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Introduction 
Infections and inflammation account for 4.9% 

to 30.8% of all complications after cardiac surgery [1]. 
A large study analyzing the outcomes of more than 
30.000 patients undergoing cardiac and vascular 
surgery reported the following incidences of infectious 
complications: urinary tract infection (2.8%), sepsis 
(2.2%), pneumonia (1.7%), surgical site infection 
(0.4%), and sternal wound infection (0.86%) [2]. Al-

though these complications are relatively rare, they 
significantly prolong hospital stays, increase treatment 
costs [3], and reduce patients' quality of life. In some 
cases, these infections are diagnosed after discharge 
and may contribute to delayed adverse outcomes [4].  

The inflammatory response plays a central 
role in the body's protective response to surgical 
stress. However, when this response is dysregulat-
ed — due to factors such as the patient's baseline 
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Summary 
Aim. To identify biomarkers for prediction and early diagnosis of infectious and inflammatory complica-

tions in patients after aortic surgery. 
Materials and methods. The study included 57 patients who underwent surgical procedures on the aorta and 

its branches under cardiopulmonary bypass and myocardial ischemia. The cohort was divided into two groups: 
patients with an uneventful postoperative period (group 1, N=35) and patients with local infectious and inflam-
matory complications after surgery (group 2, N=22). Serum levels of procalcitonin (PCT), interleukins (IL-6 and 
IL-10), and aromatic microbial metabolites (AMM) were measured before surgery, upon admission, and six hours 
after admission to the ICU. On postoperative days 3 and 6 neutrophil, lymphocyte, and platelet counts were as-
sessed, and neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) were calculated. 

Results. There were no significant differences in sex, age, or comorbidities between groups 1 and 2. Patients 
in group 2 had a more severe intraoperative period and required a longer ICU stay. Predictive markers of com-
plications included IL-6�143.35 pg/mL at ICU admission (sensitivity 42.9%, specificity 90.9%, AUC 0.789, 95% 
CI 0.669–0.909, P�0.001); PCT�0.12 ng/mL 6 hours after ICU admission (sensitivity 90.9%, specificity 54.3%, 
AUC 0.762, 95% CI 0.634–0.891, P�0. 001); NLR �7.8 on postoperative day 3 (sensitivity 72.7%, specificity 68.6%, 
AUC 0.710, 95% CI 0.571–0.850, P=0.003); and �AMM (before and after surgery) �0.185 (sensitivity 77.3%, 
specificity 71.4%, AUC 0.780, 95% CI 0.651–0.909, P�0.001). 

Conclusion. Values of IL-6, PCT, NLR, and AMM reflect different features of the inflammation and can be 
used for prediction and early diagnosis of infectious and inflammatory complications in cardiac surgery patients. 

Keywords: infectious and inflammatory complications; biomarkers; interleukin-6; aromatic microbial 
metabolites; neutrophil-to-lymphocyte ratio; platelet-to-lymphocyte ratio; cardiac surgery 
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condition or specific characteristics of surgeries in-
volving cardiopulmonary bypass (CPB)  [5–8] — it 
can lead to tissue and organ damage, increasing 
the risk of infectious complications [9–14].  

This study hypothesized that assessment of 
biomarker fluctuations related to immune, inflam-
matory, and metabolic homeostasis can differentiate 
between appropriate and dysregulated responses 
to surgical stress. This approach aims to establish a 
diagnostic panel for the prediction of infectious 
and inflammatory complications in the early post-
operative period.  

Materials and Methods 
This prospective, minimally interventional study 

used data collected during the first phase of the scientific 
project «Microbiota Modulation» conducted at the Russian 
Scientific Center of Surgery named after Academician 
B. V. Petrovsky (Local Ethics Committee Meeting Protocol 
No. 7 dated April 15, 2021); registered at ClinicalTrials.com 
as NCT04921436 [15]. From 2021 to 2023, the study in-
cluded patients (N=81) who underwent reconstructive 
aortic surgery under CPB and had myocardial ischemia 
(MI) without prolonged antibiotic prophylaxis.  

Inclusion criteria:  
— Age between 18 and 75 years;  
— Reconstructive aortic surgery performed by the 

same surgical and anesthesia team;  
— The patient's voluntary informed consent to 

participate in the study.  
Exclusion criteria:  
— Loss to follow-up due to patient transfer to an-

other hospital (N=2);  
— Development of postoperative complications 

such as bleeding in the early postoperative period requiring 
reoperation, severe hemodynamic instability, acute cere-
brovascular events, and others (N=22) (Fig. 1).  

Data from 57 patients were analyzed, including 
43 males and 14 females (24.6%). The median age of the 
participants was 57 years (IQR: 46–64), with a Charlson 
Comorbidity Index (CCI) score of 4 (IQR: 2–5). The median 
duration of CPB was 124 minutes (IQR: 99.5–161), and 
the median duration of MI was 97 minutes interquartile 
range (IQR: 67.5–120.5). All patients were monitored in 
the intensive care unit (ICU) for at least 24 hours postop-
eratively.  

The primary endpoint of the study was the occur-
rence of local infectious and inflammatory complications 
(e. g., pneumonia, surgical site infection) during the post-
operative period, collectively referred to as «complications». 
According to national clinical guidelines [16], the diagnosis 
of pneumonia was made on the basis of the presence of 
new focal infiltrative changes in the lungs observed on 
radiological imaging, combined with at least two clinical 
and laboratory criteria:  

— Acute fever of 38.0°C or higher;  
— Cough with sputum;  
— Physical signs such as focal crepitus/crackles, 

bronchial breath sounds, dullness on percussion;  
— Leukocytosis � 10 × 10⁹/L and/or neutrophilic 

shift to the left � 10%.  
The diagnosis of surgical site infection was made 

in collaboration with the surgeons based on inspection 
of the postoperative wound at dressing changes, including 
the results of microbiologic analysis of wound exudate.  

Secondary endpoints included ICU length of stay 
and total hospital length of stay.  

Group 1 included patients with an uncomplicated 
postoperative period (N=35), while group 2 included patients 
with complications (N=22). Of the patients in group  2, 
19 (86.4%) were diagnosed with hospital-acquired pneu-
monia and 2 presented with purulent tracheobronchitis. 
Surgical site infections were observed in 3 patients (13.6%). 

Blood samples for biomarker assessment were col-
lected both pre- and post-operatively: immediately upon 

Clinical  Studies

Fig. 1. Flowchart of patient inclusion in the study.
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admission to the ICU and 6 hours after ICU admission. 
Levels of procalcitonin (PCT, cutoff � 0.05 ng/mL) were 
measured by immunochemistry, while tumor necrosis 
factor-alpha (TNF-α, cutoff � 50 pg/mL) and interleukins 
(IL-6 � 7 pg/mL and IL-10 � 9.1 pg/mL) were measured 
by enzyme-linked immunosorbent assay (ELISA). 

At the same time points, serum samples were analyzed 
for clinically relevant aromatic microbial metabolites 
(AMM), including 2-hydroxy-3-phenylpropionic (phenyl-
lactic), 3-(4-hydroxyphenyl)-2-hydroxypropionic (p-hy-
droxyphenyllactic), and 4-hydroxyphenylacetic (p-hydrox-
yphenylacetic, or p-HPAA) acids. AMM levels were deter-
mined in μM using gas chromatography-mass spectrometry 
after liquid-liquid extraction and derivatization. These 
metabolites were then summed to calculate an integral 
indicator: total aromatic microbial metabolites (�AMM). 

Dynamic changes in the parameters were calculated 
using the formula: 

 
 
 
 
 
On postoperative days 3 and 6, a complete venous 

blood count was performed to assess neutrophil, lym-
phocyte, and platelet counts. The neutrophil-to-lympho-
cyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) 
were calculated from these values. 

Microsoft Excel was used to construct the database 
and create graphical materials. Statistical data analysis 
was performed using IBM SPSS Statistics 26 software. The 
distribution pattern for each quantitative variable was de-
termined using the Shapiro–Wilk test. All quantitative data 
with non-normal distribution were presented as median 
(Q2) and IQR (Q1; Q3). Differences between two inde-
pendent samples were assessed using the Mann–Whitney 
test, differences between paired samples were evaluated 
using the Wilcoxon test, and differences between three in-
dependent samples were analyzed using the Kruskal–
Wallis test. Correlation analysis was performed by calculating 
Spearman's correlation coefficient (R). To evaluate variables 
as predictors, ROC analysis was performed and all results 
were accumulated in the Appendix (Table A2). In all cases, 
statistical analysis results were considered significant at 
P<0.05 (two-tailed P-value). 

Results and Discussion 

The age, sex, and comorbidity profile of the 
patients did not differ significantly between the 
groups being compared (Table 1). Although males 
predominated in both groups, male sex was not 
identified as a risk factor for developing complica-
tions (OR 1.8, 95% CI 0.49–6.66). 

There were no fatal outcomes during the study. 
Comparison of parameters showed that group 2 
patients experienced longer duration of CPB and 
MI, and significantly higher intraoperative and post-
operative blood loss. In addition, this group required 
more intensive monitoring in the ICU during the 
early postoperative period and a longer overall hos-
pital stay (Table 1). 

The complete list of laboratory parameters 
studied is provided in the Appendix (Table A1). 
In the first step of data analysis, biomarkers and 
calculated parameters that could potentially serve 
as predictors of infectious complications were 
selected. Subsequently, only those parameters 
with statistically significant differences between 
groups 1 and 2 in at least one of the steps were 
considered (Table 2). 

Correlation analysis was performed both 
between the studied markers and between the 
markers and parameters such as ICU length of 
stay, blood loss volume, CPB duration, MI dura-
tion, CCI, and patient age. A significant positive 
correlation was found between IL-6 levels on 
ICU admission immediately after surgery and 
PCT levels on postoperative day 6 (R=0.543, 
P�0.005). Further analysis results are shown in 
the Appendix (Tables A3, A4). 

It was demonstrated that patients with com-
plicated and uncomplicated postoperative course 
differ in the nature and intensity of the inflammatory 
response to surgical stress, allowing the development 
of a diagnostic biomarker panel. This panel could 
help to assess the likelihood of complications and 
contribute to their early diagnosis: 

• A significant increase in IL-6 levels on ad-
mission to the ICU above 143.35 pg/mL (sensitivity 
42.9% and specificity 90.9%) may indicate the de-

Table 1. Demographic characteristics, comorbidities, and features of the perioperative period in the study groups. 
Parameter                                                                                                                                                         Values in groups                                        P-value 
                                                                                                                                                         Group 1, N=35                   Group 2, N=22                            

Demographic characteristics and comorbidities 
Age, years                                                                                                                                58 (45; 63)                      53.5 (48; 65.75)                   0.634 
CCI, points                                                                                                                                 3 (2; 5)                                  4 (2; 5)                            0.451 
Proportion of men in the group, %                                                                                     72%                                      82%                                    

Features of intra- and postoperative periods 
CPB, minutes                                                                                                                    112 (73; 141.5)                 161 (136; 206.5)                 �0.001 
MI, minutes                                                                                                                    84.5 (53.75; 104.5)          122.5 (90.5; 151.75)               0.002 
Intraoperative blood loss, mL                                                                                     800 (600; 900)                 1000 (725; 1875)                  0.011 
Blood loss in drains within the first 24 hours, mL                                               200 (140; 300)                  325 (207.5; 500)                   0.005 
Follow-up time after surgery in ICU, days                                                                     1 (1; 1)                                3.5 (2; 5)                        �0.001 
Follow-up time after surgery in the ward, days                                                           7 (6; 8)                         10 (7.25; 14.75)                   0.001 

�Parameter = 100%×

Value of the 
repeated 
measure-

ment

Value 
of the previ-

ous measure-
ment

–

Value of the previous 
measurement
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velopment of a dysregulated hyperinflammatory 
response to surgical stress. 

• PCT levels � 0.12 ng/mL six hours after 
ICU admission, with relatively high sensitivity 
(90.9%) but low specificity (54.3%), may identify 
patients at increased risk of complications. 

• The blood level of an aromatic microbial 
metabolite p-HPAA � 1.1 µM on ICU admission 
and six hours later shows the highest specificity 
(94.3% and 94.1%, respectively) but low sensitivity 
(27.3% and 36.4%, respectively) for predicting the 
development of infectious inflammation. 

• �AMM (sum of aromatic microbial metabo-
lites), both as an absolute value on ICU admission 
and its changes pre- and postoperatively, as well as 
changes from preoperative levels to six hours after 
ICU admission, shows the highest sensitivity (81.8%, 
77.3%, and 72.7%, respectively) and specificity (60%, 
71.4%, and 71.4%, respectively) for predicting the 
development of infectious inflammation. 

• An NLR � 7.8 on the third day after ICU 
admission has a predictive value for the develop-
ment of infectious complications with a sensitivity 
of 72.7% and a specificity of 68.6%. By day 6 after 
ICU admission, NLR � 5.4 shows lower sensitivity 
(68.2%) but higher specificity (80%), suggesting 

that NLR at day 6 is a better marker of ongoing 
inflammation.  

Patients in group 2 had longer CPB duration, 
greater blood loss and a marked pro-inflammatory 
response immediately after surgery. This response 
subsequently shifted to an immunosuppressive tra-
jectory of the systemic inflammatory response, pre-
disposing them to complications.  

In contrast, patients in group 1 showed a less 
pronounced increase in IL-6 levels after surgery, 
although a slight upward trend was observed six 
hours postoperatively. The ratio of IL-6 to IL-10 
was higher in group 1 than in group 2, reflecting 
preserved protective inflammatory mechanisms. 
By day 6, NLR levels returned to values typical of a 
relatively healthy population in group 1, whereas 
they remained elevated in patients with complica-
tions (Fig. 3).  

Classic clinical signs of infection and biomarker 
levels are not always sufficiently informative; for 
example, fever in cardiac surgery patients may have 
both infectious and non-infectious origins.  

In a prospective study conducted in an intensive 
care unit, changes in C-reactive protein (CRP) levels 
were not shown to be a reliable marker of infection, 
in contrast to elevated body temperature and leuko-

Table 2. Levels of markers and calculated parameters in the study groups. 
Parameter                                                                                                                                                         Values in groups                                         P value 
                                                                                                                                                         Group 1, N=35                   Group 2, N=22                            

Before surgery 
p-HPAA, µM                                                                                                                         0.4 (0.3; 0.6)                       0.6 (0.4; 0.8)                      0.078 
�АММ, µM                                                                                                                          2.3 (1.9; 3.1)                       2.4 (2.0; 3.2)                      0.876 
TNF-α, pg/L                                                                                                                     6.20 (5.35; 7.05)                7.00 (5.00; 8.30)                  0.349 
IL-6, pg/mL                                                                                                                      2.25 (1.50; 7.33)               7.70 (2.90; 17.20)                 0.058 
IL-10, pg/mL                                                                                                                    5.00 (5.00: 5.00)                5.00 (5.00: 5.00)                  0.281 
IL-6/ IL-10 ratio                                                                                                              0.45 (0.30; 0.99)                0.90 (0.30; 2.42)                  0.207 
PCT, ng/mL                                                                                                                      0.02 (0.02; 0.02)                0.02 (0.02; 0.04)                  0.657 

Upon admission to ICU 
p-HPAA, µM                                                                                                                         0.3 (0.3; 0.6)                       0.6 (0.4; 1.1)                      0.018 
�АММ, µM                                                                                                                          2.3 (1.9; 3.3)                       3.2 (2.6; 4.5)                      0.008 
ΔАММ (before vs, after surgery), %                                                                               7 (–1; 21)                            31 (19; 75)                      �0.001 
TNF-α, pg/L                                                                                                                     6.10 (5.43; 7.98)                6.80 (5.40; 7.80)                  0.527 
IL-6, pg/mL                                                                                                                   51.30 (34.10; 85.00)       125.50 (66.30; 218.30)           �0.001 
IL-10, pg/mL                                                                                                             263.50 (135.00; 603.50)  253.00 (114.00; 773.00)           0.979 
IL-6/ IL-10 ratio                                                                                                              0.17 (0.08; 0.56)                0.38 (0.18; 1.27)                  0.031 

6 hours after ICU admission 
p-HPAA, µM                                                                                                                         0.3 (0.2; 0.4)                       0.5 (0.3; 1.3)                      0.001 
�АММ, µM                                                                                                                          2.7 (2.3; 3.9)                       4.1 (3.0; 5.6)                      0.010 
ΔАММ (before surgery vs, 6 hours after surgery), %                                              10 (–5; 32)                           12 (–5; 23)                        0.889 
ΔАММ (before surgery vs, 6 hours after surgery), %                                               24 (3; 46)                           49 (31; 116)                      0.007 
TNF-α, pg/L                                                                                                                     5.20 (4.43; 6.93)                7.40 (5.20; 8.20)                  0.030 
IL-6, pg/mL                                                                                                                  78.85 (51.60; 102.95)       86.20 (53.60; 135.60)             0.716 
IL-10, pg/mL                                                                                                                  15.70 (5.18; 46.48)          66.60 (6.70; 138.00)               0.068 
IL-6/ IL-10 ratio                                                                                                             4.51 (1.71; 13.67)              0.96 (0.65; 15.18)                 0.042 
PCT, ng/mL                                                                                                                      0.11 (0.06; 0.25)                0.42 (0.18; 0.87)                  0.001 

3rd day post-op 
Neutrophil count, 10³ cells/µL                                                                                 8.60 (6.50; 11.65)              8.85 (7.10; 10.00)                 0.544 
Lymphocyte count, 10³ cells/µL                                                                               1.40 (1.05; 1.85)                1.00 (0.83; 1.18)                  0.004 
NLR                                                                                                                                     6.14 (4.05; 8.66)               9.52 (7.36; 12.14)                 0.008 
6th day post-op 
Neutrophil count, 10³ cells/µL                                                                                  6.50 (5.00; 8.35)                8.65 (6.43; 9.98)                  0.017 
Lymphocyte count, 10³ cells/µL                                                                               1.80 (1.25; 2.05)                1.20 (1.00; 1.65)                  0.028 
NLR                                                                                                                                     3.78 (2.89; 4.96)                6.09 (4.50; 8.28)                  0.002 
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Fig. 2. Results of ROC analysis. 
Note. a — IL-6 upon ICU admission; b — PCT 6 hours after ICU admission; c — NLR on the 3rd day after surgery. 

Fig. 3. Original flow chart of the perioperative course in patients without complications (group 1) and with complications 
(group 2). 
Note. * — P�0.005 compared to previous measurements; # — P�0.005 compared to the other group. 
 

cyte count [21]. In patients undergoing open-heart 
surgery, significant differences in body temperature, 
leukocyte count, and CRP levels were observed dur-
ing the first three days, but these did not reflect the 
development of infection. Only after the sixth day 
did a renewed increase in these parameters indicate 
the presence of infection [22].  

There were no differences in leukocyte counts 
between the groups studied. More informative 

markers included PCT, IL-6, aromatic microbial 
metabolites, and hematologic indices (HI).  

According to other research groups, PCT thresh-
olds vary widely depending on the presence of co-
morbidities, the timing of marker assessment, and 
other factors [23]. For example, P. Sharma and col-
leagues reported that on the first postoperative day, 
a PCT concentration � 7 ng/mL indicates a high 
risk of infectious complications [24].  
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In our study, PCT levels in the very early post-
operative period (6 hours after ICU admission) 
showed high sensitivity (90.9%) with relatively low 
specificity (54.3%), making it a convenient marker 
for initial assessment. A PCT concentration 
� 0.12 ng/mL in the early postoperative period sug-
gests an adaptive response to surgical stress and a 
low likelihood of complications. However, when 
evaluating PCT concentrations, it is important to 
adjust diagnostic thresholds in the presence of renal 
dysfunction [25].  

In cases of uncertainty, additional biomarkers 
with high specificity can be used, such as tumor 
necrosis factor-alpha (TNF-α) and IL-6/IL-10 meas-
ured 6 hours after surgery. Among these, IL-6 at 
ICU admission showed the most optimal combi-
nation of sensitivity and specificity (� 143.35 pg/mL; 
42.9% and 90.9%, respectively). The high specificity 
of IL-6 for early infectious complications has been 
confirmed in other studies  [26, 27]. Elevated IL-6 
levels after CPB have also been associated with hy-
perdynamic cardiovascular instability and metabolic 
disturbances [28].  

Notably, the changes of IL-6 as a pro-inflam-
matory marker may be more clinically relevant than 
the absolute level above a certain threshold. IL-6 
levels at ICU admission correlated with almost all 
biomarkers studied (PCT levels, AMM levels and 
their perioperative variations, NLR), as well as with 
CPB and MI duration, total blood loss, and ICU 
length of stay.  

One of the circulating metabolites of the mi-
crobiota is p-hydroxyphenylacetic acid (p-HPAA). 
During sepsis, microbial metabolism of aromatic 
amino acids occurs not only in the gastrointestinal 
tract but also in inflammation sites. This leads to 
an excessive release of metabolic intermediates 
into the bloodstream, increasing the levels of sep-
sis-associated circulating metabolites, including 
p-HPAA [29].  

In our study, p-HPAA concentrations exceeded 
1.1 µM immediately after ICU admission and 
6  hours later. This marker showed the highest 
specificity (94.3% and 94.1%, respectively) but rel-
atively low sensitivity (27.3% and 36.4%, respec-
tively). According to the findings of N. Beloborodova 
et al., healthy volunteers typically have p-HPAA 
concentrations below 0.5 µM, whereas patients 
with sepsis have significantly higher levels, averaging 
2.1 µM (1.7–7.0 µM) [29].  

Thus, a p-HPAA level � 1.1 µM after surgery 
indicates a high risk of developing inflammatory 
complications, even if it does not reach levels char-
acteristic of septic patients.  

In a previous study, the risk of all types of post-
operative complications in cardiac surgery patients 
was evaluated, including the total concentration of 
aromatic microbial metabolites (�AMM) six hours 

after surgery. The prognostic value of �AMM was 
found to be moderate, with an area under the 
curve (AUC) of 0.717, a threshold of 2.9 µM, a sensi-
tivity of 81%, and a specificity of 56% [30].  

In the present study, the same threshold of 
2.9 µM demonstrated a lower prognostic significance 
(AUC of 0.705, sensitivity of 77.3% and specificity 
of 51.1%). However, after ICU admission, this pa-
rameter showed a higher prognostic significance 
with a sensitivity of 81.8% and a specificity of 60%, 
which is crucial for timely diagnostic and therapeutic 
decisions. In addition, the dynamic changes in total 
aromatic microbial metabolite levels before and 
after surgery, as well as from preoperative levels to 
six hours after ICU admission, showed some of the 
highest sensitivities (77.3% and 72.7%, respectively) 
and specificities (71.4% and 71.4%, respectively) 
among all biomarkers analyzed.  

Hematological indices, calculated from routine 
complete blood counts available in any hospital, 
provide a practical tool for monitoring throughout 
the postoperative period, especially in the absence 
of more advanced laboratory diagnostics. On the 
one hand, HI reflect the body's response to CPB 
(since CPB significantly alters neutrophil and lym-
phocyte counts and their characteristics) [31]. On 
the other hand, they have already been established 
as predictors of adverse outcomes after various car-
diac surgical procedures [32–34].  

According to Y. Zhu et al., a postoperative NLR 
� 7.5 in patients undergoing CPB surgery is associ-
ated with higher 30-day mortality rates [35]. In our 
study, an NLR � 7.8 on postoperative day 3 demon-
strated predictive value for the development of in-
fectious complications with a sensitivity of 72.7% 
and a specificity of 68.6%. At postoperative day 6, 
an NLR � 5.4 showed decreased sensitivity (68.2%) 
but increased specificity (80%), suggesting that at 
postoperative day 6, NLR is more appropriately 
considered a marker of an active infection rather 
than a predictor of potential infection.  

Study limitations. Limitations of this study 
include the lack of a priori sample size calculation, 
the small number of observations, and the high 
degree of heterogeneity in the population of cardiac 
surgery patients undergoing aortic reconstruction. 
Patient recruitment is ongoing to address these 
limitations.  

Conclusion 
Dysregulated systemic inflammatory responses 

immediately after aortic reconstructive surgery are 
detected by elevated PCT levels � 0.12 ng/mL, IL-6 
levels � 143.35 pg/mL, and the presence of AMM, 
especially p-HPAA � 1.1 µM. NLR values � 7.8 and 
� 5.4 on the third and sixth postoperative day, re-
spectively, serve as markers of a developing infection 
and inflammation.



10 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 5 ,  2 1 ;  1

Clinical  studies

Appendix 
 
Table A1. Comprehensive list of measured biomarkers. 
Name                                                                                                                                                                                                                Units of measurement 
Basophils, absolute count                                                                                                                                                                      10³ cells/µL 
BA — Benzoic acid                                                                                                                                                                                            µM 
HVA — Homovanillic acid                                                                                                                                                                              µM 
Leukocytes, absolute count                                                                                                                                                                    10⁹ cells/L 
Lymphocytes, absolute count                                                                                                                                                               10³ cells/µL 
Monocytes, absolute count                                                                                                                                                                   10³ cells/µL 
Immature granulocytes, absolute count                                                                                                                                            10⁹ cells/L 
Neutrophils, absolute count                                                                                                                                                                  10³ cells/µL 
p-HBA — p-hydroxybenzoic acid                                                                                                                                                                µM 
p-HPLA — p-hydroxyphenyllactic acid                                                                                                                                                     µM 
p-HPPA — p-hydroxyphenylpropionic acid                                                                                                                                            µM 
p-HPAA — p-hydroxyphenylacetic acid                                                                                                                                                    µM 
NLR — Neutrophil-to-lymphocyte ratio                                                                                                                                                       
Platelets                                                                                                                                                                                                          10⁹ cells/L 
PLA — Phenyllactic acid                                                                                                                                                                                 µM 
TNF-α — Tumor necrosis factor-alpha                                                                                                                                                    pg/L 
PPA — Phenylpropionic acid                                                                                                                                                                        µM 
Eosinophils, absolute count                                                                                                                                                                  10³ cells/µL 
TSH — Thyroid-stimulating hormone (high-sensitivity)                                                                                                               µIU/mL 
IL-10                                                                                                                                                                                                                    pg/mL 
IL-1β                                                                                                                                                                                                                    pg/mL 
IL-6                                                                                                                                                                                                                      pg/mL 
IL-8                                                                                                                                                                                                                      pg/mL 
NLR — Neutrophil-to-lymphocyte ratio                                                                                                                                                       
NSE — Neuron-specific enolase                                                                                                                                                               ng/mL 
NT-proBNP — N-terminal pro-brain natriuretic peptide                                                                                                               pg/mL 
PCT — Procalcitonin                                                                                                                                                                                     ng/mL 

Table A2. Results of ROC analysis. 
Parameter                                                                             Threshold Level             Sensitivity          Specificity        AUC            95% CI        P value 
p-HPAA 
— Upon admission to ICU                                                     �1.1                               27.3                       94.3              0.685       0.538–0.832      0.013 
— 6 hours after admission to ICU                                       �1.1                               36.4                       94.1              0.765       0.634–0.896    �0.001 
�АММ 
— Upon admission to ICU                                                     �2.5                               81.8                         60                0.710       0.576–0.845      0.002 
— 6 hours after admission to ICU                                       �2.3                               77.3                       51.1              0.705       0.562–0.847      0.005 
�АММ 
— Pre- and post-operation                                                  �0.185                            77.3                       71.4              0.780       0.651–0.909    �0.001 
— Pre-op and 6 hours post-admission                            �0.354                            72.7                       71.4              0.713       0.565–0.861      0.005 
PCT 
— 6 hours after admission to ICU                                    �0.1185                           90.9                       54.3              0.762       0.634–0.891    �0.001 
IL-6 
— Upon admission to ICU                                                  �143.35                           42.9                       90.9              0.789       0.669–0.909    �0.001 
IL-6/IL-10 
— Upon admission to ICU                                                   �3.865                            14.3                       94.1              0.671       0.531–0.818      0.017 
— 6 hours after admission to ICU                                          —                                   —                           —                0.665       0.494–0.835      0.058 
TNF-α 
— 6 hours post-operation                                                       �9.6                                9.5                        91.2              0.676       0.534–0.818      0.015 
Neutrophils 
— 6th day post-operation                                                       �5.45                             95.5                       37.1              0.688       0.548–0.828      0.008 
Lymphocytes 
— 3rd day post-operation                                                       �1.25                             81.8                       65.7              0.727       0.589–0.865      0.001 
— 6th day post-operation                                                       �1.05                             36.4                       85.7              0.673       0.525–0.822      0.022 
NLR 
— 3rd day post-operation                                                     �7.8350                           72.7                       68.6              0.710       0.571–0.850      0.003 
— 6th day post-operation                                                      �5.424                            68.2                         80                0.742       0.609–0.874    �0.001 
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Table A3. Results of correlation analysis. 
Parameter 1                                                                           Parameter 2                                                                                                                      R         P value 
PCT before surgery, ng/mL                                          p-HPAA 6 hours after ICU admission, µM                                                  0.360       0.006 
IL-6 upon ICU admission, ng/mL                             p-HPAA upon ICU admission, µM                                                                0.404       0.002 
IL-6 upon ICU admission, ng/mL                             p-HPAA 6 hours after ICU admission, µM                                                  0.423       0.002 
TNF-α 6 hours after ICU admission, pg/L             p-HPAA 6 hours after ICU admission, µM                                                  0.421       0.002 
IL-6/IL-10 upon ICU admission                                p-HPAA upon ICU admission, µM                                                                0.345       0.010 
IL-6/IL-10 upon ICU admission                                p-HPAA 6 hours after ICU admission, µM                                                  0.356       0.008 
PCT 6 hours after ICU admission, ng/mL              �AMM upon ICU admission, µM                                                                  0.312       0.018 
PCT 6 hours after ICU admission, ng/mL              �AMM 6 hours after ICU admission, µM                                                   0.411       0.001 
IL-6 upon ICU admission, ng/mL                             �AMM upon ICU admission, µM                                                                  0.422       0.001 
IL-6 upon ICU admission, ng/mL                             �AMM 6 hours after ICU admission, µM                                                   0.317       0.020 
PCT 6 hours after ICU admission, ng/mL              �AMM (pre-surgery vs, post-surgery)                                                        0.480     �0.001 
PCT 6 hours after ICU admission, ng/mL              �AMM (pre-surgery vs, 6 hours post-surgery)                                        0.461     �0.001 
IL-6 upon ICU admission, ng/mL                             �AMM (pre-surgery vs, post-surgery)                                                        0.364       0.007 
IL-6 upon ICU admission, ng/mL                             PCT 6 hours after ICU admission, ng/mL                                                  0.543     �0.001 
IL-6 upon ICU admission, ng/mL                             TNF-α 6 hours after ICU admission, pg/L                                                  0.381       0.004 
IL-6/IL-10 upon ICU admission                                TNF-α 6 hours after ICU admission, pg/L                                                  0.307       0.023 
�AMM (pre-surgery vs, post-surgery)                    Neutrophils (absolute count), 6th day post-surgery, 10³ cells/µL       0.280       0.035 
PCT 6 hours after ICU admission, ng/mL              Neutrophils (absolute count), 6th day post-surgery, 10³ cells/µL       0.387       0.003 
p-HPAA 6 hours after ICU admission, µM             Lymphocytes (absolute count), 3rd day post-surgery, 10³ cells/µL   –0.285      0.034 
�AMM (pre-surgery vs, 6 hours post-surgery)    Lymphocytes (absolute count), 6th day post-surgery, 10³ cells/µL   –0.362      0.006 
PCT 6 hours after ICU admission, ng/mL              Lymphocytes (absolute count), 3rd day post-surgery, 10³ cells/µL   –0.296      0.025 
IL-6 upon ICU admission, ng/mL                             Lymphocytes (absolute count), 6th day post-surgery, 10³ cells/µL   –0.330      0.015 
p-HPAA 6 hours after ICU admission, µM             NLR, 3rd day post-surgery                                                                                 0.272       0.042 
�AMM (pre-surgery vs, post-surgery)                    NLR, 3rd day post-surgery                                                                                 0.299       0.001 
�AMM (pre-surgery vs, 6 hours post-surgery)    NLR, 3rd day post-surgery                                                                                 0.424       0.001 
IL-6 upon ICU admission, ng/mL                             NLR, 6th day post-surgery                                                                                 0.358       0.008 
PCT 6 hours after ICU admission, ng/mL              NLR, 6th day post-surgery                                                                                 0.368       0.005 

Table A4. Results of correlation analysis of biomarkers with perioperative characteristics. 
Parameter                                                                                                          Days                        Age        CCI        CPB         MI       Intra-  Drains   Total  
                                                                                                              in ICU   in the     total                                                                     operative                blood  
                                                                                                                                 ward                                                                                          blood                     loss 
                                                                                                                                                                                                                                        loss 
Preoperative p-HPAA                                                                                                                             0.261*                                                                        
p-HPAA upon ICU admission                                                                                                            0.295*                                                                        
�AMM upon ICU admission                                               0.346#                                                   0.291*    0.290*                                  0.291*          
�AMM 6 hrs after ICU admission                                      0.398#                                                   0.288*                   0.312*   0.311*   0.362#   0.335* 
�AMM (pre- and post-op)                                                   0.550#                    0.327*                                   0.371#   0.284*                                         
�AMM (pre-op and 6 hrs post-op)                                   0.410#                    0.268*                                                  0.292*                                         
PCT 6 hrs after ICU admission                                            0.525#                    0.369#                                   0.385#    0.415#    0.441#   0.314*   0.478# 
IL-6 upon ICU admission                                                     0.472#                    0.402#                                   0.376#    0.455#                   0.279*   0.312* 
IL-6/IL-10 upon ICU admission                                                                         0.300*                                                  0.287*                                         
TNF-α 6 hrs after ICU admission                                                                       0.276*   0.348#    0.361#                                                  0.308*          
Neutrophils 6 days post-op                                                  0.384#                    0.315*                                                                  0.261*                         
Lymphocytes 3 days post-op                                              –0.443#                  –0.342#                 –0.265*  –0.356# –0.346*                                        
Lymphocytes 6 days post-op                                              –0.291* –0.264*  –0.370#                                 –0.306* –0.360* –0.322*–0.274* –0.375# 
NLR 3 days post-op                                                                 0.314*                                   0.377#   0.317*                                                                        
NLR 6 days post-op                                                                 0.438#    0.291*    0.462#                                   0.352#    0.436#    0.395#   0.324*   0.426# 
Note. * — P�0.05; # — P�0.001. 
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Summary 
Aim: to study the correlation of immune parameters in breast cancer patients undergoing general anes-

thesia and to evaluate the 1-year overall and recurrence-free survival after surgery depending on general anes-
thesia technique. 

Materials and Methods. A post hoc analysis of data from a double-blind, randomized, controlled clinical 
trial involving 98 patients with operable breast cancer was performed. Patients were divided into two groups: 
48 received inhalational anesthesia (IA) and 50 received total intravenous anesthesia (TIVA). Immune param-
eters (CRP, IgA, IgM, IgG, C3, C4, MMP-9, neutrophil and lymphocyte counts, etc.) were assessed before in-
duction of anesthesia, 1 hour postoperatively, and 24 hours postoperatively. Spearman correlation coefficients 
and heat maps were used for analysis. 

Results. In the IA group, significant uniform increases were observed in all immunoglobulin types at 1 and 
24 hours postoperatively (all P�0.001; for IgA-IgG, R=0.928; for IgA-IgM, R=0.837; for IgG-IgM, R=0.815). A pos-
itive correlation was found between complement components (C3, C4) and immunoglobulins (P=0.011 —
0.023; R=0.313–0.363). In the TIVA group, changes were variable: immunoglobulin levels increased at 1 hour 
(P�0.001) but decreased at 24 hours (P�0.001). A strong positive correlation was identified between cytotoxic 
T cells and NK cells (P�0.001; R=0.722). Neutrophil count showed no significant correlation with cytotoxic T 
or NK cells. One year after surgery, both groups demonstrated 100% overall and recurrence-free survival. 

Conclusion. IA was associated with synchronized changes in humoral immunity components, whereas 
TIVA resulted in variable immune responses, suggesting potential differences in IA and TIVA effects on the im-
mune system. However, no impact of anesthesia technique on overall or recurrence-free survival was observed. 
More research is needed to better understand how different anesthetics affect immune function and the po-
tential impact of anesthesia technique on long-term cancer outcomes.  

Keywords: immune parameters; inhalational anesthesia; total intravenous anesthesia; breast cancer; 
humoral immunity;, cellular immunity; overall survival; recurrence-free survival 
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Introduction 
Surgery is the primary treatment strategy for 

most patients with solid tumors. However, early tumor 
recurrence occurs in approximately one third of 
patients after surgery  [1]. The stress response to 
surgery, involving activation of pro-inflammatory 
pathways and stimulation of angiogenesis, promotes 
cancer cell growth and metastasis, potentially leading 
to locoregional recurrence or distant metastasis  [1]. 
While the negative impact of surgical stress on metas-
tasis and oncologic outcomes is well understood, the 
effects of various anesthetic agents on these processes 
are less clear [2, 3]. Anesthetics can modulate the im-
mune status of patients, significantly influencing post-
operative complications such as infection and delayed 
tumor recurrence [2, 4]. Inhalation anesthetics have 
been shown to affect hypoxia-inducible factor-1 (HIF-
1) and insulin-like growth factor-1 (IGF-1), with po-
tential mechanisms involving downregulation of genes 
associated with angiogenesis, proliferation, and cell 
metabolism, leading to unfavorable oncologic prog-
nosis [5]. Consequently, more randomized controlled 
trials are investigating the impact of the two most 
commonly used types of anesthesia (inhalation and 
total intravenous) on long-term oncologic outcomes 
and the mechanisms of immune suppression [6–9]. 

Current evidence suggests that inhaled anes-
thetics may affect both adaptive immune compo-
nents (including T lymphocytes, CD4+ and CD8+ 
cells, and B lymphocytes) and innate immune ele-
ments (such as phagocytes including macrophages 
and neutrophils, and NK cells). Inhalation anes-
thesia (IA) and total intravenous anesthesia (TIVA) 
are thought to have distinct effects on various 
aspects of the immune system. To accurately de-
termine how anesthesia influences immune re-
sponses, a comprehensive array of immune markers 
must be examined [10, 11]. 

The aim of this study was to investigate the rela-
tionship between immune parameters in breast cancer 
patients undergoing anesthesia. In addition, the one-
year overall and recurrence-free survival rates following 
breast cancer surgery were to be assessed, taking into 
account the type of anesthesia used. 

Materials and Methods 
Study design. A post hoc analysis of a prospec-

tive, randomized, controlled, double-blind clinical 
trial was performed. The protocol was approved by 
the local ethics committee (No. 2/2021) and registered 
on clinicaltrials.gov (NCT04800393). Detailed de-
scriptions of the study population, anesthesia meth-
ods, blood sampling, and data collection are available 
in the original publication [12]. 

Anesthesia methods. Patients enrolled in the 
study were not premedicated. Intraoperative mon-
itoring included electrocardiography (ECG), pulse 
oximetry, and noninvasive arterial blood pressure 
measurement. Anesthesia induction in both the 
total intravenous anesthesia (TIVA) and inhalation 
anesthesia (IA) groups was performed with propofol 
(1.5–2.2 mg/kg), fentanyl (3–5 mcg/kg), and a neu-
romuscular blocking agent (rocuronium bromide 
or cisatracurium). Neuromuscular blockade was 
maintained at a train-of-four (TOF) ratio of 10–0%. 
Tracheal intubation was performed with an appro-
priately sized tube. 

After induction and tracheal intubation, pa-
tients in both groups received pressure-controlled, 
volume-guaranteed lung ventilation (LV) using 
General Electric Avance CS2 or General Electric 
Medical Systems (USA) anesthesia machines. Ven-
tilation parameters included: fraction of inspired 
oxygen (FiO₂) 35–40%, tidal volume (Vt) 6–8 mL/kg, 
positive end-expiratory pressure (PEEP) 5 cm H₂O, 
inspiratory-to-expiratory ratio (I:E) 1:2, and a res-
piratory rate sufficient to maintain normocapnia 
(35–45 mmHg). 

In the TIVA group, anesthesia was maintained 
with propofol at a continuous infusion rate of 
0.1–0.2 mg/kg/min delivered via a Braun Infusomat 
Space infusion pump using the Schneider model. 
In the IA group, anesthesia was maintained with 
sevoflurane administered endotracheally at 1 mini-
mum alveolar concentration (MAC). The gas mixture 
consisted of 35–40% oxygen and air without nitrous 
oxide (N₂O). Gas flow rates were adjusted as needed 
to optimize oxygenation and ventilation parameters. 
Mean arterial pressure was maintained above 
60 mmHg throughout the procedure.  

After skin closure, patients were transferred to 
Pressure Support Ventilation-Pro (PSV-Pro) mode 
with the following settings: flow trigger sensitivity 
of 0.2 L/min, pressure support tailored to achieve a 
tidal volume of 6–8 mL/kg, peak airway pressure 
limit of 35 cm H₂O, and positive end-expiratory 
pressure (PEEP) of 5–8 cm H₂O. Normocapnia was 
maintained during this period. Tracheal extubation 
was performed when the TOF ratio reached � 0.95.  

Patients were transferred to the recovery room 
when a modified Aldrete score of 9 or greater was 
achieved. 

Postoperative analgesia was administered ac-
cording to local standard practice with the goal of 
maintaining a Visual Analog Scale (VAS) pain score 
below 3. 

Assessment of immunologic markers. Immune 
cell populations were characterized by flow cytometry 
using specific CD markers on a BD FACSCanto II 
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platform (Becton Dickinson Biosciences, USA). Cell 
populations were identified based on forward and 
side scatter light parameters combined with fluo-
rescence emission profiles. Gating strategies allowed 
precise delineation of immune subsets including 
T cells (CD3+), T helper cells (CD3+CD4+), cytotoxic 
T cells (CD3+CD8+), B cells (CD19+CD3-), and natural 
killer (NK) cells (CD3-CD16+CD56+) based on specific 
morphological and expression (fluorescent) profiles. 

Serum levels of inflammatory and immune 
markers, including C-reactive protein (CRP), IgA, 
IgM, IgG, complement components C3 and C4, 
were quantified by nephelometry using a BN ProSpec 
laser nephelometer (Siemens Healthcare Diagnostics 
Products GmbH). Matrix metalloproteinase-9 
(MMP-9) levels were measured by enzyme-linked 
immunosorbent assay (ELISA) using the Human 
MMP-9 Quantikine ELISA Kit (Cloud-Clone Corp.). 

Endpoints. The study evaluated the correlation 
and dynamic changes of the following immunological 
parameters: C-reactive protein (CRP), IgA, IgM, IgG, 
complement components C3 and C4, matrix met-
alloproteinase-9 (MMP-9), neutrophil and lympho-
cyte counts, neutrophil-to-lymphocyte ratio (NLR), 
the proportion of T cells (CD3+), T helper cells 
(CD3+CD4+) and cytotoxic T cells (CD3+CD8+), 
the immunoregulatory index (the ratio of T helper 
cells to cytotoxic T cells, CD3+CD4+/CD3+CD8+), 
the proportions of B cells (CD19+CD3-) and natural 
killer (NK) cells (CD3-CD16+), and the total pro-
portions of T, B, and NK cells.  

All parameters were measured at three time 
points: before induction of anesthesia, 1 hour after 
surgery, and 24 hours after surgery.  

In addition, long-term patient survival out-
comes, including recurrence-free survival (RFS) and 
overall survival (OS), were assessed one year after 
randomization. Data were collected through tele-
phone interviews and review of electronic medical 
records, including comprehensive instrumental and 
laboratory findings. Overall survival (OS) was defined 
as the time from enrollment to death from any 
cause, while recurrence-free survival (RFS) was de-
fined as the time from enrollment to either disease 
recurrence or death.  

Statistical Analysis. All statistical calculations 
were performed using IBM SPSS Statistics for Win-
dows, version 27.0 (Armonk, NY: IBM Corp.). Quan-
titative variables with a normal distribution were 
presented as means ± standard deviation (SD), while 
variables that did not meet the assumption of nor-
mality were reported as medians with interquartile 
ranges (IQR). Normality was assessed using the 
Shapiro–Wilk test and histogram analysis. 

Binary variables were analyzed using the two-
tailed χ² test or Fisher's exact test, with the 
Fisher–Freeman–Halton extension applied when 
appropriate. Independent groups of quantitative 
variables were compared using the Mann–Whitney 

U test. For paired samples, analysis was conducted 
using the Friedman test, Dunn's post hoc test, or 
the Wilcoxon signed-rank test.  

Correlation analysis was performed to assess 
the relationship between each pair of parameters 
by calculating Spearman's rank correlation coefficient 
with a 95% confidence interval (CI). Correlations 
were evaluated for baseline parameter values across 
patients, within groups, and for relative changes in 
parameters at 1 hour and 24 hours. The strength of 
the correlation was interpreted according to the 
following scale [13]: 

• 0 � |R| � 0.2: very weak 
• 0.2 � |R| � 0.4: weak 
• 0.4 � |R| � 0.6: moderate 
• 0.6 � |R| � 0.8: strong 
• 0.8 � |R| � 1: very strong 
Heatmaps were generated using Python 3.11 

with the numpy (2.0.0), pandas (2.2.2), seaborn (0.13.2), 
and matplotlib (3.9.1) libraries. 

Two-tailed tests were applied with a significance 
level of P�0.05. 

Results  
Patients. Between 2022 and 2023, a total of 

324 patients were screened for eligibility based on 
the inclusion and exclusion criteria at the A. S. Logi-
nov Moscow Clinical Scientific Center. Of these, 
278 patients met the inclusion criteria, while 180 
were excluded: 158 because of a history of autoim-
mune disease and 22 because of malignancy at an-
other site. As a result, 98 patients were enrolled in 
the study, of whom 48 were assigned to the IA group 
and 50 to the TIVA group (Fig. 1). 

Baseline demographic characteristics, clini-
copathologic parameters, type of surgery, and du-
ration of anesthesia were comparable between 
groups (Table 1). The median age was 62 years (in-
terquartile range [IQR], 55–68). Radical mastectomy 
was performed in most patients (N=69, 70%). Length 
of stay in the post-anesthesia care unit (PACU) did 

Fig. 1. Patient selection scheme for the study. 
Note. For Fig. 1, 3 and Tables 1–3: TIVA — total intravenous 
anesthesia; IA — inhalation anesthesia.
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not exceed 24 hours. The median length of hospital 
stay was 3 days (IQR, 3–5) in the IA group and 
4 days (IQR, 3–5) in the TVA group (P=0.131). 

Comparison of baseline immunologic blood 
markers. Statistically significant differences between 
the groups were found for the concentrations of 

Table 1. Main patient characteristics. 
Parameter                                                                                                                                                         Values in groups                                               P 
                                                                                                                                                               IA, N=48                             TIVA, N=50                               
Age, years; N, Me (IQR)                                                                                                 48, 62.5 (56–68)                  50, 61 (54–68)                   0.5451 
BMI, kg/m²; N, Me (IQR)                                                                                            46, 29 (23.8–32.0)           50, 27.6 (23.4–31.2)              0.6871 

Comorbidities, N (%) 
History of COVID-19                                                                                                              29 (60)                                  27 (54)                          0.5212 
Uncontrolled diabetes mellitus                                                                                          3 (6.3)                                     0 (0)                             0.1143 
Chronic obstructive pulmonary disease                                                                         1 (2.1)                                     1 (2)                             0.9993 
Cerebrovascular disease                                                                                                       1 (2.1)                                     0 (0)                             0.4903 
Peripheral arterial disease                                                                                                    1 (2.1)                                     0 (0)                             0.4903 
Diabetes mellitus                                                                                                                   5 (10.4)                                   2 (4)                             0.2643 
Arterial hypertension                                                                                                            30 (63)                                  28 (56)                          0.5132 
Chronic kidney disease                                                                                                           0 (0)                                      1 (2)                             0.9993 
Coronary heart disease                                                                                                         3 (6.3)                                     4 (8)                             0.9993 
Atrial fibrillation                                                                                                                      2 (4.2)                                     0 (0)                             0.2373 
Rhythm disturbances                                                                                                             3 (6.3)                                     1 (2)                             0.3573 
Heart failure                                                                                                                             6 (12.5)                                   2 (4)                             0.1553 
Liver failure                                                                                                                                 0 (0)                                      0 (0)                                NA 
Dementia                                                                                                                                     0 (0)                                      0 (0)                                NA 
Rheumatic conditions                                                                                                             0 (0)                                      0 (0)                                NA 
Peptic ulcer disease                                                                                                                  0 (0)                                      1 (2)                             0.9993 
Hemiplegia                                                                                                                                  0 (0)                                      0 (0)                                NA 
Leukemia                                                                                                                                      0 (0)                                      0 (0)                                NA 
Lymphoma                                                                                                                                  0 (0)                                      0 (0)                                NA 
AIDS/hepatitis                                                                                                                            0 (0)                                      0 (0)                                NA 

Clinical and morphological characteristics, N (%) or Me (IQR) 
Tumor localization (right)                                                                                                   23 (48)                                  20 (40)                          0.4302 
TNM 

Tis                                                                                                                                        1 (2.2)                                   0.5794                           0.5794 
T1                                                                                                                                        34 (71)                                  31 (62)                                 
T2                                                                                                                                         13 (27)                                  17 (34)                                 
N0                                                                                                                                       48 (100)                                    NA                                 NA 
M0                                                                                                                                      48 (100)                                    NA                                 NA 

Tumor cell differentiation (G)                                                                                                    
G1                                                                                                                                         8 (17)                                    0.9452                           0.9452 
G2                                                                                                                                        25 (54)                                  26 (52)                                 
G3                                                                                                                                        13 (28)                                  14 (28)                                 

Stage                                                                                                                                                    
0                                                                                                                                            1 (2.2)                                   0.2043                           0.2043 
IА                                                                                                                                         34 (71)                                  28 (56)                                 
IIА                                                                                                                                        13 (27)                                  20 (40)                                 

Molecular subtype                                                                                                                         
Data not available                                                                                                          2 (4.2)                                   0.5984                           0.5984 
Luminal А                                                                                                                         21 (44)                                  17 (34)                                 
Luminal В                                                                                                                         23 (48)                                  28 (56)                                 
Triple negative                                                                                                                 2 (4.2)                                     4 (8)                                    

Her2neu+                                                                                                                                    2 (4.2)                                     2 (4)                             0.9993 
TILs, %                                                                                                                                      37.3 (2–5)                            38.3 (2–5)                       0.961¹ 

Perioperative characteristics, N (%) or Me (IQR) 
Type of surgery                                                                                                                                

Partial resection                                                                                                           18 (37.5)                                11 (22)                          0.0932 
Mastectomy                                                                                                                   30 (62.5)                                39 (78)                                 

Duration of anesthesia, minutes                                                                             87.5 (75.0–102.5)              90.0 (70.0–105.0)                0.839¹ 
Duration of surgery, minutes                                                                                     70.0 (60.0–90.0)                70.0 (60.0–90.0)                  0.937¹ 
Anesthetic injection time, min                                                                                      85 (75–100)                        90 (70–105)                      0.908¹ 
Intraoperative fentanyl dose, mg                                                                                 0.3 (0.3–0.4)                       0.4 (0.3–0.5)                     0.534¹ 
Intraoperative propofol dose, mg                                                                           1.5–2.2 mg/kg —               800 (600–1000)                     NA 
                                                                                                                                     induction of anesthesia.  
                                                                                                                                          No — maintenance  
                                                                                                                                                of anesthesia                                   
Intraoperative sevoflurane dose                                                                                  0.9 (0.8–1.0)                                No                                 NA 
for maintenance of anesthesia (MAC)                                                                                    
Note. 1 — Mann–Whitney test; 2 — Chi-squared test; 3 — Fisher's exact test; 4 — Fisher–Freeman–Halton test. NA — not applicable; 
Me — median value; IQR — interquartile range; N — number of patients with the specified parameter. 
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C-reactive protein, IgA and IgG, and the proportions 
of T and B lymphocytes and NK cells (Table 2). 

Analysis of correlations of baseline immunologic 
parameters showed that all immunoglobulins were 

positively correlated with each other with moderate 
to strong correlation strength (R=0.515 to 0.783; all 
P�0.001) (Fig. 2). A weak positive correlation was 
observed between components of the complement 

Table 2, Serum biomarkers of patients in the IA and TIVA groups, Me [Q1; Q3]. 
Laboratory parameter                                                                                                                                       Values in groups                                               P1 
                                                                                                                                                               IA, N=48                                     TIVA, N=50                      
C-reactive                   Before surgery                                                                          0.7 [0.29; 2.21]                          1.49 [0.77; 3.91]                0.023 
protein, mg/L            1 hour after surgery                                                               0.77 [0.31; 2.29]                        1.45 [0.79; 4.01]                0.038 
                                       % change from baseline before 1 h                               –3.19 [–11.29; 1.66]                   –0.44 [–6.22; 6.14]              0.112 
                                       24 h after surgery                                                                   5.84 [2.45; 10.75]                      5.54 [2.87; 11.78]               0.848 
                                       % of change from baseline to 24 h                          466.38 [191.73; 1015.35]        260.56 [73.29; 631.25]         0.044 
IgA, g/L                        Before surgery                                                                         2.33 [1.56; 3.06]                        1.09 [0.47; 2.25]              �0.001 
                                       1 hour after surgery                                                               2.27 [1.55; 2.98]                        1.42 [0.81; 2.45]              �0.001 
                                       % change from baseline before 1 h                               –3.01 [–9.34; 2.73]                    6.22 [–8.09; 82.75]              0.011 
                                       24 h after surgery                                                                   2.23 [1.67; 2.75]                        1.11 [0.46; 1.99]              �0.001 
                                       % of change from baseline to 24 h                                –5.64 [–15.32; 3.63]                   –5.84 [–26.4; 6.48]              0.629 
IgM, g/L                       Before surgery                                                                          0.82 [0.51; 1.23]                        0.74 [0.33; 1.11]                0.058 
                                       1 hour after surgery                                                               0.84 [0.61; 1.17]                        0.72 [0.39; 1.22]                0.207 
                                       % change from baseline before 1 h                              –4.55 [–13.07; 0.88]                  9.3 [–12.04; 70.95]              0.031 
                                       24 h after surgery                                                                   0.81 [0.58; 1.17]                        0.57 [0.35; 0.89]                0.005 
                                       % of change from baseline to 24 h                                 –3.4 [–15.4; 10.84]                 –9.63 [–35.68; 17.99]           0.298 
IgG, g/L                        Before surgery                                                                        10.09 [8.22; 12.8]                       5.76 [2.52; 10.6]              �0.001 
                                       1 hour after surgery                                                              10.05 [8.15; 11.8]                      7.98 [3.95; 10.23]            �0.001 
                                       % change from baseline before 1 h                               –4.77 [–11.9; 1.49]                      4.3 [–7.21; 85.7]                0.013 
                                       24 h after surgery                                                                   9.76 [8.26; 11.2]                         5.64 [2.11; 9.96]              �0.001 
                                       % of change from baseline to 24 h                                –7.85 [–15.5; –0.76]                 –8.53 [–32.06; 3.79]             0.589 
C3, g/L                         Before surgery                                                                          1.25 [1.08; 1.36]                         1.3 [1.11; 1.49]                 0.161 
                                       1 hour after surgery                                                                 1.2 [1.03; 1.35]                         1.34 [1.12; 1.48]                0.078 
                                       % change from baseline before 1 h                                –4.88 [–7.73; –0.2]                    –2.41 [–8.76; 2.22]              0.350 
                                       24 h after surgery                                                                    1.23 [1.02; 1.39]                        1.31 [1.17; 1.48]                0.086 
                                       % of change from baseline to 24 h                                 –2.52 [–7.65; 2.41]                      0.27 [–4.5; 5.02]                0.111 
C4, g/L                         Before surgery                                                                          0.31 [0.25; 0.35]                        0.31 [0.24; 0.36]                0.752 
                                       1 hour after surgery                                                                 0.3 [0.23; 0.33]                         0.31 [0.23; 0.35]                0.709 
                                       % change from baseline before 1 h                                 –4.73 [–8.59; 0.6]                     –1.86 [–7.64; 2.17]              0.346 
                                       24 h after surgery                                                                     0.3 [0.26; 0.34]                         0.31 [0.24; 0.39]                0.621 
                                       % of change from baseline to 24 h                                  –2.33 [–9.56; 5.5]                     1.22 [–5.94; 10.86]              0.105 
MMP-9, ng/mL         Before surgery                                                                      29, 19.71 [13.71; 20]              11, 17.35 [13.38; 19.3]          0.254 
                                       24 h after surgery                                                                   29, 20 [15.93; 20]                   11, 17.39 [14.74; 20]            0.492 
                                       % of change from baseline to 24 h                                      29, 0 [0; 22.3]                      11, 0.2 [–1.69; 16.24]           0.905 
Neutrophil                 Before surgery                                                                          47, 3.7 [3.1; 4.6]                              3.3 [2.5; 4]                     0.086 
count,                           1 hour after surgery                                                                   47, 5.6 [4; 7]                           49, 5.4 [4.2; 7.35]               0.866 
10⁹/L                             % change from baseline before 1 h                            46, 60.09 [8.53; 94.55]          49, 66.67 [30.21; 131.74]        0.295 
                                       24 h after surgery                                                                    45, 6.8 [5.2; 9.1]                       49, 5.8 [4.55; 8.6]               0.217 
                                       % of change from baseline to 24 h                              44, 80.66 [36; 151.56]              49, 80 [37.52; 172.25]           0.681 
Neutrophil                 Before surgery                                                                      47, 57.4 [48.4; 63.9]                    55.45 [51.38; 62]               0.865 
percentage, %            1 hour after surgery                                                            47, 77.9 [62.7; 87.4]               49, 78.5 [66.65; 83.75]          0.789 
                                       % change from baseline before 1 h                           47, 37.09 [10.56; 54.28]              33.13 [11.61; 53.35]            0.854 
                                       24 h after surgery                                                              45, 69.5 [64.35; 74.75]             49, 67.6 [63.05; 73.35]          0.440 
                                       % of change from baseline to 24 h                              47, 22.67 [6.26; 41.23]                16.85 [4.97; 38.58]              0.831 
Lymphocyte              Before surgery                                                                         47, 2.06 [1.7; 2.6]                         2.1 [1.5; 2.36]                  0.237 
count, 10⁹/L               1 hour after surgery                                                                47, 1.2 [0.7; 1.7]                         1.3 [0.98; 1.62]                 0.558 
                                       % change from baseline before 1 h                        46, –47.22 [–62.33; –10.48]           –36.55 [–50; –7.24]             0.055 
                                       24 h after surgery                                                                    45, 2 [1.75; 2.45]                        49, 2 [1.55; 2.5]                 0.604 
                                       % of change from baseline to 24 h                           44, –7.42 [–16.79; 13.13]          49, 6.67 [–13.96; 19.7]          0.193 
Lymphocyte              Before surgery                                                                        47, 33.3 [26.5; 39]                   33.75 [28.25; 38.28]            0.894 
percentage, %            1 hour after surgery                                                              47, 17.2 [10.2; 26]                    16.4 [11.88; 25.53]              0.928 
                                       % change from baseline before 1 h                         47, –58.61 [–65.37; –23.1]         –49.39 [–62.6; –25.05]          0.593 
                                       24 h after surgery                                                               45, 21.5 [15.6; 25.85]                    49, 23 [18.6; 27]                0.269 
                                       % of change from baseline to 24 h                         47, –34.36 [–59.79; –21.92]       –29.41 [–47.22; –15.24]         0.165 
Neutrophil-               Before surgery                                                                       47, 1.7 [1.24; 2.43]                      1.65 [1.34; 2.18]                0.767 
lymphocyte                1 hour after surgery                                                                47, 4.54 [2.4; 9]                       49, 4.42 [2.5; 6.78]              0.519 
ratio (NLR)                 % change from baseline before 1 h                          47, 246.94 [36.4; 343.55]          135.74 [33.94; 263.89]          0.294 
                                       24 h after surgery                                                                 45, 3.25 [2.46; 4.81]                     49, 3 [2.3; 3.91]                 0.333 
                                       % of change from baseline to 24 h                           47, 79.31 [19.61; 182.45]           64.38 [18.28; 140.62]           0.636 
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Сontinuation of the Table 2.  
Laboratory parameter                                                                                                                                       Values in groups                                               P1 
                                                                                                                                                               IA, N=48                                     TIVA, N=50 
T lymphocytes          Before surgery                                                                      47, 70.4 [64.9; 78.9]                    70.75 [62.1; 78.1]               0.829 
(CD3+), %                   1 hour after surgery                                                            47, 67.5 [54.1; 74.9]                  65.95 [54.7; 72.63]              0.549 
                                       % change from baseline before 1 h                           47, –8.17 [–18.65; 2.02]               –6.41 [–20.62; 1.2]              0.657 
                                       24 h after surgery                                                                 47, 73.8 [65.5; 81.2]                  71.9 [66.78; 77.58]              0.654 
                                       % of change from baseline to 24 h                               47, 1.62 [–4.19; 6.78]                 2.39 [–5.57; 10.66]              0.945 
Т helpers                    Before surgery                                                                      47, 61.5 [53.9; 66.8]                 59.75 [52.88; 71.13]            0.798 
(CD3+CD4+), %        1 hour after surgery                                                            47, 61.1 [53.7; 68.2]                  56.8 [43.58; 69.38]              0.292 
                                       % change from baseline before 1 h                            47, –1.16 [–6.47; 7.46]                  –3.18 [–16; 3.78]               0.136 
                                       24 h after surgery                                                                 47, 65.7 [56.7; 71.5]                    63.4 [52.6; 72.23]               0.518 
                                       % of change from baseline to 24 h                              47, 4.64 [–0.83; 12.86]                3.88 [–3.77; 14.23]              0.675 
Cytotoxic                    Before surgery                                                                        47, 32 [25.3; 38.6]                    32.65 [22.2; 39.68]              0.940 
T lymphocytes          1 hour after surgery                                                                47, 31 [26; 37.6]                          36 [22.8; 45.7]                  0.392 
(CD3+CD8+), %        % change from baseline before 1 h                          47, –2.54 [–10.58; 11.93]               4.39 [–6.4; 23.74]               0.075 
                                       24 h after surgery                                                                  47, 27 [22.7; 36.2]                    30.15 [21.63; 38.7]              0.433 
                                       % of change from baseline to 24 h                              47, –8.15 [–17.38; 0.3]                –5.86 [–14.87; 9.2]              0.375 
Immuno-                    Before surgery                                                                       46, 1.85 [1.49; 2.5]                      1.66 [1.34; 3.22]                0.872 
regulatory                  1 hour after surgery                                                            47, 1.95 [1.47; 2.52]                     1.54 [0.97; 2.88]                0.203 
index                            % change from baseline before 1 h                               46, 1.58 [–16; 18.4]                    –8.15 [–35; 10.16]              0.033 
(CD4+/CD8+             24 h after surgery                                                                 45, 2.57 [1.61; 3.06]                  49, 2.13 [1.36; 3.2]              0.394 
ratio)                             % of change from baseline to 24 h                             45, 11.26 [–4.98; 36.06]            49, 15.87 [–9.2; 35.84]          0.907 
В lymphocytes, %    Before surgery                                                                          47, 8.9 [7; 11.5]                        9.65 [6.18; 13.18]               0.762 
                                       1 hour after surgery                                                             47, 10.7 [8.1; 14.3]                     10.8 [7.68; 16.88]               0.991 
                                       % change from baseline before 1 h                            47, 25.41 [2.53; 44.83]                 29.7 [–6.3; 44.39]               0.765 
                                       24 h after surgery                                                                  47, 12.7 [8.5; 15.7]                     49, 12.3 [9; 17.1]               0.484 
                                       % of change from baseline to 24 h                              47, 40.59 [9.01; 61.18]             49, 30.88 [9.31; 68.73]          0.498 
NK cells, %                 Before surgery                                                                      47, 16.2 [11.8; 23.4]                     14.9 [8.63; 22.3]                0.191 
                                       1 hour after surgery                                                              47, 16 [10.3; 27.9]                       17.5 [10.48; 26]                 0.988 
                                       % change from baseline before 1 h                          47, 14.42 [–29.71; 65.87]           20.21 [–14.58; 83.06]           0.259 
                                       24 h after surgery                                                                    47, 11.3 [8; 16.6]                   48, 8.95 [6.43; 14.78]           0.189 
                                       % of change from baseline to 24 h                           47, –35.91 [–53.82; 0.78]        48, –35.93 [–52.71; 6.72]        0.615 
Т lymphocytes          Before surgery                                                                   46, 98.5 [96.53; 99.95]                 97.2 [95.18; 98.6]               0.021 
(CD3+),                       1 hour after surgery                                                            47, 98.3 [95.5; 99.9]                 97.25 [93.78; 99.23]            0.151 
В lymphocytes          % change from baseline before 1 h                              46, –0.3 [–3.22; 2.56]                      0.36 [–2.54; 2]                  0.668 
(CD19+CD3),            24 h after surgery                                                               45, 98.4 [96.6; 99.55]               48, 97.4 [94.3; 99.08]           0.105 
NK cells                       % of change from baseline to 24 h                              44, –0.35 [–1.87; 1.89]              48, 0.07 [–2.31; 2.76]           0.487 
(CD3–CD16+), % 
Note. 1 — Mann–Whitney test; Me — median; Q1 and Q3 — first and third quartiles, respectively. Missing data are represented by 
the number of observations.

Fig. 2. Heat map of Spearman’s correlation coefficients of preoperative (baseline) parameter values.  
Note. 1 — CRP; 2 — IgA; 3 — IgM; 4 — IgG; 5 — C3; 6 — C4; 7 — MMP-9; 8 — Neutrophils; 9 — Lymphocytes; 10 — NLR; 11 — T 
lymphocytes; 12 — T helpers; 13 — CTL; 14 — Immunoregulatory index; 15 — B lymphocytes; 16 — NK cells; 17 — T+B+NK; 18 — 
TILS. Correlation is statistically significant for coefficients highlighted by a frame: thin frame at P�0.05, thick frame at P�0.01. CRP — 
C-reactive protein; MMP-9 — matrix metalloproteinase-9; NLR — neutrophil-lymphocyte ratio; CTL — cytotoxic lymphocytes; 
T+B+NK — total T, B lymphocytes and NK cells. TILs — tumor infiltrating lymphocytes. 
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system (C3, C4) (P�0.001; R=0.36). A strong positive 
significant correlation was found between MMP-9 
and absolute neutrophil count (P�0.001; R=0.673), 
and a very strong negative correlation was found 
between the number of cytotoxic T cells and T helper 
cells (P�0.001; R=–0.828). NK cells showed a strong 
negative quantitative correlation with T  cells 
(P�0.001; R=–0.725). No significant quantitative re-
lationship was found between NK cells, T  killers 
and neutrophils. 

Detailed analysis results, including P-values 
and Spearman's correlation coefficients with their 
95% confidence intervals, are available in the Sup-
plementary Appendix at request from correspon-
dence address. 

Inhalation anesthesia 
Changes at 1 hour. The results of the correlation 

analysis of the relative changes in the parameters 
at 1 hour after surgery in the IA group are presented 
as a heat map (Fig. 3, a). 

All immunoglobulins showed a very strong 
positive correlation (P�0.001): 

• IgA–IgG: R=0.928 
• IgA–IgM: R=0.837 
• IgG–IgM: R=0.815 
This was accompanied by a concurrent decrease 

in the levels of all immunoglobulins. 
The levels of complement system components 

(C3 and C4) also decreased. A strong positive cor-
relation was observed between these components 
(P�0.001; R=0.782). 

There was a weak positive correlation between 
the levels of complement system components and 
immunoglobulins, with statistically significant asso-
ciations characterized by P values ranging from 0.011 
to 0.023 and R values ranging from 0.313 to 0.363. 

Thus, all components of the humoral immune 
system showed consistent changes (suppression) 
with varying degrees of correlation strength. 

A significant positive moderate correlation 
was observed between T killers, NK cells and neu-
trophils, with R values ranging from 0.447 to 0.503 
(P�0.002), as well as a moderate negative correlation 
between T helpers and NK cells (P�0.001; R=–0.578).  

All significant correlations between components 
of the humoral immune system (IgA, IgM, IgG, C3, 
C4) and cells involved in «foreign body clearance» 
(T killers, NK cells, neutrophils) were positive, with 
strengths ranging from weak to moderate (P values 
between 0.003 and 0.049; R values between 0.291 
and 0.427). A concomitant change in humoral im-
munity and the number of cells in the «foreign 
body clearance» system was observed.  

The level of C-reactive protein (CRP) correlated 
positively with components of humoral immunity 
(IgA, IgM, IgG, C3, C4), as well as with the number 
of T killers, NK cells and neutrophils, with correlations 
ranging from weak to moderate (P�0.001 to 0.031; 

R values from 0.248 to 0.566).  
Changes at 24 hours. The results of the corre-

lation analysis of the relative changes in parameters 
24 hours after surgery in the IA group are presented 
as a heat map (Fig 3, b).  

The pattern and direction of changes in im-
munoglobulins and components of the complement 
system at 24 hours remained consistent with those 
observed at the previous measurement. The levels 
of all components of the humoral immune system 
continued to decrease, with varying degrees of cor-
relation.  

A strong positive correlation was observed be-
tween the number of T killers and NK cells (P�0.001; 
R=0.743), accompanied by a shift of the values to 
the lower range. Neutrophils no longer correlated 
quantitatively with T killers. A strong negative cor-
relation remained between T helpers and T killers. 

The relationship between humoral and cellular 
immunity disappeared. CRP level was no longer 
associated with other parameters. 

Total intravenous anesthesia 
Changes at 1 hour. The results of the correlation 

analysis of the relative changes in parameters at 
1 hour after surgery in the TIVA group are presented 
as a heat map (Fig. 3, c). 

All immunoglobulins showed strong or very 
strong positive correlations (P�0.001; R ranged from 
0.802 to 0.907). This was accompanied by a concomitant 
increase in the levels of all immunoglobulins. 

A moderate positive correlation was observed 
between the levels of complement components C3 
and C4 (P�0.001; R=0.596). Plasma concentrations 
of these proteins 1 hour after surgery were lower 
than their baseline levels. 

No significant correlations were found in five 
of six pairwise comparisons between complement 
components (C3, C4) and immunoglobulins (IgA, 
IgM, IgG). For one pair (IgA and C3), a weak positive 
correlation was observed (P=0.039; R=0.293). 

Overall, different components of the humoral 
immune system responded in divergent directions: 
immunoglobulin concentrations increased simul-
taneously, whereas components of the complement 
system decreased in a coordinated manner. However, 
no significant correlations were observed between 
the parameters of these systems. 

A strong positive correlation was observed be-
tween the number of T killers and NK cells (P�0.001; 
R=0.722), with a corresponding increase in the num-
ber of T killers in patient plasma. Neutrophils did 
not show a significant quantitative relationship 
with NK cells or T killers. However, a strong negative 
correlation was observed between NK cells and 
T helpers (P<0.001; R=–0.759). 

For most pairwise comparisons between hu-
moral immunity components (IgA, IgM, IgG, C3, 
C4) and cells involved in «foreign body clearance» 
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Fig. 3. Heatmaps of Spearman's correlation coefficients for relative changes in parameters at 1 hour 
(a, c) and 24 hours (b, d) in the inhalation anesthesia (IA; a, b) and total intravenous anesthesia (TIVA; 
c, d) groups. 
Note. 1 — CRP; 2 — IgA; 3 — IgM; 4 — IgG; 5 — C3; 6 — C4; 7 — MMP-9; 8 — Neutrophils; 9 — 
Lymphocytes; 10 — NLR; 11 — T lymphocytes; 12 — T helpers; 13 — CTL; 14 — Immunoregulatory index; 
15 — B lymphocytes; 16 — NK cells; 17 — T+B+NK. Correlation is statistically significant for coefficients 
highlighted by a frame: thin at P�0.05, thick at P�0.01. CRP — C-reactive protein; MMP-9 — matrix 
metalloproteinase-9; NLR — neutrophil-lymphocyte ratio; CTL — cytotoxic lymphocytes; T+B+NK — 
total T, B lymphocytes and NK cells. TILs — tumor infiltrating lymphocytes.
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(T killers, NK cells, neutrophils), no significant cor-
relations were identified. For a small subset of pa-
rameters (3 out of 15 pairs), weak positive correlations 
were found (P values ranging from 0.007 to 0.034; R 
values ranging from 0.301 to 0.374). In addition, 
neutrophils demonstrated a moderate correlation 
with C4 (P=0.003; R=0.415). 

Overall, no concurrent changes between hu-
moral and cellular immunity were observed in this 
group. 

CRP levels did not correlate with markers of 
cellular immunity or immunoglobulin levels. How-
ever, a moderate positive association was observed 
with components of the complement system (with 
C3: P�0.001; R=0.63; with C4: P=0.012; R=0.354). 

Changes at 24 hours. The results of the corre-
lation analysis of the relative parameter changes at 
24 hours postoperatively in the TIVA group are pre-
sented as a heat map (Fig. 3, d). 

Immunoglobulin levels showed strong to very 
strong positive correlations with each other (P�0.001; 
R ranged from 0.786 to 0.926). Concurrently, their 
levels decreased. 

Concentrations of complement system com-
ponents (C3 and C4) increased and showed a mod-
erate positive correlation (P=0.002; R=0.422). 

No significant correlations were observed be-
tween complement proteins (C3, C4) and im-
munoglobulins (IgA, IgM, IgG). Thus, there was no 
systemic alignment in the changes of humoral im-
munity parameters. 

A moderate positive correlation was observed 
between the number of T killers and NK cells 
(P�0.001; R=0.592), with an associated decrease in 

the number of T killers. Neutrophils showed a weak 
positive correlation with T killers (P=0.027; R=0.316), 
but not with NK cells. There was a moderate negative 
correlation between NK cells and T helpers. 

No significant correlations were found between 
humoral and cellular markers of immunity. 

CRP level was not associated with any im-
munologic parameter. 

The correlations of the parameters in the IA 
and TIVA groups at 1 hour and 24 hours postopera-
tively are shown in Table 3. 

Overall and recurrence-free survival. No re-
currences or deaths were observed during the one-
year follow-up period. 

Discussion 
In the IA group, strong correlations were ob-

served between immunoglobulins (IgA, IgM, IgG) 
and complement system components (C3, C4), as 
well as their related dynamic changes. 

Possible mechanisms underlying these effects 
include the direct influence of anesthetics on B 
lymphocytes, which are responsible for immunoglob-
ulin production. Research suggests that anesthetics 
such as isoflurane and sevoflurane may suppress B 
lymphocyte function by modulating signaling path-
ways and inhibiting the transcription of genes es-
sential for antibody synthesis [14]. In addition, ele-
vated cortisol levels induced by anesthetics and 
surgical stress may affect the immune response by 
reducing antibody production through alterations 
in B lymphocyte activity [15]. The reduction in com-
plement components (C3 and C4) may be due to 
their increased activation and subsequent depletion 

Table 3. Comparison of correlations between parameters in the IA and TIVA groups at 1 hour and 24 hours postoper-
atively 
Parameter                                                                                                                                    Values in groups 
                                                                                                                   IA, N=48                                                                             TIVA, N=50 
                                                                                         1 hour                                  24 hours                                  1 hour                                 24 hours 
                                                                             Corre-        Direction        Corre-       Direction       Corre-        Direction       Corre-        Direction 
                                                                             lation        of change        lation        of change       lation        of change        lation        of change 
                                                                           strength                                strength                               strength                                strength 
Immunoglobulins                               Very strong          ��              Strong/              ��             Strong/              		              Strong/              �� 
(IgA, IgM, IgG)                                                                                      very strong                        very strong                        very strong              
Complement systemа (C3, C4)           Strong               ��            Moderate            ��           Moderate            ��            Moderate            		 
Humoral immunity                                  Weak                ��               Weak/               ��              5/6 no,              		                  No 
                                                                                                                    moderate                           1 — weak        (С3�) 
                                                                                                                                                                (IgA and С3)                                    
Т killers, NK cells, neutrophils         Moderate            		              Strong              ��              Strong               		               Weak/               �� 
                                                                                            (Т killers�)    (Т killers      (Neutro-      (Т killers                            moderate     (Neutro- 
                                                                                                                 and NK cells)   phils	)    and NK cells)                                                  phils	) 
Humoral and cellular immunity         Weak/        ��(except           No                                         No                                         No                     
                                                                     moderate      NK cells                                                     or Weak 
                                                                                          and neutro- 
                                                                                                 phils) 
CRP with humoral                                   Weak/               ��                   No                                  Moderate           ��                  No 
and cellular immunity                        moderate                                                               with the  
                                                                                                                                                                complement 
                                                                                                                                                                      system  
                                                                                                                                                                components                                   
Note. Unidirectional arrows indicate positive correlation, bidirectional arrows indicate negative correlation. 
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in response to systemic inflammation associated 
with inhalation anesthetics. Alternatively, it may 
reflect the potential suppressive effects of anesthetics 
on liver function, which plays a critical role in 
protein synthesis  [16]. The observed correlations 
between complement components and im-
munoglobulins highlight their joint contribution 
to humoral immunity and underscore the impor-
tance of a comprehensive investigation of the mech-
anisms underlying their interactions. 

These findings differ from those of  A. L. Kvarn-
ström et al. who studied patients undergoing col-
orectal surgery and reported significant increases 
in C3a and SC5b-9 levels both intraoperatively and 
postoperatively in both the IA and TIVA groups. 
Such discrepancies underscore the significant role 
of surgical stress in complement activation. In their 
study, peak C3a levels occurred during surgery and 
remained elevated 24 hours postoperatively, sug-
gesting a prolonged effect of surgical stress on the 
complement system [17]. 

Given the current lack of clinical studies demon-
strating humoral immune suppression caused by 
reduced immunoglobulin levels under the influence 
of inhalational anesthetics, the findings presented 
here require further validation.  

The strong negative correlation between NK cells 
and T-helper cells may reflect a form of «competition» 
between the innate and adaptive immune systems. 
NK cells, central players in innate immunity, have 
the ability to eliminate tumor cells without prior 
activation, although their functionality and efficiency 
can be significantly enhanced by specific cytokines. 
In contrast, T cells, essential components of adaptive 
immunity, require full activation to perform their 
functions. This divergent behavior may be explained 
by competition for limited resources, such as cy-
tokines and growth factors, which could lead to 
suppression of one cell population while enhancing 
the activity of another [18, 19].  

Literature suggests that both NK cells and 
T helper cells are dependent on IL-2 and IL-15 for 
activation. Imbalances in these cytokines could 
lead to preferential activation of one cell type at 
the expense of the other [20]. In addition, exposure 
to anesthetics can disrupt the production of IL-2 
and other cytokines, potentially altering immune 
dynamics to favor NK cell activity over T cell re-
sponses — or vice versa — depending on the pre-
vailing cytokine milieu [21]. 

Under normal conditions, T helper cells play 
a crucial role in the activation and support of cyto-
toxic T cells. By promoting the proliferation and 
differentiation of cytotoxic T cells, they ensure an 
effective immune response against tumor cells. 
However, exposure to inhalation anesthetics may 
suppress T helper cell function, thereby reducing 
the cytotoxic activity of CD8+ cells. This imbalance 

in the immune response could account for dimin-
ished antitumor activity and an increased risk of 
disease recurrence [22]. 

While the precise immune system targets of in-
halation anesthetics remain undefined, several mo-
lecular and cellular mechanisms underlying their 
immunomodulatory effects have been identified. 
These mechanisms include the reduction of immune 
cell numbers through apoptosis and the suppression 
of cellular immune functions [16]. Given the complexity 
and variability of immune responses, the immuno-
suppressive effects of anesthetics are likely more in-
tricate than previously recognized. Further clinical 
research, incorporating detailed analyses of blood 
immune parameters, is essential to clarify the mech-
anisms by which inhalation anesthetics modulate 
the immune system and their interrelated effects. 

The weak correlations observed between hu-
moral immune components (IgA, IgM, IgG, C3, C4) 
and cytotoxic immune cells (T killers, NK cells, 
neutrophils) suggest differing sensitivities of these 
immune subsystems to anesthetic exposure. This 
disparity may reflect distinct regulatory and acti-
vation mechanisms for humoral and cellular im-
munity. Moreover, individual variability in immune 
responses among patients likely contributes to the 
diverse reactions observed following anesthesia 
and surgical stress. 

It seems that there was no single immunomod-
ulatory factor in the TIVA group. At 1 hour postop-
eratively, some components of humoral immunity 
(immunoglobulins) increased in parallel, while other 
components (complement system) decreased. How-
ever, these changes were not related. At the same 
time, a subset of cellular immunity (T killers) was 
synchronously activated, resulting in an increased 
number of these cells 1 hour after surgery. By 24 hours 
postoperatively, components of humoral immunity 
(immunoglobulins and complement system) showed 
no correlation. The number of T killers decreased 
synchronously, but no associations were found be-
tween changes in cellular and humoral immunity.  

Current literature suggests that propofol exerts 
less pronounced immunosuppressive effects com-
pared to inhalation anesthetics. Specifically, propofol 
does not significantly suppress NK cell activity and 
has minimal effects on macrophage functions, in-
cluding migration and polarization, thereby pre-
serving immune function [23]. Despite the described 
immune changes, overall and recurrence-free survival 
at 1 year postoperatively was 100% in both the IA 
and TIVA groups.  

The absence of mortality in this cohort is likely 
due to the low risk profile of patients with stage IA-IIA 
breast cancer (T1–2, N0, M0). However, the selection 
of this patient population inherently limits the external 
validity of the study and its applicability to long-term 
surgical outcomes.  
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The absence of adverse events may also be 
due to the limited sample size. Although post-hoc 
power calculations to assess overall and recurrence-
free survival could not be performed due to the ab-
sence of recurrences and deaths, the low probability 
of these events in the study population combined 
with the small sample size highlights the limited 
power of the study to assess long-term outcomes, 
which is a major limitation. 

Conclusion 
Inhalation anesthesia was associated with syn-

chronous changes in humoral immune components, 

whereas the total intravenous anesthesia resulted 
in divergent immune responses, suggesting potential 
differences in the effects of IA and TIVA on the im-
mune system. However, no effect of anesthesia type 
on overall or recurrence-free survival was observed 
in patients with stage IA-IIA breast cancer during 
the one-year postoperative period. Further research 
is needed to elucidate the mechanisms by which 
different anesthetics influence immune status and 
to explore the relationship between anesthetic type 
and long-term oncologic outcomes.
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Introduction 

Carotid artery stenosis accounts for 20–40% 
of all strokes [1–3]. Carotid endarterectomy (CEA) 
remains the primary surgical intervention for sec-
ondary stroke prevention [4, 5]. However, this pro-
cedure is not without risk and may independently 
contribute to cerebrovascular complications, in-
cluding transient or permanent neurological deficits. 

This necessitates efforts to minimize surgical risks 
and improve procedural safety [4, 5]. 

Beyond acute cerebrovascular events, there 
are less severe but equally concerning postoperative 
outcomes, such as cognitive dysfunction, that sig-
nificantly impact patients' quality of life. Current 
data suggest that up to 25% of patients, and possibly 
more in some reports, experience postoperative 
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Summary 
Prevention of brain injury during carotid endarterectomy (CEA) remains a significant challenge. Moderate 

controlled systemic hypothermia may serve as a potential neuroprotective measure during these procedures. 
Aim of the study. To investigate the neuroprotective effects of moderate systemic hypothermia during CEA. 
Materials and methods. Fifty-nine patients undergoing CEA under combined anesthesia were included. 

Patients were divided into two groups: the hypothermia group (N=33) and the normothermia control 
group (N=26). Both groups received standard measures to prevent cerebral ischemia. The hypothermia group 
received additional moderate systemic hypothermia aimed at a temperature range of 34–35°C. Cognitive func-
tion was assessed preoperatively and at 2, 5, and 30 days postoperatively using neurocognitive tests. Statistical 
analysis was performed with IBM SPSS Statistics. 

Results. The incidence of cognitive impairment was 21.1% in the hypothermia group and 26.9% in the nor-
mothermia group. Postoperative cognitive impairment was more common in the normothermia group: 15.38% 
on day 5 and 11.5% on day 30 postoperatively compared to 12.1% and 6.1% in the hypothermia group (P�0.05). 

Conclusion. This study demonstrated the neuroprotective effects of hypothermia, manifested by a reduced 
severity of cognitive impairment in the hypothermia group. Further research is needed to identify high-risk 
patients who would benefit most from this neuroprotective strategy and to optimize hypothermia protocols. 
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cognitive dysfunction (POCD) following CEA  [6]. 
The etiology of these disorders is multifactorial, 
often involving intraoperative factors. These may 
include intraoperative ischemia, microembolism, 
transient hypoperfusion, or reperfusion injury 
after restoration of blood flow to the internal 
carotid artery [6]. A combination of these factors 
is often observed. 

A large meta-analysis of cognitive dysfunction 
after CEA, which included 60 studies and 4.823 
cases, showed an association between the devel-
opment of cognitive impairment and evidence of 
hypo- and hyperperfusion during the procedure. 
Furthermore, cognitive dysfunction was more com-
mon in patients with prolonged internal carotid 
artery clamping, highlighting the role of surgical 
factors in its development [7]. 

Preventing and treating cognitive dysfunction 
during the perioperative period, regardless of its 
etiology, remains a critical responsibility of anes-
thesiologists [8, 9]. 

Extensive experience has been gained in clinical 
practice worldwide in the use of various methods 
to protect the brain from ischemia and hypoperfu-
sion. These include maintaining elevated arterial 
blood pressure during internal carotid artery (ICA) 
clamping, ensuring a high fraction of oxygen in the 
ventilated gas mixture (especially during general 
anesthesia with mechanical ventilation), placement 
of temporary intraluminal shunts, and the use of 
metabolic neuroprotective agents, among others [10]. 
However, these methods do not guarantee protection 
against brain injury and in some cases may even 
increase its likelihood [11].  

A potential additional measure in the neuro-
protective armamentarium is controlled moderate 
hypothermia. The therapeutic effects of hypother-
mia have been well documented in areas such as 
neonatal hypoxic-ischemic encephalopathy, post-
cardiac arrest syndrome, and as part of compre-
hensive ischemic stroke therapy using local hy-
pothermia [12, 13]. Several mechanisms underlying 
the neuroprotective effects of cooling in such con-
texts have been discussed [14]. Reports have high-
lighted the successful application of local cerebral 
hypothermia in reducing brain injury volume in 
ischemic stroke  [13]. In addition, this method of 
neuroprotection has been studied in carotid en-
darterectomy, where it has been shown to affect 
brain metabolism during unilateral ICA occlusion. 
However, the use of cerebral hypothermia devices 
during surgery can be challenging due to procedural 
technical limitations [15].  

To address intraoperative neuroprotection in 
carotid surgery, the use of controlled systemic hy-
pothermia within a temperature range of 34.0°C to 
35.0°C appears promising  [16]. However, data on 
its protective properties remain inconsistent  [17, 

18]. Furthermore, neither the optimal hypothermia 
protocol nor its duration to achieve maximal neu-
roprotective effects has been definitively established. 
It is possible that the beneficial neuroprotective ef-
fects of hypothermia in previous studies were offset 
by confounding factors related to the depth of hy-
pothermia, its complexity and/or invasiveness, and 
other methodological nuances. These considerations 
highlight the need for further research.  

Materials and Methods 
The effectiveness of systemic hypothermia 

was evaluated at the L. G. Sokolov North-Western 
District Scientific and Clinical Center (Sokolov 
NWDSCC, St. Petersburg) from September 2022 to 
November 2023. A pilot, single-center, randomized 
trial was conducted and approved by the local ethics 
committee of the Sokolov NWDSCC (LEC protocol 
No. 6 dated August 22, 2022).  

The inclusion, exclusion, and post-random-
ization withdrawal criteria are shown in Table 1.   

Based on the above criteria, 59 patients who 
underwent surgery for atherosclerosis of the bra-
chiocephalic vessels were included in the study. 
The preliminary sample size calculation was per-
formed using the following formula:  

 
 
where:  
— n is the calculated sample size;  
— z is the confidence coefficient;  
— p is the expected proportion of patients 

with postoperative cognitive impairment;  
— E is the margin of error.  
For the calculation, the z coefficient for standard 

conditions (with a 95% confidence level) was set at 
1.96. The expected proportion of patients with post-
operative cognitive impairment was 15% (the ex-
pected rate based on the available literature at the 
time of the final screening). The margin of error 
used was 5%.  

The initial result was then adjusted for the 
population of up to 100 patients expected to be 
screened during the study period using the following 
formula:  

 
  
where:  
— n₀ is the sample size calculated using the 

previous formula;  
— N is the population size;  
— n is the adjusted sample size for the popu-

lation.  
The population was limited to the estimated 

number of patients eligible for screening within 
the study period.  

As a result of the calculation, the sample size 
was determined to be 67 patients. 

Clinical  Studies

n = 
E²

z²p(1 – p)

n = 
1 + (n₀ – 1) / N

n₀
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The primary endpoint of the study was the in-
cidence of cognitive impairment in the groups. Sec-
ondary endpoints included the development of 
stroke, length of hospital stay, and mortality. None 
of these outcomes were observed in the enrolled 
patients. The endpoint used for calculation was the 
incidence of cognitive impairment in the groups. 

All patients underwent carotid endarterectomy. 
Eight patients were excluded: three patients withdrew 
from the study, four refused cognitive testing, and 
one patient was discharged on the day of surgery 
due to the development of an acute respiratory ill-
ness. Patients were randomized into two groups 
using an envelope method: the main group, which 
underwent moderate systemic hypothermia (N=33), 
and the control group (N=26), in which normoth-
ermia was maintained without any temperature-
maintaining measures. Opaque envelopes and dou-
ble-blinding were used for randomization. Block 
randomization was not used. The enrollment process 
is shown in Fig. 1. 

Group characteristics are shown in Table 2. 
Anesthesia and pharmacologic agents used 

during anesthesia may contribute to cognitive de-
cline  [19, 20]. Therefore, all patients underwent 
carotid endarterectomy under combined anesthesia: 
cervical plexus block with 0.5% ropivacaine under 
ultrasound guidance combined with general anes-
thesia. Induction of general anesthesia was performed 
routinely in both groups with fentanyl (1.5–2.0 µg/kg), 
propofol (1.5–2.0 mg/kg), and muscle relaxation with 
rocuronium (0.6–0.8 mg/kg). Maintenance anesthesia 
was achieved with sevoflurane (0.8–1.0 MAC) or 
propofol at 3–4 mg/kg/h. The choice of maintenance 
anesthetic was left to the anesthesiologist. The study 
did not use double randomization. 

Because hypothermia can affect the pharma-
cokinetics of propofol and muscle relaxants, their 
doses were adjusted in the main group based on 
data from the depth of anesthesia monitor and 
neuromuscular transmission monitoring. 

During the intraoperative period, in addition 
to the Harvard standard for monitoring, the following 
methods were used: invasive arterial blood pressure 
measurement, depth of sedation monitoring (GE 
Healthcare M-Entropy), neuromuscular transmission 

monitoring (NMT GE Healthcare), registration of 
cerebral oximetry data using near-infrared spec-
troscopy (Somanetics Invos), and assessment of 
acid-base balance and blood gas parameters at all 
stages of hypothermia (before initiation, at target 
level, and before rewarming). Coagulation status 
(activated coagulation time, ACT) and mechanical 
ventilation parameters were also monitored. For 
thermometry, temperature sensors were placed in 
the retropericardial segment of the esophagus and 
in the axillary region. 

Patient awakening and recovery from anesthesia 
were assessed using the Aldrete scale. The main 
characteristics of surgery and anesthesia in both 
groups are shown in Table 3. 

Table 1. Criteria for Patient Selection in the Study. 
                                                                                                                      Criteria of 
inclusion                                                                        exclusion                                                                                    post-randomization exclusion 
1. Patients with atherosclerosis                        1. Individuals unable to understand                          1. Withdrawal of informed consent 
     of the brachiocephalic arteries (BCA)            the goals and objectives of the study.                         by the patient. 
     indicated for carotid endarterectomy.      2. Patients with severe neurological                           2. Refusal to participate in further  
2. Men and women over 18 years of age.            deficits precluding neurocognitive testing.             neurocognitive testing stages. 
3. Patient consent to participate                      3. Patients with terminal stages  
     in the study.                                                              of chronic diseases. 
                                                                                      4. Patients with critical ischemia  
                                                                                           of the lower extremities. 
                                                                                      5. Patients with BMI greater than 30. 
                                                                                      6. Patients participating in other studies. 
                                                                                      7. Use of pharmacological neuroprotectors.            

Fig. 1. Flowchart of Patient Selection in the Study.



31w 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 5 ,  2 1 ;  1

Clinical  Studies

Description of the hypothermia technique. In 
the main group, after induction of anesthesia and 
placement of temperature sensors in the retroperi-
cardial segment of the esophagus and the axillary 
region, controlled hypothermia was initiated using 
the Hypoterm device (Medmos, Russia) with a 
target core temperature of 34.0–35.0°C. Cooling 
was performed with a heat-exchange mattress and 
blanket. The hypothermia device was set to the 
coolant and target cooling temperatures, and the 
cooling process was stopped when the target tem-
perature was reached. The temperature was then 
maintained within the target range. In most cases, 
the target cooling temperature was reached by the 
time the carotid artery was clamped. Hypothermia 
was maintained until the internal carotid clamp 
was removed. Monitoring parameters during cooling 
(core and peripheral body temperatures, coolant 
temperature, adverse events) were recorded in the 
protocol every 10 minutes. The hypothermia tech-
nique was based on established national and in-
ternational practices [12, 21].  

The rewarming process was then initiated with 
a target temperature of 36.0°C. Due to the inertia of 

the cooling process, rewarming did not begin im-
mediately, and the rate of rewarming was limited 
to no more than 0.5°C per hour. After surgery, re-
warming was continued in the intensive care unit 
using convective warming devices.  

In both groups, cerebral protection against hy-
poperfusion was performed using routine methods 
described in the literature: maintaining systemic ar-
terial pressure at 20–25% above baseline, increasing 
the oxygen concentration in the gas mixture to FiO₂ 
0.9, and placing a temporary intraluminal shunt 
when cerebral oxygenation fell below 15% of baseline. 
In equivocal cases, additional monitoring of retrograde 
pressure in the internal carotid artery stump was 
performed  [11, 10]. Adverse events related to hy-
pothermia were recorded intraoperatively and post-
operatively (e. g., coagulation disorders, electrolyte 
imbalances, arrhythmias, postoperative shivering, 
perioperative infectious complications) according 
to the ESAIC perioperative complications list [22]. 

Cognitive function was assessed using standard 
scales: MMSE, MOCA, and TMT (Trail Making Test) 
at baseline and on postoperative days 2, 5, and 30. 
The assessments were performed by an vascular 

Table 2. Characteristics of patient groupsв, Me (Q25–Q75) or N (%). 
Parameter                                                                                                                           Values in the groups                                                             P-value 
                                                                                                Hypothermia, N=33                      Normothermia, N=26                 Z-score*, 
                                                                                           Propofol           Sevoflurane           Propofol           Sevoflurane               N=30                    
Age, years                                                          69.5 (64.75–75.5)   68 (65.5–75)        71 (69–75.5)        68.5 (64–73)        69 (61–71.5)      0.659 
Sex                                                                                         

male                                                                  10 (66.67)            13 (72.22)             7 (63.64)             10 (66.67)            17 (56.67)         0.860 
female                                                               5 (33.33)              5 (27.78)              4 (36.36)              5 (33.33)             13 (43.33)               

Smoker                                                                          6 (40)                10 (55.56)             5 (45.45)                 9 (60)                   18 (60)           0.708 
Stroke/TIA                                                                5 (33.33)              6 (33.33)              4 (36.36)              5 (33.33)              7 (23.33)          0.898 
Diabetes mellitus                                                      3 (20)                 3 (16.67)              2 (18.18)              4 (26.67)                 9 (30)             0.825 
Hypertension                                                          13 (86.67)            17 (94.44)             9 (81.82)                12 (80)               25 (83.33)         0.782 
Hyperlipidemia                                                       4 (26.67)              6 (33.33)              5 (45.45)                 9 (60)                13 (43.33)         0.402 
CHD                                                                           10 (66.67)                9 (50)                 6 (54.54)                 6 (40)                11 (36.67)         0.383 
Arrhythmias                                                             2 (13.33)               1 (5.56)                       0                         3 (20)                 4 (13.33)          0.510 
Symptomatic stenosis                                          4 (26.67)              6 (33.33)              5 (45.45)              4 (26.67)                1 (3.33)           0.026 
Neurological deficit                                               2 (13.33)              3 (16.67)                1 (9.09)                   3 (20)                         0                 0.203 
Overweight                                                               2 (13.33)               1 (5.56)                 1 (9.09)                2 (13.33)             10 (33.33)         0.106 
Note. * — patients not undergoing surgery or anesthesia, matched for age and testing interval to patients in the normothermia 
and hypothermia groups.

Table 3. Surgery and anesthesia characteristics, Me (Q25–Q75) or N (%).  
Parameter                                                                                                                        Values in groups                                                                                       P* 
                                                                                       Hypothermia, N=33                                                        Normothermia, N=26                                    
                                                                       Total              Sevoflurane           Propofol                  Total               Sevoflurane           Propofol               
Duration of surgery, min                   130                       135                        125                        120                        120                        120              0.738 
                                                           (107.5–145)         (115–159)             (110–132)          (111.3–135)          (105–145)            (115–140)               
Duration of anesthesia,                     220                       225                        205                        200                        195                       192.5            0.289 
min                                                    (145–236.3)         (175–245)           (170–212.5)         (177.5–210)         (145–227.5)     (176.25–207.5)          
Duration of internal carotid   53 (38.8–61.3)     60 (45–72.5)          40 (40–50)           40 (40–55)         50 (35–57.5)          45 (40-55)        0.257 
artery clamping, min                              
The use of temporary                     3 (9.09)               2 (13.33)                1 (9.09)                3 (11.54)                1 (5.56)                2 (13.33)         0.655 
intraluminal shunt 
Classical carotid                               3 (9.09)                1 (6.67)                2 (18.18)              3 (11.54)              2 (11.11)                1 (6.67)           0.705 
endarterectomy technique 
Eversion carotid                             30 (90.91)           17 (94.44)             13 (86.67)            23 (88.46)            13 (86.67)            10 (90.91)        0.299 
endarterectomy technique 
Blood loss, mL                                40 (30–50)          50 (35–55)            50 (35–55)           40 (30–50)         40 (27.5–50)         40 (30–50)        0.523 
Aldrete score                                     9 (8–9.3)            9 (8.5–9.5)            9 (8.5–10)              9 (8–10)               9 (8–9.5)               9 (8–10)          0.894 
Note. * — Intergroup comparison based on the total values in the «Total» column.
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neurologist who was unaware of the patient's group 
assignment. 

Because cognitive assessment tests have differ-
ent dimensions, Z-scores were used to compare 
test results  [23]. A third group (Z-score, N=30) of 
patients in the same age range who had not under-
gone surgery or anesthesia was tested at the same 
intervals as the normothermia and hypothermia 
groups. 

The standardized Z-score for each patient was 
calculated from the raw test result using the for-
mula: 

 
 
where: 
x is the raw test result for a given patient, 
X is the mean, 
SD is the standard deviation for the particular 

test. 
Postoperative cognitive impairment (POCI) 

was defined as Z-scores that differed from baseline 
by –1.96 SD or more on at least two tests. If these 
changes persisted for more than 30 days, the patient 
was considered to have postoperative cognitive 
dysfunction (POCD). If detected earlier, it was clas-
sified as delayed neurocognitive recovery [24]. 

Statistical Analysis. Data were analyzed using 
IBM SPSS 26 with nonparametric statistical methods. 
Results were presented as medians (Me) and in-
terquartile ranges (Q25–Q75). The Kruskal–Wallis 
test was used to compare quantitative variables be-
tween groups, and the Mann–Whitney U test was 
used for pairwise comparisons of two independent 
groups. Pearson's χ² test was used for categorical 
variables. A P�0.05 was considered statistically sig-
nificant. A two-tailed P-value was used. 

Results and Discussion 
The groups were homogeneous with respect 

to baseline characteristics. Among the patients stud-
ied, 24 (41%) had right carotid stenosis and 35 (59%) 
had left carotid stenosis. 

The most common comorbidities in this cohort 
were arterial hypertension (86.4%), coronary artery 
disease (57.6%), and diabetes mellitus (20.3%). In 
the main and control groups, 10 and 9 patients, re-
spectively, had a history of transient ischemic attack 
or stroke in the operated artery territory. 

The study results demonstrated that systemic 
cooling to a target temperature of 34.0–35.0°C, ini-
tiated prior to carotid clamping and maintained 
during clamping, is technically feasible and safe. 

There was no statistically significant difference 
in the duration of surgery and carotid clamping 
time between the groups: 120 (111.3–135) minutes 
in the control group and 130 (107.5–145) minutes 
in the main group. Carotid artery occlusion time 
was 53 (38.8–61.3) minutes in the main group and 

40 (40–55) minutes in the control group (P=0.78). 
There was no significant difference in the dosage 
and duration of sympathomimetic support between 
the groups. Mean arterial pressure during carotid 
occlusion was maintained above baseline in both 
groups, taking into account cerebral oximetry data. 
None of the patients experienced infectious com-
plications while receiving the standard regimen 
of antibiotic prophylaxis. 

One patient in the main group and one in the 
control group experienced paroxysmal atrial fibril-
lation (AF) in the early post-operative period, both 
had a history of paroxysmal AF. One patient in the 
control group required prolonged norepinephrine 
administration due to persistent hypotension, but 
the need for vasopressors was resolved within the 
first few hours. Five patients in the overall cohort 
required narcotic analgesia during the first postop-
erative day. The rest of the patients received analgesia 
with nonsteroidal anti-inflammatory drugs. 

Overall, no significant differences were found 
between the groups based on standard criteria for 
perioperative complications. However, specific char-
acteristics related to hypothermia were noted. 

The incidence of postoperative cognitive im-
pairment (POCI) is shown in Fig. 2. These impair-
ments mainly manifested as delayed neurocognitive 
recovery. On postoperative day 2, the incidence of 
POCI was 21.2% in the hypothermia group and 
26.9% in the normothermia group. POCI were ob-
served more frequently in the normothermia group, 
occurring in 15.4% of patients on day 5 and 11.5% 
on day 30, compared to 12.1% and 6.1%, respectively, 
in the hypothermia group (P�0.05).  

One month after surgery, improvement in cog-
nitive function was observed in 4 patients (12.1%) 
in the hypothermia group, while only 1 patient (3.8%) 
in the normothermia group showed improvement.  

Within each group, the effects of anesthetic 
maintenance agents (sevoflurane or propofol) were 

Z = 
SD

x – X

Fig. 2. Frequency of postoperative cognitive impairment.
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also analyzed. A trend toward a higher incidence of 
cognitive impairment was observed in patients re-
ceiving sevoflurane. In the hypothermia group, 
POCI developed in 2 patients receiving sevoflurane, 
whereas no cognitive impairment was observed in 
patients receiving propofol. A similar trend was ob-
served in the normothermia group: POCI was iden-
tified in 2 of 15 patients receiving sevoflurane com-
pared to 1 of 11 patients receiving propofol. 

The results obtained regarding the safety of 
moderate hypothermia during carotid endarterec-
tomy are consistent with the existing literature. For 
example, S. Candela et al.  [15] cooled patients to 
34.5–35.0°C using an invasive thermoregulation de-
vice. The authors concluded that hypothermia 
within this temperature range does not cause clin-
ically significant adverse effects and that shivering 
can be effectively managed with medication. Similar 
conclusions were reached by the authors of studies 
on the use of «mild» hypothermia in neuro-
surgery [25].  

However, in the study by M. Todd et al., which 
focused on the use of therapeutic hypothermia dur-
ing surgery for clipping cerebral aneurysms, a higher 
incidence of bacteremia was reported in the hy-
pothermia group, along with a more frequent need 
for prolonged mechanical ventilation due to in-
sufficient rewarming after the hypothermic phase. 
However, it should be noted that their cooling pro-
tocol reached 33.5°C, which is below the target 
range in our study.  

Controlled hypothermia is a relatively simple 
method of neuroprotection during carotid en-
darterectomy. The duration of the procedure elim-
inates the risk of an excessively long hypothermic 
period, thereby minimizing potential adverse effects. 

Overall, the incidence of POCI observed in 
this study is comparable to data reported by other 
investigators. According to a meta-analysis by P. Aceto 
et al. on cognitive impairment after CEA, the overall 
incidence of POCI was 14.1%, with delayed cognitive 
recovery occurring in 20.5% of cases. However, in 
individual studies included in the analysis, this rate 
was higher, reaching up to 45% [26]. 

It is noteworthy that the frequency of POCI 
one month after CEA reported in this study is lower 
than in some other studies. For example, in K. Re-
lander's study, cognitive deficits persisted in 44% 
of patients three months after surgery  [26]. This 
high detection rate of cognitive dysfunction may 
be due to the use of a more extensive battery of 
neuropsychological tests. Similarly, in a study by 
T. Klypa on POCI in cardiac surgery patients, varying 
degrees of cognitive dysfunction were observed in 
30–70% of patients in the early postoperative period 
using a battery of four tests [27]. 

Undoubtedly, cognitive impairment in this pa-
tient population is not only influenced by intraoper-

ative risk factors. Additional contributing factors may 
include suboptimal pharmacological treatment of 
atherosclerosis and comorbidities, progression of 
other serious systemic diseases, preexisting central 
nervous system disease, and others  [26]. However, 
based on the results of this study, it can be assumed 
that intraoperative risks and their potential modifi-
cation contribute significantly to treatment outcomes. 

The use of hypothermic neuroprotection during 
surgery, in combination with other conventional 
methods of protecting the brain from injury, was 
found to reduce the severity of cognitive impairment 
compared with the normothermia group. In the 
normothermia group, delayed neurocognitive re-
covery was more common in asymptomatic patients 
than in symptomatic patients. In the hypothermia 
group, however, no such differences were observed 
between symptomatic and asymptomatic patients. 

In a study by Trae R. Robison et al., the authors 
found no significant differences in the incidence 
of cognitive impairment between symptomatic 
and asymptomatic patients. However, they high-
lighted that the beneficial effects of statins and 
aspirin on the development of POCI were particu-
larly pronounced in asymptomatic patients. This 
suggests that asymptomatic patients may be par-
ticularly vulnerable and, as such, may require en-
hanced neuroprotection. This is particularly im-
portant considering that surgical treatment of 
asymptomatic patients tends to yield better results 
in preventing ischemic events compared to symp-
tomatic patients [28, 29]. 

A trend toward increased incidence of POCI 
was observed with the use of sevoflurane in both 
groups. Although our data did not reach statistical 
significance due to the small sample size, they are 
consistent with the findings of other investigators. 
For example, a meta-analysis of 34 studies involving 
4.314 elderly patients reported a postoperative neu-
rocognitive disorder rate of 16.8% in the propofol 
group and 24.0% in the sevoflurane group [31]. 

According to the literature, shivering is the 
most common adverse effect observed during 
controlled hypothermia [30], and this was clinically 
confirmed in our study. During the early postop-
erative period, shivering was observed in 4 patients 
(12%) immediately after awakening. Of these 4 pa-
tients, 2 received excessive cooling (i. e., beyond 
the target temperature range) during surgery 
(down to 33.5°C), which prolonged the rewarming 
process. The excessive cooling was attributed to 
the inherent inertia of the cooling method used. 
No other serious adverse effects related to hy-
pothermia were observed. 

The literature describes the use of meperidine, 
magnesium sulfate, and tramadol to lower the shiv-
ering threshold [30]. As shivering can have potentially 
adverse effects on the patient, it was promptly 
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treated by slow intravenous administration of a 
25% magnesium sulfate solution. 

The issue of rewarming patients after hypother-
mia deserves special attention. Some investigators 
in their studies did not awaken patients and extubate 
the trachea until normothermia was achieved. In 
particular, M. Todd et al. awakened patients in the 
ICU several hours later  [25]. This approach may 
have contributed to a higher incidence of infectious 
complications in their observations. However, other 
authors report that mild hypothermia within the 
specified temperature range is well tolerated by pa-
tients without anesthesia: discomfort caused by 
this regimen can be alleviated with moderate seda-
tion and anti-shivering medications [30]. 

In a review by S. Inoue on the use of therapeutic 
hypothermia during the intraoperative period, the 
author concludes that extubation can be performed 
in the operating room if there are no other con-
traindications. If necessary, sedation should be con-
tinued until the patient is fully rewarmed [21]. Sim-
ilarly, we proceeded with awakening and tracheal 
extubation while gradually rewarming the patient, 
without waiting for normothermia to be fully restored. 
The residual sedation remaining in patients after 
anesthesia helped to mitigate any potential subjective 
discomfort caused by hypothermia. In addition, a 

key consideration in rewarming is to prevent the 
development of hyperthermia in the postoperative 
period. Even mild hyperthermia significantly exac-
erbates ischemic brain injury and can potentially 
worsen neurocognitive test scores [13]. 

The low incidence of adverse events was likely 
related to both the hypothermic protocol and the 
short duration of its use. In addition, the small sur-
gical site and lack of significant blood loss during 
the procedure made the hypothermic process well 
controlled, avoiding excessive cooling or prolonged 
rewarming in most cases. 

The lack of a registered protocol in a clinical 
registry is a limitation of the study. Nevertheless, to 
minimize the risk of subjective modifications and 
interpretations, the protocol approved prior to the 
clinical trial was strictly followed. Out of 64 ran-
domized patients, neurocognitive testing was not 
performed in 5 cases, which could have influenced 
the assessment of the severity of POCI. 

Conclusion 
Controlled hypothermia is a safe and easily 

reproducible neuroprotective method in carotid 
endarterectomy with a minimal number of adverse 
effects.
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Summary 
Scoring systems based on assessment of disease severity and patient condition are widely used for routing 

and predicting length of stay in the ICU. However, their effectiveness varies in patients with sepsis. 
The aim of the study. To evaluate the effectiveness of scoring systems in routing and predicting ICU length 

of stay in patients with severe community-acquired pneumonia (CAP). 
Materials and methods. Medical records of 664 patients from the Intensive Care for Severe CAP database 

of I. I. Mechnikov Northwestern State Medical University (2013–2023) were analyzed using the following scor-
ing scales: CURB-65, PSI/PORT, SMART-COP, SCAP, REA-ICU, NEWS2, IDSA/ATS criteria, APACHE IV, CFS, 
and CCI. Statistical analysis was performed using Statistica 10.0, SPSS, and Stat Research (Center for Statistical 
Research) software. 

Results. Among the study cohort, 96 patients (15%) had bacterial severe CAP (bCAP) and 568 patients (85%) 
had viral severe CAP (vCAP), all of whom were admitted to the ICU. A NEWS2 score �2 was observed in 
74 (77.1%) bCAP patients and all vCAP patients (P�0.001). In contrast, 437 (76.9%) vCAP patients and 74 (77.1%) 
bCAP patients were classified as high risk according to SMART-COP (P=0.966). Delayed ICU admission 
(�7 days) was observed in older patients with severe bCAP, but did not significantly affect ICU length of stay 
or outcomes. A strong correlation was found between adverse outcome and predicted mortality using 
APACHE IV (η=0.966 for vCAP and η=0.807 for bCAP). However, no correlation was observed between predicted 
and actual ICU length of stay for both vCAP and bCAP patients (R²=0.0257, Kendall's W=0.018 for vCAP; 
R²=0.0294, Kendall's W=0.050 for bCAP). The predictive model accuracy for ICU stay �1 day or �14 days was 
not satisfactory. Model with vCAP patients adjusted for age (�60 years) and APACHE IV exhibited moderate 
predictive accuracy for prolonged ICU stay (AUROC 0.610). 

Conclusion. Differences were found in the applicability of the NEWS2, REA-ICU, and IDSA/ATS major cri-
teria scoring systems for ICU routing of bCAP and vCAP patients. APACHE IV showed a strong correlation be-
tween predicted and actual mortality, but no correlation between predicted and actual ICU length of stay in 
severe CAP patients was found. 
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Introduction 
Community-acquired pneumonia (CAP) is the 

second most common cause of hospitalization and 
the leading infectious cause of death. Advanced age 
is a well-established risk factor for adverse outcomes 
in CAP [1]. Severe community-acquired pneumonia 
(sCAP) is a distinct form of the disease characterized 
by severe acute respiratory failure (ARF), typically 
accompanied by signs of sepsis and organ dysfunc-
tion  [2]. A pragmatic definition of sCAP refers to 
CAP in patients admitted to the intensive care unit 
(ICU). The bias inherent in this definition stems 
from the significant variability in ICU resources 

across regions and healthcare institutions. In addition, 
the comorbidity profile of patients [1] and the need 
for specialized care in «frail» patients [3] may influence 
the assessment of severity and increase the need 
for ICU admission in CAP cases. 

The use of severity scales and the selection 
of appropriate care settings are critical to ensure 
the safety of patients with CAP and the appropriate 
allocation of hospital resources (Appendix, Table). 
In clinical practice, the use of the IDSA/ATS minor 
criteria (3 out of 9 criteria) or major criteria (shock 
or need for mechanical ventilation) helps to stratify 
patients with CAP [4]. A meta-analysis by Marti et 
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al. showed that the minor criteria of IDSA/ATS, 
SCAP, and SMART-COP have superior discriminatory 
performance compared to the PSI/PORT and 
CURB-65 scoring systems in predicting the need 
for ICU admission in patients with sCAP [5]. Similar 
findings were reported in the study by Fukuyama 
et al, where the IDSA/ATS criteria and the SMART-
COP scale showed good predictive value for ICU 
routing in patients with sCAP [6]. 

The proportion of patients with severe com-
munity-acquired pneumonia (sCAP) requiring re-
suscitation is 22.7% [7], and a proportion of these 
patients needs a prolonged stay in the intensive 
care unit (ICU) [8–9], which significantly increases 
the financial cost to hospitals [10]. Prolonged ICU 
stays are not only associated with high costs due to 
intensive therapy, but also with resource utilization, 
leading to disruptions in the throughput capacity 
of units and hospitals. 

To predict ICU length of stay, the predictive 
ability of the APACHE III  [11], APACHE IV  [12], 
MPM III [13], and SAPS II [14] scales was evaluated. 
The APACHE IV scale was developed in 2006 using 
data from 69.652 patients admitted to 104 ICUs in 
the United States and later validated using data 
from 46.517 patients to predict ICU length of stay 
and hospital mortality [12]. The accuracy of predicting 
ICU length of stay using the APACHE IV scale in pa-
tients with sepsis shows conflicting results [15]. 

Building a predictive model by incorporating 
additional variables based on the APACHE II, 
APACHE III, and SAPS II scales shows higher effec-
tiveness in predicting the risk of prolonged ICU 
stay (AUC 0.827–0.839) [16]. To improve the predictive 
accuracy in patients with sCAP, it is suggested to 
use the Clinical Frailty Scale (CFS) and the Charlson 
Comorbidity Index (CCI). According to several re-
searchers, the CFS provides valuable clinical infor-
mation for health care managers regarding the or-
ganization and duration of intensive therapy  [3], 
and outcome prediction based on age and comor-
bidities using the CCI outperforms the CURB-65 
and PSI/PORT scales in terms of accuracy in patients 
with sCAP [17]. 

Improving the accuracy of predicting ICU 
length of stay for patients with sCAP will facilitate 
planning and improve resource management in 
hospitals. 

The aim of the study — to evaluate the effec-
tiveness of using scales for patient routing and pre-
diction of ICU length of stay in patients with severe 
community-acquired pneumonia. 

Materials and Methods 
Data from the medical records of 853 patients 

with lower respiratory tract infections were col-
lected from the «Intensive care of patients with 
severe community-acquired pneumonia» database 

at the I. I. Mechnikov Northwestern State Medical 
University (NSMU) from February 2013 to February 
2023 (government registration certificate for the 
database No. 2024624611). The diagnosis of severe 
community-acquired pneumonia (sCAP) was made 
according to clinical guidelines  [2]. The center 
received approval from the Local Ethics Committee 
(LEC) of NSMU (LEC Protocol No. 2, dated February 
12, 2020).  

The table in the appendix shows the scales 
used prospectively to assess the severity of patients 
with sCAP and to determine the need for ICU ad-
mission. A retrospective assessment of 40 patients 
with moderate community-acquired pneumonia 
(mCAP) from 2013 to 2020 was performed using 
the NEWS2 scale. The duration of ICU stay for pa-
tients with sCAP was also evaluated. During ICU 
admission, variables necessary to predict mortality 
and ICU length of stay were collected. 

Statistical analysis was performed using the 
software packages Statistica 10.0, SPSS, and Stat Re-
search (Center for Statistical Research). Patient char-
acteristics were compared between groups according 
to the distribution of quantitative variables. The 
Shapiro–Wilk test was used to assess normality. 
Quantitative data were described as median (Me) 
and interquartile range (Q1; Q3) or mean (M) ± stan-
dard deviation (SD).  

Independent groups were compared using the 
Mann–Whitney and Kruskal–Wallis tests, while 
paired samples were analyzed using the Wilcoxon 
test. The Bonferroni correction was used for multiple 
comparisons. The structure of categorical variables 
was presented as frequency distributions, and Pear-
son's χ² test was used for comparative analysis of 
categorical data. Statistical significance was set at a 
two-tailed P�0.05.  

The association between quantitative variables 
was assessed using Spearman's rank correlation 
coefficient, concordance was assessed using 
Kendall's W coefficient, and the association between 
binary and continuous variables was measured 
using the eta (η) coefficient.  

ROC analysis was used to assess the discrimi-
native power of the scales. The optimal threshold 
was selected based on a balance between sensitivity 
and specificity. The results were reported as thresh-
old, sensitivity, specificity, and area under the ROC 
curve (AUC). Model quality was graded as follows:  

— 0.9–1.0 — excellent  
— 0.8–0.9 — very good  
— 0.7–0.8 — good  
— 0.6–0.7 — moderate  
— 0.5–0.6 — poor  
A higher AUC indicates a greater prognostic 

(diagnostic) value of the scale. 

Results and Discussion 
The study flowchart is shown in Fig. 1. 
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The study included medical record data from 
664 patients, of whom 96 (15%) had bacterial severe 
community-acquired pneumonia (bsCAP) and 
568  (85%) had viral severe community-acquired 
pneumonia (vsCAP). The patient groups were com-
parable in age and gender, with older and geriatric 
patients predominant in both cohorts. 

Patients with bsCAP had a higher Charlson 
Comorbidity Index (CCI) score, indicating a greater 
comorbidity burden, and their Clinical Frailty 
Scale (CFS) scores suggested a need for personal-
ized care due to significant physical and cognitive 
impairment. Scores on the NEWS2, SMART-COP, 
REA-ICU scales and IDSA/ATS criteria were ele-
vated in both groups, but showed differences be-
tween vsCAP and bsCAP patients. 

A total of 567 (99.8%) vsCAP patients and 
80 (83.3%) bsCAP patients required respiratory sup-
port of various modalities (P�0.001). However, the 
bsCAP group had a lower PaO₂/FiO₂ ratio. Among 
vsCAP patients, 203 (35.7%) had a bacterial coin-
fection on admission to the ICU. 

The need for vasopressor support and the 
doses administered were higher in the bsCAP group. 
The groups were comparable in the use of corti-
costeroids but differed in the frequency of parenteral 
nutrition and administration of «last-resort antibi-
otics». Parenteral nutrition was used more frequently 
in vsCAP patients, while «last-resort antibiotics» 
were prescribed more frequently in bsCAP patients. 

Patients with bsCAP required a longer ICU 
stay, while vsCAP patients had a longer overall hos-
pital stay. A comparison of demographic, clinical, 
laboratory, and hospital-related parameters between 
the groups is shown in Table 1. 

In the study by Covino et al, the NEWS2 score 
showed a high predictive accuracy (AUROC 0.901) 
for ICU admission and/or mortality within 24 hours 
with a score � 2 [29], which is consistent with our 
findings, where 568 (100%) of patients with vsCAP 
and 74 (77.1%) with bsCAP were at high risk for 
ICU admission. In the study by Lazar Neto et al. of 
patients with community-acquired pneumonia hos-
pitalized with COVID-19, a SMART-COP score � 3 
was observed in 437 (76.9%) patients [30], which is 
consistent with our results [6, 18]. 

The SCAP scale, with a threshold � 10.0 points, 
also showed a high efficacy in predicting ICU ad-
mission in patients with vsCAP and bsCAP. A com-
parative analysis by Marti et al. showed that the 
IDSA/ATS minor criteria, SCAP score, and SMART-
COP score had better discriminatory properties 
than PSI/PORT and CURB-65 for predicting ICU 
admission [5], which is consistent with our results. 
A PSI/PORT score � 130 (class V) was observed in 
365 (64.2%) patients with vsCAP versus 53 (55.2%) 
with bsCAP, higher than in the similar study by 
Charles et al. However, the number of patients with 

a SMART-COP score � 3 was lower than in the 
study by P. G. Charles et al. [18]. 

The SCAP and REA-ICU scales showed differ-
ences between vsCAP and bsCAP patients requiring 
intensive care, as did the IDSA/ATS major criteria. 
Liapikou et al. showed that the predictive value of 
the IDSA/ATS criteria for ICU admission was 
71% [31]. In the study by Renaud et al, the risk of 
ICU admission increased significantly from risk 
class I (� 3 points) to risk class IV (� 9 points) on 
the REA-ICU scale  [20], similar to the data of the 
current study. 

The threshold values of the scales for ICU ad-
mission and the number of patients in the severe 
CAP groups reaching the corresponding scores at 
ICU admission are shown in Table 2. 

Seventy-three (76%) patients with bsCAP were 
admitted to the ICU within 48 hours vs. 266 (46.8%) 
patients with typical vsCAP. Delayed ICU admission 
was associated with increased hospital mortality 
and unplanned readmissions in both groups, al-
though these differences between groups were not 

Fig. 1. Study flowchart. 
Note. AUROC — area under the ROC curve; ROC — receiver op-
erating characteristic. 
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statistically significant. Similar findings were reported 
in a large British cohort study that showed worse 
outcomes with delayed ICU admission. Mortality 
was 46.3% for those admitted to the ICU within 
2  days of hospital admission, rising to 50.4% for 
those admitted within 2–7 days and 57.6% for those 
admitted after 7 days [32]. When comparing patients 
based on ICU admission time, delayed ICU admis-

sion (� 7 days) was more common in older patients 
with vsCAP (P=0.026) and was associated with longer 
hospital stay (P�0.0001). However, it did not sig-
nificantly affect ICU length of stay or outcome. Pa-
tients with bsCAP admitted to the ICU after a delay 
of � 7 days also had longer hospital stays (P=0.002), 
but no differences in ICU length of stay or outcome 
were observed between groups (Table 3). 

Table 1. Demographic, clinical, laboratory, and hospitalization-related parameters in the study groups. 
Parameter                                                                                                                                                                             Values in groups                                    P 
                                                                                                                                                                                       vsCAP                                bsCAP                         
Total, N (%)                                                                                                                                                 568 (85.5)                         96 (14.5)                       

Demographic parameters 
Age, years                                                                                                                                                  67.14±14.02                   70.07±13.96             0.053 
                                                                                                                                                                     68 (58.5–78)                   70 (61.5–82)                    
Elderly, N (%)                                                                                                                                            232 (40.85)                      39 (40.62)                0.297 
Senile, N (%)                                                                                                                                              173 (30.46)                      37 (38.54)                      
Middle-aged, N (%)                                                                                                                                110 (19.37)                      12 (12.50)                      
Young, N (%)                                                                                                                                                42 (7.39)                           5 (5.21)                        
Long-lived individuals, N (%)                                                                                                               11 (1.94)                           3 (3.12)                        
Women, N (%)                                                                                                                                           265 (46.6)                         57 (59.4)                       
BMI, kg/m2, Me (IQR)                                                                                                                            27.8 (8.16)                      25.4 (8.56)               0.002 

Scores and evaluation systems, Me (Q1–Q3)  
NEWS2, points                                                                                                                                            9 (8–10)                           5 (2–7.5)               �0.001 
ССI, points                                                                                                                                                     3 (2–6)                              7 (6–8)                 �0.001 
CFS, points                                                                                                                                                    2 (0–5)                              6 (0–7)                 �0.001 
SOFA                                                                                                                                                                5 (4–7)                              4 (3–6)                   0.056 
APACHE IV, points                                                                                                                         69.00 (48.00–123.25)   99.00 (65.00–126.00)    �0.001 
CURB-65, points                                                                                                                                         3 (2–3)                              3 (2–3)                   0.854 
SMART-COP, points                                                                                                                                   4 (3–4)                              5 (3–7)                 �0.001 
PSI/PORT, points                                                                                                                            136.0 (120.5–150.5)    132.0 (114.25–156.0)     0.443 
SCAP, points                                                                                                                                         11.0 (11.0–18.0)             12.0 (8.5–18.0)           0.137 
IDSA/ATS: Minor criteria, points                                                                                                          2 (2–4)                              2 (1–3)                 �0.001 
IDSA/ATS: Major criteria, points                                                                                                           0 (0–1)                              1 (0–1)                   0.013 
REA-ICU, points                                                                                                                                         5 (2–12)                          10 (7–12)               �0.001 

Organ support 
Respiratory support, N (%)                                                                                                                   567 (99.8)                         80 (83.3)               �0.001 
High-flow oxygen therapy, N (%)                                                                                                        409 (72.0)                         14 (14.6)               �0.001 
NILV, N (%)                                                                                                                                                 427 (75. 2)                        14 (14.6)               �0.001 
MLV � 24 hours, N (%)                                                                                                                           248 (43.7)                         40 (41.7)                 0.777 
PaO₂/FiO₂, mmHg in patients on NILV/MLV, Ме (IQR)                                                             156 (35.0)                        116 (62.5)              �0.001 
Vasopressor support (norepinephrine at a dose of � 0.5 µg/kg/min), N (%)                   129 (22.71)                      55 (57.29)              �0.001 
Vasopressor support �72 hours                                                                                                          85 (14.96)                        55 (57.29)              �0.001 
Renal replacement therapy, N (%)                                                                                                      58 (10.2)                          36 (38.7)               �0.001 

Intensive care 
«Last-resort antibiotics», N (%)                                                                                                          124 (21.8 )                        36 (37.5)               �0.001 
Steroids, N (%)                                                                                                                                           220 (38.7)                         39 (40.6)                 0.006 
Parenteral nutrition, N, (%)                                                                                                                  201 (35.4)                        30 (31.25)              �0.001 

Length of hospitalization and outcomes 
ICU stay � 14 days, N (%)                                                                                                                       57 (10.0)                          24 (25.0)               �0.001 
Days in ICU, Me (IQR)                                                                                                                              5.0 (6.0)                          7.0 (9.75)                0.001 
Days from Hospital Admission to ICU, Me (IQR)                                                                          2.0 (5.0)                           1.0 (1.0)                �0.001 
Length of hospital stay, days, Me (IQR)                                                                                           17.0 (14.0)                     12.5 (13.75)              0.002 
Fatal outcome, N (%)                                                                                                                             236 (41.55)                      58 (60.42)                0.001 
Note. Me — median; IQR — interquartile range; BMI — body mass index; NILV — non-invasive lung ventilation; MLV — mechanical 
lung ventilation.

Table 2. Use of assessment systems to identify high-risk patients for ICU admission. 
Assessment system, points                                                               Frequency in groups, N (%)                                                                      P 
                                                                                                       vsCAP, N=568                                     bsCAP, N=96                                                      
1. CURB-65 �3                                                                        291 (51.2)                                            50 (52.1)                                                 0.877 
2. PSI/PORT �130                                                                 365 (64.2)                                            53 (55.2)                                                 0.092 
3. SMART-COP �3                                                                 437 (76.9)                                            74 (77.1)                                                 0.966 
4. IDSA/ ATS: Major criteria �1                                        263 (46.3)                                            62 (64.6)                                                 0.001 
5. IDSA/ ATS: Minor criteria �3                                       281 (49.5)                                            40 (41.7)                                                 0.158 
6. SCAP �10                                                                             451 (79.4)                                            62 (64.6)                                                 0.001 
7. REA-ICU �7                                                                        265 (46.7)                                            72 (75.0)                                                �0.001 
8. NEWS2 �2                                                                          568 (100.0)                                           74 (77.1)                                               �0.001 



A very strong correlation was found between 
actual adverse outcomes and the predicted mor-
tality rate using the APACHE IV scale (η=0.966 for 
vsCAP and η=0.807 for bsCAP). The APACHE IV 
scale was used to predict ICU length of stay. The 
distribution of patients with sCAP across 
APACHE IV scores showed that 25.8% scored be-
tween 41–52 points. 18.2% scored between 112–127, 
10.1% scored between 128–143 points, and 6.8% 
scored between 144–195 points (Table 4). Differ-
ences in APACHE IV score distribution between 
groups are shown in Table 4. 

The median length of stay in the ICU for 
patients with vsCAP was 5 (3.0, 9.0) days compared 
to 7 (4.0, 14.0) days for patients with bsCAP. In the 
study by C. Dupuis et al., the median ICU stay for 
patients with bsCAP was 8.0 (4.0, 16.0) days [8]. Ac-
cording to an international report, the ICU length 
of stay for patients with vsCAP ranged from 5 to 19 
days; our results are consistent with a British 
study [33]. Patients with bsCAP who scored 41–52 
points had a significantly longer mean ICU length 
of stay than patients with vsCAP (P=0.001). The 
data of ICU length of stay for patients with vsCAP 
and bsCAP are shown in Table 5. 

Patients with vsCAP whose APACHE IV scores 
ranged from 93 to 111 had ICU stays of 9 (5–12) or 
more days (Table 5). In the vsCAP group, the actual 

number of ICU days was significantly higher than 
predicted by APACHE IV scores in the 3–40 and 79–92 
ranges, in contrast to the study by K. Zangmo et al. 
in which predicted days significantly exceeded actual 
days for patients with APACHE IV scores of 81–90 [15]. 
At a mean APACHE IV score of 99.92, actual and pre-
dicted ICU days were equivalent, a trend that persisted 
at higher mean scores (Table 6). 

No significant correlation or concordance was 
found between predicted and actual ICU length of 
stay for patients with vsCAP (R²=0.0257, Kendall's 
W=0.018). Fig. 2, a shows the correlation between 
actual and APACHE IV predicted ICU length of stay 
in the vsCAP. 

In the bsCAP group, most patients (26.0%) had 
APACHE IV scores between 112 and 127, with a 
median ICU length of stay of 7.5 days (IQR 4.75–15.5). 
Ten patients (10.4%) with an APACHE IV score of 
86.6 had an ICU length of stay of 10 days (IQR 6–13). 
In the bsCAP group, actual ICU length of stay was 
significantly longer than that predicted by APACHE IV 
scores in the 53–60 range, in contrast to the study by 
K. Zangmo et al.  [15], which found that predicted 
ICU length of stay was significantly longer than actual 
ICU length of stay for APACHE IV scores of 50–60. No 
significant difference was found between predicted 
and actual ICU length of stay in bsCAP patients 
reaching a mean APACHE IV score of 64 (Table 7). 
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Table 3. Study parameters at different time points prior to ICU admission. 
Parameter                                                                                                                                   Values at different time points prior                         P 
                                                                                                                                                                              to ICU admission                                                 
                                                                                                                                                     �48 hours    From 2 to 7 days        �7 days                        
Patients with vsCAP, N (%)                                                                                      266 (46.8)            191 (33.6)             111 (19.5)                   — 
Age of patients with vsCAP, Me (Q1; Q3)                                                                   68.0                       64.0                        71.0                     0.026 
                                                                                                                                         (59.25; 78.0)        (57.0; 76.5)          (60.5; 80.0)          p₂₃=0.039 
Length of stay in ICU, Me (Q1; Q3)                                                                      6.0 (3.0; 9.0)       5.0 (3.0; 9.0)        5.0 (2.0; 8.0)             0.283 
Length of stay in the hospital, Me (Q1; Q3))                                                             15.0                       17.0                       25.0                   �0.001 
                                                                                                                                            (9.0; 21.0)           (12.0; 24.0)          (17.5; 32.0)          p₁₃�0.001 
                                                                                                                                                                                                                                         p₁₃�0.001 
                                                                                                                                                                                                                                          p₁₂=0.002 
Hospital mortality in patients with vsCAP, N (%)                                            106 (39.8)             76 (39.8)               54 (48.6)                 0.239 
Patients with bsCAP, N (%)                                                                                       73 (76.0)              14 (14.6)                 9 (9.4)                      — 
Age of patients with bsCAP, Me (Q1; Q3)                                                                  69.0                       70.5                       72.0                     0.955 
                                                                                                                                            (62; 82.0)          (62.75; 80.5)         (66.0; 77.0) 
Length of stay in ICU, Me (Q1; Q3)                                                                     7.0 (4.0; 13.3)     9.0 (7.0; 23.0)      7.0 (3.0; 10.0)            0.324 
Length of stay in the hospital, Me (Q1; Q3)                                                               7.5                        15.0                       29.0                     0.002 
                                                                                                                                            (3.5; 17.0)           (11.0; 27.0)          (18.0; 32.0)          p₁₃=0.003 
Hospital mortality in patients with bsCAP, N (%)                                             44 (60.3)                8 (57.1)                 6 (66.7)                  0.900 

Table 4. Distribution in study groups according to APACHE IV scores. 
APACHE IV score range                                                                                                                            Frequency, N (%)                                               P 
                                                                                                                                                 vsCAP, N=568    bsCAP, N=96      Total, N=664                   
41–52                                                                                                                               160 (28.20)           11 (11.50)             171 (25.8)               0.0002 
112–127                                                                                                                            96 (16.90)            25 (26.00)             121 (18.2)                      
53–60                                                                                                                                73 (12.90)              8 (8.30)                81 (12.2)                       
128–143                                                                                                                            59 (10.40)              8 (8.30)                67 (10.1)                       
79–92                                                                                                                                  43 (7.60)             10 (10.40)               53 (8.0)                        
93–111                                                                                                                               37 (6.50)             15 (15.60)               52 (7.8)                        
144–195                                                                                                                             34 (6.00)             11 (11.50)               45 (6.8)                        
3–40                                                                                                                                    33 (5.80)               1 (1.00)                 34 (5.1)                        
61–68                                                                                                                                  17 (3.00)               5 (5.20)                 22 (3.3)                        
69–78                                                                                                                                  16 (2.80)               2 (2.10)                 18 (2.7) 
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Similar to the vsCAP group, we found no sig-
nificant association or concordance between pre-
dicted and actual ICU length of stay in the bsCAP 
group (R²=0.0294, Kendall's W=0.050). The correlation 
between actual and predicted ICU days using 
APACHE IV in the bsCAP group is shown in Fig. 2, b. 

The accuracy of the APACHE IV model for pre-
dicting ICU length of stay � 1 and � 14 days was 
unsatisfactory for patients with vsCAP [AUROC 0.51 
(95% CI: 0.441, 0.585) for � 1 day and 0. 595 (95% 
CI: 0.517, 0.674) for � 14 days] and for patients with 
bsCAP [AUROC 0.59 (95% CI: 0.379, 0.792) for � 1 day 
and 0.508 (95% CI: 0.371, 0.644) for �  14 days]. 
After adjustment for age � 60 years, the APACHE IV 
prediction model showed moderate performance 
in patients with vsCAP (AUROC 0.610). 

In the bsCAP patient group, the use of the 
Charlson Comorbidity Index (CCI) yielded a pre-
dictive model of moderate quality (Table 8). 

Predicting intensive care unit (ICU) bed 
occupancy is one of the most important tasks, 
as it enables planning and helps prevent over-
crowding.  

Accurate identification of high-risk groups, 
followed by appropriate patient routing to the 
ICU, is of paramount importance. An analysis of 
scoring systems revealed differences between pa-
tients with vsCAP and bsCAP according to major 
IDSA/ATS criteria, the NEWS2 scale (threshold 
�  2  points), and the REA-ICU scale (threshold 
� 7 points). In contrast, their scores on the SCAP 
scale (threshold �  10 points), PSI/PORT 

Table 5. Actual ICU length of stay in patients with vsCAP and bsCAP and different APACHE IV scores, M±SD; Me 
(Q1–Q3). 
                      APACHE IV                                                                                     Mean ICU length of stay in groups                                              P 
Score range                             Mean score                                       vsCAP, N=568                                       bsCAP, N=96 
3–40                                                 32.85                                                7.73±5.08                                                  2.00                                         — 
                                                                                                                      7 (4–10)                                                        
41–52                                               47.32                                                4.73±4.27                                          12.36±10.85                              0.001 
                                                                                                                       3 (2–6)                                               7 (5.5–14)                                       
53–60                                               57.38                                                6.84±6.84                                           11.12±8.41                               0.050 
                                                                                                                       6 (3–8)                                            7.5 (7–11.75)                                    
61–68                                               65.00                                                6.59±4.95                                          10.00±11.25                              0.813 
                                                                                                                       5 (4–7)                                                 4 (2–16)                                         
69–78                                               74.44                                                6.38±4.30                                            7.00±7.07                                 0.943 
                                                                                                                       5 (4–8)                                              7 (4.5–9.5)                                      
79–92                                               86.30                                              9.12±10.63                                           9.89±5.35                                 0.178 
                                                                                                                     6 (4–9.5)                                              10 (6–13)                                       
93–111                                            99.92                                                9.46±6.35                                          13.73±19.07                              0.960 
                                                                                                                      9 (5–12)                                              8 (5–11.5)                                       
112–127                                         122.02                                              7.60±5.99                                          11.96±13.75                              0.214 
                                                                                                                      7 (3–10)                                         7.5 (4.75–15.5)                                  
128–143                                         132.85                                              7.17±6.10                                           7.00±11.41                               0.173 
                                                                                                                     6 (3–9.5)                                             2 (1–5.75)                                       
144–195                                         144.91                                              7.94±5.85                                          12.00±11.71                              0.499 
                                                                                                                    7.5 (4–10)                                            6 (4.5–16)                                       

Table 6. Actual and predicted ICU length of stay in vsCAP patients with different APACHE IV scores, M±SD; Me 
(Q1–Q3). 
                                 APACHE IV                                     vsCAP group, N=568                           Mean ICU length of stay                                        P 
Score range                             Mean score          Number of patients, N (%)              Actual                                 Predicted                              
3–40                                                 32.88                                   33 (5.8)                              7.73±5.08                            3.34±0.86                       �0.001 
                                                                                                                                                     7 (4–10)                            3.3 (3.2–3.7)                            
41–52                                              47.32                                 160 (28.1)                            4.73±4.27                            2.95±1.44                       �0.001 
                                                                                                                                                      3 (2–6)                             3.5 (1.2–4.2)                            
53–60                                              57.38                                  73 (12.9)                             6.84±6.84                            4.44±0.71                       �0.001 
                                                                                                                                                      6 (3–8)                             4.2 (4.1–4.6)                            
61–68                                              65.00                                   17 (3.0)                              6.59±4.95                            2.44±2.11                       �0.001 
                                                                                                                                                      5 (4–7)                             1.3 (1.0–3.3)                            
69–78                                              74.44                                   16 (2.8)                              6.38±4.30                            3.39±2.07                        0.016 
                                                                                                                                                      5 (4–8)                            4.1 (1.67–4.7)                           
79–92                                              86.30                                   43 (7.6)                             9.12±10.63                           5.48±2.44                        0.043 
                                                                                                                                                     6 (4–9.5)                            4.8 (3.35–8)                             
93–111                                            99.92                                   37 (6.5)                              9.46±6.35                            7.22±1.01                        0.101 
                                                                                                                                                     9 (5–12)                            7.5 (7.5–7.8)                            
112–127                                        122.02                                 96 (16.9)                             7.60±5.99                            7.62±0.47                        0.220 
                                                                                                                                                     7 (3–10)                          7.65 (7.4–7.9)                           
128–143                                        132.85                                 59 (10.4)                             7.17±6.10                            6.88±0.51                        0.435 
                                                                                                                                                     6 (3–9.5)                          6.9 (6.55–7.2)                           
144–195                                        144.91                                  34 (6.0)                              7.94±5.85                            6.13±0.37                        0.096 
                                                                                                                                                    7.5 (4–10)                            6 (6.0–6.4)                              



(�  130  points), SMART-
COP (� 3 points), CURB-
65 (� 3 points), and minor 
IDSA/ATS criteria did not 
show significant differ-
ences.  

It was found that 73 
(76.0%) patients with 
bsCAP and 266 (46.8%) pa-
tients with vsCAP were ad-
mitted to the ICU within 
� 48 hours. A delay in ICU 
admission of more than 
7 days was observed in old-
er patients with severe CAP. 
This delay was associated 
with longer hospital stay 
(P�0.0001), but did not 
have a significant impact 
on ICU length of stay or 
patient outcomes. 

Notably, 37 patients (6.5%) with vsCAP and 
APACHE IV scores of 93–111 and 10 patients (10.4%) 
with bsCAP and APACHE IV scores of 79–92 required 
prolonged ICU hospitalization.  

A very strong correlation was found between 
actual adverse outcomes and predicted mortality 
according to the APACHE IV scale. However, no sig-
nificant association and concordance was found 
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Table 7. Actual and predicted ICU length of stay in bsCAP patients with different APACHE IV scores, M±SD; Me 
(Q1–Q3). 
                                 APACHE IV                                      bsCAP group, N=96                            Mean ICU length of stay                                        P 
Score range                             Mean score          Number of patients, N (%)              Actual                                 Predicted                              
3–40                                                 32.00                                  1 (1.0%)                                   2.00                                       5.50                                 — 
41–52                                              47.36                                11 (11.5%)                         12.36±10.85                          4.82±1.27                        0.011 
                                                                                                                                                    7 (5.5–14)                          5.2 (5.2–5.2)                            
53–60                                              58.38                                  8 (8.3%)                            11.12±8.41                           4.85±2.68                        0.014 
                                                                                                                                                 7.5 (7–11.75)                     6.3 (4.85–6.30)                          
61–68                                              64.00                                  5 (5.2%)                           10.00±11.25                          5.66±2.83                        0.625 
                                                                                                                                                     4 (2–16)                            7.2 (5.5–7.4)                            
69–78                                              70.50                                  2 (2.1%)                             7.00±7.07                            4.40±0.85                        1.000 
                                                                                                                                                   7 (4.5–9.5)                         4.4 (4.1–4.7)                            
79–92                                              86.60                                10 (10.4%)                           9.89±5.35                            7.07±2.40                        0.129 
                                                                                                                                                    10 (6–13)                           8.1 (8–8.28)                             
93–111                                            97.47                                15 (15.6%)                         13.73±19.07                          7.05±1.22                        0.410 
                                                                                                                                                    8 (5–11.5)                        7.5 (7.45–7.70)                          
112–127                                        120.32                               25 (26.0%)                         11.96±13.75                          7.15±1.03                        0.141 
                                                                                                                                               7.5 (4.75–15.5)                     7.5 (7.3–7.8)                            
128–143                                        132.00                                 8 (8.3%)                            7.00±11.41                           6.20±0.84                        0.622 
                                                                                                                                                    2 (1–5.75)                         6.5 (5.4–6.85)                           
144–195                                        147.73                               11 (11.5%)                         12.00±11.71                          5.65±0.93                        0.262 
                                                                                                                                                    6 (4.5–16)                         6 (5.15–6.30)                           

Fig. 2. Correlation between actual and predicted ICU length of stay based on APACHE IV in 
vsCAP (a) and bsCAP (b) groups.

Table 8. Prediction of prolonged ICU stay (� 14 days) in patients (N=81). 
Scale                                                                                               Values in different groups                                                                                                P 
                      Threshold     AUROC 95% CI                Se/Sp,%               P                 Threshold     AUROC 95% CI             Se/Sp,%                 

vsCAP   
                                All patients with vsCAP (N=57)                                                                      Patients with vsCAP �60 years old (N=44) 
APACHE IV   �65.0       0.595 [0.517; 0.674]        71.93/49.71       0.002                �66.0       0.610 [0.528; 0.692]     84.09/43.82     �0.001 
СFS                   �4.0        0.575 [0.496; 0.653]        52.63/63.46       0.018                  �4.0        0.579 [0.492; 0.665]     65.91/50.27       0.042 
CCI                   �4.0        0.544 [0.467; 0.620]        59.65/53.62       0.057                  �4.0        0.529 [0.444; 0.614]     68.18/44.62       0.105 

bsCAP  
                                All patients with bsCAP (N=24)                                                                     Patients with bsCAP �60 years old (N=22) 
APACHE IV  �115.0      0.508 [0.371; 0.644]        45.83/64.29       0.379               �115.0      0.517 [0.373; 0.661]     45.45/64.29       0.426 
СFS                   �7.0        0.625 [0.452; 0.797]        54.55/67.44       0.178                  �7.0        0.539 [0.331; 0.746]     60.00/54.84       0.414 
CCI                   �7.0        0.615 [0.481; 0.749]        79.17/44.93       0.037                  �7.0        0.586 [0.441; 0.732]     81.82/34.55       0.156 
Note. AUC — area under the ROC curve; Se — sensitivity; Sp — specificity; CCI — Charlson Comorbidity Index; CFS — Clinical 
Frailty Scale.
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between actual and predicted ICU length of stay in 
patients with severe CAP, which may be due to the 
specific characteristics of the ICU and the hospital, 
as well as the severity of the patients' conditions at 
the time of ICU admission.  

Elderly and senile patients predominated in 
both groups. Respiratory support of various modalities 
was required in 567 patients (99.8%) with vsCAP and 
80 patients (83.3%) with bsCAP (P�0.001). In addition, 
203 patients (35.7%) with vsCAP had a bacterial co-
infection on admission to the ICU. Patients with 
bsCAP had higher Charlson Comorbidity Index (CCI) 
scores, while their Clinical Frailty Scale (CFS) scores 
indicated a need for personalized care due to sig-
nificant physical and cognitive impairment. 

Age-adjusted analysis of the predictive model, 
including only patients older than 60 years, showed 
moderate predictive accuracy of ICU length of stay 

for the APACHE IV scale in patients with vsCAP. 
However, in the bsCAP group, the APACHE IV scale 
showed poor predictive performance. In this group, 
moderate predictive accuracy was achieved using 
the Charlson Comorbidity Index (CCI).  

Study limitation. Data were obtained from a 
single-center study.  

Conclusion 
Significant differences were found in the 

NEWS2, REA-ICU, and major IDSA/ATS criteria for 
ICU routing of patients with bacterial and viral 
severe community-acquired pneumonia.  

The APACHE IV scale showed a very strong 
correlation between predicted and actual mortality 
rates and no correlation between predicted and ac-
tual ICU length of stay for patients with severe 
community-acquired pneumonia.

Appendix 
Table of scales used in the study of patients with sCAP. 
№                                                   Scale                                                                                                              Description 

Severity Assessment 
1.             SMART-COP/SMRT-CО (systolic blood                 Australian model for identifying patients needing respiratory support   
                pressure, multilobar infiltration, albumin,          and catecholamine infusion based on 8 clinical parameters.  
                respiratory rate, tachycardia, confusion,               
                oxygenation, pH), 2008 [18].                                       
2.             PSI/PORT (Pneumonia Severity Index —             A two-step scoring system based on demographic, clinical, laboratory, 
                Pneumonia Patient Outcomes Research              and radiological parameters. Patients are classified into one of five  
                Team), 1997 [19].                                                            classes (I–V), which guide routing and mortality prediction. 
3.             REA-ICU (Risk of Early Admission                          A mixed French-American risk assessment for early ICU admission.  
                to the ICU) 2009 [20].                                                     
4.             CURB-65 (confusion, uremia, respiratory rate,  Proposed by the British Thoracic Society to assess the severity  
                blood pressure, age �65 years), 2003 [21].            of community-acquired pneumonia and guide patient routing. 
5.             IDSA/ATS (American Thoracic Society                  American Thoracic Society and Infectious Diseases Society model,  
                Criteria for Defining Severe                                       consisting of major and minor criteria based on the need for respiratory  
                Community-acquired Pneumonia)                         and vasopressor support, as well as clinical, radiological,   
                2007 [22].                                                                           and laboratory parameters. 
6.             SCAP (Severe Community-Acquired                      Spanish model used to predict 30-day mortality based on 8 clinical, 
                Pneumonia score) 2009 [23].                                      laboratory, and radiological parameters. 
7.             NEWS 2 (National Early Warning Score),              British standardized patient severity assessment based  
                2017 [24].                                                                           on 7 clinical parameters. 
8.             SOFA (Sequential Organ Failure Assessment)     Organ dysfunction assessed based on 6 organ systems every 24 hours  
                1996 [25].                                                                           from admission to transfer. 

Duration of ICU stay 
9.             APACHE IV (Acute Physiology and Chronic        APACHE IV model used for predicting mortality and ICU stay duration.  
                Health Evaluation IV) 2006 [26].                                
10.          CFS (The Clinical Frailty Scale) [27].                       A frailty assessment tool based on judgment, evaluating comorbidities, 
                                                                                                              performance, and cognitive status, providing a frailty score  
                                                                                                              from 1 (very fit) to 9 (terminally ill). 
11.          CCI (Charlson Comorbidity Index) [28].                Index predicting 10-year survival based on age and comorbidities. 
12.          MPM (Mortality Probability Model 0–III)              A scale for predicting mortality. 
                2007 г. [13]                                                                          
13.          SAPS II (new Simplified Acute Physiology            A scale for assessing ICU severity and predicting mortality based 
                                                                                                              on 17 variables: 12 clinical-laboratory parameters, age,  
                                                                                                              type of hospitalization (elective surgery, emergency surgery, or medical),  
                                                                                                              and three variables of primary disease (AIDS, metastatic cancer,  
                                                                                                              and hematological malignancies). 
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Summary 
This report describes two clinical cases involving prolonged inhalation sedation using the AnaConDa device 

in the ICU. Both patients achieved and maintained adequate sedation levels throughout the treatment period. 
No significant adverse cardiovascular effects were observed.  
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Introduction 
The challenge of sedation in the intensive care 

unit (ICU) remains a pressing issue despite the 
availability of several intravenous sedative agents [1, 
2]. Each of these agents has potential drawbacks 
that may adversely affect patient outcomes. Never-
theless, a growing body of evidence, although still 
limited, supports the routine use of the AnaConDa 
device for inhaled sedation [3, 4]. The organ-pro-
tective properties of sevoflurane and the absence 
of reported tachyphylaxis suggest its potential 
efficacy in the ICU setting [5]. 

Case Report No.1 
A 26-year-old man with a height of 186 cm 

and a weight of 77 kg (BMI 22.3 kg/m²) was admitted 
to the ICU with altered consciousness following 
substance use. 

Emergency medical services (EMS) reported 
that the patient had experienced a generalized 
seizure prior to arrival at the hospital, which was 
effectively treated with 10 mg of diazepam. Due to 
the ambiguous clinical presentation of intoxication, 
no antidotal therapy was administered. 

Urine toxicology revealed cannabinoids, cocaine, 
methadone and its metabolite (2-ethylidene-1.5-
dimethyl-3.3-diphenylpyrrolidine), and alpha-PVP. 

On admission, the patient had a Glasgow Coma 
Scale (GCS) score of 12, indicating severe stupor, 
with episodes of psychomotor agitation and central 
tachypnea due to intoxication syndrome, with a 
respiratory rate (RR) of 30 breaths per minute. 

CT scan of the brain: Cystic gliotic lesions in 
the right frontal lobe. 

Chest CT scan: Inflammatory changes in the 
lower lobe segments of the right lung, consistent 
with aspiration pneumonia secondary to decreased 
consciousness. 

Laboratory tests showed significant abnor-
malities: 

• Hemoconcentration: Hematocrit 49%, he-
moglobin 163 g/dL. 

• Mixed acidosis (arterial blood gas): 
•  pH 6.97 
•  PO₂ 125 mmHg,  
•  P/F ratio 357 mmHg 
•  PCO₂ 85 mmHg 
•  HCO₃ 19.6 mmol/L 
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•  Base Excess (BE) –16.1 mmol/L 
•  Lactate 7.3 mmol/L 

• Hyperglycemia: glucose 20.5 mmol/L. 
• Systemic inflammatory markers: 

•  Leukocytes 18.42 × 10⁹/L 
•  C-reactive protein (CRP) 62.2 mg/L 
•  Procalcitonin (PCT) 3.5 ng/mL. 

Due to marked psychomotor agitation, impaired 
consciousness, and tachypnea associated with the 
intoxication syndrome, the patient required phar-
macologic sedation to prevent cerebral complica-
tions. Endotracheal intubation was performed, and 
the patient was placed on mechanical ventilation 
(SIMV mode) with the following parameters: 

• Tidal volume (Vt) 500 mL 
• Inspiratory time (Tinsp) 1.35 sec 
• Respiration frequency (F) 16/min 
• Positive end-expiratory pressure (PEEP) 

8 cm H₂O 
• Fraction of inspired oxygen (FiO₂) 40% 
• Assisted spontaneous breathing pressure 

(Pasb) 16 cm H₂O 
With these settings, the monitoring parameters 

were as follows: 
• Peripheral oxygen saturation (SpO₂) 99%. 
• Minute ventilation (MV) 8 L/min 
• End tidal CO₂ (EtCO₂) 37 mmHg. 
Intravenous sedation with propofol was initiated 

at an initial dose of 2 mg/kg/h, achieving a Richmond 
Agitation-Sedation Scale (RASS) score of –4. 

Despite the aggressive therapy, the patient 
showed hemodynamic instability requiring vaso-
pressor and inotropic support with norepinephrine 
(initial dose 0.6 µg/kg/min) and epinephrine 
(0.4 µg/kg/min), with a calculated vasopressor-in-
otropic score (VIS) of 100 points  [6]. Continuous 
invasive blood pressure monitoring was started. 

The patient was started on antimicrobial ther-
apy with ampicillin-sulbactam (3 g three times 
daily), fluid resuscitation (40 mL/kg/day), gastro-
protective therapy with omeprazole (40 mg twice 
daily), and anticoagulation with nadroparin (2.850 IU 
anti-Xa twice daily). 

With correction of blood gas and metabolic pa-
rameters, the following improvements were observed: 

• pH 7.470 
• PCO₂ 36.9 mmHg 
• P/F ratio 312 mmHg 
• HCO₃ 26.5 mmol/L 
• BE 3.4 mmol/L 
• Glucose 6.3 mmol/L 
• Lactate 2.4 mmol/L 
Consciousness fully recovered; however, as se-

dation was tapered, the patient developed severe 
anxiety, psychomotor agitation, tachycardia, and 
ventilator asynchrony. Because of these complica-
tions, continued mechanical ventilation was deemed 
necessary. 

To achieve adequate depth of sedation, propofol 
was increased to � 4 mg/kg/h [5]. Due to this high 
requirement, inhaled sedation with sevoflurane was 
initiated using the AnaConDa device at a rate of 
5 mL/h, adjusted based on gas analyzer readings to 
maintain a target minimum alveolar concentra-
tion (MAC) of 0.5–1.0% vol. 

The patient remained on SIMV mode ventila-
tion with the following parameters: 

• Vt 550 mL 
• Tinsp 1.4 sec 
• F 16/min 
• PEEP 6 cm H₂O 
• FiO₂ 40% 
• Pasb 12 cm H₂O 
With these settings, the monitoring parameters 

were as follows 
• SpO₂ 96%. 
• MV 8.8 L/min 
• EtCO₂ 40 mmHg. 
During the first 12 hours, the patient remained 

hemodynamically unstable and dependent on sym-
pathomimetic support. However, within 24 hours 
of initiation of inhaled sedation, the signs of acute 
cardiovascular failure subsided and vasopressor 
therapy was discontinued. The patient regained 
full consciousness.  

With normalization of acid-base balance and 
arterial blood gas parameters (pH 7.37, PCO₂ 37.3 
mmHg, P/F ratio 353 mmHg, HCO₃ 21.1 mmol/L, 
BE 3.1 mmol/L, glucose 6.8 mmol/L, lactate 
1.9 mmol/L), along with restored alertness, adequate 
muscle tone, and spontaneous breathing, the patient 
was successfully extubated (Table 1).  

Six hours after extubation, the patient was 
transferred to the appropriate clinical unit and dis-
charged from the hospital the following day after 
refusing further treatment. 

Case Report No.2  
A 43-year-old female patient (height 170 cm, 

weight 68 kg) was admitted to the ICU with a clinical 
presentation of septic shock (hypotension with BP 
70/40 mmHg, HR 125/min, severe tachypnea) due 
to obstructive pyelonephritis. Laboratory findings 
showed signs of systemic inflammation (leucocyte 
count 20.24 × 10⁹/L, platelet count 78 × 10⁹/L, 
CRP 229.4 mg/L, PCT 10.6 ng/mL) and metabolic 
acidosis (pH 7.29, BE -9.1 mmol/L, SvO₂ 53%, lac-
tate 7.1 mmol/L).  

Emergency right ureteral stenting was per-
formed and comprehensive intensive therapy was 
initiated, including vasopressor support (norepi-
nephrine at 2.3 µg/kg/min, VIS score 230), fluid re-
suscitation (30 mL/kg), antimicrobial therapy (ce-
fepime+sulbactam 4 g twice daily + metronidazole 
500 mg three times daily + fosfomycin 4 g three 
times daily), and noninvasive lung ventilation (NILV). 
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However, the patient's condition continued 
to deteriorate: persistent hypotension refractory to 
sympathomimetics, tachypnea of central origin, 
and episodes of confusion alternating with psy-
chomotor agitation were observed. These symptoms 
were interpreted as manifestations of hypoxic en-
cephalopathy. 

It was decided to initiate mechanical ventilation. 
The patient underwent endotracheal intubation 
and mechanical ventilation was performed with a 
Drager XL ventilator in SIMV mode: Vt 480 mL, Tinsp 
1.4 seconds, F 15 breaths/minute, PEEP 8 cm H₂O, 
FiO₂ 60%, and Pasb 16 cm H₂O. With these settings, 
monitoring parameters were as follows: SpO₂ 99%, 
MV 7.2 L/min, and EtCO₂ 32 mmHg. Given these 
parameters, sedation was necessary. Initial arterial 
blood gas analysis at the start of mechanical venti-
lation showed: pH 7.209, PaO₂ 108 mmHg, PaCO₂ 
37 mmHg, bicarbonate (HCO₃) 14.4 mmol/L, base 
excess (BE) –13.5 mmol/L, and lactate 4.0 mmol/L. 

Due to persistent hypotension, invasive he-
modynamic monitoring was performed using the 
PICCO method with the following parameters: car-
diac index (CI) 3.34 L/min/m², stroke volume 
index (SVI) 28 mL/m², systemic vascular resistance 
index (SVRI) 1852 dyn×s×cm–5×m2, cardiac power 
index (CPI) 0.66 W/m², global end-diastolic vol-
ume (GEDV) 686 mL/m², extravascular lung water 

index (ELWI) 14 mL/kg, global ejection fraction (GEF) 
16%, and cardiac function index (CFI) 5.2  min–1. 
Inotropic support was initiated with dobutamine 
at 5 µg/kg/min. 

Due to the presence of acute kidney injury 
with preserved urine output and lactate acidosis, a 
combined extracorporeal therapy approach was 
used within the first 24 hours of hospitalization. 
This included hemodiafiltration with an EMIC2 
filter and hemoadsorption with the Cytosorb system.  

To maintain adequate sedation, a multidrug 
protocol was required that included high doses of 
ketamine, midazolam, fentanyl, and dexmedeto-
midine (Dexdor). The dosing regimen included 
dexmedetomidine at 0.8 µg/kg/h, ketamine at 
150 mg/h, midazolam at 7.5 mg/h, and fentanyl at 
0.2 mg/h. Based on these requirements, inhalation 
sedation with sevoflurane was initiated using the 
AnaConDa system. 

Sevoflurane sedation was monitored by gas an-
alyzer readings and continued for a total of 72 hours 
(Table 2). During this time, extracorporeal therapy 
was discontinued and both vasopressor and inotropic 
support were gradually tapered. The patient's VIS 
score decreased over three days from 230 to 87 and 
finally to 30. Laboratory tests showed normalization 
of acid-base balance and blood gas levels (Table 3), 
and signs of systemic inflammation resolved. 

Table 1. Changes in instrumental and laboratory data of patient No. 1. 
Parameter                                                                                                                 Values at different study steps 
                                                                      prior to MLV                                                        MLV, sedation                                                         after MLV 
                                                                                                                         Intravenous                                          Inhalation                       (extubation) 
                                                                                                                            (propofol)                                        (sevoflurane) 
                                                                                                                 12 h                        24 h                         12 h                        24 h                              
P/F ratio, mm Hg                                        357                         377                        342                         362                        451                        353 
MAP, mm Hg                                                  87                           51                           79                           68                         104                          92 
Norepinephrine, µg/kg/min                    —                           0.6                         0.6                          0.6                        0.25                         — 
Epinephrine, µg/kg/min                           —                           0.4                         0.1                         0.08                        —                           — 
pH(а)                                                               6.97                       7.13                       7.34                        7.47                      7.38                       7.37 
РСО₂, mm Hg                                                85                           76                           47                           36                          34                           37 
Lactate, mmol/L                                          7.3                          1.3                         1.6                          2.4                         1.7                          1.9 
РЕЕР, cm H₂O                                                —                            8                             7                              6                            6                            — 
EF, %                                                                  62                           62                           62                           62                          62                           62 
Note. For Tables 1–3: MLV — mechanical lung ventilation; MAP — mean arterial pressure; pH(a) — arterial blood pH; PEEP — positive 
end-expiratory pressure; EF — ejection fraction.

Table 2. Central hemodynamic parameters of patient No. 2. 
Parameters                                                                                                                      Values during sedation 
                                                                       Intravenous                                                                    Inhalation (Sevoflurane) 
                                                                                                                          12 h                                 24 h                                 48 h                                72 h 
MAP, mm Hg                                                   85                                   92                                  94                                   89                                  85 
HR, bpm                                                         120                                 110                                 99                                  107                                 95 
Norepinephrine, µg/kg/min                    1.4                                 0.87                                0.5                                  0.3                                0.15 
Dobutamine, µg/kg/min                            5                                  3.57                                2.0                                1.19                                2.0 
CI, L/min/m2                                                3.34                               3.93                               3.86                               3.69                               6.04 
SVRI, dyn×s×cm–5×m²                              1852                              1766                              1696                              2043                               952 
ELWI, mL/kg                                                   14                                   16                                  16                                   16                                  14 
GEF, %                                                               16                                   18                                  19                                   23                                  27 
GEDV, mL/m2                                                686                                 810                                869                                790                                870 
РЕЕР, cm H₂O                                                  8                                    10                                    9                                     8                                     8 
Note. HR — heart rate; CI — cardiac index; SVRI — systemic vascular resistance index; ELWI — extravascular lung water index; 
GEF — global ejection fraction; GEDV — global end-diastolic volume.



The patient's level of consciousness outside 
of sedation was assessed daily using the FOUR 
score. The score was 12 on the first day, 14 on the 
second day, and 16 on the third day. When the 
patient regained full consciousness, full muscle 
tone, and adequate spontaneous respiration, she 
was successfully extubated. 

Subsequent rehabilitation in the intensive care 
unit was uneventful. After three days, the patient 
was transferred to a specialized unit and later dis-
charged from the hospital. 

Discussion 
Despite advances in surgical techniques for 

the treatment of patients with acute abdominal 
pathology [7], the availability of a broad spectrum 
of antibacterial agents [8], the development of ex-
tracorporeal therapies  [9], and improvements in 
early diagnosis [10], sepsis remains a critical prob-
lem in modern clinical practice  [11]. The high 
mortality, complexity and prolonged duration of 
treatment, including prolonged stays in intensive 
care units, necessitate a continuous search for 
new strategies to mitigate the consequences of 
sepsis and septic shock.  

A particular challenge is that patients with 
septic shock often require prolonged mechanical 
ventilation. This in turn is associated with several 
secondary complications, including ventilator-as-
sociated pneumonia, the need for prolonged seda-
tion, and subsequent difficulties in early patient 
mobilization. 

Traditional sedatives in the ICU include propo-
fol and midazolam  [12–14]. However, prolonged 
use of these drugs is associated with several chal-
lenges that may further complicate the already 
complex prognosis in this patient population. 

A major concern is propofol infusion syn-
drome [15, 16]. Continuous administration at doses 
greater than 4 mg/kg/h for more than 72 hours can 
alter mitochondrial respiratory chain function, lead-
ing to impaired oxidative phosphorylation and ac-
cumulation of anaerobic metabolic by-products [15]. 

Midazolam, on the other hand, is associated 
with rapid development of tolerance [17]. In cases 

requiring prolonged sedation, this may result in 
reaching the maximum tolerated dose relatively 
quickly without achieving adequate sedation, even 
in combination with opioid analgesics. 

Dexmedetomidine, a selective α₂-adrenergic 
receptor agonist, has become an integral part of 
clinical practice, demonstrating efficacy as a seda-
tive in a wide range of conditions. Recent experi-
mental studies [18] suggest that dexmedetomidine 
may also have organ-protective effects on the 
lungs in septic shock. In addition, several studies 
since 2010 [19] and continuing to the present [20, 
21] have reported a significant reduction in vaso-
pressor requirements in patients who received 
dexmedetomidine sedation from the onset of ill-
ness. However, similar to midazolam, prolonged 
use of dexmedetomidine is associated with the 
development of tachyphylaxis. 

For a long time, inhalation sedation was not 
widely used in the ICU due to technical challenges. 
However, in 2012 (and in Europe since the early 
2000s), the AnaConDa (The Anaesthetic Conserving 
Device) was certified in Russia, allowing the safe 
and effective use of inhalational anesthetics in 
critical care. This advancement allowed clinical ap-
plication of the previously established organ-pro-
tective properties of sevoflurane [21–25] in patients 
with septic shock, with the goal of reducing multiple 
organ dysfunction. 

Concerns regarding the hemodynamic effects 
of sevoflurane in patients with circulatory failure 
due to septic shock have not been substantiated by 
numerous studies [22, 23, 26]. The only retrospective 
study evaluating the effect of this sedation technique 
on mortality in septic shock clearly demonstrated 
the superiority of sevoflurane over intravenous se-
dation, with a 20% reduction in both in-hospital 
and one-year mortality [27]. 

Another study [28] demonstrated a significant 
improvement in 7-day overall survival in mice 
(83.3%) following administration of 1% sevoflurane 
for 6 hours after induction of abdominal sepsis 
compared to untreated mice (16.6% in the control 
group). 
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Table 3. Changes in instrumental and laboratory parameters of patient No. 2. 
Parameter                                                                                                                         Values during study steps 
                                                                                                                        MLV, sedation                                                                                            after MLV  
                                                                       Intravenous                                              Inhalation (Sevoflurane)                                        (extubation) 
                                                                                                                                  12 h               24 h                48 h                72 h                                       
P/F ratio, mm Hg                                         262                                        330                285                 255                332                                383 
pH (а)                                                              7.43                                       7.47               7.49                7.42               7.48                               7.54 
РСО₂, mm Hg                                                 40                                           37                  38                   42                   40                                   34 
Lactate, mmol/L                                           3.9                                          2.0                2.34                 2.5                0.85                               1.23 
BE, mmol/L                                                    2.1                                          3.2                 0.4                  2.5                 5.6                                  4.3 
HCO₃, mmol/L                                             26.5                                       26.9               24.7                27.1               29.5                               27.3 
SvO₂, %                                                             87                                           86                  87                   85                   88                                   89 
Leucocytes, 109/L                                        16.3                                       13.6                9.3                 13.4               16.2                               11.5 
Platelets, 109/L                                               55                                           43                  23                   77                   60                                   64 
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Conclusion 

The presented clinical observations indicate 
that prolonged inhalation sedation in the ICU using 
the AnaConDa device in patients with sepsis has 
no adverse effect on the cardiovascular system (clin-
ical case 2) and allows to achieve adequate sedation 
levels without the development of tachyphylaxis. 

This approach helps to avoid dose escalation in 
patients requiring multimodal sedation with intra-
venous anesthetics (clinical cases 1 and 2). 

Clearly, prospective randomized clinical trials 
comparing various sedation strategies are required 
to gain a full understanding of all aspects of inhalation 
sedation in the ICU. 
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Summary 
Aim. To identify personalized morphological neuronal phenotypes based on the distribution pattern of 

the neuronal protein NeuN in the cerebral cortex layers. 
Materials and Methods. A histologic study of the cerebral cortex was performed in rats (N=10). Tissue sec-

tions were stained with hematoxylin and eosin, and the neuronal nuclear protein NeuN was visualized by im-
munohistochemical staining. Analysis was performed by microscopy and image analysis software. 

Results. NeuN immunohistochemical staining revealed distinct localization and intensity patterns within 
cortical neurons. Contrary to the definition of NeuN as a nuclear neuronal protein, its localization was observed 
in both the nucleus and cytoplasm in most neurons. The following neuronal phenotypes were identified based 
on NeuN staining patterns:  

1) Neurons with stained nuclei but unstained cytoplasm; 
2) Neurons with stained cytoplasm but unstained nuclei; 
3) Neurons with stained nuclei and cytoplasm; 
4) Fully stained neurons with no visible nuclei; 
5) Neurons with stained processes (dendrites/axons). 
A significant difference was found between mean intensity of NeuN-positive neurons depending on the 

localization in the layers of the cerebral cortex. 
Conclusion. Given the critical biological role of NeuN, the identified neuronal phenotypes based on NeuN 

localization warrant further research as they may reflect the functional states of neurons. The interpretation 
of the absence of NeuN staining as a marker of neuronal damage is not scientifically justified. Future studies 
using NeuN immunohistochemical staining should consider not only the total number of NeuN-positive neu-
rons, but also their distinct phenotypes. 

Keywords: NeuN protein; personalized neuronal phenotyping; neuronal phenotypes; cerebral cortex; im-
munohistochemistry; morphology; morphometry. 
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Introduction 
The NeuN protein was discovered during re-

search on monoclonal antibodies (mAb) targeting 
brain cell nuclei. One of these antibodies, mAb A60, 
recognizes a nuclear protein specific to vertebrate 
neurons. This protein has been named NeuN (neu-
ronal nuclei). Immunohistochemically detectable 
NeuN first appears when a neuron exits the cell 
cycle or begins terminal differentiation [1].  

For a long time, the protein to which the A60 
antibody binds was unknown. NeuN was first iden-
tified as Fox-3, also known as Rbfox3 [2], in 2009. 
The mammalian genome contains three genes: 
Fox-1, Fox-2, and Fox-3. The Fox mammalian proteins 

play a role in regulating mRNA splicing. An alternative 
name for these three proteins is hexaribonucleotide-
binding protein 1, 2, and 3 (HRNBP1, HRNBP2, 
and HRNBP3).  

Thus, NeuN (Fox-3, Rbfox3, or hexaribonu-
cleotide-binding protein-3) is a neuronal nuclear 
antigen that is widely used as a biomarker for neurons.  

This neuron-specific nuclear protein is con-
sistently expressed in most postmitotic neurons of 
the vertebrate nervous system. The absence of 
NeuN staining has been interpreted as a marker of 
neuronal damage in several studies  [3–6]. Studies 
using primary antibodies against NeuN have been 
performed on both experimental and human autopsy 
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material. Literature data highlight the potential of 
NeuN in the study of neuronal responses to injury, 
including in interspecies comparative studies [7].  

However, many studies question the role of 
NeuN as a marker of intact neurons, noting that its 
staining is variable and may be absent under certain 
pathological or physiological conditions [8]. It has 
been shown that the presence or absence of im-
munohistochemical (IHC) reactions with primary 
antibodies against NeuN depends on the phospho-
rylation status of NeuN, which serves as an epitope 
for Rbfox3, a member of the Rbfox1 splicing factor 
family [9]. Thus, the absence of NeuN staining may 
not indicate neuronal death or complete loss of 
neuronal expression, but rather a reduction in NeuN 
protein expression or a loss of NeuN antigenicity [10].  

Previously, we observed significant variability 
in NeuN staining in the cortical neurons of patients 
who died of COVID-19  [11]. However, the factors 
leading to decreased protein expression or loss of 
antigenicity remain poorly understood. Furthermore, 
there is limited information on the relationship be-
tween neuronal functional activity and the charac-
teristics of NeuN staining and localization.  

The aim of the study was to identify personal-
ized neuronal morphological phenotypes based on 
the distribution patterns of the neuronal protein 
NeuN in the cerebral cortex layers.  

Materials and Methods 
Ten brain samples were collected from male 

Wistar rats weighing 200–250 g (N=10) for histologic 
analysis. Experiments were conducted in accordance 
with Directive 2010/63/EU of the European Parlia-
ment and of the Council of the European Union on 
the protection of animals used for scientific purposes. 
Rats were euthanized by cervical dislocation under 
general anesthesia with intraperitoneal adminis-
tration of zolazepam (20 mg/kg) and xylazine 
(5  mg/kg). Brain tissue was fixed in 10% neutral 
formalin and processed by standard paraffin em-
bedding techniques. Tissue sections of 4 µm thick-
ness were stained with hematoxylin and eosin.  

The nuclear neuronal protein NeuN was visu-
alized by immunohistochemical staining. Tissue sec-
tions were deparaffinized in xylene and rehydrated 
in graded ethanol. Heat-induced epitope retrieval 
was performed in citrate buffer, pH 6.0 (Target Re-
trieval Solution, DAKO, Glostrup, Denmark). Sections 
were cooled, washed three times in distilled water, 
and rinsed three times for 5 minutes each in phos-
phate-buffered saline (PBS) with Tween (IHC Wash 
Buffer + Tween, Cell Marque, Rocklin, CA, USA). En-
dogenous peroxidase activity was blocked by incu-
bating sections in 3% hydrogen peroxide for 10 min-
utes. To prevent non-specific binding of primary or 
secondary antibodies to tissue proteins, a protein 
blocking solution (Protein Block Serum-free, Abcam, 

Cambridge, UK) was applied for 30 minutes.  
Sections were incubated for 1 hour at 37°C 

with primary antibodies against NeuN (Abcam, 
Cambridge, UK) diluted in antibody diluent (Abcam, 
Cambridge, UK). After incubation, sections were 
washed three times for 5 minutes each in PBS. An-
tibody-antigen binding was detected using a com-
mercial kit (Diagnostic BioSystems, Netherlands) 
containing secondary antibodies and chromogenic 
substrate (DAB). After washing in PBS, the sections 
were counterstained with hematoxylin, rinsed in 
running tap water, dehydrated in graded ethanol, 
and mounted under cover slips. 

Samples were analyzed using a Nikon Eclipse 
Ni-U microscope. The mean staining intensity of 
NeuN-positive neurons was determined based on 
the Mean Density parameter using NIS-Elements 
BR image analysis software.  

Statistical analysis was performed with IBM 
SPSS Statistics 29.0. A nonparametric statistical 
method using the Kruskal-Wallis test was used for 
comparative analysis between groups. Post hoc 
analysis was performed using Dunn's test with 
Bonferroni correction. Differences were considered 
statistically significant at P�0.05 (two-tailed test). 
Statistical data were reported as medians with in-
terquartile range.  

Results 
In the small neurons of the first cortical layer, 

NeuN was localized to the periphery of the nuclei.  
In the nuclei of the second layer, the nuclear 

periphery was stained, while the central part of the 
nuclei showed diffuse and less intense staining. 
Weak and diffuse staining was observed in the cy-
toplasm of the neurons. In some neurons, the nuclei 
demonstrated diffuse and intense staining. A positive 
reaction for NeuN was observed in the nucleoli of 
the nuclei. In some neurons, both the nucleus and 
the cytoplasm were very weakly stained or not 
stained at all.  

The nuclei of most pyramidal neurons in 
the third layer showed intense diffuse staining. 
Neurons with nuclei of low staining intensity 
were also observed. Cytoplasmic staining was low 
intensity and diffuse. Positive staining was detected 
in the initial segments of neuronal processes, in-
cluding dendrites and axons.  

Small nuclei were observed in the fourth cortical 
layer with more intense staining at the periphery. 
The hyaloplasm was uniformly stained with mod-
erate intensity. In some neurons, the nuclei and cy-
toplasm were either unstained or showed minimal 
staining intensity.  

In the fifth layer, the nuclei of many large py-
ramidal neurons showed variable staining intensity. 
In the cytoplasm, reaction products were represented 
by a small number of fine granules. Diffuse staining, 
occasionally combined with stained granules, pre-
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dominated. In some large neurons, both nuclei and 
cytoplasm were either unstained or showed low in-
tensity staining. In some neurons, the initial segments 
of dendrites and axons showed low intensity staining. 
The nuclei and cytoplasm of smaller neurons dis-
played variable staining intensities. 

The sixth layer of polymorphic cells was char-
acterized by variable staining of neuronal nuclei and 
cytoplasm. Numerous neuronal nuclei showed pe-
ripheral localization of NeuN, resulting in ring-like 
staining patterns along the nuclear periphery after 
immunohistochemical reaction. Many weakly stained 
or unstained neuronal nuclei were observed at the 
border with the white matter of the brain. Moderate 
or less intense staining was observed in the initial 
segments of neuronal axons and dendrites. 

Based on the staining characteristics of NeuN 
in cortical neurons, the following phenotypes were 
identified (Fig. 1):  

1) Neurons with stained nuclei but unstained 
cytoplasm; 

2) Neurons with stained cytoplasm but un-
stained nuclei; 

3) Neurons with stained nuclei and cytoplasm; 
4) Fully stained neurons with no visible nu-

clei; 
5) Neurons with stained processes (dendrites/ 

axons). 
The staining intensity of NeuN-positive neurons 

varied depending on the cortical layer (Fig. 2, Table). 
A comparative analysis of the cortical layers based 
on the mean NeuN staining intensity revealed differ-
ences shown in the Table. 

Discussion 
The cortical neuron phenotypes described 

above, based on the localization of IHC reactions 
with NeuN antibodies, have been sporadically men-

Fig. 1. Localization of NeuN in rat cerebral cortex neurons. 
Note. Immunohistochemical (IHC) staining, magnification ×20. Panels (a–c) show different staining intensities ranging from weak 
to strong. Green arrows: Neurons with positive IHC staining in both nuclei and cytoplasm. Yellow arrows: Neurons with positive 
IHC staining in nuclei only. Black arrows: Neurons with positive IHC staining but without visible nuclear borders. Blue arrows: 
Unstained neurons. Panel d: colored lines indicate the boundaries between cortical layers, with Roman numerals indicating the 
corresponding layers.



tioned in previous studies. In particular, some at-
tempts have been made to explain the variability in 
NeuN staining and some results have been obtained.  

The most common phenotype identified in our 
study includes neurons with both nuclear and cyto-
plasmic staining. The neuronal nuclear protein NeuN 
is known to associate with DNA, and according to 
Y. S. Lin et al. IHC reactions for NeuN are predominantly 
observed in nuclear regions and to a lesser extent in 
the perinuclear cytoplasm [12]. This nuclear and cy-
toplasmic staining may be due to the subcellular lo-
calization of different NeuN/Rbfox3 subtypes. Specifi-
cally, the 46-kDa subtype is primarily localized in the 
nucleus, whereas the 48-kDa subtype is predominantly 
distributed in the cytoplasm [13]. In certain neurons, 
such as cerebellar granule cells, nuclear staining may 
be absent in afferent autonomic neurons while the 
cytoplasm shows a positive IHC reaction [14]. 

The varying intensity of NeuN staining and 
the presence of NeuN-negative neurons cannot be 
interpreted as an indication of neuronal damage 
alone, but may reflect differences in neuronal func-
tional activity. It has been suggested that the intensity 
of NeuN staining in the nucleus is related to the 
chromatin state. Studies have shown that brain cell 
nuclei in mice expressing high levels of NeuN/FOX3 
have decondensed chromatin compared to nuclei 
with weak or absent staining [15].  

The presence of NeuN-negative neurons in 
the brain, independent of pathological factors, is 
supported by the findings of F. A. Azevedo et al. 
who demonstrated that the adult human brain con-
tains 86.1±8.1 billion NeuN-positive cells («neurons») 
and 84.6±9.8 billion NeuN-negative cells [16].  

Further evidence for a stable subpopulation 
of NeuN-negative neurons in the lateral neocortex 
was provided by M. L. Hernandez et al. who reported 
that these neurons may be more susceptible to late 
cell membrane damage [17].  

In a study of substantia nigra neurons in intact 
laboratory animals (rats) not exposed to pathologic 
factors, significant variability in NeuN staining was 
found. This study identified not only NeuN-positive 
neurons, but also unstained neurons and neurons 
with weak NeuN staining, as well as different sub-
cellular compartmentalization of NeuN. The authors 
concluded that morphometric assessment of NeuN 
expression cannot be reliably used as a neuronal 
marker in the substantia nigra [18]. 

 A study by I. Unal-Cevik et al. examined NeuN 
in mouse brains 6 hours after cerebral ischemia, 
comparing immunohistochemical (IHC) and Western 
blot analyses. Their results showed that brain samples 
with no IHC reaction did not show reduced protein 
levels, suggesting that the decrease in NeuN IHC 
staining intensity was due to metabolic disturbances 
rather than neuronal damage or a reduction in neu-
ronal number [19]. 

Research has suggested that the number of 
NeuN-positive neurons may be influenced by age 
and sex [20–22]. For example, A. Sugiura et al. ob-
served a decrease in NeuN-containing hypothalamic 
neurons with advancing age [22]. However, our ex-
amination of the cerebral cortex in COVID-19 non-
survivors did not show any effect of sex or age on 
NeuN staining [11]. 

L. Luijerink et al. observed weaker IHC reactions 
in paraffin-embedded human brain sections com-
pared to those from experimental animals. They 
attributed this difference to the methods of fixation 
and histological preparation  [23]. However, other 
studies using experimental material have shown 
significant variability in neuronal staining regardless 
of the fixation technique employed [18].  

Studies have examined NeuN expression in 
various pathological conditions and injuries. 
L.  T.  McPhail et al. found that transection of pe-
ripheral nerves in rats and mice resulted in almost 
complete loss of NeuN in facial motor neurons 
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Table. Average staining intensity of NeuN-positive cells 
in different layers of rat cerebral cortex (median, 
Me [Q1–Q3]). 
Layers compared          Average staining intensity            P-value 
4–3                                      69 (60–84)           71 (60–89)              0.033* 
4–5                                      69 (60–84)           76 (65–88)            �0.001* 
4–2                                      69 (60–84)           76 (66–90)            �0.000* 
4–6                                      69 (60–84)           68 (80–93)            �0.000* 
4–1                                      69 (60–84)          88 (68–110)           �0.000* 
3–5                                      71 (60–89)           76 (65–88)            �0.000* 
3–2                                      71 (60–89)           76 (66–90)            �0.000* 
3–6                                      71 (60–89)           68 (80–93)            �0.000* 
3–1                                      71 (60–89)          88 (68–110)           �0.000* 
5–2                                      76 (65–88)           76 (66–90)               1.000 
5–6                                      76 (65–88)           68 (80–93)            �0.000* 
5–1                                      76 (65–88)          88 (68–110)           �0.000* 
2–6                                      76 (66–90)           68 (80–93)              0.015* 
2–1                                      76 (66–90)          88 (68–110)           �0.001* 
6–1                                      68 (80–93)          88 (68–110)              0.123 
Note. * — significant differences.

Fig. 2. Staining intensity values of NeuN-positive neurons in the 
layers of the rat cerebral cortex.
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within three days of injury. This depletion persisted 
for up to 28 days, although the neurons remained 
viable  [24]. In cases of sudden perinatal death, 
NeuN staining was significantly reduced or absent. 
Notably, neurons with reduced NeuN labeling 
showed no evidence of apoptosis. Furthermore, a 
strong association between NeuN depletion in the 
fetal brain neurons and maternal smoking was ob-
served [25]. 

In another study, Anderson et al. observed 
an increase in NeuN expression in the nuclei and 
cytoplasm of neurons in the dorsal root ganglia 
on an experimental model of adjuvant-induced 
arthritis [26]. This finding led the investigators to 
suggest that NeuN may be involved in the activa-
tion of nociceptive neurons and contribute to 
pain signaling. 

Conclusion 

Given the important biological role of the NeuN 
protein, researchers should closely examine the phe-
notypes of neurons characterized by different NeuN 
localizations, as these patterns may reflect the functional 
state of the neurons. The absence of NeuN staining 
should not be interpreted as evidence of neuronal 
damage, as there is no scientific justification for this 
assumption. The studies using immunohistochemical 
staining and NeuN antibodies should consider and 
analyze not only the total number of NeuN-positive 
neurons, but also their distinct phenotypic variations. 
Based on the results showing significant differences 
in NeuN staining intensity across cortical layers, future 
studies should explore the identified neuronal phe-
notypes as a potential criterion for personalized pro-
filing of cortical layers in the brain.
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Introduction 
Severe trauma with ongoing bleeding and the 

development of cardiac arrest is overwhelmingly 
fatal. Current resuscitation methods are largely in-
effective in traumatic cardiac arrest (TCA). The success 

rate of standard cardiopulmonary resuscitation (CPR), 
including closed chest compressions, is extremely 
low [1, 2]. Even when thoracotomy is performed to 
place an aortic cross-clamp and perform open chest 
cardiac massage, survival rates do not exceed 10% [3]. 
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Summary 
The survival rate of critically injured individuals with severe blood loss and cardiac arrest is close to zero. 
Aim. To evaluate the feasibility of using emergency ultra-deep hypothermia (EUDH) in an experimental 

model of cardiac arrest induced by blood loss in nonhuman primates. 
Materials and Methods. Five male olive baboons (Papio anubis), weighing 19.8 (18.8–23.8) kg, were sub-

jected to severe blood loss leading to cardiac arrest. After 1 minute of observation and 3 minutes of cardiopul-
monary resuscitation (CPR), aortic arch cooling was initiated using extracorporeal membrane oxygenation 
(ECMO) with a 4°C solution to achieve a nasopharyngeal temperature of 10°C. Whole-body cooling followed 
until a rectal temperature of 16°C was reached. Balloon catheters were used to disconnect the upper and lower 
halves of the body. Once the target temperatures were reached, the ECMO circuit was turned off and an open 
laparotomy was performed to simulate damage control strategies. One hour after cardiac arrest, slow rewarm-
ing began at a rate of 1°C per 10 minutes to 1°C per hour, accompanied by reinfusion of previously collected 
blood. After return of spontaneous circulation (ROSC), sustained breathing, and tracheal extubation, the an-
imals were transferred to a vivarium. 

Results. During deep hypothermia, cerebral oximetry values remained within normal limits in all animals. 
Sustained ROSC was recorded in 4 of 5 animals at temperatures between 22–25°C. Two animals survived to 
the end of the experiment but died after extubation, 44 and 19 hours after the start of the experiment. Cooling 
rates for survivors were 7–11 minutes compared to 23–37 minutes for non-survivors. Causes of death included 
systemic hypoperfusion with subsequent reperfusion syndrome as evidenced by progressive lactate elevation, 
elevated creatine phosphokinase levels, cerebral edema, myocardial ischemia, and transient coagulopathy. 

Conclusion. EUDH supports adequate cerebral perfusion during temporary circulatory arrest. Recovery 
of cardiac activity and, in some cases, awakening are achievable during the rewarming phase. Causes of death 
and possible corrective measures require further investigation. 
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Regardless of the cause of cardiac arrest, irre-
versible changes begin to occur in the brain within 
5 minutes and in the heart within 20 minutes [4, 5]. 
Since the 1950s and 1960s, researchers have sought 
ways to reduce the oxygen demand of vital organs [6, 
7]. Building on the pioneering work of V. A. Negovsky, 
who studied mechanical circulatory support and 
the use of hypothermia [5, 8, 9], P. Safar and S. Tish-
erman introduced the concept of emergency preser-
vation and resuscitation (EPR) [10–12]. 

The essence of the method is emergency pro-
found (ultra-deep) hypothermia (EPH), which is 
achieved by rapid cooling of the upper body (head 
and heart) followed by whole body cooling to a 
temperature of 10–16°C. This is achieved by infusing 
cooled (4°C) saline into the vascular system. Ac-
cording to its proponents, this approach minimizes 
oxygen demand to vital organs, allowing surgeons 
to perform life-saving surgery followed by resusci-
tation and gradual rewarming. 

EPR has been successfully implemented in 
animal studies with high survival rates  [13, 14], 
paving the way for regulatory approval of a pilot 
clinical trial in trauma patients [15]. 

The described method has several limitations. 
It requires a wide thoracotomy approach to clamp 
the major vessels (aorta and inferior vena cava [IVC]) 
and to place the return cannula (directed toward 
the heart in the descending aorta) and the drainage 
cannula (in the right atrial appendage). This creates 
an isolated «upper» circuit for rapid cooling of the 
brain. However, one of the critical tasks of EPH — 
rapid cannulation and isolation of the upper cir-
cuit  — is difficult to achieve with this protocol. 
Thoracotomy and open cannulation of major vessels 
can take more than 5 minutes, which is critical to 
maintaining cerebral perfusion. In addition, the ex-
tensive thoracotomy itself introduces another source 
of blood loss due to the subsequent development 
of coagulopathy. 

It was hypothesized that the principles of EPH 
could be implemented in a minimally invasive man-
ner. This could be achieved by combining resuscitative 
endovascular balloon occlusion of the aorta (REBOA) 
with open cannulation of the right brachial artery, 
allowing selective perfusion of the aortic arch [16].  

The aim of this study was to experimentally 
evaluate the feasibility of using a modified EPH 
technique during hemorrhagic shock-induced car-
diac arrest in non-human primates.  

Materials and Methods 
The study was conducted at the Kurchatov 

Medical Primatology Complex of the National Re-
search Center «Kurchatov Institute» (MPC NRC 
«Kurchatov Institute»), Sochi, with the approval of 
the local ethics committee (Protocol No. 279, dated 
June 27, 2023).  

The study included five male olive baboons 
(Papio anubis) with a mean age of 5.6 years (range: 
5.3–10.8 years) and a mean body weight of 19.8 kg 
(range: 18.8–23.8 kg). The selection of these animals 
(non-human primates) was driven by the need to 
evaluate the development of functional, including 
cognitive, impairments resulting from macro- 
and/or microstructural changes in the brain under 
conditions of deep hypothermia. All procedures 
involving baboons were performed in accordance 
with generally accepted legal and ethical standards 
for animal care, according to standard operating 
procedures adopted at the MPC NRC «Kurchatov 
Institute». Compliance with the Decision of the 
Council of the EEC dated November 3, 2016, No. 81 
«On Approval of the Rules of Good Laboratory 
Practice for the Eurasian Economic Union in the 
Field of Medicinal Products Handling», as well as 
GOST 33044–2014 «Principles of Good Laboratory 
Practice» and GOST 33218–2014 Interstate Standard 
«Guidelines for the Housing and Care of Laboratory 
Animals. Rules for housing and care of non-human 
primates» was ensured.  

The experimental protocol consisted of several 
key phases: animal preparation, preparation and 
priming of the ECMO circuit, simulation of blood 
loss and cardiac arrest, emergency hypothermia, 
and subsequent rewarming of the animal (Fig. 1).  

Animal Preparation and Vascular Catheteri-
zation. After 24 hours of fasting, animals were 
sedated with intramuscular tiletamine and zo-
lazepam (Telazol, Zoetis®, USA) at a dose of 
15–20 mg/kg. They were transported to the operating 
room where tracheal intubation was performed fol-
lowed by mechanical ventilation. Animals were po-
sitioned supine on the operating table with limbs 
extended. A 5 Fr introducer was placed in the left 
jugular vein to facilitate maintenance of intravenous 
fluid therapy and blood sampling. Both femoral ar-
teries were catheterized with 7 Fr introducers: one 
for invasive BP monitoring and placement of a bal-
loon catheter for thoracic aortic occlusion (MIT 
catheter, Zheleznodorozhny, Russia) and the other 
for insertion of a 12 Fr arterial return cannula. 

In addition, the right femoral vein was catheter-
ized to insert a second balloon catheter to occlude 
the inferior vena cava (IVC) at its junction with the 
right atrium, ensuring complete isolation of the 
upper circulatory compartment. 

A 5 cm incision was made in the right axilla to 
expose the right brachial artery and vein. Through 
these, a second 15 Fr arterial return cannula was 
inserted with its tip positioned in the aortic arch, 
and a 17 Fr drainage cannula was inserted with its 
tip positioned in the superior vena cava (SVC) 
lumen (all cannulae from Biomedicus, Medtronic, 
USA). To prevent ischemia, a 20 G peripheral catheter 
was placed as a distal shunt in the artery of each 
catheterized limb. All intravascular procedures were 
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performed under fluoroscop-
ic guidance using a C-arm 
system. 

Temperature in the up-
per and lower half of the body 
was measured with two sen-
sors placed in the nasophar-
ynx (Tn) and rectum (Tr). In 
addition, brain, abdominal 
cavity, and limb temperatures 
were assessed using radio-
thermometry (RTM-01-RES, 
Russia) at a measurement 
depth of 4–6 cm. Cerebral 
perfusion quality was moni-
tored using the Invos™ 5100C 
cerebral/somatic oximeter 
equipped with Somasensor 
technology (Medtronic, USA). 
This device uses near-infrared 
spectroscopy to determine 
tissue oxygen saturation 
(StO₂). Intracranial pressure 
(ICP) was monitored through 
a trepanation hole in the left 
hemicranium, where a 
parenchymal sensor was 
placed prior to systemic he-
parinization (Spiegelberg, 
Germany). A catheter was 
placed in the bladder to mon-
itor urine output.  

Prior to cannulation, sys-
temic heparinization was per-
formed by administering 
70–90 IU of heparin per kilo-
gram of body weight (Heparin 
Sodium Braun, B. Braun, Ger-
many) to achieve an activated 
clotting time (ACT) of at least 
350 seconds (Actalyke Mini II, 
Helena Lab., USA).  

ECMO circuit prepara-
tion. The ECMO circuit was 
preassembled before the pro-
cedure and consisted of an RF-36 centrifugal pump 
head connected to a portable ECMO device (Ex-
Stream, Transbiotech, Russia) and an oxygenator 
(Quadrox-i, Maquet Cardiopulmonary GmbH, Ger-
many). The priming solution for the circuit contained 
the following components:  

— 5 parts Gelofusine (B. Braun, Germany)  
— 5 parts Sterofundin (B. Braun, Germany)  
— 2 parts 4% sodium bicarbonate solution 

(Dalchimpharm, Russia)  
— 1 part mannitol (Biosynthesis, Russia)  
— 1 part 20% albumin (Microgen, Russia)  
In addition, 20 mL of 40% glucose and 20 mL 

of 4% potassium chloride were added to the circuit. 

The prepared circuit was closed, deaerated, and 
placed in standby mode for connection. During 
this time, the prime solution was cooled to 4°C 
using a thermoregulation unit (TRU, 3T, Sorin Stock-
ert, Germany) connected to the oxygenator. 

Simulation of blood loss and cardiac arrest. 
Controlled blood loss of 40–50% of the circulating 
blood volume (CBV) was simulated by slowly (over 
30–45 minutes) withdrawing venous blood with a 
syringe from the femoral vein introducer. Blood was 
collected in containers containing CPDA-1 antico-
agulant for reinfusion during the rewarming phase.  

When systolic blood pressure (SBP) dropped 
below 40 mmHg, blood withdrawal was accelerated 

Fig. 1. Experimental protocol for evaluating the efficacy of emergency profound hypothermia 
in non-human primates.  
Note. BP — blood pressure; ROSC — return of spontaneous circulation; ICP — intracranial 
pressure; CBV — circulating blood volume; Tn — nasopharyngeal temperature; Tr — rectal 
temperature. 
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and 4% potassium chloride solution at a dose of 
10 mg/kg was administered to induce cardiac arrest. 
Although not a standard approach, the addition of 
potassium chloride facilitated rapid cardiac arrest 
and creation of a timepoint while producing systemic 
hyperkalemia to prevent early spontaneous rhythm 
recovery during subsequent rewarming. Cardiac 
arrest was monitored by ECG, invasive blood pressure 
measurements, and ultrasound.  

Emergency profound hypothermia (EPH). 
One minute after arrest, chest compressions were 
initiated and continued for 3 minutes. During this 
time, the ECMO circuit lines were disconnected and 
connected to the axillary venous drainage and arterial 
return cannulae. CPR was then stopped and the 
EPH resuscitation protocol was initiated. The aortic 
balloon was inflated, the clamps on the ECMO lines 
were removed, and perfusion of the upper body 
with cold prime solution was initiated (Fig. 2, a). To 
accelerate cooling and maintain the target Tn, ice 
packs were also placed around the head.  

After three minutes of cooling, a balloon was 
inflated in the inferior vena cava (IVC) to isolate 
the «upper» circulation and accelerate cooling. 
When the brain temperature reached 10°C, the bal-
loons were deflated and removed, and the clamp 
on the additional arterial return cannula in the 

femoral artery was released, initiating perfusion of 
the lower body (Fig. 2, b). External cooling with ice 
packs placed around the animal's body was added 
to the invasive cooling. 

After cooling the brain to 10°C and the body 
to 16°C, artificial circulation and mechanical venti-
lation were suspended for 1 hour. A laparotomy 
was performed, carefully avoiding damage to internal 
organs, to simulate a surgical procedure for hem-
orrhage control. Cooling elements were then placed 
in the abdominal cavity, which was subsequently 
closed using a continuous suture. 

Rewarming and postoperative monitoring. 
After 60 minutes, perfusion and mechanical ventilation 
were resumed, with the animal's previously collected 
blood added to the ECMO circuit while blood gas 
abnormalities identified during analysis were cor-
rected. External cooling was discontinued and a re-
laparotomy was performed to remove the cooling 
elements. Gradual rewarming was performed with a 
temperature regulating unit (TRU), maintaining a 
temperature gradient of no more than 4°C between 
the circuit and nasopharyngeal temperature (Tn). 
Rewarming was performed at a rate of 1°C every 
10 minutes until 33°C was reached, after which the 
rate was slowed to 1°C per hour. Once body temper-
ature reached 36°C, passive slow rewarming was 

Fig. 2. Graphical representation of the experiment 
Note. a — initiation of the emergency profound (ultra-deep) hypothermia protocol using a portable ECMO machine. Blood is 
removed from the superior vena cava and returned to the aortic arch. To isolate the upper circuit for rapid cooling of the brain, a 
balloon catheter inserted via the femoral artery is inflated at the level of the aortic arch, and an additional balloon is inflated in the 
inferior vena cava at the level of the caval opening. b — both balloons are deflated to allow cooling of the entire body. An additional 
return cannula in the femoral artery is activated to increase systemic cooling efficiency.
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used until normothermia was achieved. The perfusion 
index was gradually increased from 1.0 (at Tn 10–15°C) 
to 1.5 (at Tn 15–20°C), 2.0 (at Tn 20–30°C), 2.5 (at Tn 
30–35°C), and up to 3.0 at normothermia.  

Norepinephrine was administered via an in-
fusion pump to correct systemic hypotension, and 
adrenaline was added if higher doses were ineffective. 
Additional infusions of gelofusine, 20% albumin, 
sodium bicarbonate, and mannitol were given as 
needed to maintain the calculated flow volume. 
Furosemide was administered to stimulate diuresis 
when indicated, and rapid-acting insulin (Actrapid, 
Novo Nordisk, Denmark) was used to correct hy-
perglycemia. Sodium heparin was used to prolong 
the activated clotting time (ACT), and calcium chlo-
ride was administered to correct hypocalcemia 
(serum calcium � 1 mmol/L). If no urine output 
was observed, an ultrafiltration column (Diacap 
Pro, B. Braun, Germany) was connected to the 
ECMO circuit to correct hyperhydration. 

In the event of coarse ventricular fibrillation 
during rewarming, defibrillation was performed by 
delivering a 100–150 J shock with a Lifepak 12 de-
fibrillator (Medtronic, USA).  

Once the Tn reached 37°C and the animal was 
stabilized with a sustained spontaneous breathing 
pattern and limb movement, endotracheal extuba-
tion was performed. The animal was then returned 
to the vivarium for further observation. In the ab-
sence of spontaneous cardiac activity and respiration 
after complete rewarming, biological death was 
confirmed, and the animal was euthanized by exsan-
guination under general anesthesia. 

The primary endpoint was return of sponta-
neous circulation (ROSC), while secondary endpoints 
included 24-hour survival and recovery from anes-
thesia. 

Blood biochemical parameters were measured 
spectrophotometrically using a Chemray 240 auto-
mated analyzer (Rayto, China). Lactate levels were 
assessed by direct amperometric analysis using a 
GemPremier 3500 (IL Werfen, USA), which was also 
used for blood gas composition and acid-base status 
analysis. 

Tissue samples for histologic analysis were 
fixed in 10% neutral buffered formalin (pH 7.4). 
Standard histologic processing was performed fol-
lowed by paraffin embedding (Histomix, BioVitrum 
LLC, St. Petersburg, Russia). Paraffin blocks were 
cut at 4 µm and stained with hematoxylin and eosin. 
Morphological analysis was performed with an Axio 
Lab.A1 biological microscope (Carl Zeiss Microscopy 
GmbH, Germany), and microphotographs were 
taken with an Axiocam 105 color digital camera 
(Carl Zeiss Microscopy GmbH, Germany). 

The identified changes in tissues and internal 
organs at both macroscopic and microscopic levels 
were thoroughly described and documented in the 
protocols of pathological anatomical examination.  

Data collection and registration were performed 
using Excel (Microsoft, USA). Statistical analysis and 
graphing were performed using Prism 10.0 (GraphPad, 
USA). Due to the lack of a comparison group, no 
comparative analysis of the samples was performed. 
Quantitative variables (including those in Fig. 3) 
were presented as median with interquartile range. 

Results and Discussion 
In all five cases, the proposed TCA model was 

successfully implemented, achieving a brain tem-
perature of 10°C and a body temperature of 16°C. 
During controlled blood loss, 600 (400–760) ml of 
blood was collected and prepared for subsequent 
reinfusion. The mean time for brain cooling was 
23 (9–36) minutes. The maximum possible time to 
cool the brain to 10°C was 7 minutes. The variability 
in cooling rate was directly related to the flow in 
the ECMO circuit. When the walls of the vein col-
lapsed during blood withdrawal from the vena cava 
superior, the flow decreased, which slowed the 
entire cooling process. 

During the gradual rewarming, the Tn and Tr 
gradually converged and began to rise (Fig. 3, a). 
When the nasopharyngeal temperature reached 
18°C, spontaneous electrical activity of the heart 
was observed (initially, the rhythm was not sinus). 
When the temperature reached 22–25°C, the first 
spontaneous cardiac contractions occurred, often 
progressing to ventricular fibrillation (VF). Consid-
ering VF to be potentially damaging to the my-
ocardium, these episodes were managed by ad-
ministering additional potassium chloride. Sinus 
rhythm was restored when the Tn reached approxi-
mately 28–30°C. In two cases, this required 1–2 de-
fibrillator shocks at 120–150 J. In one of the five an-
imals (No. 1), sustained ROSC was not achieved 
despite the appearance of rhythm and spontaneous 
cardiac contractions, and the experiment was ter-
minated prematurely after 13 hours of rewarming. 
Thus, ROSC was successfully achieved in 4 out of 
5 animals (Table). 

Cerebral and cardiac perfusion. Despite in-
duction of profound hypothermia and circulatory 
arrest at a brain temperature of 10°C, no decrease 
in cerebral oximetry values was observed (Fig. 3, b).  

During the 12 hours of rewarming, cerebral 
oximetry values remained consistently above the 
threshold of 40%, indicating adequate cerebral per-
fusion. Later, however, with progressive hypotension 
poorly controlled by vasopressors, oximetry values 
dropped to 20% and below. At the same time, in-
tracranial pressure (ICP) remained within acceptable 
limits in 4 out of 5 animals. In animal No. 3, ICP in-
creased after 16 hours of the experiment, followed 
by death (Table). 

Systemic coagulopathy and ischemia-reper-
fusion injury. When the Tn reached 26–30°C, 3 of 
the 5 animals developed severe coagulopathy char-
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acterized by bleeding from surgical access sites and 
diffuse intra-abdominal hemorrhage. These com-
plications required surgical wound revision, use of 
electrocautery, application of local hemostatic agents, 
tight wound packing, and intravenous administration 
of 1.0 g tranexamic acid. Moderate acceleration of 
the rewarming process at these temperatures was 
found to help bypass the coagulopathy phase more 
quickly, reducing the risk of fatal blood loss.  

In one animal (No. 2), efforts to control bleeding 
from a wound in the right axillary region resulted 
in inadvertent decannulation, causing massive hem-
orrhage. The bleeding was promptly controlled by 
clamping the vessel and ligating the axillary artery. 
Mechanical circulatory support was maintained ex-
clusively through the femoral arterial cannula, with 
no evidence of upper limb ischemia. The animal 
was later successfully extubated. 

During the first 5–6 hours of rewarming, lactate 
levels remained elevated in all animals (approxi-
mately 10 mmol/L), but could be managed by in-
creasing the perfusion index, transfusing blood, 
and, if necessary, removing excess fluid from the 
circulating blood. However, despite intensive therapy, 
lactate levels subsequently rose rapidly to the max-
imum measurable by the device (15  mmol/L). In 
animals that later succumbed, lactate concentrations 
exceeded 15 mmol/L from the 8th hour of rewarming. 
In contrast, surviving animals showed successful con-
trol of progressive lactic acidosis. Systemic reperfusion 
was identified as the most significant factor con-
tributing to mortality (Fig. 3, b). 

Blood biochemistry showed an increase in 
transaminase activity: AST increased from 
55.4 (46.8–64.0) to 171.4 (150.4–192.3) and then to 
301.3 (239.9–362.6) U/L, while ALT increased from 
14.5 (5.8–23.1) to 20.9 (17.8–24.0) and then to 
48.3 (16.3–80.3) U/L at 5 and 7 hours after the start 
of rewarming. In addition, creatinine concentrations 
increased from 149 (145–152) to 155 (115–196) and 

then to 190 (135–245) µmol/L at 7 and 9 hours, re-
spectively, reflecting systemic hypoperfusion and 
the development of multiorgan failure. However, 
these parameters were successfully corrected in 
surviving animals by intensive therapeutic measures 
(Fig. 4, a, b, c).  

A significant increase in creatine phosphokinase 
(CPK) activity was also observed, rising from 202 
(200–205) to 1105 (1042–1167) and subsequently to 
2045 (1710–2380) U/L at 5 and 7 hours after rewarming, 
respectively (Fig. 4, d). In animals that did not survive, 
CPK levels remained elevated, whereas in survivors, 
these levels returned closer to baseline levels. 

Survival. Endotracheal extubation was suc-
cessful in 2 of 5 animals. Their cooling times were 7 
and 11 minutes, respectively. One animal underwent 
extubation after cannula removal 16 hours after 
the start of the experiment. Although it was returned 
to the vivarium, the animal died 44 hours into the 
experiment without regaining full consciousness. 
This precluded assessment of brain function. Autopsy 
revealed ischemic myocardial damage and moderate 
cerebral edema. 

Another animal survived the procedure with 
successful tracheal extubation. However, while being 
moved to the vivarium, it developed respiratory 
failure, probably due to respiratory muscle fatigue, 
and subsequently died. Postmortem examination 
revealed severe pulmonary edema (Fig. 5). 

Both «surviving» animals showed purposeful 
motor activity, including fist clenching, spontaneous 
eye opening, and mouth movements.  

Three of the five animals died on the operating 
table 14.5 to 18.5 hours after the start of rewarming. 
It took 23, 35, and 37 minutes, respectively, to reach 
the target Tn. According to postmortem findings, 
the primary causes of death were pulmonary edema 
and, in some cases, ischemic liver injury.  

Animal No.4 developed abdominal compartment 
syndrome (ACS) due to excessive fluid therapy, requiring 

Table. Summary of data on experimental animals, treatment outcomes, and causes of death. 
Parameter                                                                                                       The values of the parameters for each individual olive baboon 
                                                                                                                                                                                  (Papio anubis) 
                                                                                                                            1                                2                               3                               4                               5 
Sex                                                                                                          male                      male                     male                      male                     male 
Body weight, kg                                                                                  19.8                        19.6                       18.0                       21.0                       26.7 
Blood loss, mL                                                                                     820                         500                        300                        700                        600 
Time to cooling to 10°С, min                                                          35                             7                            37                           23                           11 
ROSC                                                                                                        —                             +                             +                             +                             + 
ECMO weaning                                                                                    —                             +                            —                           —                            + 
Extubation                                                                                             —                             +                            —                           —                            + 
Survival time from the start                                                            15                           44                          16                           19                           19 
of the experiment, hours 
Main pathological findings                                                     Pulmonary          Myocardial         Pulmonary      Multiple organ     Pulmonary 
                                                                                                              edema,              infarction              edema,           failure, small            edema 
                                                                                                             multiple                                               cerebral               intestine 
                                                                                                         organ failure                                           edema               ischemia,  
                                                                                                                                                                                                         abdominal  
                                                                                                                                                                                                      compartment 
                                                                                                                                                                                                          syndrome                      
Note. ROSC — return of spontaneous circulation; ECMO — extracorporeal membrane oxygenation.
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a relaparotomy and laparostomy (Bogotá bag). This 
animal also had progressively increasing ICP during 
rewarming, reaching 47 mmHg, which was refractory 
to conservative management and remained elevated 
after resolution of the ACS. Postmortem examination 
revealed cerebral edema in addition to total ischemic 
damage to the small intestine. 

Histologic examination. All animals showed 
signs of cerebral edema of varying severity, dystrophic 
changes in neurons (cytoplasmic vacuolization, nu-
clear deformation), and plasmatic imbibition of 
vascular walls (Fig. 6, a). Myocardial changes were 
also observed in all cases, ranging from diapedetic 
microhemorrhages, edema, and fragmentation of 

Fig. 3. Changes in key parameters monitored during the experiment.  
Note. a — nasopharyngeal (Tn) and rectal (Tr) temperatures; b — сerebral oximetry in the left and right hemispheres (OxyL and 
OxyR) and tissue oximetry in the lumbar region (OxyBody); c — serum lactate concentrations, stratified by surviving (N=2) and 
non-surviving (N=3) animals. The horizontal line at 15 mmol/L indicates the threshold measurable by the blood gas analyzer. 
Values above this line, shown at the 20 mmol/L level, are presented for illustrative purposes and were excluded from the 
calculations. CA — circulatory arrest.
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Fig. 4. Trends in key biochemical parameters in representative animals: one surviving and one non-surviving.  
Note. a — AST; b — ALT; c — creatinine; d — creatine phosphokinase. * — final time point of biochemical analysis for the non-
survivor; CA — circulatory arrest.

individual muscle fibers to intramural necrosis. 
Pulmonary findings included acute alveolar em-
physema, focal dystelectasis, congestion, and in-
flammatory infiltration.  

In the animal that died 44 hours into the exper-
iment, cerebral edema was accompanied by extensive 
non-coronary myocardial necrosis of the left ventricle 
and alveolar pulmonary edema (Fig. 6, b). The animal 
with ACS demonstrated necrosis of the intestinal wall 
and hydropic degeneration of hepatocytes (Fig. 6, c). 
Renal histopathology was mild and included exudative 
glomerulopathy, tubular and interstitial edema, and 
tubular epithelial degeneration (Fig. 6, d). 

Thus, this study demonstrated the feasibility 
of using the EPH technique in TCA. Target brain (10°C) 
and body (16°C) temperatures were successfully 
achieved in all animals within a short time, ensuring 
adequate cerebral oxygenation, allowing for surgical 
intervention and further controlled rewarming of 
the body. Return of spontaneous circulation was 
achieved in 4 out of 5 animals, and 2 animals were 
successfully weaned from ECMO and extubated. 
However, both animals died in the early postoperative 
period, precluding evaluation of cognitive function. 
The main causes of mortality during the rewarming 
period were ischemia-reperfusion injury, cerebral 
edema and transient coagulopathy.  

Prolonged blood collection leading to systemic 
hypoxemia and hypoperfusion, the inability to 
achieve rapid cooling in all cases, and a period of 
no-flow in the vessels of the lower half of the body 
during cooling of the upper half (Tn reached 10°C 
while Tr remained at 35°C) resulted in severe systemic 
ischemia. This ischemia caused an accumulation 

Fig. 5. Postmortem photograph of the lungs of one of the 
animals (No. 5) that died after tracheal extubation due to pro-
gressive respiratory failure and development of acute respiratory 
distress syndrome (ARDS).
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of under-oxidized metabolites in the internal organs 
and muscles of the lower extremities. Subsequently, 
despite lowering the Tr to target levels, rewarming 
was complicated by rhabdomyolysis (confirmed by 
a significant increase in creatine phosphokinase 
activity) and severe reperfusion injury, which could 
not be alleviated by slow temperature rise. 

Studies by others have shown that to prevent 
severe reperfusion injury, cooling must be as rapid 
as possible while rewarming must be slow. An 
optimal cooling rate of 2°C/min was demonstrated 
by H. Alam et al. in porcine models [14]. This was 
achieved by open cannulation of the aorta and 
right atrium with large diameter cannulae after re-
suscitative thoracotomy. However, too rapid cooling 
carries the risk of cold-induced damage to vital or-
gans, while too slow cooling increases the likelihood 
of ischemia-reperfusion syndrome.  

Therefore, Tn should ideally be reduced to 26°C 
within approximately 13 minutes. This was achieved 
only twice in the current study, specifically in the 
two animals classified as «survivors» (7–11 minutes). 
However, in the animal that survived 44 hours after 
the procedure and reached the target Tn in 7 minutes, 
postmortem examination revealed a massive my-
ocardial infarction, which could be partially attrib-
uted to cold-induced injury. 

The progression of ischemia-reperfusion syn-
drome is evidenced by a gradual increase in serum 
lactate concentration (� 15 mmol/L), likely due to 
a combination of factors: prolonged exsanguination, 
one minute of normothermic circulatory arrest, 
three minutes of chest compressions (generally in-
effective in the setting of massive blood loss), pro-
longed lower body ischemia during upper body 
cooling, and 60 minutes of hypothermic circulatory 

Fig. 6. Representative microstructural images of vital organs from animals subjected to emergency profound (ultra-deep) hy-
pothermia. 
Note. a — Thalamus: cerebral edema, plasmatic imbibition of vascular walls, dystrophic neuronal changes (cytoplasmic vacuolization, 
nuclear deformation) (hematoxylin-eosin stain, ×400). b — Lateral wall of left ventricular myocardium: intramural myocardial 
necrosis (dark purple staining, hematoxylin-eosin, ×50). c — Liver: perisinusoidal edema, severe hydropic degeneration of hepatocytes 
(hematoxylin-eosin, ×200). d — Kidney: exudative glomerulopathy, tubular and interstitial edema, dilatation of glomerular capsules, 
proliferation of parietal epithelial cells and hydropic degeneration of tubular epithelium (hematoxylin-eosin, ×200). 
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arrest. Notably, as several studies have shown, hy-
pothermic circulatory arrest of this duration is not 
inherently a cause of irreversible cellular or organelle 
damage, as evidenced by survival rates exceeding 
50% with favorable functional outcomes [17, 18].  

The observed uncontrolled rise in lactate con-
centration during the early phases of reperfusion 
likely serves as a prognostic marker for adverse out-
comes [19]. Similar lactate levels were recorded in a 
previous experiment using EPH during simulated 
tactical military medical exercises  [20]. Large pigs 
with abdominal gunshot wounds underwent EPH 
and were surgically treated in a reinforced concrete 
bunker simulating a forward surgical care environ-
ment. They were transported 50 km in a hypothermic 
state, without mechanical ventilation or circulatory 
support, to a simulated advanced surgical care facility 
where rewarming was initiated. It took over an hour 
to reach the target Tn. Although ROSC was achieved 
after two hours of transport, the animals ultimately 
succumbed to severe reperfusion injury [20]. 

Another critical issue affecting survival was 
cerebral edema, which was observed in all animals. 
This was primarily related to inadequate replacement 
of blood loss with crystalloids and colloids. Despite 
monitoring of ICP and cerebral oximetry, as well as 
pharmacologic and non-pharmacologic intensive 
care, it was not possible to completely resolve this 
complication. The death of the only long-lived 
animal was primarily due to progressive cerebral 
edema, as confirmed by autopsy findings. During 
the experiment, computed tomography imaging 
was not available to assess brain damage. 

Finally, one of the life-threatening problems 
was coagulopathy, which consistently manifested 
itself when temperatures reached 27–32°C during 
rewarming. This was characterized by diffuse bleed-
ing from existing wounds and access sites (including 
puncture sites), requiring both surgical and phar-
macologic hemostasis. As a result, the volumetric 
flow in the ECMO circuit decreased, requiring ad-
ditional fluid infusion and subsequently provoking 
ischemia-reperfusion. Intravenous administration 
of tranexamic acid was found to have little effect 
on the intensity of bleeding. S. Tisherman and col-
leagues also highlighted the challenges of managing 
coagulopathic bleeding during the rewarming phase 
and addressed this by increasing the rewarming 
rate until bleeding stopped [15]. 

Therefore, slow rewarming is necessary to 
avoid severe reperfusion injury and edema; however, 
too slow rewarming results in coagulopathic bleeding, 
which can be fatal with extensive tissue damage. 
Similarly, cooling must be as rapid as possible, but 
too rapid cooling can cause cold injury to vital or-
gans.The optimal cooling and rewarming rates re-
quire further investigation. Our experimental data 
indicate that the best results are achieved with 

cooling over 10–15 minutes and rewarming over at 
least 12–16 hours. 

Encouraging results from numerous U.S. re-
search groups demonstrating sufficient animal 
survival after two hours of circulatory arrest with 
EPH led the FDA to approve a pilot randomized 
controlled clinical trial (EPR-CAT) enrolling 10 pa-
tients in an EPH group and 10 in a control group. 
Due to the COVID-19 pandemic, the trial was tem-
porarily suspended and the results remain un-
published. Furthermore, to our knowledge (personal 
communication with S. Tisherman), there have 
been no successful human cases. Nevertheless, 
the FDA's approval of this trial highlights the sig-
nificant interest in hypothermia for terminal con-
ditions and novel approaches to saving civilian 
and military casualties. 

Our study has several limitations that may 
have significantly influenced the results. First, the 
EPH procedure is resource-intensive, requiring high-
quality (around-the-clock) monitoring, intensive 
care, and extensive use of blood and blood products, 
which is difficult to achieve in an experimental op-
erating room. At a minimum, animals should have 
undergone computed tomography (CT) or magnetic 
resonance imaging (MRI) of the brain, electroen-
cephalography, and coagulation studies after extu-
bation; these were not available at the time. While 
blood and blood product replacement is preferable 
to crystalloid solutions for volume resuscitation, 
donor blood components are rarely available in 
animal studies and virtually never in nonhuman 
primate studies. 

Second, the cooling rate was relatively slow 
for both the upper and lower body. Achieving target 
temperatures more rapidly would have required 
larger diameter cannulas than the 15–17 Fr cannulas 
we used. In animals weighing approximately 20 kg, 
larger cannulas would require open aortic and vena 
cava cannulation, which carries additional risks of 
surgical trauma and bleeding. 

Finally, the small number of animals and the 
lack of a control group are significant limitations 
due to the pilot nature of this study. 

Nevertheless, the results of this first-of-its-
kind experiment in non-human primates underscore 
the importance of pursuing novel solutions to help 
those previously considered beyond saving. The 
concept of using EPH, developed by our esteemed 
compatriot V. A. Negovsky and his successors, in-
cluding P. Safar and his student S. Tisherman, is 
both technically and physiologically feasible in the 
context of terminal states. Rapid cooling of the 
brain, heart, and, if necessary, the entire organism 
during TCA allows a 1–2-hour window for life-saving 
surgery, blood product procurement, and transport 
to a specialized center where gradual rewarming 
can restore vital functions. Demonstrating the effi-
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cacy of this method will open new avenues for ex-
ploring various applications of rapid whole-body 
external cooling, allowing temporary preservation 
not only of organs and tissues, but of the entire or-
ganism, followed by rewarming after life-threatening 
injuries have been treated.  

Conclusion 
The experiment showed that emergency pro-

found (ultra-deep) hypothermia, with head cooling 
to 10°C and core cooling to 16°C, preserves adequate 

perfusion of vital organs and tissues despite 60 minutes 
of complete circulatory arrest. In addition, faster 
cooling rates are associated with better chances of 
recovery and survival. During rewarming, cardiac 
function is restored and successful management of 
ischemia-reperfusion syndrome, vital organ edema 
and coagulopathy leads to resuscitation. Further re-
search, including studies in other animal models, is 
needed to better understand the causes of serious 
complications and to refine the EPH protocol.
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