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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-1gG, 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.
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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 (FiO,) 35-40%, tidal volume (V) 6-8 mL/kg,
positive end-expiratory pressure (PEEP) 5 cm H,0,
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 (N20). 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 H,O, and positive end-expiratory
pressure (PEEP) of 5-8 cm H,0O. 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. Inmune
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 y? 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]:

e 0<|R|<0.2: very weak

* 0.2<|R| <0.4: weak

e 0.4 <|R| <0.6: moderate

* 0.6 <|R|<0.8:strong

e 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

324 patients admitted
to the breast surgery department
were assessed for eligibility criteria
'
278 patients
met the inclusion 180 patients were excluded:
criteria 158 with a history
of autoimmune diseases
| 22 with a history
98 patients of malignancy
who met the inclusion at another site
criteria were
randomized
' '
48 patients 50 patients
inJA group ||inTIVA group

Fig. 1. Patient selection scheme for the study.
Note. For Fig. 1, 3 and Tables 1-3: TIVA — total intravenous
anesthesia; JA — inhalation anesthesia.
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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) 0.545!
BMI, kg/m?; N, Me (IQR) 46, 29 (23.8-32.0) 50, 27.6 (23.4-31.2) 0.687!
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 12.1) 1(2) 0.9993
Cerebrovascular disease 12.1) 0 (0) 0.4903
Peripheral arterial disease 12.1) 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) 0.579* 0.579*

T1 34 (71) 31 (62)

T2 13 (27) 17 (34)

NO 48 (100) NA NA

MO 48 (100) NA NA
Tumor cell differentiation (G)

Gl 8(17) 0.9452 0.9452

G2 25 (54) 26 (52)

G3 13 (28) 14 (28)
Stage

0 1(2.2) 0.204° 0.204°

IA 34 (71) 28 (56)

1IA 13 (27) 20 (40)
Molecular subtype

Data not available 2(4.2) 0.598* 0.598*

Luminal A 21 (44) 17 (34)

Luminal B 23 (48) 28 (56)

Triple negative 2(4.2) 4 (8)
Her2neu+ 2(4.2) 2(4) 0.999°
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. ' — Mann-Whitney test; 2— Chi-squared test; * — Fisher's exact test; * — Fisher—Freeman—Halton test. NA — not applicable;
Me— median value; IQR — interquartile range; N— number of patients with the specified parameter.

not exceed 24 hours. The median length of hospital Comparison of baseline immunologic blood
stay was 3 days (IQR, 3-5) in the IA group and markers. Statistically significant differences between
4 days (IQR, 3-5) in the TVA group (P=0.131). the groups were found for the concentrations of
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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 p
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, 10°/L 1 hour after surgery 47,1.2[0.7; 1.7] 1.310.98; 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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Continuation of the Table 2.
Laboratory parameter Values in groups P
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
T 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
B 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
T 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
B 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+4), %

Note. ' — Mann-Whitney test; Me — median; QI and Q3 — first and third quartiles, respectively. Missing data are represented by
the number of observations.
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Fig. 2. Heat map of Spearman’s correlation coefficients of preoperative (baseline) parameter values.

Note. ] — CRP; 2— IgA; 3— 1gM; 4 — 1gG; 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):

e IgA-IgG: R=0.928

e IgA-IgM: R=0.837

e 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 Pvalues 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, 1gM, 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;

Rvalues 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, ¢).

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, 1gM, 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, ¢) and 24 hours (b, d) in the inhalation anesthesia (IA; a, b) and total intravenous anesthesia (TIVA;

¢, d) groups.

Note. I — 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— Blymphocytes; 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, 1gG)
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 ofchange lation ofchange lation ofchange lation ofchange
strength strength strength strength
Immunoglobulins Very strong 1 Strong/ 1 Strong/ " Strong/ 1
(IgA, IgM, IgG) very strong very strong very strong
Complement systema (C3, C4) Strong 1 Moderate 1l Moderate 1 Moderate "
Humoral immunity Weak 1l Weak/ 1l 5/6 no, " No
moderate 1 —weak (C3))
(IgA and C3)
T killers, NK cells, neutrophils Moderate " Strong 1l Strong " Weak/ 1l
(Tkillers|) (Tkillers (Neutro- (T killers moderate (Neutro-
and NKcells) philst) 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/ I No Moderate 1 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-
strom 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-1IA
breast cancer (T1-2, NO, 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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