolonged 

stays in the ICU was conducted in the PubMed, 
Google Scholar, and eLibrary databases using the 
following keywords in English: «chronic critical ill», 
«chronic critical illness», «persistent critical illness», 
and keywords in Russian «chronic critical condition» 
,and «chronic critical illness». Relevance to the re-
view’s topic (pathogenesis, terminology, and out-
comes of CCI) and availability of full-text access 
were established as inclusion criteria. Exclusion 
criteria included publications with limited infor-
mation and those published more than 10 years 
ago, with the exception of fundamental works of 
foundational importance for the development of 
terminology and concepts related to the issue under 
consideration. 

The study was conducted in accordance with 
the international guidelines for writing systematic 
reviews and meta-analyses, PRISMA (Preferred Re-
porting Items for Systematic Reviews and Meta-
Analyses) [7]. The source selection flowchart is pre-
sented in Figure.  

Results 
Terminology of chronic critical illness. The 

term «chronic critical ill» was typically used in early 
studies, when forming cohorts of patients with pro-
longed stays in the ICU; however, since the late 
2010s, the terms «chronic critical illness» and «per-
sistent critical illness» have been used more fre-
quently. All these terms have found widespread use 
in the English-language literature [2, 6, 8]. In French-
language medical literature, it’s «Patients Long 

Séjour» [9], which also refers to patients with pro-
longed stays in the ICU. 

In Russian-language literature, both terms — 
«chronic critical illness»  [5] and «chronic critical 
condition» (CCC) [10] are encountered. 

At present, in addition to the lack of a single 
term to define this condition, there are also no uni-
form approaches regarding the circumstances under 
which a patient can be diagnosed with the deve-
lopment of CCI. The authors of the term CCI, K. Gi-
rard and T. A. Raffin, defined it as the patient’s failure 
to survive despite extraordinary support over several 
weeks [2]. 

A number of authors consider the duration of 
stay in the ICU and the duration of mechanical ven-
tilation to be the primary criteria for defining CCI. 

In 1991, B. Daly et al. included the following 
factors as the criteria determining CCI: mechanical 
ventilation for at least 72 hours, provided that 
the patient survived and was discharged from 
the hospital [11]. 

In 1997, D. Scheinhorn et al. defined a patient 
with CCI as one with respiratory failure requiring 
PMV. Also in 1997, I. S. Douglas et al. categorize pa-
tients with CCI as those requiring PMV and intensive 
nursing care following intensive care for the primary 
illness, with a total ICU stay of at least 2 weeks. 

In 2002, S. Carson et al. [12] defined a patient 
with CCI as one requiring prolonged therapy, in-
cluding mechanical ventilation in an ICU setting, 

Figure. Source selection flowchart.  
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and proposed a 21-day ICU stay as the simplest 
criterion.  

In 2005, N. R. MacIntyre et al.  [13] proposed 
the following criteria for CCI: a duration of conti-
nuous mechanical ventilation of 21 days or more, 
with for at least 6 hours per day. It’s worth noting 
that mechanical ventilation lasting 21 days or more 
is considered PMV [10]. 

In 2008, M. D. Zilberberg et al. [14] published an 
article in which they attributed CCI development to 
the PMV for more than 96 hours after its initiation. 

In 2019, G. Hermans et al. [15] proposed defi-
ning CCI as an ICU stay of 8 days or longer, based 
on their observations that once this time threshold 
was reached, patient mortality no longer depended 
on the initial severity of illness or the admission 
diagnosis. 

All time-based criteria for establishing CCI in 
a patient have a drawback related to the fact that 
CCI is commonly associated with development of 
certain syndromes, which may be absent in a patient 
despite the predetermined duration of mechanical 
ventilation and ICU stay. It is believed that, depending 
on the characteristics of the underlying disease, 
CCI develops over varying timeframes — ranging 
from 7 to 22 days  [16]. It has been proposed that 
CCI development begins at the point of time when 
the patient’s ICU outcome is influenced not by the 
initial acute alteration of physiological parameters, 
but by their prior status  [17]. It should be noted 
that in the study by T. Jeffcote et al., only 66% of pa-
tients with a confirmed diagnosis of CCI required 
mechanical ventilation by day 10 [18]. 

Other researchers, in turn, consider the emer-
gence of new functional deficits and new syndromes 
in a patient to be indicative of CCI, which allows 
for a deviation from subjective criteria for establishing 
a CCI diagnosis — the duration of ICU stay and 
mechanical ventilation. 

D. M. Nierman  [19] in his paper published in 
2002 categorizes patients with CCI as those who sur-
vived after ACI but developed severe functional im-
pairments and remained dependent on intensive 
nursing care. 

In 2010, J. E. Nelson et al. [20] defined CCI as a 
syndrome of significantly impaired metabolic, neu-
roendocrine, neuropsychiatric and immune func-
tions in the presence of a tracheostomy and de-
pendency on MV with persistent weaning failure. 
Emergence of such a robust criterion allows for ob-
jective recording the precise time of transition from 
acute to chronic critical illness. 

In 2014, the Research Triangle Institute  [21] 
developed and implemented a definition of CCI to 
standardize payment processes and patient location, 
incorporating the following criteria: the presence 
of a tracheostomy; sepsis or severe infections; 
severe injuries; multiple organ failure, ischemic 

stroke, intracerebral hemorrhage, or traumatic 
brain injury, combined with mechanical ventilation 
for at least 96 continuous hours and a stay in the 
ICU of at least 8 days. Including tracheostomy in 
CCI criteria has drawbacks as there are no universal 
standards regarding tracheostomy timing, which 
can vary significantly between different ICUs. (the 
decision is typically individualized rather than 
strictly protocol-driven). 

Not all patients undergoing PMV can be clas-
sified as having CCI. For example, patients with ir-
reversible neuromuscular diseases that necessitate 
PMV are not classified as having CCI due to the ab-
sence of systemic inflammation and multiple organ 
failure. The cohort of patients who are also not 
considered to have CCI includes those with end-
stage cirrhosis and bronchopulmonary pathology, 
i. e., in cases where the disease itself has made it 
impossible to maintain the patient’s homeostasis 
without intensive care [8]. 

The Methodological Recommendations «Re-
habilitation in the Resuscitation and Intensive Care 
Unit (RehabIT)» [22] propose the following definition: 
«CCI is prolonged multi-organ failure with a shifting 
predominant syndrome of vital organ failure». 

In 2024, H. Ohbe et al. proposed the following 
definition of chronic critical illness: CCI is a condition 
in which patients have survived a critical illness but 
require further prolonged stay in the ICU (typically 
10 days or more); of these, the majority require prolonged 
mechanical ventilation (approximately 90%), approxi-
mately 50% of patients may require tracheostomy; 
these patients are characterized by prolonged reduced 
functional activity and the development of psychosocial 
problems [6]. The authors of this definition note that 
further research is needed to establish the characteristics 
of CCI and to standardize the definition itself. 

An alternative perspective was presented by a 
group of Russian authors in a 2024 article  [23]. 
When discussing the management of patients who 
have survived a critical condition, the authors move 
away from the definition of CCI, referring instead 
to the post-intensive care syndrome (PICS) and 
noting that the acute phase of this condition lasts 
from the 3rd to the 14th day of stay in the ICU. 

In turn, the article by G. Voiriot et al.  [24] 
defines CCI as the subacute stage of the disease re-
quiring intensive care over an extended period, 
characterized by prolonged hospital stay, significant 
patient suffering, high mortality, and costly medical 
care. While PICS refers to associated with the ICU 
stay «residual health problems» to deal with after 
patient’s discharge from the hospital. 

CCI epidemiology, risk factors and outcomes. 
Data on the incidence of CCI vary depending on 
the country, year of assessment, level of the health-
care facility, organization of medical care, and 
criteria for CCI diagnosing [25]. 



An increase in the number of ICU patients 
who develop CCI has been reported in recent years, 
which is associated with improvements in intensive 
care and a reduction in early mortality. Based on 
data published in 2019, 88,000 patients were diag-
nosed with CCI in 1997, 380,000 patients — in 2009, 
and in 2020 the number of patients with CCI was 
expected to increase to 605,000 [15]. 

In a study by E. M. Viglianti et al., based on an 
analysis of 153,512 hospitalizations between 2015 
and 2017 in the ICUs of 100 U.S. hospitals, it was 
shown that CCI developed in 4.9% of patients. In 
this study, patient’s ICU stay exceeding 10 days was 
used by the authors as the CCI criterion  [26]. A 
slightly earlier article by G. Van den Berghe [27] re-
ported a significantly higher incidence of CCI in 
patients following ACI — 25%. The mortality rate 
for these patients in the ICU was 15–20%. 

In a retrospective study conducted in Scot-
land  [25] and including patients admitted to the 
ICU between 2005 and 2014, the reported CCI inci-
dence was 33.8%. The authors diagnosed CCI in 
patients who had been in the ICU for more than 
5  days and manifested signs of critical illness. It 
was noted that the total length of stay of these pa-
tients in the ICU accounted for 72.3% of the total 
number of bed-days. The 90-day survival rate in 
patients with CCI was the same as in patients 
without CCI, if CCI patients with CCI died within 
the first 30 days of their ICU stay were excluded 
from estimation.  

Among the 2,500 patients admitted annually 
to ICU in Geneva, those with CCI accounted for 
12% to 18%, with an average ICU stay of 13.8 days 
(the average stay for all ICU patients was 3.8 days). 
Approximately 52% of all ICU resources were spent 
on their treatment  [9]. The authors note that the 
mean age of patients with CCI did not exceed that 
of the ICU patient population and was 60 ± 19 years. 
Mortality among patients with CCI was higher than 
among patients without this condition, reaching 
15% compared to a mortality rate of 8–12% in the 
overall ICU patient population. 

In the United Kingdom, the number of patients 
with PMV (21 days or more) was 4.4 per 100 ICU 
admissions; 6.3 per 100 patients who received me-
chanical ventilation upon admission to the ICU, 
and the total bed-days spent by these patients in 
the ICU accounted for one-third of all bed-days [28]. 

In a multicenter observational study by 
S. M. Bagshaw et al. [17], conducted between 2012 
and 2014 in 12 ICUs in Alberta, Canada, with a total 
of 17,783 patients enrolled, CCI developed in 2,856 
(16.1%) patients. In-hospital mortality in the group 
of patients with CCI was 23.9% compared to 15.5% 
in patients without CCI. 

In the study by H. Ohbe [29], which included 
2,395,016 ICU patients, 216,434 (9.0%) were diag-

nosed with CCI based on PMV following the deve-
lopment of sepsis, stroke, or tracheostomy. Mortality 
among patients with CCI was 28.6%. The authors 
note that in 2011, 47,729 cases of CCI were reported 
among ICU patients in Japan, and 46,494 cases — 
in 2017. During this period, while the mortality rate 
decreased from 30.6% to 28.2%, there was an increase 
in the number of patients who were completely de-
pendent on care, and the proportion of patients 
discharged with impaired consciousness rose from 
18.7% to 19.6%. 

According to K. R. Chadda et al., 10% of ICU 
patients develop CCI, with a higher incidence among 
patients admitted with ACI, including sepsis (28%) 
and trauma (24%). The risk of developing CCI is 
higher in elderly patients with more severe course 
of the disease, and those with comorbidities  [30]. 
Jeffcote et al. [18], in a study of CCI causes among 
100 patients, found that patients admitted to the 
ICU due to respiratory failure, sepsis, or neurosurgical 
conditions are more likely to develop CCI. 

In a study by Turkish authors, the incidence of 
CCI among patients treated in the ICU was 22%. A 
diagnosis of CCI was established when the patient’s 
stay in the ICU lasted 21 days or more. 

In a study by E. M. Viglianti et al.  [31], which 
included patients from 6 ICUs at various university 
hospitals in the state of Michigan between 2014 and 
2016, it was found that among 3,777 patients admitted 
to the ICU, 50 patients (13.2%) developed CCI (a 
ICU stay of more than 14 days was used as the crite-
rion for CCI). In-hospital mortality of patients with 
CCI was 30%, while in patients without CCI, it was 
8.2%. The researchers also found that the develop-
ment of CCI is less likely in younger patients. 

Baseline asthenia in a patient, which implies 
poor functional status, the presence of sarcopenia, 
muscle weakness, reduced physiological reserves, 
poor nutritional status, and decreased cognitive 
abilities, significantly increase the likelihood of ad-
verse outcome [32], including higher mortality and 
longer ICU stay. It should be noted that asthenia 
occurs not only in elderly patients  [33]. The CFS 
(Clinical Frailty Status) index, which characterizes 
age-related asthenia, was higher in patients with 
CCI. Thus, with a CFS score of 7–8, the risk of de-
veloping CCI reaches 4.8%, whereas with a CFS 
score of 1–2, the risk of developing CCI is only 
2.8% [32]. The authors also noted that more severe 
asthenia, as assessed by the CFS scale, is associated 
with older age and a more severe condition as as-
sessed by the APACHE III scale, was more common 
in women, and these patients were more likely to 
have sepsis at admission. 

In published analysis of the medical records 
of 59,319 mechanically ventilated patients S. Okahara 
et al.  [34] identified 8,331 (14%) patients with as-
thenia. The probability of weaning these patients 
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from MV was statistically significantly lower than 
in patients without asthenia. The authors also noted 
that the effect of asthenia on the failure to wean 
from MV was more evident in younger patients. 

In a number of publications [35, 36], the authors 
indicate that neither the APACHE score nor other 
scales assessing the probability of death in patients 
with ACI demonstrated their predictive value in 
patients with CCI. 

C. A. R. Feijó et al. express the same opinion 
based on the analysis of 86 medical records, in-
cluding 13 (15%) CCI cases. The authors concluded 
that higher score on the APACHE II and SOFA 
scales were not predicting development of CCI, 
whereas the presence of chronic conditions such 
as chronic kidney disease and diabetes mellitus 
were predisposing to CCI development  [37]. In 
this study, the CCI diagnosis was established in 
patients on mechanical ventilation for at least 6 
hours per day for a minimum of 21 days. 

The study by Loss et al. identified the fol-
lowing predictors of CCI development: high BMI, 
use of mechanical ventilation, development of 
sepsis, reduced level of consciousness as assessed 
by the Glasgow Coma Scale, and inadequate nu-
tritional support by the 7th day from the onset of 
the disease [35]. 

In a prospective observational cohort study, 
J. C. Mira et al. [38] identified the following risk factors 
for CCI in 135 adult patients with severe trauma and 
hemorrhagic shock who did not die within the first 
48 hours following injury: patient age � 55 years; 
severe shock on admission (systolic blood pressure 
� 70 mm Hg); transfusion of 5 or more units of 
packed RBCs within the first 24 hours; severe organ 
failure by Denver Multiple Organ Failure Scale; and 
presence of infectious complications. In this study, 
CCI diagnosis was established in patients with organ 
failure and ICU stay for � 14 days. CCI developed in 
25 (19%) patients with 16% mortality rate within 
first 4 months (vs 1.6% mortality in patients without 
CCI); 56% of these patients required post-discharge 
care in medical rehabilitation facilities. 

In 2008, S. S. Carson et al. [39] assessed factors 
increasing the likelihood of death within 3 months 
or one year of disease onset in patients after PMV. 
They identified the need for vasopressors, hemodia-
lysis, a platelet count of less than 150 × 109/L, and 
age 50 years or older as predictors of death. The 
ProVent (Prolonged Mechanical Ventilation Prognostic) 
score, developed by the authors based on these pa-
rameters, has been widely used to assess the proba-
bility of death in patients undergoing MV. At the 
same time, the authors note that different approaches 
to patient management may lead to biased results 
when using these indicators for assessment. 

Subsequently, the ProVent score demonstrated 
high sensitivity and specificity in predicting one-

year mortality. Thus, in an observational study of 
150 therapeutic and surgical patients experiencing 
PMV for more than 21 days from the time of tracheal 
intubation, S. Jaiswal et al. [36] confirmed the pre-
dictive value of the scale’s parameters for identifying 
the probability of death both within the first 3 months 
and during the first year. 

C. I. Udeh et al. found that PMV experience in 
patients aged over 65 years is the strongest predictor 
of death within the first year in surgical and thera-
peutic settings [40]. 

The modified ProVent scale assigns one score 
for each of the following on day 21 of PMV: for pa-
tient’s age of 50 years or older, presence of throm-
bocytopenia (less than 150 × 109/L), need for thera-
peutic dialysis, and administration of vasopressors; 
and 2 scores — for patient’s age 65 years or older. 
According to a study by C. Dibiasi  [41], one-year 
mortality in patients with CCI reaches 49%. 

While the ProVent scale assesses the risk of 
1  year mortality in critically ill patients who have 
been on mechanical ventilation for �21 days, the 
ProVent14 scale developed by Hough et al. assesses 
the risk in CCI patients on day 14 of mechanical 
ventilation [42]. This scale includes 5 parameters: 
age 50–64 years — 1 score, age �65 years — 2 score, 
thrombocytopenia (less than 100,000 × 109/L) — 
1 score, use of vasopressors – 1 score, hemodialysis 
– 1 score, and patient’s admission to the ICU unre-
lated to trauma — 1 score. In patients with a ProVent 
score of 0–1, the one-year mortality rate was 30%, 
whereas in patients with a score of 4 or more, the 
one-year mortality rate was 90%. 

The probability of death in patients with CCI 
was assessed using the ProVent and ProVent14 
scales/ The tracheostomy-ProVent scale developed 
by Jang et al. was employed in patients with a tra-
cheostomy. The authors included six parameters 
in this scale: platelet count � 150 × 109/L; 
PaO₂/FiO₂ � 200 mmHg, BMI � 23.0 kg/m², albumin 
concentration � 28 g/L, presence of chronic car-
diovascular disease, and immunosuppression. The 
first 4 parameters were assessed on the 14th day 
of mechanical ventilation; the last two were eval-
uated at admission. 

H. Ohbe et al. found that 25% of patients who 
develop CCI die in the hospital; more than 50% of 
survivors require prolonged hospitalization or ad-
mission to specialized inpatient facilities with access 
to highly skilled nursing care, where the subsequent 
one-year mortality rate reaches 45%, and approxi-
mately 25% of patients with CCI are discharged 
home [6]. 

J. N. Darvall et al. found that the most common 
causes of death in patients with CCI were sepsis 
and multiple organ failure, which led to death of 
16.7% of patients. In this study, CCI was diagnosed 
in patients who stayed in the ICU for more than 



10 days, provided that the initial illness no longer 
determined the reason for their continued stay in 
the unit. Of notion, in one-third of these patients, 
MV had already been discontinued by the 10th day 
of their stay [43]. 

Patients who have survived CCI are charac-
terized by a high rate of readmissions. According to 
M. Unroe et al., 67% of patients diagnosed with CCI 
were readmitted to hospitals within the first year 
after discharge [44]. 

In a study conducted at the respiratory center 
of the ICU at the University Hospital in Modena 
(Italy), A. Marchioni et al. found that ACI progressed 
to CCI in 33% of patients with acute respiratory 
failure [45]. Of these, 50% died within six months of 
discharge from the ICU, and only 10% were able to 
care for themselves at home. The researchers found 
that risk factors for development of CCI in patients 
with respiratory failure include a high APACHE II 
score — 17 scores or higher, the presence of septic 
shock on admission, the detection of multidrug-
resistant flora, diaphragmatic dysfunction (as de-
termined by ultrasonography), the development of 
a secondary infection during ICU stay, and an in-
crease in C-reactive protein within 7 days of hospi-
talization. The diagnostic criteria for CCI in this 
study were: an ICU stay of more than 8 days, the 
presence of a tracheostomy, or mechanical ventila-
tion for more than 21 days with a daily duration of 
at least 6 hours.  

Publications by Russian researchers primarily 
address the issues of PMV in patients with acute 
cerebrovascular accidents. Thus, V. I. Ershov et al. [46], 
based on the study «Respiratory Therapy Registry 
in Patients with Acute Cerebrovascular Disease (RE-
TAS)», conclude that development of ventilator-as-
sociated pneumonia determines mortality in patients 
with acute cerebrovascular disease after the acute 
phase of the stroke is over. In another article, the 
same authors note that the severity of neurological 
deficit in patients with acute ischemic stroke and a 
NIHSS score of � 14 (moderate to severe stroke), 
combined with manifestations of malnutrition is 
an additional risk factor for an adverse outcome 
following PMV experience [47]. 

CCI pathogenesis. Disorders of the nervous, 
endocrine, and immune systems play a major role 
in CCI development. During the acute phase of ill-
ness, there is an increase in pituitary hormone 
levels, accompanied by fluctuations in «peripheral» 
hormones — concentrations of anabolic hormones 
and triiodothyronine decrease, while the concen-
tration of the catabolic hormone cortisol increases. 
During transition to CCI, the entire hypothalamic-
pituitary-adrenal (HPA) axis becomes hypo-reactive, 
yielding lower cortisol levels and increasing 
dopamine production. Meanwhile, impaired cortisol 
degradation and decreased rate of its systemic clea-

rance results in gradual elevation of cortisol and 
suppression of ACTH secretion, disrupting normal 
feedback mechanisms. Dysregulated pulsatility in 
synchronized secretion of ACTH and cortisol results 
in breakdown of the normal dynamic correlation 
between the two hormones — so called ACTH-cor-
tisol dissociation, leading eventually to the devel-
opment of adrenal cortex atrophy [48]. Because of 
suppression of the gonadotropin-releasing hor-
mone — follicle-stimulating/luteinizing hormones — 
gonads axis, there’s a decrease of testosterone levels 
in men and progesterone levels in women with si-
multaneous paradoxical increase in estrogen con-
centrations, leading to increased aromatase enzyme 
activity. The circadian rhythm in critically ill is also 
disrupted, which is accompanied by impaired pul-
satile function of the hypothalamic-pituitary system, 
pulsatile secretion of cortisol and thyroid-stimulating 
hormone, and fluctuations in melatonin levels. 
These changes lead to sleep disturbances in ICU 
patients, which negatively affect cognitive functions 
and adaptive immune response, leading to deve-
lopment of delirium. In addition to inflammation, 
artificial light, noise, and enteral nutrition also con-
tribute in the development of circadian rhythm 
disturbances. Maladaptive processes buildup as 
CCI progresses, but unlike the adaptive processes 
observed during the acute phase, these processes 
promote excessive catabolism and suppress anabolic 
processes [49]. 

Disorders of the autonomic nervous system 
are associated with dysfunction of both the sympa-
thetic and parasympathetic systems [50]. The hor-
mones of the sympathetic nervous system — adre-
naline and noradrenaline — activate leukocytes, 
increase cytokine synthesis, and stimulate the syn-
thesis of acute-phase proteins in the liver. Acetyl-
choline, a hormone of the parasympathetic system, 
has an anti-inflammatory effect; when it interacts 
with acetylcholine receptors on leukocytes and lym-
phoid tissue, the synthesis of pro-inflammatory cy-
tokines decreases. ACI is characterized by activation 
of the sympathetic nervous system and suppression 
of the parasympathetic nervous system. Transition 
to CCI in a bed-confined patient with inadequate 
protein-energy intake additionally augments 
parasympathetic system suppression. 

Development of critical condition- associated 
polyneuromyopathy is an integral manifestation of 
CCI [51]. According to researchers, the development 
of polyneuromyopathy is associated with both mi-
crovascular insufficiency and impaired permeability 
of the blood-nerve barrier, as well as with processes 
of myosin molecule loss in the backdrop of lysosomal 
autophagy  [52]. These processes are triggered by 
an inflammatory response, malnutrition, and muscle 
inactivity due to patient’s immobility. Sedation, the 
use of muscle relaxants and corticosteroids, and 
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hyperglycemia are also risk factors for the develop-
ment of critical condition polyneuromyopathy. 

Involvement of cardiovascular system in CCI 
manifests as heart failure; disorders in the respiratory 
system are associated both with impaired ventilation 
(ventilator-induced weakness of the diaphragm and 
accessory respiratory muscles) and with development 
of infections — ventilator-associated and nosocomial 
pneumonia. Renal manifestations may include the 
development of acute kidney injury, oliguria, or 
anuria. In the endocrine system, CCI manifests as 
increased catabolism with loss of muscle mass, bone 
resorption due to immobility, vitamin D deficiency, 
development of adrenal insufficiency, and substi-
tution of lean mass by adipose tissue. Involvement 
of hematopoietic and immune systems results in 
anemia, immunodeficiency and development of 
chronic inflammation. Infectious diseases manifest 
as recurrent infections caused by multidrug-resistant 
flora with poor wound healing. CCI  — associated 
gastrointestinal tract disturbances manifest as mal-
nutrition and malabsorption [20, 52, 53]. 

Two simple models of CCI development were 
discussed by C. E. Cox in his article published in 
2012  [54]. According to the first model intensive 
care measures are still required after acute phase 
of critical illness is over. In this model, according 
to the author, it remains unclear which factors ac-
count for the continued need for such measures. 
The second model suggests the role of switchover 
to a prolonged inflammatory response and deve-
lopment of chronic post-shock syndrome with spe-
cific manifestations. 

In their 2012 study, L. F. Gentile et al. [55] iden-
tified the following criteria characteristic of CCI: per-
sistent inflammation, immunosuppression, and cata-
bolic syndrome (PICS): chronicity of the condition 
(ICU stay of 10 days or more, or hospital stay exceeding 
14 days); presence of inflammation (C-reactive protein 
concentration � 1.5 mg/L); immunosuppression (ab-
solute lymphocyte count � 0.80 × 109/L ); manifesta-
tions of catabolism (albumin concentration � 30 g/L, 
creatinine-to-height ratio � 80%, weight loss � 10%, 
weight to height ratio � 18, retinol-binding protein 
concentration � 100 µg/L). 

According to J. C. Mira et al., PICS occurs in 
30–50% of patients with CCI [38]. The authors pro-
pose the following laboratory markers of PICS: 
CRP � 0.5  mg/L as a marker of persistent inflam-
mation; an absolute lymphocyte count of 
� 0,80 × 109/L—an indicator of persistent immuno-
suppression; and indicators of a catabolic state in-
clude: albumin concentration � 30 g/L, prealbumin 
� 100 mg/L, creatinine-height index � 80%, patient 
weight loss � 10% from baseline, or weight to height 
ratio � 18. The PICS concept, which implies the de-
velopment of persistent inflammation, immuno-
suppression, and catabolic syndrome, was described 

based on observations of surgical ICU patients in 
whom the causes of primary severe inflammation 
were trauma or surgical sepsis and who experienced 
repeated damaging effects, primarily nosocomial in-
fection. PICS represents a self-perpetuating cycle of 
organ failure, inflammation, and immunosuppression, 
leading to recurrent infections, metabolic disorders, 
and loss of muscle mass [56]. It should be noted that 
the presence of PICS is not a prerequisite for the de-
velopment of CCI.  

The study by Q. Zhou et al. [57] assessing po-
tential concurrence of CCI and PICS among 168 pa-
tients with an ICU stay of 14 days or more, discovered 
discordant rates of the two conditions: 17 patients 
had isolated PICS without CCI; 70 patients developed 
CCI without manifestations of PICS; 50 patients 
were diagnosed with both CCI and PICS simulta-
neously; and 30 patients showed no signs of either 
CCI or PICS. These patients differed in terms of 
manifestations of organ failure, length of hospital 
stay, and mortality by the 28th day of hospital stay. 
In authors’ opinion emergence of PICS in CCI wor-
sens patient’s prognosis. V. V. Likhvantsev et al. [58] 
make similar conclusions in their study: the presence 
of the triad of symptoms — inflammation, catabo-
lism, and immunosuppression (the authors use the 
acronym ICIS in this context) — leads to a 2.5-fold 
mortality increase in patients with CCI. 

L. Hesselink et al. [59] note in their study that 
there is no single definition for either CCI or PICS. 
The authors consider PICS to be present when ICU 
stay is 14 days or more, when patient experienced 
three or more infectious complications and mani-
fests persistent catabolic state. Infectious compli-
cations were defined as presence of infection at 
hospital admission that required any interven-
tion — administration of antibiotics and/or surgery. 
A catabolic state was defined as: weight loss of 
10% or more, weight to height ratio � 18, or serum 
albumin concentration below 30 g/L. The authors 
considered this variant of PICS to be «clinical PICS» 
as opposed to «laboratory PICS,» in which a decrease 
in the absolute lymphocyte count � 0,8 × 109/L for 
2 or more days as a manifestation of immunosup-
pression, CRP � 50 mg/L for 2 or more days, and 
catabolic state meeting the criteria for «clinical 
PICS» during the first 30 days of hospital stay. 
Among 183 patients with polytrauma, 78 were di-
agnosed with CCI, of whom «clinical PICS» was 
diagnosed in 18 patients, «laboratory PICS» in 
22 patients, and in 8 patients — a combination of 
both «clinical and laboratory PICS». 

In the article discussing influence of persistent 
inflammation and immunosuppression on CCI 
development, R. B. Hawkins et al.  [56] conclude 
that CCI has several phenotypes, including those 
associated not only with inflammation but also 
with the development of immunosuppression, or 



a combination of inflammation and immunosup-
pression. 

The differences identified by authors in a com-
parative study, including 29 patients with primary 
brain injuries (PBI) (traumatic brain injury (TBI), acute 
cerebrovascular accidents (ACVA)), and 121 patients 
without PBI allowed the authors to propose a neuro-
metabolic type of CCI development characteristic of 
patients with brain injuries  [60]. For this variant of 
CCI, on the first day of ICU admission patients with 
TBI/ACVA were characterized by higher levels of he-
moglobin, hematocrit, lymphocyte count, total protein, 
and albumin, and lower levels of blood urea nitrogen, 
creatinine, and glucose compared to patients without 
PBI, while on the 20th day of hospital stay patients 
with brain injury had lower levels of blood calcium, 
creatinine, blood urea nitrogen, and glucose. 

According to the study by E. M. Viglianti et al., 
patients with CCI are characterized by development 
of «new» organ failure in the long term  [31]. The 
authors found that only 11 out of 50 patients with 
CCI did not develop new organ failure on days 
4–14 of their stay in the ICU (ICU stay � 14 days 
was used as the criterion for CCI). A single organ 
system failure was documented in 15 (30%) patients 
with CCI, while in 24 (48%) patients organ failure 
involved more than one system. Cardiovascular 
failure was the most common — in 24 (61.5%) pa-
tients; respiratory failure — in 13 patients; renal 
failure — in 14 patients; liver failure — in 14 patients; 
and coagulopathy — in 5 patients. The causes of 
cardiovascular failure were sepsis in 19 of 27 cases, 
hypovolemia in 5 cases, cardiogenic causes in 2 cas-
es, and tension pneumothorax in 1 case. 22 of the 
50 patients were successfully extubated within 
14 days of admission to the ICU (the median time 
to extubation was 5 days), and only 28 patients 
were on mechanical ventilation on the 15th day of 
their stay in the ICU. This allowed the authors to 
conclude that recurrent organ failure plays a greater 

role in CCI development than PMV, and focusing 
solely on the duration of ventilation may lead to 
an underestimation of CCI rate. 

Similar findings were reported by T. Jeffcote et 
al.  [18] — by the 10th day of ICU stay, more than 
66% of patients with CCI were not on mechanical 
ventilation. At the same time, in patients with CCI, 
unlike in those without it, the authors observed 
treatment-resistant metabolic disorders significantly 
more often (in 12% and 3%, respectively), ventila-
tor-associated pneumonia (in 21% and 1%, respec-
tively), respiratory distress syndrome (in 10% vs 
0%), liver failure (in 10% and 5%), systemic inflam-
matory response syndrome (in 57% and 14%), deli-
rium (in 51% and 24%), and surgical complications 
(in 15% and 2%). Meanwhile, the incidence of critical 
illness myopathy was low in both groups — in pa-
tients with CCI (2 cases) and patients without CCI 
(1 case). The authors believe that CCI involves a 
cascade of interrelated pathophysiological processes 
affecting multiple systems and organs. 

Conclusion 
Improvements in intensive care practice have 

led to increasing the number of patients surviving 
ACI who develop a complex of new syndromes not 
related to CCI. Approaches to determining the time 
of CCI onset vary depending on the authors’ views 
regarding the timing of the development of new 
functional deficits and the onset of new organ 
failure. Various subtypes of CCI may develop, 
characterized by a complex of indicators qualifying 
the states of protein and carbohydrate metabolism, 
immunosuppression, inflammation, and blood elec-
trolyte composition, which influence the severity 
of its course. 

Unified approaches are needed to define CCI, 
assess risk factors for its development, identify sub-
types of progression, and detect characteristic organ 
dysfunction.
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• Textbooks and dictionaries because they are ed-
ucational rather than scientific in nature, synthesize data 
from individual articles and monographs without incor-
porating the most recent scientific findings. Citing the 
original sources referenced in textbooks is a more accurate 
and effective way to support scientific claims and allows 
for more precise topic-specific literature searches. 

These guidelines are consistent with internationally 
accepted standards for scholarly referencing. 

The reference list should follow all sections of the 
manuscript and be preceded by two line breaks. Each 
source must begin on a new line and be numbered con-
secutively in the order in which it is cited in the text — 
not alphabetically by author's last name. 

When individual authors are mentioned in the text, 
their initials should precede their surnames. In-text cita-
tions should be indicated by Arabic numerals in square 
brackets (e. g., [1], [2]). For online sources, the full URL 

(Uniform Resource Locator) must be provided in the fol-
lowing format: protocol://hostname/filename. 

The format for each reference should follow this order: 
• Author(s): if there are seven or fewer, list all au-

thors; if there are more than seven, list the first seven fol-
lowed by et al. 

• Title of the article or book. 
• Publication details. 
• If editors or compilers are cited instead of authors, 

their names should be followed by (ed.). 
Here are specific formats for citing various types of 

references. 
When citing a book: 
Author(s). Title of the Book. Edition (if not the first). 

Place of publication: Publisher; Year: page range. ISBN. 
Example: Murray PR, Rosenthal KS, Pfaller MA. Medical 

Microbiology. 9th ed. Philadelphia: Elsevier; 2020:15–35. 
ISBN: 9780323674508. 

When citing a book chapter: 
Author(s) of the chapter. Title of the chapter. In: 

Editor(s), ed(s). Title of the Book. Edition (if applicable). 
Place of publication: Publisher; Year: page range. ISBN. 

Example: Kumar V, Abbas AK, Aster JC. Inflammation 
and Repair. In: Kumar V, Abbas AK, Aster JC, eds. Robbins 
and Cotran Pathologic Basis of Disease. 10th ed. Philadel-
phia: Elsevier; 2021:69–110. ISBN: 9780323531139. 

When citing an electronic book: 
Author(s). Title of the Book. Edition. [eBook]. Place of 

publication: Publisher; Year. Available from: URL. Accessed 
[date]. 

Example: Hall JE. Guyton and Hall Textbook of Medical 
Physiology. 14th ed. [eBook]. Philadelphia: Elsevier; 2020. 
Available from: https://www.clinicalkey.com. Accessed 
April 15, 2025. 

For non-English works, provide transliterated title 
(italicized) and add translation in brackets if necessary. 

In references to journal articles, the authors' last names 
and initials must be italicized (see the rules described above 
for listing authors by number). The article title is followed 
by the journal title — also italicized — then the year, volume 
(using Arabic numerals only), issue number, and page range 
(from-to). Each of the following elements — article title and 
journal title — should be followed by a period. 

Abbreviated titles of international journals should follow 
the nomenclature used in PubMed (see examples). At the 
end of each reference, include the article's DOI and PMID 
(if available). These identifiers provide access to the original 
source with a full list of authors and can be obtained from 
the PubMed website: http://www.ncbi.nlm.nih.gov/pubmed/. 

If the identifiers are not listed in PubMed, they can 
be found at: http://www.ncbi.nih.gov/entrez/query.fcgi?db 

http://www.crossref.org/guestquery/ 
Example: Brunkhorst F.M., Engel C., Bloos F., Meier-

Hellmann A., Ragaller M., Weiler N., Moerer O., Gru-
endling M., Oppert M., Grond S., Olthoff D., Jaschinski U., 
John S., Rossaint R., Welte T., Schaefer M., Kern P., Kuhnt E., 
Kiehntopf M., Hartog C., Natanson C., Loeffler M., Rein-
hart  K. German Competence Network Sepsis (SepNet). 
Intensive insulin therapy and pentastarch resuscitation 
in severe sepsis. N Engl J Med. 2008; 358 (2): 125–139. 
http://dx.doi.org/10.1056/NEJMoa070716. PMID: 1818495 
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The Instructions for Authors 
on the Materials and Methods Sections (Updated 2026.06.22)

This section should contain the inclusion and exclusion 
criteria for the study material and a rationale for the re-
search methods chosen. If the study was conducted as 
part of a specific program, the name of the program 
should be provided. If the clinical and research components 
were conducted in different institutions, the name of the 
institution from which the research material was obtained 
must be provided. 

Information on the informed consent of patients to 
participate in the study and to the publication of 
anonymized results must be provided. References to doc-
uments that regulate the use of laboratory animals and 
the conduct of experiments with them should be provided. 
In addition, the quantitative and qualitative characteristics 
of the patients/subjects or laboratory animals included 
in the study, the study design, and the clinical, laboratory, 
instrumental, experimental, and other methods used, 
including statistical methods for data analysis, should 
be described. If artificial intelligence (AI) was used in the 
preparation of the material, the name and version of the 
AI model(s) should be provided, along with details of the 
parts of the study to which the AI contributed. 

When describing the research methods, the following 
should be included: 

• Research design: Provide a detailed description 
of the study design. 

• Location and duration: Indicate the location 
and time period during which the study was conducted. 

• Inclusion and exclusion criteria: Include criteria 
for selection and exclusion of participants (for clinical 
trials). 

• Randomization and blinding: If applicable, de-
scribe the randomization and blinding methods used 
(for randomized trials). 

• Patient selection flowchart: Include a flowchart 
outlining the process for selecting patients for the study 
(for clinical trials). 

• Statistical Methods: Provide sufficient detail 
about the statistical tests used, including the name and 
version of the statistical software package used, so that 
readers can reproduce the results using the original data. 

• Study aim and hypothesis: Clearly state the re-
search aim and hypothesis, as well as the endpoints of 
the study. 

• Normality Test: State the method used to test 
the normality of the data distribution. For parametric 
methods, state whether the major statistical assumptions 
were met. 

• Analysis of categorical variables: For low-fre-
quency events, use Fisher's exact test or the asymptotic 
chi-squared test with appropriate corrections (e. g., Yates' 
correction). The standard chi-squared test should only 
be performed with a sufficiently large sample size and 
number of events. 

• P Values: Report exact P values for statistical 
tests (for values less than 0.001, use the format «P � 0.001»). 
Report P values in figure or table legends, clearly indicating 
the control groups. 

• Sample size calculation: For prospective studies, 
describe the a priori sample size calculation. Power should 
be at least 80%. 

• Reporting of quantitative variables: For the 
presentation of values of quantitative (continuous) vari-
ables, it is recommended to use the format mean ± SD 
(for normally distributed parameters) or medians and 
quartiles (Q1, Q3). 

Information on the use/non-use of artificial intelligence 
(AI) should be included at the end of the «Materials and 
Methods» section (following the statistical data processing 
description) as a subsection «Information on the Use of 
Artificial Intelligence» The subsection should include: 

• name of the AI model(s) and version(s); 
• list of the article sections (including illustrations, 

bibliography) and technical operations (style improvement, 
translation, etc.) in which AI was used; 

• key queries in the AI instructions(s) (the basis 
of the prompt(s). 

A copy(s) of the full prompt(s) should be provided 
upon request by the reviewer or editor if clarification of 
the semantic logic of the text generated using AI may be 
required. 

The use of AI is not permitted in the formulation of 
the research and/or practical goals of the work, the dis-
cussion of the results, and the drawing of conclusions. 

If the authors prepared the article materials without 
the help of AI, then the corresponding subsection notes: 
«Artificial intelligence was not used in the preparation of 
the article». 



Basic information for the manuscript submission 
(v. Jule 22, 2026)

1. Initial submission 
Authors should submit a single Word file con-

taining the complete manuscript. Language of sub-
mission: Russian — for Russian-speaking authors. 
English — for non-Russian-speaking authors. 

The file must include the following components: 
• Title of the paper 
• Full names of all authors 
• Institutional affiliations of all authors 
• Full manuscript text, including all sections 
• Tables, figures, and photographs with cap-

tions and explanatory note 
• Reference list 
 
2. File Naming Format 
Name the file using the first author's last name 

and the submission date in the format: 
LastName_YYYYMMDD.docx . For revised versions, 
only the date should be updated. 

 
3. Manuscript Length 
Original article: approximately 40,000 characters 

with spaces 
Short communication: no more than 2,500 words 
Review or meta-analysis: between 25,000 and 

40,000 characters with spaces 
 
4. Title Page Information 
Title: must not exceed 12 words 
Authors: full names (e. g., Peter A. Johnson) 
Affiliations: full institutional names and postal 

addresses with zip code 
Corresponding author: full name, email address, 

and phone number 
 
5. Structure of summary, body text, References 
Summary (Abstract): must be between 250 and 

300 words and structured into the following sections: 
• Introduction (background / scope of the 

problem) 
• Aim 

• Materials and Methods 
• Results 
• Conclusion 
Highlights (optional): one to three main mes-

sages may be presented either in textual or info-
graphic form. Text highlights should not exceed 
40 words each. 

Keywords: 6–8 keywords, separated by semi-
colons (;). Do not place a period at the end. 

Post-keyword Informational Sections: 
• Conflict of interest 
• Study funding 
• Acknowledgements (optional) 
• Information about the Authors (ID, con-

tributions)  
Body text: 
• Introduction (Background) 
• Materials and Methods (information on the 

use / non-use of artificial intelligence must be in-
cluded) 

• Results 
• Discussion 
• Conclusion  
References: at least 70% of the references should 

be published within the last 5 years, and at least 
30% within the last 3 years. Number of references: 
original articles  — 25 to 45; short communica-
tions — 10 to 25; reviews — 80 to 120. Formatting: 
must comply with the Author Guidelines «3.14. Ref-
erences» section.  

Illustrations (including tables): for original ar-
ticles — up to 8; for short communications — up 
to 3; for reviews — up to 8. 

 
6. Formatting 
Font: Times New Roman, 12 pt. Section headings: 

bold. Line spacing: 5. Paragraph formatting: no 
extra space before or after paragraphs; one additional 
line between sections. First-line indent: 1.25 cm. 
Margins: 2.5 cm on all sides. Page numbers: bottom 
right corner of each page 






