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FO0u1e 3aciry;keHHOTO
IeATeNs1 HAYK!
Poccuiickoii Penepanuu,
TOKTOpAa MeTUIIMHCKHNX HaYK,
npodgeccopa
Apkagusa MuxajgoBu4ya
Tosry0eBa

20 ampesia 2025 1. ucrioaHAeTcs 85 JIeT 3aBeAyI0LEMY
JabopaTtopueil MaToJIOTUU KJIETKU MPU KPUTUUECKUX
cocrossHusix HMU obieit peannmarosioruu uM. B. A. He-
rosckoro @HKII PP, samecTrTe 10 NIaBHOTO pejakTopa
Hay4YHO-TIPAKTUYECKOT0 PelleH3upyeMoro sKypHasa «06-
11as1 peaHuMaroJIorusi» npodeccopy Apkaauio Muxaii-
JoBu4y losyOeBy.

Vore OoJtee 60 JreT YKU3Hb ApKaaus MuxaijoBr4ya He-
Pa3pbIBHO CBsI3aHA C HAYYHOU JIeSITETbHOCTBIO. B 1963 T.
OH OKOHYWJI JIe4eOHbIN (PpaKy/IBTeT ACTPaxaHCKOIo ToCy-
JapCTBEHHOI'0 MEIUIIMHCKOIO MHCTUTYTA. B 1967 . — 3a-
IIATAJI KaHIAATCKYIO AUCCEePTALHIO Ha TeMy «MarepraJibl
TI0 BOIIPOCY 0 MOP(OJIOTHIECKIX ¥ THUCTOXUMITYECKIX 13-
MEHEHUsIX B MUOKap/e IIPX MEpPTBOPOYKIAeMOCTU 1 CMEPTH
HOBOPOJKJEHHBIX jieTell», a B 1974 I — JOKTOPCKYIO AMC-
CepTanuio Ha TeMy « ' MCTOXMMMA KOPOHAPOI€HHBIX HEK-
PO30B 1 TOKCUYECKUX TOBPEKIEHUI MIOKap/a».

Apranuii MuxailJioBU4Y y4acTBOBaJI B peau3anuu
npoekra [ocy1apCTBEHHOTO KOMUTETA I10 HAyKe U TEXHUKE
110 CO3/IAaHUIO KPOBe3aMeHuTeJIs1 ¢ (yHKIMel TpaHCcIopTa
KHUCJIOpPOJa Ha OCHOBE Nep(TopyrIepoaos, a Tak:Ke
B pa3dpaboTKe U BHEIPEHUU HOBENIINX MeIUITUHCKUX
TEXHOJIOTUH, CTOCOOCTBOBABIIINX IMOBBIIEHUIO 3P ek-
TUBHOCTH JUArHOCTUKU M JIEYEHUsI OCTPOIO peclnupa-
TOPHOTO JUCTPECC-CUHAPOMA.

ITox pykoBoacTBoM A. M. TostybeBa ycIienrHo peasiu-
30BaHbl 3 TeMbl HayYHO-UCCJIe0BAaTeIbCKON paboThl
110 TOCYJapCTBEHHOMY 3aJaHUIO, BBIIIOJTHEHO 7 TOKTOP-
CKUX ¥ 18 KaHJUJATCKUX AU CCEePTAIIH.

B HacTosimiee BpeMsi Apkaauii MuxaiiioBU4 — aBTOp
6outee 300 Hay4HBIX paboT, 14 MoHOrpadwuit u 11 n306-
peTeHuil, MHUIMATOP U OPraHU3aTOP MHOTUX HAy4YHBIX
KOH(MEpPEeHINI U CUMIIO3UYMOB, IPOBOIUMBIX B Poccun
U 3a pyOeskoM.

Apxkanuii MuxailsioBu4 siBJIsieTcsI He TOJIBKO aBTO-
PUTETHBIM [1aTOJIOTOM, HO U BBICOKOIIPO(eCCHOHAIBHBIM
OpPraHM3aTopoM HayKU U 3IpaBoOoxpaHeHusda. B 1974 1.
OH OBLI Ha3HA4YeH Ha JJOJDKHOCTD IPOPEKTOPA 110 y4eOHOMH
paboTe ACTpaxaHCKOT'O roCyIapCTBEHHOI'O METUITTHCKOTO
UHCTUTYTA, a ¢ 1977 110 1984 rT. coBMenia aTy JOJIKHOCTb
C 3aBeJIOBaHMEM Kadeapoii maToJoruiecKor aHaTOMUH.

C 1984 o 1998 rr. A. M. Tosty6eB, paboTast B JOJK-
HOCTH peKTopa /larecTaHCKOro rocyJapCTBEHHOTO Me-
JUIIAHCKOTO MHCTUTYTA, BHEC HEOLIeHUMbIH BKJIaJ B pas-
BUTHE JAHHOTO By3a, 00eclevynB MesKIyHapOJgHOEe COo-
TPYJHNYECTBO, UHTEHCHUBHYIO HAYYHYIO JeATeJIbHOCTb,
KauecTBeHHOe 00yueHue, a TaksKe y/IyullleHre ObITOBBIX
YCJI0BUM COTPYJHUKOB U CTYJ€HTOB.

C 1998 1o 2000 rT. A. M. TostybeB paboTast B JOTKHOCTH
HavyaJbHUKA OTIeJsa 1Mo pabore ¢ pernoHaMu MUHU-
cTepcTBa 3apaBooxpaHeHust Poccuiickoil deneparuu,
a 3aTeM 3aMeCTHUTeJIA pyKOBOIUTEJIA enapTaMeHTa Op-
TaHU3AIMHN METUITTHCKOM TIOMOIIY HaCeJIeHHIO.

C 2000 . o Hacrosee Bpems A. M. Tosy0eB siBJigeTcs
3aBEyIOIINM JIAOOPATOPHEH TATOJIOTHH KJIETKU IIPY KPU-
THYeCKUX cocTostHusix HUM ob6Ieit peaHnMaTo/I0ruu

nMm. B.A. Herosckoro ®HRKII PP. Hayunasa nesareibHOCTB
JIab0paTOPHUM OCYIIECTBJISIETCS C WCIIOTH30BAHUEM CO-
BpeMeHHBIX METOIOB, OTKPBIBAIOIIUX HOBbIE BO3MOKHOCTH
J71s1 MOP(POTIOrMYeCKIX MCCIIeI0BAHME, yIeTOM MOC/IeTHIX
JIOCTHKEHUN MeAUIIMHCKON HAayKU U OIOpoii Ha yHAaa-
MeHTaJIbHbIe IPUHITUIIBI OOITeH TaTOJIOTHH, YTO II03BO-
JIsieT BHOCUTB BECOMBIH BKJIAJ B Pe3yJIBTaThl HCC/IeJOBAHIIA
00111eli 1aTOJI0IUU IPU KPUTUYECKUX COCTOSHUAX.

Hayunas 1 opraHusaTopckas gesTeJIbHOCTb ApKaIus
MuxailioB9a oTMedeHa pPsAoM Harpaj u 3Banuii: OT-
JUYHUK 3apaBooxpanenuss CCCP (1978), 3aciy;keHHbIHI
nearenb Hayku JTACCP (1995); Jlaypear npemumn Ilpa-
BUTeJIbCTBA Poccuiickoit depepanuy B 00/1acTH HAyKA
u TexHUKH (2010), 3ac/ry>KeHHBIN JesaTens HayKHu Poc-
cuiickoit ®epneparuu (2014), [TouetHas meganb «300 JjieT
PAH» (2024), TToueTHOe 3BaHue «Il04eTHBIN PabOTHUK
HayKU U BBICOKUX TeXHOJIOIUH Poccutickoit ®enepanym»
Mwuno6pHayku Poccun (2025).

BrIcokuil mpodeccuoHaNMN3M, PeJaHHOCTb HayKe,
ONTUMH3M, TOHKOE YyBCTBO IOMOPA, yMEeHHe BIOXHOBJIATh
MoJI0fj0€ TIOKOJIeHUe HCceloBaresiell, BHUMaTeJIbHOe
1 YyTKOE OTHOIIEHHE K JIOJAM, TAKTUIHOCTb, 100po-
sKeJIaTeJIbHOCTh U MYAPOCTb ApKaausa MuxaijoBuda
BocxutatoT! CepjiedyHo o3apasJisieM Apkagusa Muxaii-
JIOBUYA C I00MJIeeM U sKeJIaeM KPEeITKOTo 3[J0pOBbs, O0/1-
pOCTH AyXa, HOBBIX HAYYHBIX IOCTHKEHN, IPEKPACHOTO
HACTPOEHU, AYIIEeBHOTO TeIJIa, ¥ TJOCTOMHBIX YUeHUKOB.
MBI ropuMcs, 4TO UMeeM uecTb paboTars ¢ Bamu!

CoTpyIHUKHU pemaknud sKypHata «OO0IIas peaHu-
MaToJIOTHsA» ITPUCOEANHAIOTCA K I03/IpaBJIeHHUI0 I00H-
Jsapa. A.M. Tosry6eB BBICTYIIIJI OJHUM U3 OCHOBaTesei
U yupeguTesieil JaHHOTo skypHasa. Cioco0CTBOBa ero
MIOJTOTOBKE M BCTYIJICHUIO B aBTOPUTETHBIE OTeYEeCTBEH-
Hble ¥ MesKIyHapomHble 0a3bl JAaHHBIX, B TOM YHCJIE
PWHII, RSCI, Scopus, DOAJ, a Takske ciucok BAK. Kak
3aMeCTuTe b [JIaBHOT0 peflakTopa, Apkaauii Muxaiio-
BHY IIPOZIOJIKAET COBEPIIIEHCTBOBATh KOHTEHT YKYPHaJIa,
CTPEMUTCS CAesaTh ero MHTEPECHBIM U ITOJIE3HBIM I
pogeccroHAIBHOTO KpyTa. Peaknus sxypHasa «Ob1mas
peaHnMaroJIorysi» BhIpaskaeT 6/1arofapHOCTb ApKaTUIO
MuxaiinoBrdy 3a paboTy 10 Pa3BUTHUIO YKYPHAJIa, sKeJlaeT
1 JJaJIbIIle TIJIOOTBOPHO COBMEIIATh POJIM aBTOPA, pe-
IIeH3eHTa U pefaKTopa HayYHbIX CTaTei!

C riry0OKHM yBasKeHHEM,

Kon/iekTuBbI COTpYAHUKOB PeepaabHOro
Hay4YHO-KJIWHHYECKOTO IIEeHTPa peaHUMaTOJIOTHH
H peabHJINTOJIOTHH, PeJaKIMH JKypHaJIa
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Summary

Aim: to determine the predictive value of selected routine clinical and laboratory parameters and to assess
their prognostic significance for modeling mortality risk in intensive care unit (ICU) patients with SARS-CoV-2-
associated pneumonia.

Materials and Methods. A retrospective case-control analysis of 73 medical records was performed. The
control group included 20 records of surviving patients, while the primary group comprised 53 records of non-
survivors treated between January and February 2022. The study parameters included leukocyte differential
count, C-reactive protein (CRP), ferritin, blood oxygen saturation (SpO,) via pulse oximetry, and the neutrophil
ratio (NR) defined as the percentage of band neutrophils divided by the percentage of segmented neutrophils.
The prognostic value of identified predictors was assessed using receiver operating characteristic (ROC) curve
analysis. The area under the curve (AUC), 95% confidence interval (CI), sensitivity (Se), specificity (Sp), and
cutoff point (CP) were determined, with CP defined as the predictor value yielding the highest sum of sensitivity
and specificity.

Results. The most informative predictors of mortality in SARS-CoV-2-associated pneumonia were:

On the day of hospital admission: Ferritin levels (AUC=0.826; 95% CI: 0.717-0.905; P<0.001, CP<0.473 mg/L;
Se=78%; Sp=75%). On ICU day 1: Granulocyte count (GRA, AUC=0.711; 95% CI: 0.589-0.814; P<0.002,
CP>6x10°/L; Se=94%; Sp=75%), NR (AUC=0.713; 95% CI: 0.541-0.850; P<0.016, CP>18; Se=91%; Sp=62%). On
the final day in ICU: CRP (AUC=0.825; 95% CI: 0.522-0.973; P<0.013, CP>14 mg/L; Se=75%; Sp=100%); NR
(AUC=0.862; 95% CI: 0.724-0.947; P<0.0001, CP>16; Se=94%; Sp=82%); SpO, (AUC=0.909; 95% CI: 0.819-0.963;
P<0.0001, CP<91%; Se=77%; Sp=100%); White blood cell count (WBC, AUC=0.833; 95% CI: 0.725-0.912;
P<0.001, CP>12.2 x 10°/L; Se=80%; Sp=81%). Using a stepwise elimination approach, a mathematical model
was proposed for predicting mortality probability (P) in SARS-CoV-2-associated pneumonia.

Conclusion. The most valuable prognostic model for predicting mortality risk is represented by the equa-
tion: P=1/(1+e%)x100% using routine laboratory parameters such as ferritin, neutrophil ratio and blood oxygen
saturation. The model showed a sensitivity of 84.0% and a specificity of 94.1%.

Keywords: SARS-CoV-2-associated pneumonia, mortality predictors, prognostic model
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Introduction

The emergence of COVID-19, caused by the
SARS-CoV-2 virus, has highlighted the unprepared-
ness of modern medicine to effectively combat
such infections, despite advances in therapeutic
strategies [1]. This has necessitated the search not
only for novel pharmacological agents [2] and med-
ical technologies [3, 4], but also for reliable prognostic
criteria to predict disease outcome. Researchers
have investigated the impact of comorbid conditions

on COVID-19 survival [5, 6] and evaluated the di-
agnostic value of both routine [7, 8] and specialized
medical examinations [9, 10]. Attempts have been
made to predict in-hospital mortality in COVID-19
patients based on disease severity [10]. However,
these predictive models were primarily constructed
using sociodemographic and anamnestic parameters.

In critically ill COVID-19 patients requiring
high-flow oxygen therapy, proposed predictors of
mortality risk included age, serum albumin levels,
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interleukin-6 (IL-6), and D-dimer concentrations [11].
However, each of these predictors was analyzed in-
dependently and showed only moderate prognostic
accuracy, and no comprehensive predictive algorithm
for estimating the probability of mortality was for-
mulated in this study.

Some investigators have used the severity of
lung involvement on computed tomography (CT)
as a prognostic marker for COVID-19 mortality [12].
However, the degree of lung damage was assessed
visually rather than quantitatively using dedicated
software. In addition, evidence suggests that partial
pressure of oxygen (PO.), blood pH, and the number
of antibiotics administered during treatment may
serve as significant risk factors for mortality, varying
by type of health care facility (community, federal,
or private clinics) [13]. However, the prognostic
value of these parameters was not explicitly defined,
and only odds ratios were reported. In severe SARS-
CoV-2-associated pneumonia, serum and urinary
cystatin C concentrations have demonstrated high
prognostic utility [14]. However, this biomarker is
not included in the standard panel of routine clinical
and laboratory tests used in clinical practice.

Currently, a nomogram has been developed
based on a multifactorial analysis of predictors of
30-day mortality in hospitalized COVID-19 patients.
By assessing patient age, comorbidities, serum C-re-
active protein (CRP), and lactate dehydrogenase (LDH)
levels at the time of ICU admission, the authors ob-
tained a model with relatively high prognostic accuracy
(AUC=0.811 [0.733-0.874], P<0.001) [15]. However,
the model did not include changes in leukocyte
differentials and ferritin levels during hospitalization,
which could have further improved its predictive
performance.

Other studies have demonstrated the potential
utility of certain leukocyte differential parameters
as outcome predictors in COVID-19 patients [16].
However, these studies did not take into account
the duration of ICU stay, the level and type of
oxygen support, including at the time of death, or
the relationship between leukocyte differentials
and acute-phase blood proteins [16].

Given these limitations, further investigation
of the prognostic value of routine blood parameters
for predicting COVID-19 outcomes is warranted.

The aim of this study was to evaluate the pre-
dictive value of selected routine clinical and labo-
ratory parameters and their prognostic utility in
modeling mortality risk in ICU patients with SARS-
CoV-2-associated pneumonia.

Materials and Methods

A total of 262 medical records of patients di-
agnosed with COVID-19 and treated in the intensive
care unit (ICU) of the Tambov Central District Hos-
pital, which had been temporarily converted to a

Total patients during
specified period: 262

!

The number of patients
after random sampling: 100

i

Met the inclusion
criteria: 81

Met the exclusion criteria: 8

Included into the study: 73

i i

Control group: 20

Main group: 53

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

COVID-19 facility, were analyzed for the study
(Fig. 1). From this cohort, 100 medical records were
randomly selected, including both male and female
patients with confirmed disease.

The COVID-19 severity classification and treat-
ment protocols followed the official interim clinical
guidelines of the Russian Ministry of Health in effect
at the time of the study (January-February 2022).

Inclusion criteria:

— SARS-CoV-2-associated pneumonia con-
firmed by computed tomography (CT) scan

— Age > 18 years

Exclusion criteria:

— Comorbidities, including

e Cancer (including cases after recent
chemotherapy or radiotherapy prior to hos-
pitalization), N=4

e Systemic lupus erythematosus, N=1

e Rheumatoid arthritis, N=1

 History of recent intestinal surgery, N=2.

The duration of ICU stay was not included in
the analysis.

The study was conducted as a retrospective
case-control analysis with a random selection of
medical records. The selected cases were divided
into two groups:

— Control group: 20 medical records of sur-
vivors (10 males and 10 females).

— Main group: 53 medical records of non-
survivors (26 men and 27 women) who were in the
ICU at the time of death.

The extent of lung involvement was assessed
based on computed tomography (CT) findings at
hospital admission. Serial chest radiographs were
performed to monitor disease progression. At the
time of death, all ICU patients in the main group
had radiographic evidence of multilobar pneumonia.

Patients were admitted to the ICU if they met
at least two of the following criteria:

GENERAL REANIMATOLOGY, 2025, 21; 2
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Table 1. Distribution of Patients by Disease Duration at Hospital Admission, Age, and Lung CT Findings [Me (Q25,
Q75)l.
Parameter Values in groups
Control group, N=20 Main group, N=53

Disease duration at admission (days) 7.0 [5.0; 12.0] 7.5 [5.0; 9.0]
Mean age (years) 66 [57; 72] 70 [65; 82]*
Lung CT Severity

CT 1-2 12 (60%) 30 (57%)

CT3 7 (35%) 12 (22%)

CT 4 1 (5%) 11 (21%)

Note. * — statistically significant difference compared to the control group (P<0.05).

— Impaired consciousness

— Respiratory rate >35 breaths/min

— Oxygen saturation (SpO,) < 92% as measured
by pulse oximetry, despite oxygen therapy via nasal
cannula or oxygen mask.

On admission to the ICU, patients in both
groups were started on non-invasive ventilation
(NIV) using MEKICS MV 2000 (South Korea, Belarus)
or ZISLINE MV300 K1.22 (Triton-Electronics, Russia)
ventilators. NIV was delivered in the following
modes:

— Continuous positive airway pressure (CPAP)
at 7-10 cmH-O.

— Pressure support (PS) at 14-24 cmH0.

— Inspiratory oxygen fraction (FiO,) typically
set between 0.6 and 1.0.

Patients were intubated and placed on MV if
they exhibited:

— Persistent hypoxemia (Sp0,<92%) with ac-
cessory respiratory muscle involvement.

— Rapid deep breathing.

— Respiratory fatigue.

— Respiratory arrest.

— Hemodynamic instability.

Patients were discharged from the ICU when
they no longer required NIV, as evidenced by:

— Clear consciousness and stable hemody-
namics.

— Sustained Sp0,>93% with Fi0,<40%.

— Positive end-expiratory pressure (PEEP)
<5 cm H,0.

— Respiratory rate (RR) < 30 breaths/min.

The study aimed to identify potential predictors
of mortality risk based on routine hematologic pa-
rameters. These included complete blood count
(CBQ) indices, specifically leukocyte differentials,
measured using the Drew 3 Hematology Analyzer
(USA). In addition, leukocyte subpopulations in
peripheral blood smears were assessed manually
under a microscope. C-reactive protein (CRP) and
ferritin levels were quantified using the ACCENT-
200 analyzer (Poland). Oxygen saturation (SpO,)
was measured by pulse oximetry.

Data for analysis were collected at four time
points:

— On hospital admission.

— On ICU day 1.

— On the last ICU day.

— At hospital discharge (for survivors).

For each parameter, sensitivity, specificity, and
predictive accuracy were determined as predictors
of mortality risk. The prognostic value was assessed
by receiver operating characteristic (ROC) curve
analysis. Binary logistic regression modeling was
used to estimate the probability of mortality, in-
cluding predictors with an area under the ROC
curve (AUC) greater than 80%.

Model validation was performed by constructing
ROC curves to assess overall model significance, sen-
sitivity, and specificity, with statistical significance con-
firmed for AUC values significantly greater than 0.5.

Data were processed using Statistica 10.0
(Dell Inc., USA) and MedCalc 12.4 (MedCalc Soft-
ware, Belgium). As most variables had non-normal
distribution (Shapiro-Wilk test), results were ex-
pressed as medians with interquartile ranges
(Me [Q25; Q75)).

Statistical comparisons were performed using

— Wilcoxon test (for paired data)

— Mann-Whitney U test (for independent
groups)

— Spearman correlation coefficient (to assess
relationships between variables).

Statistical significance was set at P<0.05, with
Bonferroni correction for multiple comparisons.

Results

At the time of hospital admission, both groups
had similar disease duration. However, the mean
age of the main group (non-survivors) was signifi-
cantly higher than that of the control group (sur-
vivors) (Z=2.31, P=0.021).

A statistically significant positive Spearman
correlation was found between patient age and
mortality in COVID-19 cases complicated by SARS-
CoV-2-associated pneumonia (R=0.270, P=0.020).

In the group of non-survivors who were on
mechanical ventilation (CMV/VCV; CMV/PCV,
FiO,>60%, PEEP 6-10 cm H,0) at the time of death,
SpO. values on the day of death were significantly
higher compared to the values on admission. How-
ever, they remained below the generally accepted
lower normal limit of 95% (Table 2).

The highest prognostic value (AUC: 0.909; 95%
CI: 0.819-0.963, P<0.001) as a predictor of imminent
mortality risk in patients with SARS-CoV-2-associated
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Table 2. Levels of C-reactive protein, serum ferritin, and saturation in patients with SARS-CoV-2-associated

pneumonia (Me (Q25, Q75)).

Parameter Values at study stages Puvalue
Day of admis- Day1 Last day Day of discharge 1-2 1-3 1-4
sion (1) in the ICU (2) intheICU (3) from the hospital (4)
Control group (survivors), N=20
SpO. 86.0 78.0 95.0 95.0 0.084 <0.001 <0.001
(80.0; 87.0) (74.0; 88.0) (92.0; 97.0)* (92.0; 98.0)*
CRP, mg/L 82.00 112.00 5.00 5.00 0.374 0.012 0.068
(57.00; 112.00) (62.00; 140.00) (5.00; 14.00) (5.00; 28.00)
Ferritin, pg/L 0.529 0.509 0.394 0.228 0.176  0.068 0.109
(0.403; 0.573) (0.426; 0.601) (0.352; 0.444) (0.228; 0.405)
Main group (non-survivors), N=53
SpO, 85.0 80.0 88.0 — 0.148 0.007 —
(80.0; 87.0) (74.0; 88.0) (82.0; 91.0)*
CRP, mg/L 89.00 89.50 49.00 — 0.351 0.225 —
(50.00; 132.00) (39.00; 150.50) (11.00; 103.00)
Ferritin, png/L 0.401 0.420 0.448 — 0.136 0.715 —

(0.340; 0.465)* (0.354; 0.480)*

(0.410; 0.612)

Pvalues for the intergroup differences

SpO, 0.769 0.636 <0.001
CRP, mg/L 0.875 0.719 0.057
Ferritin, pg/L 0.004 0.015 0.186

Note. SpO, — blood oxygen saturation by pulse oximetry; CRP - C-reactive protein; * — P<0.05, statistically significant difference
between survivors and non-survivors groups; * — P<0.05, statistically significant difference from values on the day of admission;

N— number of patients in the group.

pneumonia was the SpO, level measured on the

patients with SARS-CoV-2-associated pneumonia

day of death (Fig. 2, a). In addition, the presence of on mechanical ventilation at the time of death in
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Fig. 2. Informative value of routine parameters in predicting the probability of mortality
in patients with SARS-CoV-2-associated pneumonia admitted to the ICU.

Note. a— Blood oxygen saturation on the last day in the ICU; b— C-reactive protein level
in blood on the last day in ICU; ¢ — Blood ferritin level on the day of admission; d —

Result of the quality assessment of the logit model for prognosis.
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CMV/VCV or CMV/PCV modes
with Fi0,>60% and PEEP 6-10
cm H,O influenced the cut-off
point, which in this case was
91%. Below this threshold, the
prognostic accuracy for immi-
nent mortality in patients with
SARS-CoV-2-associated pneu-
monia on mechanical ventila-
tion was 83.8%.

As shown in Table 2, the
serum CRP levels of patients
in both groups were signifi-
cantly above the established
normal range (0-3 mg/L) at
hospital admission. However,
only in the survivors did CRP
levels decrease significantly on
the last day in the ICU. During
this period, a significant positive
correlation (R=0.553, P=0.049)
was observed between mortal-
ity and CRP levels. Furthermore,
the probability of mortality was
82.1% when the CRP level ex-
ceeded 14 mg/L on the last day
in the ICU (Fig. 2, b).

On the day of admission
and the first day in the ICU,
ferritin levels were significantly
lower in non-survivors than in
survivors, by 24% and 17%, re-
spectively (Table 2). Negative
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Table 3. Parameters of WBC differential in patients with SARS-CoV-2 associated pneumonia (Me (Q25, Q75)).
Parameter Values at study stages Puvalue
Day of admis- Day 1 Last day Day of discharge 1-2 1-3 1-4
sion (1) in the ICU (2) in the ICU (3) from the hospital (4)
Control group (survivors), N=20
WBCs, x10°/L 6.2 (4.0; 11.7) 7.7 (5.3;12.8) 9.7 (7.40; 12.2) 9.4 (7.30; 10.7) 0.109 0.095 0.191
Lymphocytes
Absolute count, x109/L 1.3 (0.8; 1.9) 0.9 (0.7; 1.5) 0.8 (0.7; 1.3) 1.6 (1.0; 2.1) 0.090 0.191 0.552
Percentage, % 16.6 (10.4; 43.9) 9.5 (7.5; 16.4)* 10.0 (6.7; 11.5)* 17.6 (8.8; 21.5) 0.004 0.006 0.079
MLC
Absolute count, x109/L 0.5 (0.4; 0.9) 1.1 (0.5; 1.3)* 1.2 (0.7; 1.4)* 1.1 (0.7; 1.3) 0.006 0.008 0.014
Percentage, % 8.5(7.3;9.4) 9.1 (8.3;11.0) 10.9 (8.5; 14.5)* 10.5 (9.4; 13.1)* 0.158 0.006 0.002
Granulocytes
Absolute count, x109/L 3.5 (2.2;9.7) 8.8 (5.4;10.7)* 7.9 (5.8;9.4) 6.0 (5.1; 8.5) 0.005 0.092 0.266
Percentage, % 70.8 (47.3; 81.6) 79.4 (70.9; 83.7) 78.2 (70.3; 83.9) 70.3 (66.8; 79.4) 0.026 0.073 0.274
Eosinophils, % 1.0 (1.0; 2.0) 1.0 (1.0; 2.0) 1.0 (1.0; 1.0) 1.0 (1.0; 2.0) 0.686 0.735 0.990
Band neutrophils, % 4.0 (2.0;9.0) 6.0 (6.0; 10.0) 7.0 (6.0;9.0) 6.0 (6.0; 8.0) 0.043 0.107 0.128
Segmented 63.0 (41.0; 66.0) 65.0 (61.0; 66.0) 64.0 (63.0; 67.0) 62.5 (58.5; 65.0) 0.176 0.093 0.753
neutrophils, %
BSNR 0.07 (0.05; 0.16)  0.10 (0.08; 0.16) 0.11 (0.09; 0.14) 0.11 (0.09; 0.12) 0.176 0.374 0.128
Main group (non-survivors), N=53
WBCs, x10°/L 9.1(5.2;14.4) 11.7 (7.2; 15.7)*  16.2 (13.0; 24.7)** 0.001 <0.001
Lymphocytes
Absolute count, x10°/L 1.1 (0.8; 1.5) 1.0 (0.8; 1.5) 1.1 (0.8;1.5) 0.808 0.591
Percentage, % 10.7 (7.1; 20.2)* 7.6 (6.8; 11.7)* 6.4 (4.3;9.1)** 0.004 <0.001
MLC
Absolute count, x10°/L 0.7 (0.4; 1.0) 0.9 (0.6; 1.4)* 1.4 (0.9; 2.2)#* 0.001 <0.001
Percentage, % 7.0 (4.4;9.3)* 7.7 (5.5;9.9)* 7.5(5.8;10.9)* 0.005 0.123
Granulocytes
Absolute count, x10°/L 7.4 (4.6; 12.6)* 10.4 (6.3; 14.7)**  13.6 (10.4; 21.6)** 0.001 <0.001
Percentage, % 81.3 (70.2; 86.7)* 82.8 (78.6;86.7)* 85.6 (81.1; 88.5)** 0.055 0.011
Eosinophils, % 2.00 (1.00; 2.00)  2.00 (1.00; 2.00) 1.00 (1.00; 2.00) 0.950 0.068
Band neutrophils, % 7.0 (4.0; 9.5) 9.5 (6.0; 17.0) 12.0 (8.0; 20.0)** 0.030 0.014
Segmented 63.5 (59.0; 65.0) 63.0 (57.0; 65.0) 59.0 (53.0; 63.0)* 0.726  0.890
neutrophils, %
BSNR 0.11 (0.07;0.16)  0.18 (0.09; 0.30)**  0.21 (0.16; 0.39)** 0.016 0.012
Pvalues for the intergroup differences
WBCs, x10°/L 0.057 0.046 <0.001
Lymphocytes
Absolute count, x10°/L 0.476 0.794 0.228
Percentage, % 0.015 0.172 0.002
MLC
Absolute count, x10°/L 0.376 0.886 0.215
Percentage, % 0.027 0.099 0.004
Granulocytes
Absolute count, x10°/L 0.016 0.032 <0.001
Percentage, % 0.007 0.038 <0.001
Eosinophils, % 0.683 0.175 0.736
Band neutrophils, % 0.131 0.060 0.001
Segmented neutrophils, % 0.709 0.076 0.011
BSNR 0.356 0.043 <0.001

Note. Statistically significant difference (P<0.05): * — intergroup; * — compared to the values on the day of admission. BSNR —
band-to-segmented neutrophil ratio; MLC — myeloid lineage cells.

correlations between ferritin levels and mortality
risk were found on these days (R=-0.343, P = 0.003;
R=-0.331, P = 0.014, respectively). As shown in
Fig. 2, ¢, ferritin concentration at admission was
the most potent prognostic predictor of mortality
risk (AUC=0.826; 95% CI: 0.717-0.905; P<0.001),
with a cutoff of <0.473 pg/L. Ferritin levels below
this threshold indicated an 80.2% probability of
death (prognostic accuracy).

Table 3 shows that in the comparison group,
there were no significant changes in the absolute
WBC count during hospitalization. In contrast, in
the main group, the WBC count increased by 29%

on the first day and by 86% on the last day in the
ICU compared with the day of admission. Notably,
on both the first and last days in the ICU, non-sur-
vivors had significantly higher WBC counts than
survivors, by 52% and 67%, respectively (Table 3).

A significant positive correlation was found
between mortality and blood leukocyte count in
patients with SARS-CoV-2-associated pneumonia
on both the first and last day of ICU stay (P=0.045
and P<0.0001, respectively). At the time of ad-
mission, the percentage of lymphocytes was lower
than the normal range (25-50%) in both groups,
with a significantly greater reduction (by 36%) in
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the main group compared with the control group
(Table 3). On the first and last day of ICU stay, a
significant decrease in relative lymphocyte
count (%) was observed in both groups compared
to the day of hospitalization (Table 2). However,
in non-survivors, this parameter was 36% lower
on the last day of ICU stay than in survivors during
the same period (Table 3).

As shown in Table 3, the absolute number of
monocytes, eosinophils, basophils, and immature
cells (myeloid lineage cells, MLC) in non-survivors
at the time of hospitalization was almost identical
to that in survivors (Table 3). On the first ICU day,
there was a significant increase in the MLC count
in both groups compared with the day of admission,
and it remained elevated until the last day of ICU
stay (Table 3). However, on the last ICU day, the ab-
solute MLC count was significantly (17%) higher in
non-survivors (Table 3).

However, the relative percentage of MLC (%)
showed a totally different trend. In survivors, it in-
creased on the last day of ICU stay and on the day
of discharge compared to the day of admission,
whereas in non-survivors, no significant changes
were observed during the same period (Table 3).

As shown in Table 2, the absolute granulocyte
count in the blood of non-survivors with SARS-
CoV-2-associated pneumonia was significantly higher
(by 105%) on the day of hospitalization compared
with survivors during the same observation period.
On the first day of ICU stay, granulocyte counts in-
creased in both survivors and non-survivors by 151%
and 40%, respectively, compared with the day of
admission. In non-survivors, the granulocyte count
remained significantly elevated on the last ICU day
compared to the day of admission (Table 3). Com-
pared to the survivors, the granulocyte count in the
main group was increased by 17% and 52% on the
first and last day of ICU stay, respectively (Table 3).

A positive correlation was found between mor-
tality and granulocyte count on admission, on the
first ICU day, and on the last ICU day, with correlation
coefficients of R=0.287 (P=0.015), R=0.259 (P=0.031),
and R=0.552 (P<0.0001), respectively. Regarding the
relative granulocyte percentage, its value in non-
survivors significantly exceeded that of survivors
on the day of hospitalization and on the first and
last ICU days by 18%, 5%, and 10%, respectively
(Table 3). In survivors, the relative granulocyte per-
centage remained almost unchanged compared to
the day of admission, whereas in non-survivors it
increased on the last day of ICU stay (Table 3).

On the last day of ICU stay, the percentage of
band neutrophils in the blood of non-survivors was
71% higher than on the day of hospitalization
(Table 2). Meanwhile, the percentage of segmented
neutrophils in non-survivors was significantly re-
duced (by 8%) on the last ICU day (Table 3).

Control group Main group

65-

60

55+

50

45-

40

Control group

Main group
B Day of admission
B Day1in the ICU
Last day in the ICU
Day of discharge from the hospital

Fig. 3. Changes in the percentage of band neutrophils (a) and
segmented neutrophils (b) in the blood of ICU patients.
Note: Statistically significant difference (P<0.05): * — between
groups; * — compared with the values on the day of admission.
Vertical lines represent the range Q25-Q75.

In the main group, an abnormal neutrophil
shift with a significant decrease in percentage of
segmented neutrophils along with an increase in
band neutrophils was most pronounced on the last
ICU day, i. e. the day of death (Fig. 3).

Among all leukocyte differential parameters,
the band-to-segmented neutrophil ratio showed
the highest prognostic value as a predictor of mor-
tality risk in patients with SARS-CoV-2-associated
pneumonia (Table 4). It was a significant predictor
on both the first and last day of ICU stay. As death
approached, its predictive value increased, as indi-
cated by an increased prognostic accuracy from
61.6% to 82.4%.
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Table 4. Results of prognostic value assessment of WBC differential parameters (based on ROC analysis) for pre-
dicting mortality risk in patients with SARS-CoV-2-associated pneumonia in the ICU.

Parameter Area under 95% CI Puvalue Sensi- Speci- Prognostic Cutoff

the curve (AUC =0.5) tivity, % ficity,%  accuracy, %

(AUC) ROC

Day 1 in the ICU
Granulocytes, x109/L 0.711 or 0.589 10 0.814 0.002 93.7 42.9 79.3 >6
BSNR 0.713 ot 0.541 10 0.850 0.016 50 90.9 61.6 >0.18
Last day in the ICU (day of death in patients of the main group)

WBC count, x10°/L 0.833 ot 0.725 10 0.912 0.001 79.6 81 79.9 >12.2
Granulocytes, x109/L 0.848 or 0.742 10 0.923  <0.0001 71.4 90.5 76.8 >11.3
PMNS, % 0.830 ot 0.687 10 0.926  <0.0001 66.7 88.2 72.8 >10
BSNR 0.862 ot 0.724 10 0.947  <0.0001 77.8 94.1 82.4 >0.16

Table 5. Parameters of prediction model for estimating the probability of death in patients with SARS-CoV-2-as-

sociated pneumonia admitted to the ICU.

Parameter Regression Mean squared Puvalue 0Odds

coefficient error (MSE) ratio (OR)
Ferritin (ug/mL) at the day of admission -0.951 4.992 0.849 0.386
SpO:; at the last day in the ICU -0.493 0.192 0.010 287.3
BSNR at the last day in the ICU 24.081 10.979 0.028 0.611
Intercept 41.477 15.848 0.009

According to the presented ROC analysis results
(Fig. 2, a—c and Table 4), each parameter shows
good or satisfactory prognostic value. Although
many parameters showed statistically significant
informativeness (P<0.05), it is impractical to rely
on a single criterion as a predictor of mortality risk
because its prognostic accuracy is far from 100%.
Therefore, a unified mathematical model incorpo-
rating the assessment of multiple parameters si-
multaneously was developed (Table 5).

Two of the three predictors characterized the
patient's condition on the «last day in the ICUn».
Since this determination is possible only retrospec-
tively, it is clinically advisable to calculate the prob-
ability of mortality on a daily basis, taking into ac-
count the clinical and laboratory parameters cor-
responding to the day of assessment.

Based on the calculations performed, the equa-
tion for estimating the probability (P) of mortality
is as follows

P=1/(1+e%) x 100%,

where

7=41.477-0.951xX;+24.081xX,-0.493xX3.

Here,

— X, is the serum ferritin concentration (mg/L)
at hospital admission,

— X, is the band-to-segmented neutrophil
ratio on the day of the ICU assessment, and

— X5 is the oxygen saturation (%) on the day
of ICU assessment.

The developed mathematical model accounts
for 86.3% of the experimental values (R2=0.863),
with an overall prediction accuracy of 85.7%.

In logistic regression, predicted values for the
dependent variable range from 0 to 100, independent
of the values of the independent variables. When
¥>0.5, there is a high probability of death.

The model was validated by receiver operating
characteristic (ROC) curve analysis of the predicted
values (Fig. 2, d). The constructed model demon-
strated substantial prognostic power in identifying
mortality risk, with a sensitivity of 84.0% and a
specificity of 94.1%. The area under the ROC curve
(AUC) was 0.955 with Z=16.1 (P<0.001).

Discussion

There was no significant difference in SpO,
levels between the two groups at hospital admission
and on the first day in the ICU (Table 1), indicating
similar impairment of lung oxygenation at these
time points. However, in the main group, the treat-
ment administered, including respiratory support
by MV in CMV/VCV and CMV/PCV modes with
FiO»>60% and PEEP of 6-10 cm H,0O, did not prevent
pulmonary disease progression, resulting in a fatal
outcome.

Post-mortem examinations revealed that pa-
tients in the main group had diffuse alveolar damage,
as evidenced by massive fibrin deposition in the
alveolar spaces and interalveolar septal fibrosis. As
previously reported in the literature [15], these
histopathological changes indicate the progression
of inflammation in the lung tissue associated with
SARS-CoV-2 pneumonia. This may explain why the
SpO; level at death was higher than at admission,
but did not reach the low limit of normal range
(Table 2).

The progression of lung inflammation in SARS-
CoV-2-associated pneumonia, often complicated
by secondary bacterial infections, may contribute
to the development of refractory hypoxemia. This
condition is seen in mechanically ventilated patients
with ARDS, where changes in ventilatory settings
do not correct hypoxemia [18]. Mechanical ventila-
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tion could not restore SpO» to normal levels in the
main group, indicating the presence of refractory
hypoxemia (see Table 1).

One of the key markers of systemic inflamma-
tion is an elevated level of CRP in the blood. As a
soluble pattern recognition receptor (PRR), CRP
binds to danger-associated molecular patterns
(DAMPs) and plays a crucial role in regulating both
inflammatory and immune responses [19]. Its pro-
duction is primarily driven by the pro-inflammatory
cytokine interleukin-6 (IL-6) [19], which is known
to contribute to lung injury in COVID-19 [20]. There-
fore, persistently high CRP levels in critically ill pa-
tients at the time of death not only suggest ongoing
inflammation in the lungs despite treatment but
also indicate excessive production of pro-inflam-
matory cytokines, particularly IL-6.

CRP also functions as an opsonin, recognizing
specific ligands on bacterial pathogen-associated
molecular patterns (PAMPs) and endogenous
DAMPs. This interaction triggers both the classical
and, to a lesser extent, the alternative complement
activation pathways [19]. The complement system,
a key component of innate immunity, has evolved
as a primary defense mechanism against infec-
tions [21]. Given this, persistently elevated CRP
levels in COVID-19 patients strongly suggest the
presence of a secondary bacterial infection.

Currently, there is no consensus on the role
of hyperferritinemia in the pathogenesis of
COVID-19 [22, 23]. Specifically, it remains unclear
whether ferritin in COVID-19 serves merely as a
byproduct of the inflammatory response or acts
as a pathogenetic mediator [23]. Some researchers
have identified an association between mortality
and a rapid increase in ferritin levels
(>1,000 pg/L) [23]. Others have reported that the
restoration of pulmonary gas exchange function
in SARS-CoV-2-associated pneumonia during hy-
perbaric oxygen therapy was accompanied by a
reduction in hyperferritinemia, although ferritin
levels did not fully normalize [24].

The conflicting data on the role of ferritin in
COVID-19 may be attributed to the unique structure
of its protein molecule, which consists of light (L)
and heavy (H) chains. Notably, only the H subunit
possesses redox activity. The quantitative ratio of L
and H chains varies depending on tissue type and
homeostatic conditions, influencing the functional
properties of ferritin [25].

Our findings indicate a high probability of
fatal outcomes in SARS-CoV-2-associated pneumonia
when ferritin levels at the time of hospitalization
are <0.473 pg/L. This suggests that, unlike the
control group, patients in the main group had a de-
layed development of hyperferritinemia as a systemic
response to SARS-CoV-2-induced lung injury. Con-
sequently, this delay may have contributed to an

increased risk of mortality as the disease progressed.

Since the degree of leukocytosis reflects the
intensity of the inflammatory response [20], the
observed increase in leukocytosis in the main group
(Table 2) suggests the development of secondary
bacterial infection driving the progression of pul-
monary inflammation. This is further supported
by the predominance of granulocytic lineage cells
within the peripheral blood leukocyte pool, leading
to the development of relative lymphocytopenia.
The progressive decrease in lymphocyte percentage
observed in critically ill patients from the main
group in the ICU (Table 2) can be considered a
prognostically unfavorable marker for mortality.
This conclusion is supported by the negative cor-
relation between lymphocyte percentage and mor-
tality, both on the day of admission (R=-0.288,
P=0.014) and on the last day in the ICU (R=-0.378,
P=0.001).

Regarding granulocytes, a notable finding in
the main group was the progression of neutrophilia
due to an increased presence of immature neutrophil
forms, which occurred alongside a reduction in
segmented neutrophils (Table 2). This biological
marker should be considered an adverse prognostic
indicator of mortality risk in SARS-CoV-2-associated
pneumonia. Notably, on the last day of ICU stay, a
significant positive correlation was found between
mortality and the percentage of band neutrophils
(R=0.508, P<0.001), while a significant negative cor-
relation was observed between mortality and the
percentage of segmented neutrophils (R=-0.387,
P=0.010).

An elevated blood neutrophil count was asso-
ciated with poor outcome in patients with suppu-
rative lung disease, regardless of whether they had
a history of COVID-19. Meanwhile, separate analyses
showed that this association was statistically sig-
nificant only in those without a history of
COVID-19 [26]. The available data suggest that the
authors of this study examined the total number of
circulating neutrophils without considering the
proportion of band and segmented neutrophils.

However, our research demonstrated that shifts
in the ratio of these neutrophil subtypes — expressed
as the band-to-segmented neutrophil ratio — could
serve as an early predictor of mortality in SARS-
CoV-2-associated pneumonia, as early as the first
day of ICU admission.

Furthermore, the prognostic value of the band-
to-segmented neutrophil ratio increased as the fatal
outcome approached (Table 3).

The mechanism behind the prognostic sig-
nificance of the neutrophil ratio may be related to
an impaired immune response to bacterial infection
in the presence of SARS-CoV-2. This dysfunction
leads to uncontrolled production of neutrophils by
the bone marrow. In response to microbial agents,
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these neutrophils produce excessive free radicals
and cytokines — not only to eliminate pathogens
within phagosomes, but also by releasing them into
the extracellular environment. This uncontrolled
response causes collateral tissue damage, particularly
to the vascular endothelium [26].

As a result, disruption of the endothelial gly-
cocalyx and increased permeability of the tissue-
blood barrier [27] contribute to pulmonary edema
and abnormal deposition of blood proteins, such
as fibrinogen, in the lung interstitial tissue [15]. In
addition, endothelial damage in pulmonary capil-
laries impairs endothelial antithrombotic function,
leading to the formation of microthrombi [28], a
process that has been well documented in SARS-
CoV-2-associated pneumonia [15].

Study limitations. The results of this study
should be interpreted with caution because of
several limitations. First, the authors used random
sampling with a small sample size, which reduces
the strength of the evidence. In addition, inclusion
and exclusion criteria were applied after the random
selection of medical records, which further reduces
the reliability of the study. Another limitation is the
lack of internal cross-validation or external validation
to confirm the accuracy of the model.

Conclusion

This study suggests that common blood in-
flammation markers — such as CRP, ferritin, absolute
leukocyte and granulocyte counts, percentage of
granulocytes and band neutrophils, as well as band-
to-segmented neutrophil ratio and oxygen saturation
measured by pulse oximetry — can help assess the
risk of poor outcome in patients with SARS-CoV-2-
associated pneumonia admitted to or already in
the ICU.

In addition, an association was found between
these parameters and specific hospitalization time
points, including the day of admission, the first
day in the ICU, and the last day in the ICU.

Among these factors, the most valuable prog-
nostic tool was a mathematical model incorporating
ferritin levels, band-to-segmented neutrophil ratio,
and oxygen saturation. This model had a sensitivity
of 84.0% and a specificity of 94.1% for predicting
adverse outcomes in ICU patients with SARS-CoV-2-
associated pneumonia.

To determine whether this prediction model
is specific to SARS-CoV-2-associated pneumonia,
further studies are needed to assess its applicability
to lung inflammation caused by other pathogens.
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Summary

The study of predictors of adverse outcomes in liver failure is driven by the rapid increase in patients with
obstructive jaundice (OJ) and the lack of standardized diagnostic criteria for assessing liver functional status.

Aim. To investigate the changes of liver injury biomarkers in liver failure associated with OJ.

Materials and Methods. A prospective observational cohort study was conducted on serum biomarkers of
liver injury — L-FABP protein, 5'-nucleotidase, liver arginase, and hyaluronic acid — in patients with liver fail-
ure due to benign OJ. The study included 53 patients who underwent biliary decompression. Based on the
course of disease, patients were divided into two groups: those with favorable outcomes (group 1, N=27) and
those with unfavorable outcomes (group 2, N=26). A control group consisted of 25 healthy donors. Serum
biomarker levels were assessed on admission and on days 3, 7 and 11 post-decompression. The study used
enzyme-linked immunosorbent assay (ELISA). Statistical analysis was performed using IBM SPSS Statistics 22,
including Friedman two-way analysis, Kruskal-Wallis H test, Mann-Whitney U test, and two-sample Kol-
mogorov-Smirnov test, with significance set at P<0.05.

Results. At hospital admission, median biomarker levels were significantly higher in both patient groups
than in the comparison group. Group 1 showed a statistically significant decrease in all biomarkers during
treatment (P=0.01 for L-FABP, 5'-nucleotidase, liver arginase; P=0.03 for hyaluronic acid). In group 2, only
L-FABP levels decreased significantly (P=0.04). Sensitivity and specificity for predicting disease outcome were
89.2-92.3% and 88.9-96.3% for L-FABP, 53.8-69.2% and 81.5-85.2% for 5'-nucleotidase, 57.7-76.9% and
77.8-88.9% for arginase, and 38.5-46.2% and 74.1-81.5% for hyaluronic acid, respectively.

Conclusion. Among the studied biomarkers, L-FABP showed the highest specificity and sensitivity values
for prediction of outcome in liver failure associated with OJ, while other biomarkers demonstrated less sig-
nificant results.

Keywords: obstructive jaundice; liver failure; biomarkers of liver injury; L-FABP; 5'-nucleotidase; liver
arginase; hyaluronic acid
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Introduction

Inrecentyears, there has been a marked increase
in the number of patients diagnosed with obstructive
jaundice (OJ) (ranging from 12% to 25.2%) and liver
failure (LF) associated with diseases of the hepatobiliary
and pancreatic region [1, 2]. The etiologic spectrum of
OJ includes choledocholithiasis in 50% of cases, tumors
of the bile ducts, greater duodenal papilla, pancreas,

and gallbladder in 40%, and stenosis of the greater
duodenal papilla, biliary strictures or atresia, cholangitis,
pancreatitis, and hepatic neoplasms in the remaining
10% [1-3]. The initial severity of OJ and the subsequent
development of LF are important determinants of
mortality, which can reach 20-40% (2, 4]. Endogenous
intoxication and liver failure are the leading causes of
death in patients with this pathology (1, 4, 5].
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Liver dysfunction in the setting of OJ almost in-
variably leads to the development and progression of
LE although early diagnosis remains challenging. How-
ever, the extent of liver dysfunction plays a critical role
in determining the outcomes of patients with OJ [1, 2].

Current diagnostic criteria for LF in the context
of OJ are based on clinical data assessing the intensity
and duration of jaundice, as well as laboratory and
instrumental studies. Numerous prognostic scoring
systems and assessment tools for hepatocellular dys-
function in various pathologies focus primarily on
changes in biochemical markers such as bilirubin
fractions, alkaline phosphatase, alanine aminotrans-
ferase, aspartate aminotransferase, y-glutamyltrans-
ferase, and lactate dehydrogenase [6-8]. However,
several studies have shown that these criteria do not
always accurately reflect the severity of liver failure
and often provide only indirect or approximate as-
sessments. This highlights the need for additional
objective diagnostic criteria to complement standard
approaches in patients with OJ [9].

A number of researchers have emphasized the
critical importance of identifying and applying bio-
logical markers of liver injury that can be used at
different stages of the disease [10]. A prognostically
relevant marker should have high anatomical speci-
ficity, diagnostic accuracy, sensitivity, predictive value
for clinical outcome, and the ability for dynamic
monitoring (11, 12].

In particular, biomarkers such as liver-type fatty
acid binding protein (L-FABP), 5'-nucleotidase (5-NT),
hepatic arginase, and hyaluronic acid (HA) are con-
sidered promising preclinical indicators that reflect
the development of hepatic decompensation. These
markers provide valuable insight into key patho-
morphological changes within the liver parenchyma
and demonstrate adequate topographic specificity,
sensitivity, and diagnostic accuracy [11, 12].

However, despite the significant number of po-
tential biological markers under investigation in liver
failure, their application in the context of obstructive
jaundice remains controversial. Their clinical utility
requires further validation through accumulated
clinical experience and large-scale studies.

The aim of the study was to investigate the
changes in liver injury biomarkers in patients with
different outcomes of liver failure associated with
obstructive jaundice.

Materials and Methods

An observational prospective cohort study was
conducted to quantitatively assess serum levels of
liver injury biomarkers — liver-type fatty acid-
binding protein (L-FABP), 5'-nucleotidase (5-NT),
hepatic arginase, and hyaluronic acid (HA) —
in patients with LF associated with benign O]J. Bio-
marker levels were measured by enzyme-linked
immunosorbent assay (ELISA).

The study cohort included patients hospitalized
at the Department of Anesthesiology and Intensive
Care at the Oryol Regional Clinical Hospital (Oryol,
Russia) between June 2019 and March 2021. The
study was approved by the Ethics Committee of
the People's Friendship University of Russia (Protocol
No. 14, dated May 21, 2019).

A total of 53 patients aged 35-75 years were
enrolled. The cohort consisted of 26 males (49%)
and 27 females (51%).

Inclusion criteria:

* age over 18 years;

e moderate or severe liver failure (corre-
sponding to classes B and C according to the clas-
sification of E. Galperin et al., 2012) secondary
to benign OJ;

e previous biliary decompression.

Exclusion criteria:

¢ decompensated comorbidities;

e chronic inflammatory liver diseases;

mild OJ (class A);

e patient refusal to participate;

* surgical complications related to the inter-
vention (massive bleeding, hemorrhagic shock);

* inability to assess the study variables.

Depending on the clinical course and outcome
of the disease, patients were divided into two groups:

e Group 1 — patients with favorable outcome
(those who achieved clinical stabilization and were
discharged from the hospital, N=27)

e Group 2 — patients with unfavorable out-
come (those who did not achieve clinical stabilization
and died during hospitalization, N=26) (Table 1).

The mortality structure in the second group
was as follows: in 15% of cases (IN=4) the adverse
outcome occurred in the immediate postoperative
period (the first 5 days after surgery), while in 85%
of cases (IN=22) it occurred in the early postoperative
period (from the 5% to the 21t day after surgery).

Table 1. Characteristics of patients in the study groups, N (%) or Me [IQR].

Parameter Values in groups Puvalue
Group 1, N=27 Group 2, N=26

Age, years (minimal-maximal) 63.5 (37-85) 61.9 (35-88) 0.2

Male/female, N (%) 14/13 (51.9/48.1) 12/14 (48.3/51.7) >0.05

SOFA score, points 7.4 [4-9] 8.8 [6-10] >0.05

APACHE II score, points 20.1 [9-32] 21.8 [12-32] >0.05

Note. IQR — interquartile range.
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Pathophysiological and morphological abnormalities
in LF with the underlying cholestasis, despite biliary
decompression, triggered local and systemic com-
plications, including coagulopathy, renal dysfunction,
and systemic hypotension. As these complications
progressed, they led to multiple organ failure and
an unfavorable outcome.

In the patients included in the study, cholestasis
was caused by benign biliary strictures (5.5%) and
cholelithiasis (94.5%).

The diagnosis of «mechanical jaundice syn-
drome» was made on the basis of clinical and history
data in accordance with the clinical guidelines of
the Russian Society of Surgeons, approved by the
Ministry of Health of the Russian Federation in 2018.

The number of patients with the severity of OJ
corresponding to class B (moderate) was 23 (43.4%),
and class C (severe) was 30 (56.6%).

The severity of LF was assessed according to
the classification of V. Fedorov and V. Vishnevsky
(2004). In addition, the severity of the patient's
condition on admission was assessed using the
APACHE 1I scale. On the day of admission and on
the 39, 7%, and 11 days after decompressive surgery,
MELD, Child-Turcotte-Pugh scores were assessed;
the probability of developing multiple organ failure
was determined for all patients at the aforementioned
time points using the SOFA scale.

Comorbidities were assessed using the Charlson
Comorbidity Index (CCI), which revealed 12 (22.6%)
patients with ischemic heart disease and chronic
heart failure, 5 (9.4%) with peripheral vascular dis-
ease, 6 (11.3%) with a history of peptic ulcer disease,
4 (7.5%) with severe bronchopulmonary disease,
and 11 (20.8%) with diabetes mellitus. The CCI av-
eraged 7.5+2.4 points in the favorable outcome
group and 8.7+1.9 points in the unfavorable outcome
group, ranging from 6 to 16 points.

The study groups were comparable with respect
to sex (P>0.05) and age (P=0.2) and showed no sta-
tistically significant differences in the main assess-
ment scales at baseline: APACHE II (P>0.05), SOFA
(P>0.05), and CCI.

Patients hospitalized for hyperbilirubinemia
in the setting of obstructive cholestasis were treated
according to the clinical guidelines of the Russian
Society of Surgeons, approved by the Ministry of
Health of the Russian Federation in 2018, which in-
clude both conservative and surgical strategies.

Conservative therapy addressed the following
aspects: pain management, detoxification, resolution
of cholestasis consequences, hepatorenal failure,
gastrointestinal erosions and acute ulcers, and
cholangitis. Treatment included intravenous detox-
ification therapy, hepatoprotective agents, antibiotics
(administered empirically in cases of systemic in-
flammatory response until bacteriologic results
were available, with subsequent adjustments), and
adequate nutritional support.

Surgical management followed a staged ap-
proach. On the first day of hospitalization, all
patients underwent a minimally invasive procedure
aimed at retrograde or antegrade biliary decom-
pression to relieve the OJ and restore bile flow to
the duodenum or establish an external biliary
drainage. In some cases (26.49%), this was the de-
finitive treatment.

In the second stage, after gradual resolution
of OJ (assessed by monitoring bilirubin levels) and
normalization of organ function, definitive (including
radical) surgical intervention was performed
(27.51%).

For patients with bile duct stones, the definitive
treatment (85% of cases) was endoscopic retrograde
transpapillary intervention. When this approach was
not feasible or effective (15% of cases), alternative
methods were used such as choledocholithotomy
via mini-laparotomy, laparoscopic choledocholitho-
tomy, or open choledocholithotomy via laparotomy.

In cases of benign biliary strictures, definitive
treatment consisted of endoscopic correction (70%)
or reconstructive plastic biliary surgery (30%).

The following reagents were used to quantify
biological markers: for L-FABP, HBT L-FABP ELISA
(BioKhimMak, Russia); for 5-NT, HBT 5-NT-I ELISA
(BioKhimMak, Russia); for arginase, HBT Arginase-
I ELISA (BioKhimMak, Russia); and for HA, HBT
GK-I ELISA (BioKhimMak, Russia). All assays were
performed on an automated microplate immuno-
analyzer (Immunomat™). Serum levels of liver injury
biomarkers in OJ were measured at hospital admis-
sion and on days 3, 7, and 11 of hospitalization.

The control group consisted of 25 healthy vol-
unteers. Their biomarker levels were established as
reference values for individuals without liver diseases.

Statistical analysis. Sample size was calculated
using PS Power and Sample Size Calculations soft-
ware, version 3.0.11 for MS Windows. To reject the
null hypothesis with 80% power at ¢=0.05, the min-
imum sample size required was 26 participants per
group.

Statistical analysis was performed with IBM
SPSS Statistics 22. The significance of differences
was tested using nonparametric methods: the
Mann-Whitney U test for between-group compar-
isons, supplemented by the Kolmogorov—-Smirnov
two-sample test. Null hypotheses were rejected at
P<0.05.

Multivariable logistic regression with stepwise
variable selection was used for predictive modeling.
Methods recommended for small sample sizes were
also used, including two-factor nonparametric (rank)
Friedman's analysis of variance and Kruskal-Wallis
H test for nonparametric (rank) one-way analysis
of variance. The significance of the regression co-
efficients was evaluated using the Wald statistic,
and model fit was assessed using the Hosmer-
Lemeshow test. Model performance was compared
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using ROC-AUC analysis. Only sensitivity and speci-
ficity were reported as predictive characteristics.

Results

Upon hospital admission, the median serum
levels of liver injury biomarkers (L-FABP, arginase,
HA, 5-NT) were significantly higher in patients of
both groups than in healthy volunteers of the control
group. The levels were significantly higher in patients
of the second group compared to the first group
(P<0.05), except for HA (P=0.05) (Table 2).

The changes in biomarker levels during the
different treatment phases are shown in Table 3.

At all time points after the initial measurement,
the concentration of liver injury biomarkers re-
mained significantly higher in group 2 compared
to group 1 (P<0.05), with the exception of HA levels
on days 3 (P=0.15) and 7 (P=0.09) (Table 3).

In group 1, a statistically significant sequential
decrease in the concentration of most biomarkers
was observed by day 11 of treatment: L-FABP and
5'-nucleotidase (P=0.01) and hyaluronic acid
(P=0.03). An exception was the increase in hepatic
arginase concentration on day 3 compared to base-
line (P=0.01). However, by day 7, arginase levels
had fallen below baseline levels and continued to
decline through day 11 (P=0.01) (Table 3).

In group 2, only the concentration of L-FABP
showed a statistically significant decrease (P=0.04).
Changes in the levels of the other biomarkers during
the study were not significant (P=0.39-0.68) (Table 3).

At the final time point (day 11), none of the
biomarker levels in either group had decreased to
the median reference values. The biomarker con-
centrations closest to the reference medians were
those of L-FABP and arginase in Group 1 (control
vs. group 1: 12.90 vs. 13.70 ng/mL; 15.40 vs.
18.50 ng/ml, respectively) (Tables 2 and 3).

Area under the ROC curve (AUC) data for each
biomarker over the study period are shown in
Table 4.

The predictive performance of the models, in
terms of sensitivity and specificity, varied depending
on the treatment time point and showed the following
characteristics:

e L-FABP: sensitivity ranged from 89.2% to
92.3%, specificity from 88.9% to 96.3%. The cutoff
ranged from 21.6 to 40.0 ng/mL.

e Arginase: sensitivity ranged from 57.7% to
76.9%, specificity from 77.8% to 88.9%, with a con-
sistent cutoff of 34.0 ng/mL.

e HA: sensitivity ranged from 38.5% to 46.2%,
specificity from 74.1% to 81.5%. The cutoff value
varied over a wide range; however, due to the low
predictive performance of models based on HA, a
reliable cutoff value could not be determined.

e 5-NT: sensitivity ranged from 53.8% to 69.2%,
specificity from 81.5% to 85.2%. The empirically
estimated cutoff was 34.4 IU/L.

The model with the predictor «L-FABP con-
centration» demonstrated the best performance

Table 2. Levels of liver injury biomarkers upon hospital admission in the study groups, Me (Q1-Q3).

Biomarker Values of parameters in groups Puvalue*
Control group, N=25 Group 1, N=27 Group 2, N=26

L-FABP, ng/mL 12.90 (12.55; 13.50) 26.40 (23.30; 34.10) 56.79 (39.09; 71.12) 0.01

Arginase, ng/mL 15.40 (13.60; 16.65) 22.40 (21.40; 28.40) 39.05 (32.85; 50.43) 0.01

Hyaluronic acid, ng/mL 41.0 (22.0; 69.0) 175.0 (86.0; 423.0) 290.5 (148.5; 517.0) 0.05

5'-nucleotidase, IU/L 1.56 (1.56; 1.71) 25.56 (19.34; 32.21) 36.60 (26.44; 55.56) 0.02

Note. The reference group represents values considered normal. * — significant difference between Group 1 and Group 2.

Table 3. Changes in liver injury biomarker levels during the study period.

Biomarker Group Values during study stages Significance
At admission, Day 3, Day?7, Day11, of changes,
>Me (QI1-Q3) Me (Q1-Q3) Me (Q1-Q3) Me (Q1-Q3) P value*
L-FABP ng/mL  Groupl 26.40 (23.30;34.10) 21.40 (17.60;30.30) 17.30 (14.90; 20.90) 13.70 (12.40; 17.60) 0.01
Group 2 56.79 (39.09; 71.12)  45.80 (35.68; 78.75) 46.65 (32.90; 82.38) 44.15 (27.15; 84.50) 0.04
Between-group 0.01 0.01 0.01 0.01 —
Pvalue**
Arginase, ng/mL Group 1 22.40 (21.40;28.40) 22.80 (20.80; 24.90) 19.90 (17.10; 22.90) 18.50 (16.40; 20.70) 0.01
Group 2 39.05 (32.85;50.43)  40.60 (34.53; 49.03) 40.10 (34.43; 49.03) 41.80 (34.93; 50.70) 0.68
Between-group 0.01 0.01 0.01 0.01 —
Pvalue*
Hyaluronic Group1l 175.0 (86.0;423.0) 147.0 (72.0; 286.0)  135.0 (54.0; 274.0)  110.0 (56.0; 242.0) 0.03
acid, ng/mL Group 2 290.5 (148.5; 517.0) 256.0 (138.5; 499.5) 258.5 (130.5;511.5) 255.5 (131.5; 462.0) 0.58
Between-group 0.05 0.15 0.09 0.03 —
Puvalue**
5"-nucleo- Group 1 25.56 (19.34;32.21) 24.43 (18.85; 30.38) 22.67 (15.76; 30.08) 15.90 (13.21; 20.61) 0.01
tidase, IU/L Group 2 36.60 (26.44; 55.56) 34.92 (16.35; 56.02) 40.55 (24.31;63.18) 34.70 (20.31; 63.18) 0.39

Between-group
Puvalue**

0.02

0.02

0.01

0.01

Note. * P— Friedman ANOVA (within-group comparison). ** P— two-sample Kolmogorov-Smirnov test (between-group comparison).
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characteristics, with an AUC ranging from 0.926 to
0.979 (95% CI: 0.851-1.000) (Fig.).

Discussion

To date, the search continues for promising
laboratory biomarkers that can objectively assess
the condition of patients with LF in the context of
0OJ and help predict the likelihood of an unfavorable
outcome. From this perspective, liver injury bio-
markers such as L-FABP, 5-NT, arginase and hyaluron-
icacid, appear to be relevant indicators of LF severity
and prognosis in the setting of O].

A number of studies have demonstrated the
clinical significance of L-FABP in various liver con-
ditions, including liver allograft rejection [13], he-
patocellular carcinoma [14-16], alcohol-induced
chronic LF [17], and cirrhosis [14]. According to the
literature, L-FABP is a sensitive marker of hepatocyte
injury both in vivo and in vitro [14-17]. It is pre-
dominantly localized in the cytoplasm of hepatocytes,
with smaller amounts found in the nucleus and
outer mitochondrial membrane [13, 14].

L-FABP belongs to a family of relatively small
(15 kDa) cytosolic lipids that are constitutively ex-
pressed in the liver. A distinctive feature of L-FABP
is the presence of a 3-barrel binding cavity, which
enables the capture and transport of bile acids,
eicosanoids and heme [16,18] to the mitochondria
for oxidation [11].

This biomarker has strong diagnostic properties:
itis cytosolic, highly specific for liver tissue, present
at high intracellular concentrations, and has a low
molecular weight [19]. During treatment, patients
with favorable outcomes showed a statistically sig-
nificant decrease in serum L-FABP levels, while
those with poor outcomes maintained persistently
elevated levels.

Logistic regression modeling demonstrated
the predictive value of L-FABP for patient outcomes
in LF associated with OJ. Depending on the time
point during hospitalization, sensitivity ranged from
89.2% to 92.3%, specificity from 88.9% to 96.3%,
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Fig. ROC curve for the logistic model with «L-FABP level» pre-
dictor.

and the cutoff ranged from 21.6 to 40.0 ng/mL.
These findings underscore the high sensitivity and
specificity of L-FABP in detecting hepatocellular
injury in LF secondary to O], likely due to its cyto-
plasmic localization and rapid release into the cir-
culation upon hepatocyte injury.

5-NT is an integral membrane glycoprotein
classified as a phosphatase that catalyzes the hy-
drolysis of nucleoside 5-phosphates [20]. In the
liver, it is localized in the plasma membranes of
biliary canalicular cells, sinusoids and Kupffer
cells [21, 22]. In clinical practice, 5-NT serves as a
highly specific marker for the diagnosis of hepato-
biliary pathology in patients with and without ob-
structive jaundice.

Cholestasis of any etiology is typically associated
with a parallel increase in ALP and 5-NT levels [21].
It is considered a reliable marker of both primary
and secondary liver tumors, hepatobiliary disease
with intrahepatic or extrahepatic bile duct obstruc-

Table 4. Predictive value of liver injury biomarkers according to ROC analysis.

Biomarker Area under the curve [95% CI]
Group 1, N=27 Group 2, N=26
L-FABP, ng/mL
At admission 0.994 [0.982; 1.000] 1.000

Over treatment period

0.926-0.979 [0.851-1.000]

Arginase, ng/mL

At admission

0.748 [0.612-0.884]

0.993 [0.978; 1.000]

Over treatment period

0.812-0.886 [0.048-0.063]

Hyaluronic acid, ng/mL

At admission

0.868 [0.774; 0.963]

0.951 [0.899; 1.000]

Over treatment period

0.685-0.687 [0.542-0.829]

5’-nucleotidase, IU/L

At admission

0.970 [0.913; 1.000]

0.985 [0.953; 1.000]

Over treatment period

0.671-0.781 [0.519-0.911]

Note. CI — confidence interval. «Over treatment period» represents a range of AUC values observed at different treatment days
(Day 3, 7, 11). Group 1: patients with favorable outcomes; Group 2: patients with unfavorable outcomes.
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tion [13, 23], viral hepatitis [21, 24], early-stage
biliary cirrhosis, third-trimester pregnancy, and
graft-versus-host disease [15, 23].

Although 5-NT is a well-established and highly
specific biomarker of liver disease, no clear corre-
lation between 5-NT levels and disease severity or
outcome in patients with OJ has been reported in
the literature. In our study, significantly higher 5-NT
levels were observed in patients with unfavorable
outcomes, with only a nonsignificant decrease over
the treatment period. In contrast, patients with fa-
vorable outcomes showed a statistically significant
decrease in 5-NT levels, although levels remained
above the reference range.

The prognostic value of 5-NT for predicting
outcome in patients with LF secondary to OJ was
modest. The area under the ROC curve (AUC) for
5-NT-based models ranged from 0.671 to 0.781 (95%
CIL, 0.519-0.911; P=0.02), with sensitivity ranging
from 53.8% to 69.2% and specificity from 81.5% to
85.2%, depending on the time point during hospi-
talization. The cut-off value determined empirically
was 34.4 IU/L.

Hepatic arginase catalyzes the hydrolysis of
L-arginine to ornithine and urea [25]. Arginase
serves two homeostatic purposes: the elimination
of ammonia via urea synthesis and the production
of ornithine, a precursor for polyamines and pro-
line [25]. Because hepatic arginase activity is higher
than in other tissues, an increase in serum arginase
levels may be relatively specific to liver pathology.
Arginase levels may serve not only as an early
marker of liver injury, but also as an indicator of re-
covery or resolution (e. g., after surgery) [13]. Ac-
cording to the literature, a concurrent increase in
serum arginase and gamma-glutamyl transpeptidase
may be particularly informative in detecting hepa-
tocellular injury and cholestasis [26].

Our results showed an initial increase followed
by a sustained decrease in serum arginase levels
from day 7 in patients with favorable outcomes,
whereas persistently high concentrations were ob-
served in patients with unfavorable outcomes. The
predictive performance of the arginase-based mod-
els, as assessed by the area under the ROC

curve (AUC), was «good» at baseline (AUC 0.748
[95% CI, 0.612-0.884]) and «very good» on days 3, 7
and 11 of intensive care (AUC 0.812-0.886 [95% CI,
0.048-0.063]), with sensitivity ranging from 57.7%
to 76.9% and specificity from 77.8% to 88.9% at a
cut-off of 34.0 ng/mL.

Hyaluronic acid (HA) is a glycosaminoglycan,
a high molecular weight polysaccharide with a
linear, unbranched structure [27]. Under physio-
logical conditions, sinusoidal endothelial cells
express specific receptors that facilitate rapid clear-
ance of HA from the circulation (within 5-6 minutes)
by the enzyme hyaluronidase. This clearance is im-
paired in cholestasis, resulting in elevated serum
HA levels [28]. HA serves as a biomarker of liver fi-
brosis, which is clinically relevant in LF associated
with OJ, where portal hypertension and cholangitis
are common and often lead to fibrosis [13, 29].

There is a documented correlation between
serum HA levels and liver disease severity as meas-
ured by the Child-Pugh score [28]. In addition,
several studies have investigated the use of HA as a
tumor marker, including in hepatocellular carcinoma,
due to its interaction with CD44 and RHAMM re-
ceptors on the cell surface [27, 30].

In our study, patients with favorable outcomes
showed a significant initial increase followed by a
decrease in HA levels during treatment, while those
with poor outcomes maintained consistently high
levels. The predictive ability of HA-based models
on admission and on day 3 of treatment was deter-
mined, with AUC values of 0.685-0.687 [95% CI,
0.542-0.829], sensitivity of 38.5-46.2% and specificity
0f 74.1-81.5%.

Conclusion

This study highlights the diagnostic and prog-
nostic relevance of several biological markers for
the assessment of liver function in the setting of
obstructive jaundice.

Among them, dynamic monitoring of L-FABP
levels during the overt phase of the disease showed
the highest sensitivity and specificity for predicting
outcome in patients with liver failure secondary to
obstructive jaundice.
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Summary

Poisoning is one of the most common causes for hospitalization of pediatric patients, often requiring ad-
mission to an intensive care unit (ICU).

Aim. To identify predictors of adverse outcomes in children with acute poisoning requiring ICU care.

Materials and Methods. A single-center, observational, retrospective study was conducted involving 262
children with severe poisoning. The median age was 15 [13-16] years. Patients were divided into two groups
based on the clinical course of the poisoning: favorable and unfavorable. Hospitalization outcomes included
duration of mechanical ventilation (MV), length of ICU stay, presence of complications (aspiration syndrome,
seizures, etc.), and in-hospital mortality.

Results. The presence of toxic hepatitis/pancreatitis on admission increased the odds of adverse outcome
by 4.63-fold, acute kidney injury by 5.32-fold, the need for MV by 14.34-fold, and aspiration pneumonia by
19.23-fold. The most significant markers of adverse outcomes during ICU care included shock (odds ratio
OR=4.35), coagulopathy (OR=9.94), and hypocoagulation (OR=29.4). For assessing the severity of multiple
organ dysfunction syndrome (MODS) in children with acute intoxication, the Marshall J. C. criteria showed
the highest prognostic value (AUROC=0.894; sensitivity = 87.0%; specificity = 81.9%). A mathematical model
was developed to predict the likelihood of adverse outcome in acute poisoning in children. The model includes
13 parameters: presence of pneumonia and seizures, need for MV, systolic and mean arterial pressure, cate-
cholamine index, hemoglobin concentration, red and white blood cell counts, blood pH and glucose levels,
SpO./FiO, ratio, and international normalized ratio (INR). The model demonstrated high predictive accuracy
(accuracy=0.938; sensitivity=94.2%; specificity=92.5%; AUROC=0.981).

Conclusion. Impaired consciousness, severe hypoxemia, coagulopathy and acute liver failure are the main
markers of severe acute poisoning in children.

Keywords: poisoning, children, intensive care unit, prognosis, outcome.
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Introduction , o
agents, nonsteroidal anti-inflammatory drugs

Poisoning by toxic substances and drugs remains  (NSAIDs), and cardiovascular drugs [10]. Among

one of the most common causes of emergency de-
partment visits and intensive care unit (ICU) admis-
sions in both adult and pediatric populations [1-5].

In recent years, there has been a steady increase
in the number of pediatric cases of acute exogenous
poisoning requiring intensive care [6-9]. The most
common poisonings in children involve neurotoxic

neuroactive substances, benzodiazepine overdoses
predominate, while paracetamol is the leading
NSAID involved, reflecting its widespread use in
pediatric medicine [10, 11].

Narcotic and psychotropic drug poisoning has
emerged as a critical global public health chal-
lenge [9]. According to the World Health Organization
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(WHO), 1 in 17 people aged 15-64 years used such
substances in 2021. Reported cases will increase by
23% between 2011 (240 million) and 2021 (296 mil-
lion), affecting 5.8% of the global population in this
age group [9].

Each year in the United States, approximately
50,000 children present to emergency departments
after unintentionally ingesting potentially toxic
substances, with approximately 9,000 requiring
hospitalization. Among children under the age of
five, opioids are the leading cause of fatal poison-
ings. The proportion of opioid-related poisoning
deaths has risen sharply, accounting for 52.2% of
pediatric poisoning deaths in 2018, compared with
24.1% in 2005 [10, 12].

Li et al. (2021) note that while the incidence of
accidental pediatric poisoning has decreased in re-
cent years, the mortality rate has remained un-
changed. In children aged 0-5 years, the risk of a
fatal outcome is equivalent whether the toxic agent
is a pharmaceutical or non-pharmaceutical sub-
stance. However, in older children, poisoning by
non-pharmaceutical toxicants is associated with
significantly higher mortality: the odds ratio increases
to 2.38 (95% CI, 1.58-3.58) for children aged
6-12 years and to 3.04 (95% CI, 2.51-3.69) for ado-
lescents (13-19 years) [13].

Of particular concern is the increase in suicide
attempts involving pharmaceuticals, which ac-
counted for 40.63% of fatal poisonings in children
aged 6-12 years and 48.66% in adolescents
(13-19 years), especially those with behavioral dis-
orders. Non-pharmaceutical poisons were involved
in 31.15% of suicide-related fatal poisonings in the
13-19 age group [13-15].

M. Junuzovic et al. (2022) reported that poi-
soning as a method of suicide occurred in 4% of
pediatric cases [16]. These findings are consistent
with observational studies identifying drugs as
the most common cause of serious poisoning in
children [17-20].

Cannabis-based products remain the most widely
used substances worldwide, with 219 million users
(4.3% of the global adult population) in 2021. Approx-
imately 60 million people used opioids for non-medical
purposes, including 31.5 million who used opiates —
the main cause of fatal overdoses [9, 21, 22].

Recent studies highlight a steady increase in
pediatric cannabis derivative poisonings associated
with legalization in several countries. However, re-
search on treatment protocols and family education
for these patients remains critically limited [21-23].

In particular, few studies have evaluated out-
comes or predictors of poor prognosis in severe
pediatric poisonings. Early identification of high-
risk patients upon admission to the ICU could sig-
nificantly improve outcomes, underscoring the ra-
tionale for this study.

Total number of hospitalized
patients in 2022-2024, N=84666

!

Patients diagnosed
with acute poisoning, N=3419

{

Patients who met
the inclusion criteria, N=286

Patients who met

the exclusion criteria, N=24:

— Organic brain disease, N=15

— Inborn errors of metabolism, N=1
— Polytrauma, N=8

Patients included
in the study, N=262

{ 1

Group Group
with favorable with unfavorable
poisoning poisoning
course, course,
N=116 N=146

Fig. 1. Patient selection flowchart.

The study aim was to identify risk factors and
predictors of unfavorable course in children with
acute poisoning requiring intensive care.

Materials and Methods

We conducted a single-center, observational,
retrospective study approved by the local ethics
committee of the St. Petersburg State Pediatric Med-
ical University, Russian Ministry of Health (Protocol
No. 19/02, dated November 17, 2022).

Inclusion criteria

e Age 0-18years

¢ Severe intoxication

e Impaired consciousness (stupor or coma)

* Need for intensive care treatment

Exclusion Criteria

e Organic brain disease

e Inborn errors of metabolism

* Genetic diseases

e Polytrauma

The study included 262 children (148 boys
[56.5%] and 114 girls [43.5%]) aged 0-18 years who
were admitted to the Department of Anesthesiology,
Resuscitation and Intensive Care at Filatov Children's
City Clinical Hospital No. 5 (2022-2024) (Fig. 1).

The most frequent poisoning agents were:

e Methadone (24.0%)

* Sedatives-hypnotics such as neuroleptics,
tricyclic antidepressants, GHB precursors, anticon-
vulsants (24.0%)

e Ethanol (22.0%)

* Psychoactive substances such as cannabi-
noids, amphetamines, synthetic cannabinoids
(«spice»), hallucinogenic mushrooms (18.0%)

www.reanimatology.com
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¢ Other substances such as muscle relaxants
(baclofen, tizanidine), cardiovascular drugs
(propafenone, clonidine, propranolol, cinnarizine),
decongestants (naphazoline), antihistamines (cet-
irizine, diphenhydramine), antiemetics (dimenhy-
drinate, metoclopramide), hemorheologic agents
(pentoxifylline), NSAIDs (acetaminophen), local
anesthetics (lidocaine, benzocaine), cyanide (12.0%).

All patients underwent

* comprehensive clinical and laboratory eval-
uation

* toxicologic screening (blood and urine) to
identify toxicants

To verify the diagnosis of acute respiratory
distress syndrome (ARDS), the SpO,/FiO, ratio and
the oxygenation index (OI) were calculated. The OI
was calculated using the following formula [5]:

OI=(MAPxFiO,x100%)/Pa0,.

The catecholamine index was used to assess
the intensity of catecholamine support. It was cal-
culated according to the following formula [114]:

Catecholamine index = Dopamine
(ng/kg/min) + Dobutamine (ug/kg/min) + Epineph-
rine (ug/kg/min) + Norepinephrine (ug/kg/min).

Patients were divided into two groups based
on their clinical and laboratory status: those with a
favorable course of poisoning (IN=116) and those
with an unfavorable course (IN=146). Classification
was based on seven severity criteria:

Multiple organ dysfunction

Seizures

Need for mechanical ventilation
Coagulopathy (prothrombin index <67%)
Acidosis with pH <7.25

Lactate concentration >2.5 mmol/L
SpO,/FiO, ratio < 300

Patients with five or more of these criteria
were assigned to the unfavorable course group.

The hospitalization outcomes studied included
the duration of mechanical ventilation, length of
stay in the ICU, the presence of complications (such
as aspiration syndrome, seizures, and others), and
in-hospital mortality. In-hospital mortality was con-
sidered the primary endpoint, while all other end-
points were considered secondary.

For statistical analysis, direct access to electronic
medical records was obtained through the medical
information system, and all necessary frequency
and quantitative data were available. Descriptive
statistics were used throughout the analysis. Absolute
and relative frequencies were calculated for binary
and categorical variables. For continuous variables,
median and interquartile range (QI-Q3) were re-
ported. The Shapiro-Wilk test was used to assess
normality of data distribution. Differences in con-
tinuous variables between two independent groups
were analyzed using the Mann-Whitney U test. As-
sociations between continuous and binary variables
were assessed by calculating odds ratios (OR) with

their 95% confidence intervals (95% CI). For cate-
gorical variables with outcome frequencies less than
5 in any of the groups, Fisher's exact test was used.

Regression analysis and prognostic model de-
velopment were based on univariate and multivariate
logistic regression because the dependent variable
was binary. Predictor selection was optimized using
stepwise logistic regression with Akaike's information
criterion (AAIC <0.1). The model initially included
28 clinical and laboratory variables (e.g., presence
of arrhythmias, systolic, diastolic, and mean arterial
pressure, heart rate, etc.). A total of 15 iterations
were performed to define the final set of predictors.

Collinearity among potential predictors was
assessed by correlation analysis based on variable
types and distribution characteristics. Pearson's cor-
relation coefficient was used for parametric variables,
Spearman's rank correlation for nonparametric data,
and Pearson's contingency coefficient for categorical
variables. Predictors with statistically significant cor-
relations greater than 0.5 with several other variables
(i. e., accounting for more than 25% of the common
variance) were excluded from the model.

Estimation of regression coefficients was per-
formed using maximum likelihood, implemented
via the glm function for binomial distribution and
the MASS package for stepwise logistic regression
in the R programming environment. To evaluate
the predictive performance of clinical and laboratory
variables, scoring systems, and the final model,
ROC analysis was performed, including ROC curve
construction and calculation of AUROC, accuracy,
sensitivity, and specificity. The optimal cutoff point
was determined using the Youden index (J-index)
in MedCalc software.

For all statistical tests, regression and correlation
coefficients, and odds ratios, the significance thresh-
old was set at P<0.05. All tests were performed as
two-tailed. All regression analyses were performed
in Rusing dedicated libraries (MASS, ROCR, meta)
and custom R scripts. Figure 2 was generated in R
using the graphical functions of the meta package.

Results

The median age of the children included in the
study was 15.0 years [IQR: 13.0-16.0]. The distribution
of participants by sex and age is shown in Table 1. The
majority of patients (70.0%) were between 14 and 18
years of age. There was a significantly higher proportion
of boys compared to girls (43.5% vs. 26.3%).

The overall mortality rate was 0.76% (IN=2),
observed exclusively in the group of patients with
an unfavorable course of poisoning; no deaths oc-
curred in those with a favorable course (P=0.505).

Patients with an unfavorable course had a sig-
nificantly longer time to regain consciousness (21.0
vs. 12.2 hours; P<0.001), duration of mechanical
ventilation (2.0 vs. 0 days; P<0.001), and ICU stay
(3.2 vs. 1.0 days; P<0.001).
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Table 1. Distribution of patients by age and sex, N (%).

Age (years) Boys, N (%) Girls, N (%) Total, N (%)
<1 year 1(0.4) 1(0.4) 2(0.8)
1-3 11 (4.2) 17 (6.5) 28 (11.0)
3-7 11 (4.2) 10 (3.8) 21 (8.0)
7-10 4 (1.5) 1(0.4) 5(2.0)
11-14 72.7) 16 (6.1) 23 (9.0)
14-18 114 (43.5) 69 (26.3) 183 (70.0)
Total 148 (56.5) 114 (43.5) 262 (100.0)

Table 2. Clinical and laboratory status on the first day of ICU treatment and during the entire stay in the ICU ac-
cording to poisoning characteristics, N (%) or Me (Q1-Q3).

Parameter Values in groups Puvalue
Favorable course, Unfavorable course,
N=116 N=146

Age, years 15 [4-16] 15 [14-16] 0.001
Sex

Boys 61 (52.6) 87 (59.6) <0.001

Girls 55 (47.4) 59 (40.4)
Mechanical ventilation 8 (6.9) 123 (84.2) <0.001
Acute kidney injury on day 1 in ICU 3(2.6) 18 (12.3) 0.004
Toxic hepatitis/pancreatitis on day 1 in ICU 7 (6.0) 33 (22.6) <0.001
Arrhythmia on day 1 in ICU 13 (11.2) 17 (11.6) 0.952
Pneumonia on day 1 in ICU 2(1.7) 35 (24.0) <0.001
Seizures on day 1 in ICU 7 (6.03) 22 (15.1) 0.021
Seizures during entire ICU stay 7 (6.03) 22 (15.1) 0.021
Hypocoagulation during entire ICU stay 3(2.6) 64 (43.8) <0.001
Coagulopathy during entire ICU stay 12 (10.3) 78 (53.4) <0.001
Thrombocytopenia during entire ICU stay 4 (3.4) 20 (13.7) 0.004
Shock during entire ICU stay 6(5.2) 28 (19.2) <0.001
Anemia during entire ICU stay 5(4.3) 21 (14.4) 0.006
Acute liver failure during entire ICU stay 11 (9.5) 43 (29.5) 0.005
Acute kidney injury during entire ICU stay 6 (5.2) 20 (13.7) 0.022
PEMOD score, points 3[2-3] 5 [4-7] 0.001
PELOD score, points 1[1-1] 11 [2-21] 0.001
MOD score by Marshall criteria, points 0 [0-0] 2 [1-3] 0.001
PpSOFA score, points 3[3-4] 6 [4-7] 0.001
GCS score, points 8.5 [7-10] 6 [5-9] 0.001
Glasgow-Pittsburgh score, points 28 [25.5-29] 20 [15-26] 0.001
FOUR score, points 12 [11-12] 7 [4-11] 0.001
Laboratory parameters
Leukocytes, x109/L 11.45[9.10-14.95] 14.55 [10-21] 0.001
Glucose, mmol/L 6.3 [5.5-7.5] 7.2 [6.0-10.7] 0.001
Urea, mmol/L 4.1 [3.4-5.0] 4.9 [3.7-5.9] 0.001
Creatinine, pmol/L 70 [47-82] 80 [61-113] <0.001
Alanine aminotransferase (ALT), U/L 15 [13-18] 16 [12-29] 0.042
Aspartate aminotransferase (AST), U/L 29 [23-34] 37 [27-54.5] <0.001
Creatine phosphokinase (CPK), U/L 173.5 [113-276] 204.5 [124-408] 0.044
Acid-base balance parameters
pH 7.33 [7.30-7.36] 7.26 [7.19-7.33] <0.001
Base deficit, mmol/L -3.4 [-5.0-(-1.5)] —4.6 [-8.0—(-2.0)] <0.001
Lactate, mmol/L 2.2 [1.6-3.3] 3.0 [1.9-5.0] <0.001
SpO,/FiO, ratio 471 [466-476] 250 [200-330] <0.001
Coagulation parameters
Prothrombin index, % 85 [78-93] 75.5 [60-83.5] <0.001
INR 1.17 [1.08-1.23] 1.23 [1.17-1.36] <0.001

Note. PELOD — Paediatric Logistic Organ Dysfunction; PEMOD — Pediatric Multiple Organ Dysfunction Score; pSOFA — Paediatric
Sequential Organ Failure Assessment; INR — International Normalized Ratio; MOD — Multiple Organ Dysfunction; GCS — Glasgow

Coma Scale; FOUR — Full Outline of UnResponsiveness Score.

Among patients with a favorable course, only
25% remained unconscious after thirteen hours
of treatment, while over 50% of patients in the
unfavorable group were still unconscious at that
time. By twenty hours, 50% of patients in the un-
favorable group had regained consciousness; how-
ever, even after forty-seven hours, 25% remained
unconscious. In contrast, nearly all patients with

a favorable course had regained consciousness
by that time.

The unfavorable course of acute poisoning
was associated with significantly higher scores
on all multiple organ dysfunction scales, de-
compensated acidosis, marked base deficit, and
hyperlactatemia. These patients also had a de-
creased SpO,/FiO, ratio and an increased INR,
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Table 3. Prognostic significance of clinical and laboratory parameters in assessing the likelihood of unfavorable
course.
Parameter Significance
Area under P J-Index Optimal Sensitivity (%) Specificity (%)
the curve (AUC) cutoff value
FiO, 0.852 <0.001 0.71 >0.3 70.87 100
SpO,/FiO, 0.853 <0.001 0.69 <300 69.2 100
Oxygenation index 0.838 <0.001 0.54 >3 64.5 88.89
pH 0.742 <0.001 0.41 <7.26 53.2 87.8
PTI 0.721 <0.001 0.33 <69.5 35.0 98.1
pCO, 0.714 <0.001 0.35 >52 42.96 92.17
INR 0.697 <0.001 0.31 >1.17 74.1 57.3
AST 0.682 <0.001 0.32 >37 49.3 82.9
Creatinine 0.654 <0.001 0.26 >86 45.1 81.4
Glucose 0.643 <0.001 0.26 >7.6 47.6 78.3
Lactate 0.626 <0.001 0.24 >2.5 62.4 61.7
Albumin 0.578 0.043 0.13 <39.4 31.4 81.3
Potassium 0.584 0.018 0.19 >4.6 35.3 84.4
Leukocytes 0.625 <0.001 0.27 >15.2 48.6 78.5

Note. FiO, — Fraction of inspired oxygen; PTT — Prothrombin index; pCO, — Partial pressure of carbon dioxide in blood; INR — In-

ternational normalized ratio; AST — Aspartate aminotransferase.

Table 4. Discriminatory power of multiple organ failure scoring systems in assessing the severity of multiple organ
dysfunction in children with severe acute poisoning during the first 24 hours in the intensive care unit.

Scoring System Significance
AUROC P J-Index Optimal Sensitivity (%) Specificity (%)
cutoff value
Marshall criteria 0.894 <0.001 0.69 >0 87.0 81.9
PELOD 0.831 <0.001 0.63 >1 83.6 79.3
PEMOD 0.849 <0.001 0.64 >3 77.4 87.1
pSOFA 0.837 <0.001 0.59 >4 65.1 93.9

Note. PELOD — Paediatric Logistic Organ Dysfunction; PEMOD —

Sequential Organ Failure Assessment.

with all differences reaching statistical signifi-
cance (Table 2).

The prognostic value of the clinical and labo-
ratory parameters on admission to the ICU was as-
sessed using ROC analysis (Table 3).

Among all oxygenation parameters, the
SpO,/FiO, ratio had the highest prognostic value.
The severity of acid-base disturbances was more
strongly associated with blood pH than with lactate
level. Among the metabolic markers, aspartate amino-
transferase, creatinine, and glucose showed the greatest
discriminatory power, whereas albumin served only
as an indirect indicator of overall disease severity.

Pediatric Multiple Organ Dysfunction Score; pSOFA — Paediatric

The criteria proposed by J. Marshall (Table 4)
showed the highest prognostic value for assessing
the severity of multiple organ dysfunction in children
with acute poisoning.

Toxic hepatitis or pancreatitis at the time of
admission was associated with a 4.55-fold increase
in the risk of an unfavorable course of acute poi-
soning [95% CI, 1.93-10.71], while acute kidney
injury conferred a 5.29-fold increase in risk [95%
CI, 1.52-18.45]. The need for mechanical ventilation
markedly elevated the risk, with an odds ratio of
72.19 [95% ClI, 31.0-168.1], and the presence of as-
piration pneumonia was associated with a 14.14-fold

increase in risk [95% CI,

3.32-60.1] (Table 5).

Fig. 2. Odds ratios for unfavorable poisoning course based on clinical and laboratory pa-

rameters throughout the ICU treatment period.

ICU stay 0Odds ratio OR 95%CI Shock (OR=4.35; 95%
Hypocoagulation —— @ 29.40[8.92-96.85] | CI, 1.74-10.91), coagulopa-
Coagulopathy — 9.94[5.03-19.63] | thy (OR=9.94; 95% CI,
Thrombocytopenia —~ 4.44 [1.47-13.40] 5'03‘_19'63)’ and hypocoag-
Shock -+~ 4.35 [1.74-10.91] ulation (OR=29.4; 95% C L
8.92-96.85) observed during
Acute liver failure —— 3.98[1.95-8.15] | (reatment in the ICU were
Anemia — 3.73[1.36-10.22] | the most significant markers
Acute kidney injury -~ 2.911.13-7.51] | reflecting disease severity
I T ] and increasing the likelihood
0.5 1 2 35 of an unfavorable course

(Fig. 2).
Based on the identified

risk factors, a multivariate
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Table 5. Odds ratios for unfavorable course in children
with acute poisoning based on clinical and laboratory
status on admission to the ICU.

Parameter Odds Ratio 95% Confidence
(OR) Interval (CI)

Mechanical ventilation 72.19 31.0-168.1
Pneumonia 14.14 3.32-60.1
Acute kidney injury 5.29 1.52-18.45
Toxic hepatitis / pancreatitis 4.55 1.93-10.71
INR >1.17 3.41 2.0-5.78
Leukocytes >15.2 x 109/L 3.36 1.95-5.8
Creatinine >86 pmol/L 3.34 1.91-5.82
Glucose >7.6 mmol/L 3.27 1.90-5.64
Potassium >4.6 mmol/L 3.18 1.75-5.76
Lactate >2.5 mmol/L 2.77 1.67-4.58
Seizures 2.73 1.14-6.72
Cardiac arrhythmias 1.04 0.49-2.25

logistic regression model was developed to predict
an unfavorable course of acute poisoning in children,
taking into account the patient's clinical and labo-
ratory status (Table 6).

The coefficients for the variables pH and INR
were reported as per 1 unit of measurement. Actually,
these parameters vary within a range of 0.01 units,
so the odds ratios calculated per whole unit yield
extremely large or small values. In order to assess
the true impact of these parameters on the risk of
serious course, it was necessary to adjust them to
plausible ranges (Table 7).

The presented model has the following char-
acteristics: a cutoff of 0.481, a prognostic accuracy
of 93.8% [95% CI, 90.9-96.7], a sensitivity of
94.2% [95% ClI, 90.4-98.0], a specificity of 92.5% [95%
CI, 87.7-97.3] and an AUROC of 0.981 (Fig. 3).

Discussion

The most common complications of severe
acute poisoning in children include coagulopathy,
toxic damage to the liver and pancreas, and aspi-
ration of gastric contents. However, a favorable
outcome is observed in the majority of cases, with
the duration of hospitalization not exceeding seven
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Fig. 3. ROC curve of the predictive model for unfavorable
course in severe pediatric poisoning cases.

Table 7. Odds ratios for actual pH and INR ranges.

Parameter pH INR
(per 0.01 unit) (per 0.01 unit)
Coefficient -0.195 0.158
Standard Error 0.054 0.039
Z-score -3.56 4.06
Puvalue <0.001 <0.001
Odds Ratio 0.82 1.17
95% CI (Lower) 0.74 1.09
95% CI (Upper) 0.92 1.27

days. Fatal outcomes were observed in only two
cases in the present study, which is consistent with
global statistics.

The primary markers of severity on admission
to the ICU, indicating a high likelihood of compli-
cations, were the need for invasive mechanical ven-
tilation, aspiration pneumonia, and signs of acute
liver and kidney injury.

When discussing risk factors for adverse out-
comes in severe acute poisoning in children, it is
important to emphasize that the most significant

Table 6. Data set analysis using multiple logistic regression.

Parameter Coefficient Standard Z-score  Puvalue Adjusted OR  95% CIlower 95% CI upper
error
Intercept 143.72 43.52 3.02 0.001 — — —
Need for mechanical ventilation 2.35 0.91 2.60 <0.001 10.49 1.76 62.40
Systolic blood pressure -0.09 0.06 -1.52 0.129 0.91 0.81 1.03
Mean arterial pressure 0.18 0.08 2.10 0.036 1.20 1.02 1.40
Pneumonia 2.88 1.80 1.61 0.106 17.81 0.53 594.90
Seizures 2.02 1.00 2.01 0.044 7.54 1.06 53.52
Hemoglobin -0.06 0.03 -1.85 0.047 0.94 0.89 1.00
RBC 1.77 0.99 1.80 0.071 5.87 0.84 40.87
WBC -0.11 0.06 -2.08 0.037 0.90 0.80 1.01
Catecholamine index -0.14 0.08 -1.68 0.094 0.87 0.74 1.02
Glucose 0.29 0.14 2.01 0.045 1.34 1.02 1.76
pH -19.58 5.49 -3.56 <0.001 — — —
SpO./FiO, ratio -0.027 0.005 -5.38 <0.001 0.97 0.96 0.98
INR 15.88 3.91 4.06 <0.001 — 3701.15 —

Note. Odds ratio for unfavorable course = exp (143.72 + 2.35 x [Mechanical Ventilation Need] — 0.09 x [Systolic BP] + 0.18 x [MAP] +
2.88 x [Pneumonia] + 2.02 x [Seizures] — 0.06 x [Hemoglobin] + 1.77 x [RBC] —0.11 x [WBC] - 0.14 x [Catecholamine Index] + 0.29 x

[Glucose] —19.58 x [pH] —0.027 x [SpO./FiO,] + 15.88 x [INR]).
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dysfunction

Livecme
‘"y
Coagulopathy

a «deadly quartet» (Fig. 4) — a con-
cept analogous to the lethal triad
observed in polytrauma.

In conclusion, maximizing early,
targeted, pathogenesis-based therapy
to address these pathologic syn-
dromes can significantly improve
outcomes, reduce complication rates,

Fig. 4. The deadly quartet in acute pediatric poisoning (original illustration by the

authors).

factors include hypocoagulation, shock, acute
liver dysfunction or failure, and acute kidney
injury — especially when these complications
occur within the first 24 hours of treatment. These
findings are consistent with data reported by other
investigators [10, 24-27].

In a study of adults, S. T. Chang et al. found
that acute kidney injury occurred in 66% of methanol
poisoning cases and increased the risk of in-hospital
mortality by approximately 20-fold [25].

Y. Atighi et al. demonstrated that in children
with acute methadone poisoning, predictors of
complications and adverse outcomes include res-
piratory distress and severe depression of con-
sciousness [26].

The most common causes of fatal outcomes
in acute pediatric poisoning are mixed-origin hy-
poxia, acute liver injury, and renal damage. These
conditions lead to hemostatic dysfunction and co-
agulopathy, which exacerbate each other and form

and minimize deaths in pediatric
acute poisoning [1, 24, 28-30].

Conclusion

Impaired consciousness, severe hypoxemia,
coagulopathy, acute liver failure, and renal injury
are the primary markers of severity in acute pediatric
poisoning.

Risk factors for adverse course include
SpO./FiO, ratio <300 (sensitivity 69.2%, specificity
100%), oxygenation index > 3 (sensitivity 69.2%,
specificity 100%), INR > 1.17 (sensitivity 74.1%,
specificity 57.3%), lactate level > 2.5 mmol/L (sen-
sitivity 62.4%, specificity 61.7%).

A mathematical model for predicting adverse
outcomes in acute pediatric poisoning that incor-
porates 13 key homeostasis parameters (such as
need for mechanical ventilation, catecholamine in-
dex, SpO./FiO,, pH, international normalized ratio)
demonstrates high predictive power (AUROC=0.981;
sensitivity 94.2%, specificity 92.5%) and accuracy
(93.8%).
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Summary

Aim. To evaluate the efficacy of perioperative nitric oxide (NO) administration in reducing the incidence
of acute kidney injury (AKI) during hemiarch surgery for nonsyndromic ascending aortic aneurysms under
cardiopulmonary bypass and hypothermic circulatory arrest (HCA).

Materials and Methods. A single-blind, prospective, randomized, controlled study included 80 patients
older than 18 years who underwent hemiarch aortic surgery with HCA for nonsyndromic ascending aortic
aneurysms between 2020 and 2023. Patients were randomized (1:1) into two groups: the NO group (who re-
ceived perioperative NO at 80 ppm) and the control group (who received standard perioperative management
without NO administration). The primary endpoint was the incidence of AKI according to KDIGO criteria. Sec-
ondary endpoints included biomarker levels of subclinical renal injury and clinical outcomes.

Results. Postoperatively, the incidence of AKI was 25% in the NO group compared to 50% in the control
group (OR=0.26; 95% CI: 0.10-0.69; P=0.036). Patients in the NO group had significantly lower levels of urinary
neutrophil gelatinase-associated lipocalin (uUNGAL, P=0.03) and cystatin C (P<0.001) 4 hours after surgery. In
addition, the length of stay in the intensive care unit (ICU) was significantly shorter in the NO group (P=0.03)
compared to the control group.

Conclusion. Perioperative NO therapy at 80 ppm during hemiarch aortic surgery with HCA reduces the in-
cidence of acute kidney injury, lowers the levels of kidney injury biomarkers (uUNGAL and cystatin C), and short-
ens the ICU stay.

Keywords: nitric oxide; acute kidney injury; nephroprotection; aortic aneurysm; circulatory arrest

Conflict of interest. The authors declare no conflict of interest. Some results have been published in the
Proceedings of the Congress of the Federation of Anesthesiologists and Reanimatologists and Russian Forum
of Anesthesiologists and Reanimatologists (RFAR-2024), St. Petersburg. 2024: 25. https://cdn.congressfar.ru/
140/material.pdf (In Russ.).

Funding. The study was conducted as part of the basic research project «Organ Protection with Nitric Oxide
in Cardiovascular Surgery: Technological Support (Synthesis and Delivery Devices), Mechanisms of Protective
Effects, and Impact on Clinical Outcomes» (No. 122123000017-3).

Information about the authors:

Alexander M. Boyko: http://orcid.org/0000-0002-2408-8874

Nikolai O. Kamenshchikov: http://orcid.org/0000-0003-4289-4439

Yuri K. Podoksenov: http://orcid.org/0000-0002-8939-2340

Maria L. Dyakova: http://orcid.org/0000-0001-9353-7234

Yulia S. Svirko: http://orcid.org/0000-0002-2258-3564

Anna M. Gusakova: http://orcid.org/0000-0002-3147-3025

Elena B. Kim: http://orcid.org/0009-0001-5610-3506

Dmitry S. Panfilov: http://orcid.org/0000-0003-2201-350X

Boris N. Kozlov: http://orcid.org/0000-0002-0217-7737

Introduction

The rising prevalence of ascending aortic dis-
ease over the past decade has inevitably led to an
increase in the number of surgical procedures. Ac-
cording to the literature, there are 9-16 cases of
thoracic aortic aneurysm per 100,000 population
per year [1-3], with the ascending aorta accounting
for 60% of these aneurysms [4, 5]. The preferred
treatment for thoracic aortic aneurysms is surgical
repair with cardiopulmonary bypass (CPB) and hy-
pothermic circulatory arrest (HCA) [6]. However,

this approach has been associated with serious
complications such as persistent neurological deficits,
myocardial infarction, respiratory failure, and acute
kidney injury (AKI) [7]. AKI associated with ascending
aortic reconstructive surgery is a common compli-
cation with an incidence of up to 77.6% [8-12], and
it has anegative impact on both short-term surgical
outcomes and long-term prognosis [13]. The de-
velopment of nephroprotective strategies as part
of the preoperative management of thoracic aortic
aneurysm surgery remains a pressing issue.
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Nitric oxide (NO) is a pleiotropic molecule
that plays an important role in protecting the kidney
from ischemia-reperfusion injury. The use of NO to
slow the progression of AKI appears to be a promising
strategy [14]. However, current data on the potential
use of NO for renoprotection in patients undergoing
ascending aortic surgery with HCA are limited [15].

The aim of this study was to test the hypothesis
that the administration of exogenous nitric oxide
during hemiarch aortic surgery under hypothermic
circulatory arrest can protect the kidneys.

Materials and Methods

To investigate the nephroprotective properties
of nitric oxide (NO), we conducted a single-center,
prospective, randomized, controlled trial (approved
by the Ethics Committee of the Research Institute
of Cardiology, Tomsk National Research Medical
Center, Protocol No. 260, February 2, 2024).

The study was conducted in the laboratory of
intensive care medicine. A total of 80 patients who
underwent surgery in the Department of Cardio-
vascular Surgery of the Research Institute of Cardi-
ology, a branch of Tomsk National Research Medical
Center of the Russian Academy of Sciences (Research
Institute of Cardiology, Tomsk NRMC) in 2020-2023
were included in the study.

The inclusion criteria were

e age >18years

* presence of nonsyndromic ascending aortic
aneurysms

e elective aortic hemiarch repair under cir-
culatory arrest and moderate hypothermia (30-32°C)

* signed informed consent to participate in
the study.

Patients were excluded from the study if they
met any of the following criteria:

* Chronic kidney disease (glomerular filtration
rate [GFR] < 60 mL/min/1.73 m?)

* Need for emergency surgery

e (iritical preoperative condition (preoperative
need for mechanical ventilation, inotropic or vaso-
pressor support, or mechanical circulatory sup-
port)

* Need for repeat cardiac surgery or extended
surgical procedures (aortic root reconstruction, tho-
racic aortic replacement using the «frozen elephant
trunk» technique)

* Absolute contraindications to NO therapy
(congenital or acquired methemoglobinemia)

* Relative contraindications to NO therapy
(coagulation disorder, intracranial hemorrhage, se-
vere left ventricular failure classified as NYHA III-1V)

* Acute massive perioperative hemorrhage.

All patients were randomly assigned in a 1:1
ratio to two groups: the main group (NO group, in
which perioperative administration of NO at a con-
centration of 80 ppm was administered, N=40) and

the comparison group (standard perioperative care
group, in which NO was not administered, N=40).
Randomization was performed using sealed opaque
envelopes. The envelopes were prepared before patient
enrollment began, and their number corresponded
to the calculated sample size. Each envelope contained
a single code word: «NO» or «Control». On the morning
of surgery, one envelope was randomly selected and
opened by the anesthesiologist, and the contents of
the envelope were not disclosed. The selection of pa-
tients for the study is shown in Fig. 1.

The administration of nephrotoxic drugs (con-
trast media, amphotericin, and/or aminoglycosides)
within 48 hours before surgery was excluded.

Anesthetic support was performed according
to the standardized protocol adopted at the clinic.
Premedication, administered to all patients on
arrival in the operating room, included opioid
analgesics, antihistamines, and benzodiazepines.
Induction of anesthesia was performed with
propofol (1.5-3.0 mg/kg) and fentanyl
(3.0-5.0 mcg/kg). Neuromuscular blockade was
achieved with vecuronium bromide at a dose of
0.1 mg/kg. Anesthesia was maintained with
sevoflurane (1.9-3.1 vol%), and propofol
(3.0-5.0 mg/kg/h) and fentanyl (3-5 mcg/kg/h)
were used during mechanical perfusion.

Mechanical ventilation (MV) was performed
with the Primus ventilator (Driger, Germany) in
controlled mandatory ventilation (CMV) mode with

Patients who underwent
surgery between
2020 and 2023,
N=174

Did not meet
inclusion criteria,
N=86

Met inclusion
criteria, N=88

Met exclusion criteria, N=8:

¢ Chronic kidney disease (CKD) — 2
* Emergency surgery -5

¢ Repeat interventions - 1

Included in the study, N=80

/\

No NO group NO group
(control group), (main),
N=40 N=40
1 1
Analysis of Endpoints

and Hospitalization Period

Fig. 1. Flowchart of patient selection for the study.
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volume control, with a tidal volume of 6-7 mL/kg,
a respiratory rate of 12-14 breaths per minute, a
FiO» of 0.35 (increased as needed), and a positive
end-expiratory pressure (PEEP) of 5 cm H,O.

To monitor vital parameters, standard controls
were performed: continuous ECG analysis, invasive
monitoring of arterial and central venous pressure,
pulse oximetry, nasopharyngeal and rectal temper-
ature measurements using the Infinity Delta XL
monitor (Drager, Germany). Invasive arterial pressure
measurements and blood samples for laboratory
gas composition analysis were obtained by catheter-
ization of both radial (or brachial) arteries (using a
20G arterial cannula, B Braun, Germany). For central
venous pressure (CVP) monitoring, inotropic and
infusion-transfusion therapy, the superior vena cava
was catheterized via the right internal jugular vein
with a 12F central venous catheter (Certofix; B Braun,
Germany). The depth of sedation during general
anesthesia was controlled by BIS monitoring, main-
taining the index between 60 and 40. Cerebral
oximetry (rSO,, %) was monitored using near-
infrared spectroscopy on an Invos 5100 device (So-
manetics Corp.).

Cardiopulmonary bypass (CPB) was performed
in non-pulsatile mode using a Stockert machine
(Stockert Ins., Germany) with Skipper disposable
membrane oxygenators (Eurosets, Italy). Perfusion
index was maintained at 2.5 L/min/m?2. Hypocoag-
ulation was achieved just before the start of CPB
with a dose of heparin (3 mg/kg), controlled by the
activated clotting time (target value >450 seconds).
CPB was started in the following order: «brachio-
cephalic trunk — right atrium», after which the pa-
tient was «cooled» and an aortic clamp was applied.
Selective pharmacological crystalloid cardioplegia
was performed with the «Custodiol» solution (GmbH,
Germany). The cardioplegia solution was infused
for 6-8 minutes (according to the manufacturer's
recommendations). The target body temperature
in the rectal probe was maintained at 30-32°C.
Once this temperature was reached, aortic occlusion
distal to the left subclavian artery was performed,
followed by induction of hypothermic circulatory
arrest (HCA) with unilateral brain perfusion (per-
fusion flow rate 10 mL/kg/min). A hemiarch thoracic
aortic replacement was performed. After completion
of the distal anastomosis, CPB was discontinued
and warming was started with artificial and parallel
circulation. When body temperature reached 37°C,
patients were weaned from CPB.

To inactivate the effects of heparin, a 1:1
solution of protamine sulfate was administered. To
inhibit fibrinolysis, tranexamic acid was administered
in a bolus dose of 10 mg/kg, followed by an infusion
of 1-2 mg/kg/h until the end of surgery.

In the study, a sample of the plasma-chemical
synthesis system for nitric oxide «TTANOKS» (RFNC-
VNIIEE Sarov, Russia) was used. This system was

used for inhalation delivery of NO in the concentration
of 80 ppm, and the concentration of NO in the gas-
air mixture supply line was monitored. After tracheal
intubation and transition to mechanical ventilation,
NO was delivered through a connector with a Luer
adapter embedded in the breathing circuit. The gas-
air mixture was then passed through an absorber
containing calcium hydroxide to remove nitrogen
dioxide (NO,). A gas sampling line to monitor the
NO/NO, concentration in the inhaled mixture was
placed as close to the patient as possible in the inspi-
ratory limb of the circuit. In addition to inhaled NO
delivery, NO was also delivered to the extracorporeal
circuit at a concentration of 80 ppm after CPB was
initiated and the calculated perfusion flow rate was
achieved. Two Y4-inch Luer adapter connectors were
inserted into the main gas-air supply line: NO was
delivered through the proximal connector, and gas
was sampled to monitor the fractional concentration
of NO/NO, through the distal connector. The connector
of the NO delivery line with a bacterial filter was
placed as close as possible to the oxygenator of the
CPB machine. During the period of hypothermic cir-
culatory arrest, NO delivery was stopped (Fig. 2).

After the CPB machine was turned off, NO de-
livery continued at the same dose through the mod-
ified breathing circuit for 6 hours after surgery.

The primary endpoint of the study was the in-
cidence of acute kidney injury (KDIGO criteria).
Secondary endpoints were: duration of mechanical
ventilation, cases of acute cerebrovascular event
(ACVE) during the inpatient treatment phase, length
of stay in the ICU, length of hospital stay, and
urinary biochemical markers of acute kidney injury
(uNGAL, cystatin C).

Intraoperative parameters such as duration of
CPB, surgical procedure, and time of cardiac and
circulatory arrest were monitored and recorded.

Acute kidney injury (AKI) was diagnosed ac-
cording to the KDIGO criteria [16]: an increase in
serum creatinine (SCr) >0.3 mg/dL (>26.5 pmol/L)
within 48 hours, or an increase in SCr >1.5 times
the baseline value (if known or assumed to have
occurred within the previous 7 days), or a urine
output rate <0.5 mL/kg/h over 6 hours. SCr levels
were monitored for 7 days after surgery.

Levels of uNGAL and cystatin C (markers of
AKI) were determined in urine samples. Urine was
collected after bladder catheterization and 4 hours
after the end of surgery. The urine was then cen-
trifuged at 1500+3 rpm for 10 minutes and frozen
at—20°C. The concentrations of uNGAL and cystatin
C were measured using an enzyme-linked im-
munosorbent assay (ELISA) method (Hycult Biotech,
Uden, The Netherlands) on a Sunrise analyzer
(Tecan, Mannedorf, Switzerland).

Statistical data analysis was performed using
Statistica 10.0 software (StatSoft, Inc, USA). The
Shapiro-Wilk test was used to assess the normality
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Fig. 2. Scheme of nitric oxide delivery.

Note. a— NO delivery to the cardiopulmonary bypass machine oxygenator; b— NO delivery

to the mechanical ventilation system.

of the distribution of the variables. For non-normal
distributions, quantitative data were expressed as
median and 25% and 75" percentiles (Me [25; 75]),
and categorical data were expressed as N (%). Quan-
titative parameters were analyzed using the
Mann-Whitney U'test for two independent samples.

nominal variables in inde-
pendent groups. Differences
were considered statistically
significant at P<0.05, with a
two-tailed P value. Sample
size calculation was based on

Anesthetic machine .. .

Flow - a preliminary pilot study of

" . . - .
regulator Inhalation i Exhalation 16 patients (§ patients in each
: ‘ group). The incidence of AKI
- (Ni(ri';u())xlde) NO (Nllrilg?)xlde) was 20% in the NO group and
: il h— 50% in the control group with-
podalime () out NO administration. The

required sample size for each
group with alpha = 0.05,
power = 0.8, and the observed

& T filter Tianox sample proportions was 39 patients.
=
- Results
o «Y» adapter W d Di .
Hydrophobic and Discussion

The groups were com-
parable with respect to the
main clinical characteristics.
Patient characteristics are
shown in Table 1.

An analysis of intraop-
erative data and early post-

operative period was performed in the study groups.
The groups were comparable in terms of duration
of cardiopulmonary bypass, surgery, and cardiac
and circulatory arrest (Table 2).

The incidence of AKI was 25% in the NO group
and 50% in the group without NO administration

Fisher's exact test or y2 test was used to compare (RR=0.5; AR=0.25; 95% CI: 0.10-0.69; P=0.036) [17].

Table 1. Clinical and demographic characteristics of patients, Me [25; 75] or N (%).

Parameter Values in groups Puvalue
without NO (N=40) NO (N=40)

Age, years 67 [58; 72] 61 [52; 67] 0.06
Men 28 (70) 24 (60) 0.35
BM], kg/m? 28.4 [26.0; 32.1] 29.0 [24.7;31.1] 0.54
LVEE % 64 [61; 68] 63 [58; 68] 0.56
CHD 22 (55) 16 (40) 0.18
Previous MI 4 (10) 2 (5) 0.67
Hypertension 36 (90) 30 (75) 0.14
Diabetes mellitus 3(7.5) 7 (17.5) 0.18
Creatinine, pmol/L 87.0 [77.5; 95.5] 86.0 [74.0; 98.0] 0.76
GFR, mL/min/1.73 m2 81.0 [63.5; 92.5] 77.0 [64.0; 89.5] 091
Ascending aorta diameter, mm 50.0 [48.0; 54.5] 50.0 [48.5; 52.0] 1

Note. BMI — body mass index; LVEF — left ventricular ejection fraction; CHD — coronary heart disease; MI — myocardial infarction;
GFR — glomerular filtration rate.

Table 2. Perioperative period characteristics, Me [25; 75] or N (%).

Parameter Values in groups Puvalue
without NO (N=40) NO (N=40)
Duration of circulatory arrest, min 18 [17; 20] 18 [16; 21] 0.74
Duration of cardiac arrest, min 101 [81; 135] 99.5 [82; 135] 0.59
CPB, min 140 [115; 166] 125 [105; 162] 0.20
Duration of surgery, min 360 [310; 370] 320 [285; 380] 0.15
ACVE 0 1(2.5) 0.32
Myocardial infarction 1(2.5) 0 0.32
Duration of lung ventilation, hours 12 [7; 18] 11 [7; 15] 0.85
Length of stay in the ICU, days 2 [1;5] 1[1;2] 0.03
Length of hospital stay, days 20 [15; 28] 19 [14; 22] 0.23

Note. CPB — cardiopulmonary bypass; ACVE — acute cerebrovascular event.
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Table 3. Urinary biomarker concentrations of AKI markers, Me [25; 75].

Parameter, ng/mL Values in groups Puvalue
without NO (N=40) NO (N=40)
uNGAL
Baseline 1.02 [0.61; 1.34] 1.03 [0.76; 1.08] 0.76
4 hours post-op 3.52 [2.72;6.42] 1.85 [1.66; 3.82] 0.03
Cystatin C
Baseline 1.66 [1.17; 3.90] 1.54 [0.58; 3.77] 0.84
4 hours post-op 100.79 [80.06; 117.23] 45.02 [34.04; 73.41] <0.001

Note. uNGAL — neutrophil gelatinase-associated lipocalin.
@ Group without NO @ NO group
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Fig. 3. Changes in serum creatinine level, Me [25; 75].
Note. * P=0.02.

The changes in creatinine concentration are
shown in Fig. 3.

In the NO group, lower levels of uNGAL and
cystatin C were observed 4 hours after surgery com-
pared to the group without NO administration
(P=0.03 and P<0.001, respectively) (Table 3).

No significant differences were found between
the groups in the incidence of stroke, myocardial
infarction, duration of mechanical ventilation, or
length of hospital stay (Table 2). However, the NO
group showed a reduction in ICU length of stay
(P=0.03) (Table 2).

Throughout the study, NO, levels did not
exceed the clinically acceptable threshold of 3 ppm.

A statistically significant reduction in the inci-
dence of AKI according to KDIGO criteria was ob-
served with perioperative NO administration. Pre-
vious clinical studies have shown that patients un-
dergoing cardiac surgery experience impaired en-
dogenous NO homeostasis and a hemolysis-asso-
ciated NO-deficient state [18, 19]. Restoring NO
levels and increasing its bioavailability is a promising
nephroprotective strategy, as supported by several
experimental studies [20-24]. According to a meta-
analysis by J. Wang et al. [19], NO administration
reduces the postoperative risk of AKI in cardiac
surgery patients by 20%. Our results are consistent
with the existing literature [25, 26].

Four hours after surgery, urinary uNGAL levels

were lower in the NO group compared to patients
who did not receive NO (P=0.03), indicating less
pronounced renal injury. uNGAL is considered one
of the most extensively studied biomarkers of AKI
associated with cardiac surgery and is often referred
to as a «troponin-like» biomarker in the laboratory
diagnosis of AKI.

De Geus et al. [27] developed the CSA-NGAL
score, a renal tubular injury scale based on NGAL
levels in urine or plasma. In a study by E. A. Mostafa
et al. [28], a positive correlation was observed be-
tween the severity of renal injury according to the
CSA-NGAL score (cardiac surgery-associated neu-
trophil gelatinase-associated lipocalin scale) and
AKI severity according to KDIGO criteria.

A meta-analysis by M. Haase et al. [29] con-
firmed NGAL as a sensitive and specific biomarker
for AKI, a finding further supported by the meta-
analysis by E Zhou et al. [30]. In addition, a study
by O. Dymova et al. [31] in patients undergoing
thoracic aortic surgery with cardiopulmonary bypass
highlighted the high prognostic value of NGAL in
assessing AKI risk just hours after surgery.

Research suggests that urinary NGAL changes
not only serve as an effective early diagnostic marker
of AKI, even before the loss of excretory renal func-
tion, but also help to assess treatment efficacy and
disease severity [31]. Thus, the data suggest that
urinary NGAL measurement can be used for early
diagnosis of AKI in the immediate postoperative
period.

In our study, urinary cystatin C levels were
also lower in the NO group four hours after surgery
(p &amp;lt; 0.001), further confirming less pro-
nounced renal injury with perioperative NO ad-
ministration. Cystatin C is considered a promising
biomarker for AKI, as its levels reflect changes in
GFR and can be effectively used to predict AKI, es-
pecially in combination with NGAL [32-34].

According to a meta-analysis, cystatin C had
the highest AUC value for predicting AKI and showed
greater specificity compared to other biomarkers
studied [35].

Perioperative NO administration has a nephro-
protective effect in hemiarch aortic surgery per-
formed under hypothermic circulatory arrest, as
evidenced by the observed reduction in urinary
uNGAL and cystatin C levels, indicating a lower in-
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cidence of clinically manifest AKI and milder sub-
clinical AKI.

These findings are of practical importance;
however, further studies with larger patient cohorts
are recommended to determine the optimal NO
concentration and duration of administration to
reduce the incidence of AKI in hemiarch aortic sur-
gery under hypothermic circulatory arrest.

Study Limitations. This was a single-center
study with a relatively small cohort of patients and
no assessment of long-term outcomes. Local pro-
tocols for anesthesia management, CPB, CA, and
surgical techniques and postoperative care may

have influenced the results. In addition, the study
protocol was not registered.

Conclusion

Perioperative administration of NO at a con-
centration of 80 ppm during hemiarch aortic re-
placement under hypothermic circulatory arrest
has a nephroprotective effect. This is supported by
areduced incidence of acute kidney injury, changes
in urinary biomarkers of subclinical kidney injury
(uNGAL and cystatin C), and a shorter stay in the
intensive care unit.
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Summary

Acute liver failure (ALF) is a rare pathologic syndrome in pediatric practice with a high risk of multiple
organ failure and death. Despite extensive research on risk factors and clinical manifestations, there are no
standardized critical care protocols for ALF in children and adolescents. Anesthesiologists and intensivists
face significant challenges in the diagnosis and prevention of ALE

The aim of this review is to analyze the main triggers, etiology, pathogenesis, clinical manifestations and
both specific and supportive treatment approaches for ALF in pediatric intensive care units.

The Cochrane Library, PubMed, Medscape and Library.ru databases were used to conduct a systematic
search and analysis of the scientific literature using the keywords «acute liver failure, children and adolescents,
hepatic encephalopathy, cerebral edema, extracorporeal methods, liver transplantation». A total of 81 sources
were selected for review. Inclusion criteria were studies that described the pathogenesis, clinical manifesta-
tions, diagnosis and treatment of ALF in the pediatric intensive care unit. Exclusion criteria were studies that
focused on the diagnosis and treatment of ALF in adult patients.

This review summarizes the most common etiologic factors and clinical presentations of ALF based on the
child's age, as well as the diagnostic tools used in the pediatric intensive care unit. It also focuses on the primary
supportive and disease-specific management strategies for ALF in the ICU, taking into account the unique

physiological characteristics of pediatric patients.

Conclusion. Infectious and idiopathic causes are the most common etiologies of ALE leading to hyperam-
monemia, inflammatory response, and hepatocyte death. The primary clinical manifestations of ALF in chil-
dren vary with age and include jaundice, abdominal pain, nausea, vomiting, and encephalopathy. Specific
treatment in the intensive care unit focuses on correcting fluid and electrolyte imbalances, administering an-
tibacterial therapy, and providing enteral nutrition. Supportive therapy is aimed at stabilizing vital organ func-
tion, implementing extracorporeal treatment methods, and performing liver transplantation when indicated.

Keywords: acute liver failure; children and adolescents; hepatic encephalopathy; cerebral edema; extra-

corporeal methods; liver transplantation
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Introduction

Acute liver failure (ALF) is a rare condition in
pediatric practice that can rapidly progress to mul-
tiple organ failure with fatal outcome [1-7]. It is
characterized by acute hepatocellular injury in the
absence of pre-existing liver disease [1, 2, 8, 9]. The
exact incidence of ALF in children remains unknown,
but is estimated to range from 1 to 10 cases per
million people per year in all age groups (including
adults), with a mortality rate of approximately
5-10% [1, 10-14]. Notably, ALF is observed more
frequently in children aged 1 to 5 years than in
other pediatric age groups [15].

In adults, ALF is defined by severe liver dys-
function manifested by jaundice and coagulopathy,
accompanied by the development of hepatic en-
cephalopathy (HE) within eight weeks of symptom
onset [1]. However, among young children, challenges

in accurately assessing mental status and establishing
the precise duration of illness limit the applicability
of this definition [1, 16].

A generally accepted definition of pediatric ALF
was formulated in 1999, characterizing it as a «rare
multisystem disorder characterized by severe hepatic
dysfunction, with or without hepatic encephalopathy,
associated with hepatocellular necrosis in the absence
of pre-existing chronic liver disease» [2, 13, 17].

Biochemical criteria for the diagnosis of ALF
in children should include at least one of the fol-
lowing [1, 4, 10]:

¢ Aninternational normalized ratio (INR) >1.5
that is not corrected with vitamin K administration
in the presence of hepatic encephalopathy (HE).

e AnINR>2.0 that does not respond to vitamin
K supplementation, even in the absence of HE.

Management of this rare yet complex syn-
drome requires a comprehensive diagnostic eval-
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uation, as well as continuous monitoring, prog-
nostication, and treatment of the multiple organ
failure that often develops as a secondary compli-
cation of ALF [1, 6, 8]. Diagnostic criteria for ALF
in children vary according to age and clinical pres-
entation, necessitating pediatric-specific intensive
care algorithms that differ from those used in
adults [1, 2, 4, 9, 13].

The importance of this review is underscored
by the rarity of ALF in the pediatric ICU and the
limited awareness among anesthesiologists and in-
tensivists regarding emergency management strate-
gies for this patient population.

The aim of this review is to examine the major
triggers, etiopathogenesis, clinical manifestations,
and both specific and supportive treatment ap-
proaches for ALF in pediatric intensive care practice.

Materials and Methods

A systematic search and analysis of the scientific
literature was performed using the Cochrane Library,
PubMed, Medscape, and Library.ru databases. The
search was conducted using the following keywords:
«acute liver failure, children and adolescents, hepatic
encephalopathy, brain edema, extracorporeal ther-
apies, liver transplantation».

The search yielded 350 publications from
international and national journals published be-
tween 2014 and 2024. Studies were included in
the review if they provided data on the patho-
genesis, clinical presentation, diagnosis, and treat-
ment strategies in pediatric intensive care. Articles
that focused on the clinical characteristics, diag-
nosis, and ICU management of adult patients
were excluded. After screening, 81 studies directly
related to the objectives of this review were
selected for analysis.

Etiology and Pathogenesis

Acute liver failure in children and adolescents
is a potentially life-threatening condition caused
by a variety of factors, making its accurate diagnosis
and treatment difficult [10, 18]. The etiology of
ALF varies depending on the child's age, geographic
region, and socioeconomic status [17, 19]. Infec-
tious causes are the most common etiology of
ALF in developing countries, whereas undeter-
mined causes are more common in Europe and
North America [13, 15, 19-22].

In neonates, ALF may result from conditions
such as gestational alloimmune liver disease, herpes
simplex virus infection, and metabolic disorders [21,
22]. In adolescents, common causes include drug-
induced liver injury (with acetaminophen overdose
accounting for over 75% of ALF cases), ingestion
of toxic Amanita phalloides mushrooms, herbal
and dietary supplements, and autoimmune dis-
eases [1, 2,9, 15, 23].

Certain causes of ALF are specific to the pediatric
population. These include metabolic disorders such
as type 1 tyrosinemia, mitochondrial cytopathies,
galactosemia, hereditary fructose intolerance, and
genetic disorders such as neonatal hemochromato-
sis [7]. In addition, autoimmune hepatitis, acute
leukemia, Wilson's disease, and Reye's syndrome
are well recognized causes of pediatric ALF [7, 17].

Despite diagnostic advances, a substantial pro-
portion of ALF cases (35-45%) remain of unknown
etiology (indeterminate ALF), particularly in children
aged 1 to 5 years [4, 9, 10, 17, 24-27].

Despite the diverse etiology of pediatric acute
liver failure (PALF), the underlying mechanisms
of hepatocellular injury and regeneration share
common pathways regardless of the initiating
factor. The interplay between innate and adaptive
immune mechanisms plays a central role in this
process [17]. Damage to individual hepatocytes
triggers an integrated stress response (ISR), leading
to increased activation of caspases and NF-«B, as
well as Fas ligation [28, 29].

The pathophysiological cascade underlying
ALF is primarily driven by two key mechanisms [30].
The first is the development of hyperammonemia
due to the inability of the liver to produce urea [30,
31]. The second mechanism is hepatocyte necrosis,
which results in the release of large amounts of
degradation proteins such as damage-associated
molecular patterns (DAMPs), including DNA and
RNA fragments, S-100 proteins, hyaluronan, and
purine metabolites [30].

This release of DAMPs triggers a proinflam-
matory response in intrahepatic macrophages, lead-
ing to systemic circulation of these molecules, which
in turn activate monocytes and macrophages, re-
sulting in further secretion of proinflammatory cy-
tokines [30]. The excessive accumulation of DAMPs
contributes to a clinical syndrome similar to septic
shock, which is exacerbated by severe HE and cere-
bral edema (CE) [32].

Clinical Manifestations

The clinical presentation of PALF is highly
variable and often atypical [3]. Symptoms vary de-
pending on the underlying cause and the age of
the child [33-35]. The most common signs include
jaundice, abdominal pain, nausea, vomiting, and
generalized weakness [10, 15].

In newborns, the clinical presentation is closely
related to the etiology of neonatal liver failure, so
that early symptoms are nonspecific and often lim-
ited to changes in general condition such as lethargy,
weight loss, and vomiting [33-35]. Jaundice is not
always present, especially in cases of inborn errors
of metabolism [33-35]. Hepatic encephalopathy;,
which may manifest as behavioral changes such as
irritability and sleep-wake disturbances, typically
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occurs in later stages and is particularly difficult to
diagnose in newborns [33-35]. Seizures may indicate
meningoencephalitic brain involvement or be as-
sociated with hypoglycemia [33-35]. Hepatomegaly
is common in neonatal ALE whereas splenomegaly
and ascites are uncommon [33-35].

In infants and older children, ALF often begins
with a prodromal phase characterized by malaise,
nausea, and anorexia [33-35]. Jaundice is a common
sequela, but may be absent, particularly in the presence
of metabolic disorders or toxic liver injury, making
clinical diagnosis difficult [33-35]. Other signs include
hepatomegaly, ascites, and cerebral edema (CE) [36].
While ascites is more typical of chronic liver disease,
it can occasionally be seen in ALE particularly in
Budd-Chiari syndrome [36]. A characteristic hepatic
odor on breath may be subtle or absent [33, 36].

Coagulopathy is a characteristic feature of
ALF [37]. Although spontaneous bleeding may occur,
primarily in the gastrointestinal tract [33-35], clin-
ically significant bleeding is observed in less than
5% of patients, and spontaneous intracranial hem-
orrhage is diagnosed in less than 1% of children [37,
38]. Severe hypoglycemia is common and can lead
to seizures if left untreated [33-35].

HE in children is classified into four stages [33]:

e Stage 1: Behavioral changes without altered
consciousness, along with sleep disturbances (sleepi-
ness, insomnia, or disrupted sleep-wake cycles in
neonates).

e Stage 2: Disorientation, marked drowsiness,
and inappropriate behavior.

e Stage 3: Stupor with weak response to pain
and auditory stimuli.

» Stage 4: Coma with decorticate posturing [33].

HE may be absent despite severe liver dys-
function or may develop over hours, days, or weeks
after the onset of ALF [33-35].

The most common cause of mortality in ALF
is CE, which leads to intracranial hypertension (ICH)
and ischemic brain injury [37]. Triggers of CE include
hypoxia, systemic hypotension, and decreased cere-
bral perfusion pressure, all of which result from in-

creased ammonia levels and excessive glutamine
production in the brain [37]. Pathologic pupillary
reflexes, muscle rigidity, and decerebrate posturing
indicate the presence of ICH [37]. ALF often results
in multisystem organ dysfunction, with acute kidney
injury (AKI) and acute respiratory failure (ARF) being
among the most common early complications [36].

The major complications of ALF in children

and adolescents are summarized in Table.
Diagnosis

All children suspected of having ALF must
undergo an immediate evaluation to determine
the underlying cause and assess the severity of
liver injury and dysfunction [1, 39]. A thorough
history should be obtained, focusing on the onset
of hepatic symptoms, changes in mental status,
exposure to infectious agents, blood transfusions,
medication use, and any family history of liver or
autoimmune disease [1]. A comprehensive physical
examination, including a detailed neurological as-
sessment, is essential [1].

CBC, absolute platelet count, prothrombin
time (PT) with international normalized ratio INR),
coagulation factors V and VII, blood glucose, and
serum electrolytes (potassium, sodium, calcium,
and phosphate) should be checked every
12 hours [37, 40]. Serum bilirubin, AST/ALT, alkaline
phosphatase, albumin, and globulin should also
be assessed routinely [37, 40]. Blood and urine cul-
tures and chest radiography are essential to identify
potential sources of infection [37, 39, 40]. Cranial
computed tomography (CT) should be performed
in children with grade 3-4 HE to exclude intracranial
hemorrhage and CE [37]. Continuous monitoring
of clinical and biochemical parameters is necessary
until the child's condition stabilizes [41].

Recommended monitoring includes

1. Continuous monitoring of hemoglobin oxy-
gen saturation (SpO.,).

2. Assessment of vital signs (respiratory rate,
heart rate, blood pressure) every 4 hours; more fre-
quently in hemodynamically unstable children.

Table. Common complications of acute liver failure (ALF) in children [2].

System Complications
Brain ¢ Hepatic encephalopathy
» Cerebral edema
Blood * Coagulopathy
* Aplastic anemia
Gastrointestinal  Ascites
* Gastrointestinal bleeding
* Pancreatitis
Urinary * Hypovolemia
* Hepatorenal syndrome
Metabolic ¢ Hypokalemia, hypophosphatemia, hypoglycemia
* Acid-base disorders
Immune ¢ Bacterial infection and sepsis
Cardiovascular ¢ Pulmonary edema

* Hypovolemia
* Shock
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3. Hourly neurological examination for
12 hours, including assessment of consciousness
level.

4. Regular monitoring of electrolytes, glucose
levels, and arterial blood gas analysis.

5. Daily coagulation studies and complete
blood count.

6. Daily liver size measurements (palpation
and ultrasonography).

7. Twice weekly monitoring of cholesterol,
urea, creatinine, calcium, and phosphate levels.

Intensive Therapy

The management of PALF is complex due to
the risk of multi-organ dysfunction and requires a
multidisciplinary approach [1]. Close collaboration
between anesthesiologists, intensivists, pediatricians,
hepatologists, neurologists, nephrologists, and
hematologists is essential [1].

Children with worsening coagulopathy and/or
altered mental status must be admitted to the ICU
for continuous neurological, cardiorespiratory, and
laboratory monitoring, as PALF can deteriorate rap-
idly [1, 39, 42]. ICU admission is indicated if INR
>1.5 with evidence of HE or if INR >4 without HE [40].

After initial assessment and stabilization, man-
agement should focus on the identification and
treatment of complications [23, 36]. Venous access
is required for fluid administration, acid-base balance
correction, and electrolyte maintenance [37, 41]. If
consciousness deteriorates to coma, endotracheal
intubation should be performed to protect the
airway and prevent aspiration [37].

Fluid Therapy
and Electrolyte Correction

Metabolic, electrolyte, and acid-base distur-
bances are common in PALF and require careful
monitoring and correction [1, 39, 43]. Fluid support
is essential for patients who are unable to receive
adequate enteral nutrition [44]. Intravenous fluid
therapy should be started at 3 of the calculated
daily requirement to prevent fluid overload [40, 41,
45]. Overhydration can lead to pulmonary edema,
ascites, and CE, while underhydration increases the
risk of hepatorenal syndrome, acute tubular necrosis,
worsening HE, and arterial hypotension [45].

Balanced crystalloids are the preferred fluid
choice for ALF [44]. The initial fluid solution in he-
modynamically stable patients consists of 10% glu-
cose with sodium (0.5-1.0 mmol/kg) and potassium
(2-3 mmol/kg) [40, 45]. Lactated Ringer's solution
should be avoided as it may worsen lactic acidosis
and contribute to CE [40].

Hypoglycemia occurs due to impaired
glycogenolysis and gluconeogenesis and requires
continuous glucose infusion at a rate of
10-15 mg/kg/min [37, 39, 45, 46]. Intravenous lipid

emulsions can be used for caloric support, but fat
metabolism may be impaired in certain conditions
thatlead to ALF (e. g., mitochondrial diseases) [47].

Plasma concentrations of sodium, potassium,
phosphate, calcium, and magnesium are often low
and require careful correction [1]. Hyponatremia
and hypokalemia may occur as a result of aggressive
fluid therapy, ascites, and AKI when diuretics are
used [1, 39]. It is very important to avoid hypona-
tremia to avoid exacerbation of CE [39]. Serum
phosphate levels should be monitored and corrected
as hypophosphatemia can be severe [37, 45, 48].

Severe symptomatic cases of hypophos-
phatemia require intravenous administration of P
when the serum level is <1.0 mg/dL (or
<0.32 mmol/L); oral preparations should be started
when the serum phosphate exceeds 2.0 mg/dL (or
0.48 mmol/L).

Sodium phosphate and potassium phosphate
preparations with an equivalent phosphate content
0f0.011 g/mL are commonly used according to the
following scheme [37, 45, 48]:

— Ifserum P < 1.0 mg/dL: 0.6 mmol/kg intra-
venously over 6 hours;

— If serum P 1.0-1.7 mg/dL: 0.4 mmol/kg in-
travenously over 6 hours;

— If serum P 1.7-2.2 mg/dL: 0.2 mmol/kg in-
travenously over 6 hours.

Hypocalcemia and hypomagnesemia are com-
mon in ALF and require timely correction [39]. For
hypocalcemia, oral calcium supplementation is in-
dicated for mild cases (asymptomatic, with serum
calcium >1.9 mmol/L), whereas intravenous ad-
ministration of calcium gluconate is required for
severe cases (serum calcium <1.9 mmol/L) [39].
Hypomagnesemia should be treated with slow in-
travenous infusion of magnesium sulfate (25%
MgS0O,) administered under close clinical and he-
modynamic monitoring. In pediatric patients, the
recommended dose of 25% MgSO;, is 25-50 mg/kg
(0.2-0.4 mEq/kg), with a maximum single dose of
2 g administered over 1-5 minutes [39].

Enteral Nutrition

ALF is a hypercatabolic state characterized by
negative nitrogen balance and increased caloric
expenditure, which increases energy requirements
in children by approximately 20% [43]. The goals of
enteral nutrition in ALF include providing adequate
calories to limit protein catabolism, maintaining
euglycemia, and ensuring adequate protein delivery
without inducing hyperammonemia [1, 39]. However,
the lack of randomized controlled trials (RCTs) has
resulted in the absence of standardized, evidence-
based nutritional guidelines for pediatric ALE
Instead, most nutritional protocols are based on
approaches used in the management of chronic
liver disease or cirrhosis [1, 49, 50].
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To reduce complications such as CE, enteral
nutrition should utilize high-calorie formulas that
minimize the administration of free water. Recom-
mended daily caloric intake targets are
50-80 kcal/kg/day for older children and
120-160 kcal/kg/day for neonates and infants less
than one year of age [40, 49, 51]. When selecting
enteral formulas for patients with ALE products
such as Nutrien Hepa are beneficial. These formulas
contain medium-chain triglycerides (MCTs), which
are efficiently metabolized without storage in adipose
tissue or accumulation in the liver [52].

The target blood glucose concentration during
enteral nutrition should be maintained between
110-130 mg/dL [40]. Children should receive ap-
proximately 1.5-1.9 g/kg of protein per day, while
neonates of normal birth weight require
3.0-3.3 g/kg/day [40].

Antibacterial Therapy

Recommendations for the prophylactic use of
antibacterial agents in children and adolescents
with ALF remain uncertain [51]. Several RCTs in
adults have examined the role of prophylactic an-
tibiotics in liver failure, but the results remain in-
conclusive [53]. The lungs and kidneys are the most
common sites of bacterial infection, with gram-
positive cocci (staphylococci, streptococci) and
gram-negative enterobacteria being the most com-
monly isolated pathogens [54]. Empiric therapy
with broad-spectrum antibiotics is indicated in
children with sepsis or worsening HE [37, 51].

Anesthetics and Muscular
Blocking Agents

Sedatives, analgesics, and neuromuscular block-
ing agents are important components of the intensive
care management of children with ALF in the ICU,
especially if mechanical ventilation is required [39].
Data on pharmacologic agents that can be used for
sedation and/or analgesia in children with ALF are
limited, but drugs with short duration of action are
preferred [1, 39]. The use of sedatives in agitated,
spontaneously breathing children with ALF should
be carefully considered, balancing the potential
benefits of reducing agitation with tranquilizers
against the risk of worsening HE [1, 39].

Benzodiazepines and propofol may worsen
encephalopathy by increasing gamma-aminobutyric
acid (GABA) neurotransmission in the brain [1, 39].
In addition, benzodiazepines may have prolonged
sedative effects in the setting of impaired liver func-
tion and should be avoided [39]. Recovery time in
children after propofol administration is significantly
shorter than with benzodiazepines, and propofol
may provide some neuroprotection by reducing
cerebral blood flow and intracranial pressure [1,
39, 55]. Concomitant use of opioid analgesics may

reduce the required anesthetic doses [1, 39]. Opioid
analgesics with a shorter half-life, such as fentanyl
or remifentanil, are preferred [39]. If neuromuscular
blockade is used, vecuronium and rocuronium
should be avoided as they are metabolized in the
liver [56]. Atracurium and cisatracurium are the
preferred neuromuscular blockers in children with
ALF on mechanical ventilation because of their
short duration of action [56].

Symptomatic Therapy
and Correction of Brain Dysfunction

Cerebral dysfunction is the most important
predictor of outcome in PALF [1]. Early recognition
of neurological deterioration allows timely initiation
of intensive therapy and minimizes mortality [1].
Seizures increase cerebral oxygen demand and may
exacerbate CE in children with ALF [41]. Phenytoin
has been used in adults with ALF to control seizures,
but no clear benefit of its use in preventing BE has
been demonstrated [37, 41].

Hepatic Encephalopathy

Early diagnosis and intensive therapy in ALF
are crucial to prevent the onset and progression of
HE [1, 39]. It is necessary to perform frequent neu-
rological examinations and to minimize the influence
of exogenous noise and pain factors [1, 39]. Children
with HE greater than grade 2 should undergo en-
dotracheal intubation for airway protection due to
decreased level of consciousness and assisted ven-
tilation. [1, 37, 39]. Elevating the head of the bed by
20-30° helps improve CSF drainage [1, 37, 39]. Fever
and chills can lead to increased intracranial pressure
and should be treated promptly, avoiding the pre-
scription of acetaminophen, which is hepatotoxic [1,
39]. The use of antibiotics such as rifaximin and
neomycin is a widely used strategy to reduce am-
monia production in the treatment of HE, but RCTs
confirming their efficacy in PALF are currently lack-
ing [46, 51]. In HE, rifaximin is given at a dose of
400 mg every 8 hours to children over 12 years of
age [57]. Lactulose is given at a dose of 0.3-0.4 ml/kg
orally or rectally 3-4 times/day for the treatment of
HE; alternatively, lactilol 30-40 g/day or sodium
benzoate at a dose of 250 mg/kg/day may be
used [40]. L-ornithine-l-aspartate (LOLA) and l-or-
nithine-phenylacetate (LOPA), as major components
of ammonia deamination, are currently being in-
vestigated for use as agents to reduce ammonia
production in ALF [1]. Promising results have been
reported in an adult study [51]; however, there are
no data on their use in PALF [58].

Intracranial Hypertension
and Cerebral Edema

The goal in the treatment of ICH and CE is to
reduce ICP while maintaining cerebral perfusion
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pressure (the difference between ICP and mean ar-
terial pressure), which helps prevent hypoxic brain
injury [1]. Osmotic agents such as mannitol and hy-
pertonic saline (HS) are among the primary treat-
ments for CE [1, 37, 59]. Mannitol is used as a first-
line treatment for elevated ICP in children with
ALF [1, 46]. It works by increasing serum osmolality,
thereby facilitating the passage of water from neurons
into the bloodstream [1, 39]. Mannitol also reduces
blood viscosity, resulting in vasoconstriction and a
decrease in cerebral blood volume [39]. The drug is
recommended to be administered intravenously as
abolus at a dose of 0.25-1.0 g/kg, with the possibility
of one or two repeated doses as long as serum o0s-
molality remains below 320 mOsm/L [1, 46]. In chil-
dren, it is recommended only for acute ICP elevation
and should not be used prophylactically [1, 39].
Most information on the use of mannitol has been
extrapolated from the adult literature, and there are
no RCTs evaluating its efficacy in PALF [1, 39].

HS (3-30%) is a second-line agent that reduces
intracranial pressure by decreasing brain water con-
tent via an osmotic effect and improves cerebral
blood flow by reducing edema [39, 60, 61]. The ad-
vantages of HS include an increase in serum osmo-
larity without the hemodynamic side effects observed
with the use of mannitol [39]. A 3% HS is adminis-
tered at a dose of 2-6 mL/kg, followed by
0.1-1.0 mL/kg/hour (administration should be
stopped if serum sodium concentration exceeds
155 mOsm/L or osmolality exceeds 360 mOsm/L) [40,
62]. HS has been studied as a therapeutic agent to
prevent elevated intracranial pressure in adult pa-
tients with ALF; however, its use as a treatment for
elevated ICP in this disease has not been studied in
children [39, 63, 64]. Importantly, HS administration
is associated with electrolyte imbalance, hyper-
chloremic metabolic acidosis, worsening coagu-
lopathy, deep vein thrombosis, and increased risk
of bleeding [61].

Management of Cardiovascular
Dysfunction

ALF is associated with elevated cytokine levels
leading to hyperdynamic circulatory failure [39]. In
most cases, peripheral vasodilation develops, often
accompanied by low mean arterial pressure
(MAP) [39]. The first-line treatment for relative hy-
povolemia is to restore adequate intravascular vol-
ume by fluid resuscitation [39]. In cases of massive
blood loss, transfusion of blood components is in-
dicated [45]. If arterial hypotension persists despite
adequate fluid resuscitation, vasopressor therapy
should be initiated [1, 39].

Vasopressors are essential to maintain MAP
within or above the physiologic range to ensure ad-
equate renal and cerebral perfusion [37]. In adults,
norepinephrine is the preferred agent because it

optimally improves peripheral organ perfusion while
minimizing tachycardia and preserving splanchnic
circulation [51]. Although RCTs in PALF are lacking,
norepinephrine is considered a rational first-line
vasopressor in volume-refractory hyperdynamic cir-
culatory failure because it helps maintain adequate
central perfusion pressure in children [1, 39, 46].

Vasopressin and its analogues may be used
as adjunctive therapy in children who do not
respond to norepinephrine and fluid resuscitation.
If the norepinephrine infusion exceeds 3 pg/kg/min
without achieving the target MAP, vasopressin may
be started at 0.0001 IU/kg/min to augment the
pressor effect [1, 40].

Focused cardiac ultrasound is a valuable tool
for rapid assessment of myocardial function, par-
ticularly in the evaluation of cardiac output and di-
agnosis of fluid overload in hemodynamically un-
stable pediatric patients. This method can be inte-
grated with clinical assessment to differentiate the
etiology of shock and guide decisions regarding
fluid administration, vasopressor use, inotropic
support, and other therapeutic interventions [65].

Management of Respiratory Dysfunction

Children with ALF may develop acute respira-
tory failure (ARF) due to sepsis, fluid overload-in-
duced pulmonary edema, pulmonary hemorrhage,
or acute respiratory distress syndrome (ARDS) [1,
37, 39]. Endotracheal intubation and mechanical
ventilation (MV) may be required in ALF-associated
ARF due to these causes or to protect the airway in
cases of progressive HE [66].

Ventilation strategies in ALF should be both
lung and neuroprotective, especially in the presence
of elevated ICP [39]. The standard of care for ven-
tilated pediatric patients with elevated ICP includes
maintaining normocapnia and preventing hypox-
emia [1]. Low tidal volumes (3—-6 mL/kg) and mod-
erately elevated positive end-expiratory pressure
(PEEP>6 cm H,0) are recommended to maintain
adequate oxygenation (Sp0,>94%) [39, 40]. Ex-
cessively high levels of PEEP may increase intra-
hepatic and intracranial pressures, so minimally
effective PEEP should be used to achieve adequate
oxygenation [5, 40].

Hyperventilation may be used as an emergency
measure to reduce elevated ICP refractory to man-
nitol therapy. However, prolonged hyperventilation
should be avoided in pediatric patients due to its
potential adverse effects [1, 39].

Management of Renal Dysfunction

Acute kidney injury (AKI) in the setting of ALF
may develop due to hypovolemia, acute tubular
necrosis, or hepatorenal syndrome [37]. Preventive
strategies focus on maintaining adequate fluid bal-
ance, avoiding volume overload, minimizing the
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use of nephrotoxic drugs or intravenous contrast,
and ensuring optimal renal perfusion pressure [1,
67]. Renal replacement therapy (RRT) is considered
an important intervention in patients awaiting liver
transplantation (LT) [37]. However, the criteria for
initiating RRT in pediatric ALF remain poorly de-
fined [68, 69]. Continuous RRT is generally preferred
to intermittent hemodialysis in critically ill patients
because it minimizes hemodynamic instability and
reduces the risk of ICP elevation [1, 37]. The decision
to initiate RRT in children and adolescents is based
on the severity of renal impairment and associated
metabolic and electrolyte imbalances [1]. AKI typi-
cally resolves either after RRT when liver function
is restored or after L'T [70-72].

Management of Hematologic Disorders

In ALE hepatic synthesis of coagulation factors
(IL, V, V11, IX, and X) is impaired, leading to fibrinolytic
abnormalities and hemostasis disorders [73]. Cor-
rection of hemodynamic disorders should be guided
by clear clinical indications, taking into account
not only standard coagulation tests but also throm-
boelastography (TEG) or rotational thromboelas-
tometry (ROTEM) parameters [74].

There are only two scenarios that require active
correction of coagulopathy and thrombocytopenia.
First, if ICP monitoring is required, the administration
of fresh frozen plasma (FFP), cryoprecipitate, and
platelets should be considered based on the degree
of coagulopathy. Second, if there is significant active
bleeding, coagulation abnormalities must be cor-
rected in addition to local hemostatic measures to
control the source of bleeding [75].

Routine correction of coagulopathy in PALF is
not recommended except in cases of active bleeding
or before invasive procedures [1, 33, 37, 76]. Trans-
fusion of platelets, FFP, and cryoprecipitate may be
used when indicated [33, 37].

FFP is given at a dose of 15-20 mL/kg every
6 hours or 3-5 mL/kg/hour intravenously in cases
of bleeding [40]. However, FFP infusion alone may
not be sufficient to correct severe coagulopathy
and carries the risk of fluid overload [1]. Recombinant
factor VIla (80 mcg/kg) is recommended when FFP
fails to normalize PT INR to acceptable levels or
when volume overload is a concern [40, 77]. It is
important to note that administration of recombinant
factor VIla increases the risk of thrombosis [37].

Platelet transfusion is indicated when the
platelet count falls below 50,000/ mm?3 before an
invasive procedure or prophylactically when the
platelet count falls below 20,000/ mms3 [40]. Vitamin K
is used to correct coagulopathy at a dose of 0.2 mg/kg
intravenously (maximum dose 10 mg) [33, 40].

FFP and/or platelet transfusions carry risks,
including transfusion-related lung injury (TRALI)
and volume overload, and may mask a rising INR,

which is an important prognostic marker in ALF [1].
Thromboelastography is considered a superior
method to assess bleeding risk in ALE but its routine
use in pediatric patients remains limited due to
availability issues [78].

Gastrointestinal Management

The use of H,-receptor antagonists or proton
pump inhibitors (PPIs) is recommended for the
prevention of stress-induced gastrointestinal bleeding
in children with ALF admitted to the ICU [1, 33,
37]. Sucralfate (10-15 mg/kg orally every 6 hours)
or omeprazole (10 mg/kg twice daily) are preferred
for prophylaxis of gastric bleeding [33, 40].

A small proportion of children with ALF may
develop ascites, for which spironolactone is the di-
uretic of choice [66].

Specific Treatment Based
on ALF Etiology

For children with ALF due to acetaminophen
toxicity, activated charcoal and prompt adminis-
tration of N-acetylcysteine (NAC) are indicated [37,
40]. The oral NAC regimen consists of a loading
dose of 140 mg/kg followed by 70 mg/kg every
4 hours for 17 doses [40]. The intravenous NAC
protocol includes an initial dose of 150 mg/kg
diluted in 200 mL 5% dextrose infused over 15 min-
utes, followed by 50 mg/kg over the next 4 hours
and 100 mg/kg over the next 15 hours [40].

Patients with suspected Amanita phalloides
mushroom poisoning require gastric lavage, activated
charcoal, and intravenous penicillin-G at a dose of
1 g/kg/day [37].

For ALF associated with hepatitis A or E, sup-
portive care remains the mainstay of treatment, as
specific antiviral therapies have not been estab-
lished [37, 40]. Patients with acute or reactivated
hepatitis B should receive nucleotide analogues
(entecavir or tenofovir) for at least six months [37,
40]. Children with suspected autoimmune hepatitis
should be treated with intravenous methylpred-
nisolone at a dose of 60 mg/day [37, 40].

For chronic hepatitis E, interferon and ribavirin
therapy may be considered [40]. Children with herpes
simplex virus (HSV) hepatitis or ALF caused by vari-
cella-zoster virus (VZV) should receive intravenous
acyclovir at a dose of 5-10 mg/kg every 8 hours [37].
Patients with cytomegalovirus (CMV)-induced hep-
atitis should be treated with intravenous ganciclovir
at a dose of 5 mg/kg every 12 hours [37, 40].

Extracorporeal Treatment Modalities

Several extracorporeal liver support systems
have been studied in pediatric patients with ALF
to determine their potential impact on clinical
outcomes [45]. These methods include albumin
dialysis, plasmapheresis, bioartificial liver support
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systems (using human hepatoblastoma cells), and
molecular adsorbent recirculation systems (MARS),
each of which has demonstrated varying degrees
of efficacy [79-81].

In adult patients with ALE high-volume plasma
exchange (HVPE) has been shown to exert beneficial
effects by removing hepatotoxic substances from
the circulation while enhancing liver regeneration [30,
82]. However, data on its efficacy in pediatric ALF
remain limited. Although HVPE may improve co-
agulation parameters, there is no conclusive evidence
to support its role in improving neurological out-
comes or facilitating spontaneous recovery [45].

Most RCTs in pediatric patients suggest that
plasmapheresis, sometimes in combination with
other extracorporeal therapies, may serve as a «ther-
apeutic bridge» to LT [83]. Plasmapheresis has been
associated with a reduction in multi-organ dys-
function and HE, while increasing survival in the
absence of LT [72, 84].

Despite its theoretical advantages, MARS has
not demonstrated significant clinical benefit in pe-
diatric ALF [85]. Limited studies, including a cohort
of 20 children undergoing MARS therapy, have re-
ported improvements in biochemical markers such
as ammonia, bilirubin, and creatinine levels, with
good overall tolerability of the procedure [86]. How-
ever, further RCTs are needed to determine whether
this modality provides meaningful clinical benefit
in pediatric patients [45].

Liver Transplantation

The decision to proceed with LT in children
with ALF is urgent when the likelihood of sponta-
neous recovery is extremely low and before the de-
velopment of irreversible neurological or respiratory
complications [87]. A progressive increase in serum
aminotransferases, coupled with worsening coag-
ulopathy, indicates progressive liver necrosis and
the potential need for LT [37].

Currently, the Model for End-Stage Liver Dis-
ease (MELD) score is used to assess transplant eli-

gibility in PALF patients, replacing the Child-Pugh
classification [33, 88].

In some cases, the decision-making process
for LT can take several hours to days [89]. Many
centers prefer to list patients for transplantation
while continuing ICU management and further di-
agnostic evaluation within the first 24-48 hours [89].
Prior to the introduction of LT, mortality in PALF
was 70-95% [89]. However, with the advent of trans-
plantation, mortality has decreased to 11% [90].
Currently, up to 10.3% of all pediatric liver transplants
are performed for ALF [90]. Given the success of
living-donor liver transplantation (LDLT) in PALE
this approach should be actively considered for
children listed for transplantation, particularly in
multidisciplinary centers where LDLT is feasible [89].

A major limitation of LT is the shortage of
viable donor organs and the need for lifelong im-
munosuppressive therapy to prevent graft rejec-
tion [91]. Hepatocyte transplantation (HT) has
emerged as a promising alternative to LT, either as a
potential replacement therapy or as a bridge treat-
ment until a donor liver becomes available. HT in-
volves the infusion and engraftment of human he-
patocytes, typically from organs unsuitable for whole
organ transplantation, into the recipient's liver
parenchyma to temporarily restore liver function [89].

Conclusion

Pediatric acute liver failure (PALF) is a rare and
life-threatening condition that many anesthesiologists
and intensivists rarely encounter. As a result, opti-
mizing its management remains a challenge that
can negatively impact the quality of emergency care.
Increased awareness and education about PALF are
essential to improve outcomes. In addition, more
clinical research is needed to advance therapeutic
strategies, including the development of novel ap-
proaches such as hepatocyte transplantation.
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Summary

Xenon is considered to be the safest general anesthetic agent with organ-protective properties. In subanes-
thetic doses, it is recognized as a promising therapeutic agent in various medical fields.

The aim of this review was to systematically summarize scientific data on the potential therapeutic use of
xenon for organ system protection outside the context of anesthetic support during surgery and perioperative
analgesia.

Publications were searched in the databases PubMed, Google Scholar, Cochrane Library, and eLIBRARY.RU
from August to September 2024. A total of 33 publications on the clinical use of inhaled xenon for therapeutic
purposes from 2002 to 2023 were selected, including 12 randomized controlled trials (RCTs), 8 prospective con-
trolled studies, 2 prospective comparative studies, 6 prospective uncontrolled studies, and 2 clinical observa-
tions. An additional 32 publications were used to discuss various aspects related to the topic of the review.

Conclusion. The literature review showed that inhaled xenon at subanesthetic doses has potential neuro-
protective, cardioprotective, and therapeutic effects for the treatment of addictive and neurotic disorders, as
well as oncologic and pulmonary conditions. Despite some promising results, the number of RCTs remains
limited, and the existing studies have methodological limitations, small sample sizes, and a high risk of sys-
tematic error. Definitive conclusions regarding the clinical efficacy and safety of inhaled xenon require further

large-scale randomized trials.

Keywords: xenon; xenon inhalation; therapeutic use of xenon; neuroprotection; stroke; traumatic brain
injury; cardioprotection; myocardial infarction; withdrawal syndrome; neurotic disorders; oncology; chronic

pain syndrome; organ protection
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Introduction

Xenon has been used in anesthesia since the
late 20" century. It does not undergo metabolic
transformation and is eliminated unchanged by
respiration.

Xenon anesthesia is associated with faster in-
duction and emergence, absence of respiratory,
renal, and hepatic toxicity, and less pronounced he-
modynamic changes compared with other anesthetic
agents (both inhalational and intravenous) [1-4].
Extensive research on xenon has demonstrated its
ability to protect organs from injury.

Large systematic reviews [5-7] have described
the main mechanisms underlying the organopro-
tective effects of xenon:

— Inhibition of glutamate receptors (NMDA,
AMPA, and kainate), preventing excitotoxic damage
during ischemia-reperfusion injury.

— Activation of potassium channels (TREK-1,
KATP), resulting in reduced neuronal excitability
and neuroprotective effects.

— Modulation of intracellular signaling path-
ways (PI3K/Akt, MAPK, RISK and SAFE) that atten-
uate apoptosis and myocardial injury.

— Regulation of transcription factors (CREB,
HIF-1e) that enhance the expression of cytoprotective
and anti-apoptotic genes.

— Modulation of serotonergic, cholinergic and
dopaminergic systems, which explains its influence
on anesthesia and mental and emotional states.

The identified mechanisms of action, along
with experimental data, support the recognition
of xenon not only as a general anesthetic but
also as a standalone pharmacological agent with
the potential to reduce tissue injury, provide anal-
gesia, modulate mental and emotional state, and
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exhibit a relatively favorable safety profile at sub-
anesthetic doses.

This review aims to consolidate the scientific
evidence on the potential therapeutic applications
of xenon for organ protection in different systems
of the body.

Materials and Methods

The literature search was conducted using in-
ternational and Russian databases of scientific pub-
lications, including PubMed, Google Scholar,
Cochrane Library, and eLIBRARY.RU. Search queries
were formulated between August 1, 2024, and Sep-
tember 1, 2024, using combinations of the following
key terms: «xenon therapy,» «xenon inhalation,»
«subanesthetic xenon,» as well as their Russian
equivalents («<kCEHOH Tepamusi», «Cy0aHecTeTH4e-
CKHe€ J03bI KCEHOHa», « MHT /I KCeHOHa»). Ad-
ditional terms specifying the therapeutic applications
of xenon were also included, such as «neuropro-
tection», «cardioprotection», «pain management»,
«oncology», «lung diseases», «HelpONPOTEKII»,
«KapIUOIIPOTEKITUST», «KOHKOJIOTHASI».

Selection criteria required studies to be original
clinical research focusing on the therapeutic effects
of inhaled xenon at subanesthetic concentrations.
Articles were excluded if they examined only xenon
as an anesthetic agent, as were review articles and
experimental (preclinical) studies.

Manual reference screening of selected publi-
cations was performed to identify additional relevant
sources. In addition, semantic search techniques
using artificial intelligence models (Semantic Scholar,
Research Rabbit, and Neurosearch on eLIBRARY.RU)
were used to identify additional studies that met
the inclusion criteria.

As a result of the selection process, 65 publi-
cations were included in the review. Of these, 33 stud-
ies focused on the clinical use of inhaled xenon for
therapeutic purposes between 2002 and 2023, in-
cluding 12 randomized controlled trials, 8 prospective
controlled studies, 2 prospective comparative studies,
6 prospective uncontrolled studies, and 2 clinical
case reports (Table 1). An additional 32 publications
were used to discuss various aspects related to the
review topic.

Therapeutic Applications
of Xenon for Neuroprotection

Systematic reviews and meta-analyses of pre-
clinical studies [5, 8, 9] have shown that xenon has
significant neuroprotective effects in several models
of acute brain injury, including cardiac arrest, trau-
matic brain injury, and stroke. The greatest im-
provements in both short- and long-term neuro-
logical outcomes were observed when xenon was
administered after the initial injury (postcondition-

ing), even when treatment was delayed up to
2-3 hours after ischemic brain injury.

The neuroprotective effect of xenon was dose-
dependent, with higher concentrations (50-75%)
providing greater benefit than lower concentrations
(15-37.5%).

A key factor in the safe use of xenon in brain
injury is its effect on cerebral perfusion. Studies
have shown that xenon inhalation can cause a
dose-dependent increase in intracranial pres-
sure [10, 11]. In patients with pre-existing elevated
intracranial pressure, high concentrations of xenon
may reduce cerebral perfusion. However, subanes-
thetic doses (30-32%) did not cause clinically sig-
nificant changes in cerebral blood flow [12] or in-
tracranial pressure [13].

The first studies on the neuroprotective effects
of xenon were conducted by Finnish researchers in
patients with post-hypoxic encephalopathy following
out-of-hospital cardiac arrest. These studies inves-
tigated the effects of xenon on both the cardiovascular
system [14, 15] and the central nervous system [16].

In the randomized controlled XeHypotheCA
trial, R. Laitio and colleagues [16] investigated the
effect of xenon on white matter injury in 110 coma
patients after cardiac arrest. The xenon group (N=55)
received 40% xenon inhalation combined with ther-
apeutic hypothermia (33°C), while the control group
(N=55) received hypothermia alone for 24 hours.
Global fractional anisotropy coefficient, an indicator
of white matter integrity, was 3.8% higher in the
xenon group (95% CI, 1.1-6.4%), suggesting less
white matter damage. However, clinical outcomes
were not significantly different between groups,
with a six-month mortality rate of 27.7% in the
xenon group versus 34.5% in the control group
(P=0.053). To further evaluate the efficacy of this
approach, the authors initiated a large multicenter
trial, XePOHCAS (NCT03176186, clinicaltrials.gov),
which enrolled 1,436 patients.

The combined effects of xenon inhalation and
hypothermia have also been studied in neonatal
brain injury. Small studies by D. Azzopardi (N=14) [17]
and J. Dingley et al. (IN=14) [18] showed that inhaled
xenon at concentrations of 30-50% effectively sup-
pressed seizure activity in neonates. However, abrupt
discontinuation of xenon therapy was associated
with seizure recurrence. When xenon was gradually
withdrawn over 40 minutes, seizure activity did not
recur [18]. A similar anticonvulsant effect was re-
ported in a clinical case of a five-year-old child
with super-refractory status epilepticus [19].

To further evaluate the neuroprotective prop-
erties of xenon, D. Azzopardi and colleagues con-
ducted a randomized controlled trial with two
parallel groups [20]. The study included 92 neonates
(gestational age 36-43 weeks) with signs of severe
encephalopathy and abnormal electroencephalo-
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graphic activity. The investigators compared two
groups: one receiving standard therapeutic hy-
pothermia alone (N=46) and the other receiving
hypothermia combined with 30% inhaled xenon
for 24 hours (IN=46). There were no significant differ-
ences in brain injury between the groups based on
MRI findings. The authors concluded that delayed
administration of xenon in combination with hy-
pothermia did not reduce neuronal injury, possibly
due to the late initiation of treatment (median onset
was 10.0 hours after birth) and the severity of the
initial cerebral insult.

In a randomized controlled pilot study,
0. Grebenchikov and colleagues [21] investigated
the effects of short-term xenon sedation in patients
with acute ischemic stroke. The study included me-
chanically ventilated patients with a Glasgow Coma
Scale (GCS) score of less than 12, a Full Outline of
UnResponsiveness (FOUR) score of less than 13, and
a National Institutes of Health Stroke Scale (NIHSS)
score of greater than 15. Immediately after endotra-
cheal intubation, patients in the intervention group
received 6 hours of inhalation sedation with 40%
xenon, while the control group received propofol.

On admission, the median GCS score was
10 (IQR 10-11) in the xenon group and 10.5 (IQR
9-12) in the control group (P=0.721). By day 8, a
significant difference had emerged: 13 (IQR 11-15)
in the xenon group versus 7 (IQR 6-8) in the control
group (P=0.026). Improvements in the FOUR score
were observed as early as day 2: 14 (IQR 12-15) in
the xenon group versus 12 (IQR 10-13) in the control
group (P=0.038), with further divergence by day 8:
14 (IQR 13-15) versus 8 (IQR 7-8) (P=0.026). NIHSS
neurological deficit was also significantly lower in
the xenon group on day 8: 24 (IQR 12-27) compared
to 34 (IQR 34-34) in the control group (P=0.007).

In the xenon group, the level of the neuronal
injury marker S100b decreased from 0.188
(0.172-0.201) to 0.098 (0.075-0.116) ng/mL. In con-
trast, the control group showed an increase from
0.196 (0.158-0.213) to 0.396 (0.368-0.418) ng/mL,
resulting in a fourfold increase by day 8 (P=0.007).

However, the publication [21] has several lim-
itations, including lack of data on time to hospital
admission, use of thrombolytic therapy or thrombec-
tomy, and comorbidities, as well as lack of between-
group comparisons. These omissions introduce a
risk of systematic bias and weaken the validity of
conclusions regarding the effects of xenon.

In a randomized controlled trial, A. Shpichko
and colleagues [22, 23] investigated the effects of
inhalational xenon sedation on the level of con-
sciousness and spastic activity in patients with
chronic disorders of consciousness (vegetative state
or minimally conscious state) after severe traumatic
brain injury (TBI) [22]. They also evaluated the
changes of biomarkers related to neuroinflammation,

neuronal injury, and neurogenesis [23]. In the in-
tervention group (N=12), participants received daily
30-minute sessions of 30% xenon inhalation for
7 days. The control group (IN=12) received an oxy-
gen-air gas mixture.

On day 3, the xenon group showed a reduction
in inflammatory markers (IL-6 and AGP), although
the differences were not statistically significant.
This may be due to the inherently low levels of
neuroinflammation in the chronic phase of chronic
disorder of consciousness (typically beyond 28 days
post TBI). In support of this, S100b levels remained
very low in both groups (<0.005 pg/mL).

A significant increase in the level of brain-de-
rived neurotrophic factor (BDNF) was observed in
the xenon group — 0.1271 (0.046; 0.2695) pg/mL
vs. 0.054 (0.021; 0.093) pg/mL in the control group
(P=0.04), which may indicate activation of neuronal
regeneration [23].

Consciousness was assessed using the Coma
Recovery Scale-Revised (CRS-R) [24]. In the control
group, scores changed minimally from 8 (6; 10) to
9 (7; 11) (P>0.05). In contrast, the xenon group
showed a marked improvement, with scores increasing
from 9 (7; 10) to 15 (12; 17) (P=0.021); the between-
group difference was statistically significant (P=0.038).
Xenon therapy did not exert a substantial effect on
spastic activity, although a transient reduction in
muscle tone was observed during sessions [22].

With respect to the effect of xenon anesthesia
on the incidence of cognitive impairment, a meta-
analysis by Y.-S. Yang et al. [25] did not reveal any
significant advantage in reducing the frequency
of postoperative neurocognitive disorders. How-
ever, the authors emphasized the need for further
research.

Taken together, these findings suggest that
during the acute phase of brain injury, xenon may
reduce neuroinflammation and neuronal excitability,
thereby decreasing the risk of spreading depolariza-
tion [26]. In later stages, its effects appear to involve
inhibition of apoptosis and promotion of neuronal
recovery mechanisms [8]. While xenon’s neuropro-
tective properties appear promising, current evidence
remains insufficient to draw definitive conclusions.
Ongoing studies, such as the XePOHCAS trial, are
expected to provide a more comprehensive under-
standing. Furthermore, a large-scale investigation
of xenon use in patients with subarachnoid hemor-
rhage (Xe-SAH [27]) is currently underway, with pre-
liminary results anticipated by 2027. These studies
may significantly enhance the current understanding
of xenon’s therapeutic potential in neuroprotection.

Therapeutic Use of Xenon

for Cardioprotection

The cardioprotective effects of xenon, partic-
ularly its ability to reduce the extent of ischemic
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myocardial injury, have been demonstrated in
various experimental models. Administration of
xenon resulted in a significant reduction in the size
of myocardial necrosis zones [5]. These studies used
subanesthetic concentrations, taking into account
the high minimum alveolar concentration (MAC)
values observed in experimental animals (pigs
~119% (28], rats ~161%, mice ~95% [29]).

A study by O. Arola et al. [14] investigated the
effects of xenon inhalation on the cardiovascular
system in comatose patients after out-of-hospital
cardiac arrest. In this RCT, patients in the main
group (N=16) received xenon inhalation (47% for
25.5 hours) combined with therapeutic hypothermia,
while the control group (IN=20) received hypothermia
alone. The incidence of serious adverse events, in-
cluding in-hospital mortality, status epilepticus, and
acute kidney injury, was comparable between groups.
Notably, the xenon group required lower cumulative
doses of norepinephrine (2.95 mg vs. 5.30 mg; P=0.06)
and had a lower heart rate (P=0.04). The 72-hour in-
crease in troponin T levels was also lower in the
xenon group: 0.08 ug/L compared with 0.62 pg/Lin
the hypothermia-only group (median difference
—-0.52 png/L; 95% CI, —-1.72 to —0.06 pg/L; P=0.04).

These findings were subsequently confirmed
by the same group of authors in a larger study (IN=110)
XeHypotheCA described previously [16]. In addition
to assessing changes in brain tissue, the authors also
investigated the effect of xenon on ischemic myocardial
injury [15]. In the group receiving 40% xenon inhalation
for 24 hours, a significant reduction in troponin levels
at 72 hours was observed compared to the control
group (adjusted mean difference: 0.66; 95% CI, —1.16
to —0.16; P=0.01). This xenon-induced reduction in
troponin T concentration was independent of the
primary intervention (percutaneous coronary inter-
vention). An increase in troponin T from baseline to
any time point was a significant predictor of 6-month
mortality in both groups.

Building on this, A. Saraste and colleagues [30]
used the same xenon and hypothermia protocol in
patients after out-of-hospital cardiac arrest and
evaluated echocardiographic changes after 24 hours
of exposure. A significantly higher left ventricular
ejection fraction (LVEF) was observed in the xenon
group (N=17) compared to controls (IN=21): 50+10%
vs. 42+10%, P=0.014. Global longitudinal systolic
strain was also significantly better in the xenon
group (-14.4+4.0% vs. —10.5£4.0%, P=0.006). Pro-
longed xenon inhalation improved longitudinal
strain in nonischemic myocardial segments. No
significant between-group differences were found
for diastolic function parameters.

Thus, xenon inhalation combined with thera-
peutic hypothermia was associated with less my-
ocardial injury [14, 15] and greater improvement in
left ventricular systolic function compared with hy-

pothermia alone in patients resuscitated from out-
of-hospital cardiac arrest [30].

A clinical study by I. Molchanov et al. [31] in-
vestigated the effect of xenon inhalation on the
course of acute coronary syndrome (ACS). The main
group included 20 patients (16 with acute myocardial
infarction and 4 with unstable angina) who received
xenon inhalation (25-50%, 20-40 minutes per ses-
sion) in addition to standard therapy. The control
group consisted of 15 patients (11 with AMI, 4 with
unstable angina). The inhalation course lasted 3 to
5 days. Xenon had no effect on blood pressure or
heart rate. However, according to noninvasive he-
modynamic monitoring (bioimpedance), the last
inhalation session was associated with an increase
in cardiac index from 2.90+0.6 to 3.25+0.9 L/min/m?
and a decrease in systemic vascular resistance (SVR)
from 1389.5+158.2 to 1290.2+149.1 dynxs/cmxm?.
Echocardiographic assessment also showed a sig-
nificant reductionin pulmonary artery systolic pres-
sure from 33.41+3.22 t0 29.84+1.69 mmHg (P<0.05).

The authors reported a more pronounced re-
duction in biomarkers of myocardial injury on day 3,
as well as a reduction in hypercoagulability as as-
sessed by thromboelastography in the xenon-treated
group. However, the study was limited by its obser-
vational design, lack of hemodynamic data in the
control group, and lack of between-group compar-
isons of myocardial injury markers. In addition, the
potential effect of standard anticoagulant therapy
on hemostatic parameters was not considered.
These factors make it difficult to interpret the ther-
apeutic efficacy of xenon in this context.

A study by V. Potievskaya et al [32] investigated
the effects of xenon inhalation on the cardiovascular
system. No significant changes were observed on
the ECG, including QTc interval duration or repo-
larization processes. QTc prolongation was observed
only in the control group. No arrhythmias were re-
ported. Analysis of hemodynamic parameters showed
a similar, clinically insignificant decrease in both
systolic and diastolic blood pressure in both groups,
with no effect on heart rate.

Regarding the cardioprotective effects of xenon
in the context of anesthesia, a large randomized
controlled trial (N=492) conducted by J. Hofland
etal. [33] found that xenon anesthesia during coro-
nary artery bypass grafting (CABG) had a cardio-
protective profile comparable to that of sevoflurane
and more pronounced than that of propofol. How-
ever, the clinical significance of these differences
remains uncertain.

In conclusion, xenon therapy appears to be
safe for patients with cardiovascular disease. It may
provide benefits by reducing myocardial reperfusion
injury and exerting anti-inflammatory effects. How-
ever, further randomized controlled trials are needed
to assess its impact on clinical outcomes.
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Use of Xenon in the Treatment
of Addictive Disorders

Studies on the intensive treatment of severe
alcohol and drug withdrawal syndromes have high-
lighted the organoprotective properties of xenon.
S. Naumov et al. [34] showed that xenon inhalation
reduced cortisol levels (from 504.9+35.4 to
409.6+40.0 nmol/L) and growth hormone levels
(from 7.15+0.72 to 1.75+0.9 ng/mL) and stabilized
blood glucose levels, indicating an anti-stress effect.
In addition, an improvement in liver function was
observed, as evidenced by a decrease in aspartate
aminotransferase (AST) and alanine aminotrans-
ferase (ALT) activity.

O. Strepetova [35] reported that in moderate
to severe alcohol intoxication, xenon inhalation not
only reduced the incidence and duration of hyper-
active delirium (6.1+0.7 days vs. 8.7+2.1 days in the
control group, P=0.018), but also shortened the du-
ration of mechanical ventilation. In addition, patients
receiving xenon required lower doses of vasopressors
and positive inotropic agents (P=0.003).

Several studies have shown that xenon ad-
ministration accelerates cognitive recovery and
enhances its neuroprotective properties [36-38].
B. Tsygankov reported a trend toward cerebral he-
modynamic normalization in patients undergoing
xenon therapy [39]. When used as part of the in-
tensive treatment of severe withdrawal syndrome,
xenon reduced the need for anxiolytics and an-
tipsychotics, thereby reducing the risk of adverse
effects associated with standard therapy, such as
neuroleptic syndrome, excessive sedation, and
orthostatic disturbances [39]. In addition, a sig-
nificant reduction in depressive symptoms has
been observed [36].

Evidence suggests that xenon plays a dual role
in the treatment of addictive disorders: in addition to
its organoprotective effects, it modulates neurotrans-
mitter systems involved in addictive behavior by
blocking NMDA receptors [40]. S. Shamov found that
xenon inhalation not only accelerated the resolution
of psychopathological symptoms in patients with al-
cohol and drug dependence, but also significantly
reduced pathological craving for these substances [36,
37]. Xenon therapy resulted in the disappearance of
hallucinations, the alleviation of delusions, and the
normalization of sleep patterns. Patients also reported
reductions in pain, irritability, anxiety, and tremors.
By the 6™ to 10" session of xenon therapy, all patients
(IN=80) experienced a complete cessation of drug
cravings, while 71.4% of the control group (N=35)
continued to experience cravings until days 11-15 [34].

Similarly, A. Kuznetsov and colleagues reported
a more rapid reduction in alcohol craving, improved
sleep quality, reduced anxiety, and increased mood
stability in the xenon group compared to controls
(P<0.05) [39].

Although studies suggest the efficacy of xenon
in the treatment of opioid and alcohol depend-
ence [34-39, 41], a closer analysis reveals several
methodological limitations, including the lack of
randomization, control group comparisons, and
detailed effect size analysis. These factors weaken
the reliability of the findings and highlight the need
for additional high-quality RCTs.

Xenon in the Treatment
of Neurotic Disorders

Neurotic disorders are characterized by chronic
and recurrent episodes of anxiety, stress and emo-
tional instability. While pharmacological treatments
such as antidepressants, anxiolytics, and antipsy-
chotics are commonly used, their adverse side
effects have stimulated interest in alternative ther-
apies, including xenon inhalation therapy.

A study by A. Dobrovolsky et al. [42] evaluated
the efficacy of xenon therapy in panic disorder
(PD). Patients were divided into two groups: those
with PD alone (N=42) and those with PD and co-
morbid psychiatric disorders (N=39), the majority
of whom had depression. All participants received
xenon inhalation therapy (15-30%) for 6-7 sessions.
At baseline, both groups had high levels of anxiety
on the Self-Rating Anxiety Scale (SAS) (72.7 and
64.1, respectively), which decreased significantly
to 36.5 and 46.8 after one month. This anxiolytic
effect was maintained at the six-month follow-up.
Similarly, Hospital Anxiety and Depression Scale
for Anxiety (HADS-A) scores indicated «clinically
significant anxiety» at baseline (17.7 and 19.0, re-
spectively), which normalized by the end of treat-
ment. Regarding depression, the prevalence of «clin-
ical depression» in the second group (assessed by
HADS-D) decreased from 92.3% to 46.2%. Subjec-
tively, 52.4% of patients in the first group and 12.8%
in the second group reported improvements on the
Clinical Global Impression (CGI) Scale. These findings
suggest a potential role for xenon therapy in the
treatment of panic disorder, but further RCTs com-
paring it with standard psychotropic therapies are
needed to establish its efficacy.

A study by T. S. Sabinina et al. [43] investigated
the effects of xenon therapy on seven severely trau-
matized children — five injured in a terrorist attack
and two by dog bites — suffering from intractable
pain and acute stress disorder (ASD). Xenon oxygen
inhalation (15-30%) was administered between days
13 and 14 post-injury in sessions lasting 15-20 min-
utes, for a total of 3-12 sessions per patient.

During inhalation therapy, significant reduc-
tions in BIS index (from 95.5 to 86.5), Ramsay Se-
dation Scale scores (from 5.5 to 2.7), and pain in-
tensity (from 4.1 to 1.1 points, P<0.05) were observed.
After two sessions, analgesic consumption was re-
duced by half. Pain relief required an average of
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five sessions, phantom pain resolution required
12 sessions, and sleep disturbances were alleviated
after three sessions.

The authors concluded that xenon therapy is
highly effective in treating persistent pain and ASD
in children with severe trauma. However, the lack
of a control group receiving standard therapy limits
the ability to assess the true effect size.

Early intervention for ASD is critical to pre-
venting the development of post-traumatic stress
disorder (PTSD), which is diagnosed when symptoms
persist for more than four weeks after a traumatic
event. PTSD symptoms can last for months or even
years and include intrusive memories, avoidance
of trauma-related reminders, negative changes in
cognition and mood, and hyperarousal [44].

A study by T. Igoshina et al. [45-47] evaluated
the efficacy of xenon therapy in the treatment of
neurotic disorders in 40 men (aged 30-42) working
in high-risk occupations. The control group (N=20)
received standard care, including psychotherapy,
physiotherapy, nootropics, antidepressants, and
benzodiazepines. In the experimental group (N=20),
patients additionally underwent 10 sessions of
xenon inhalation therapy (20-30% concentration,
10-30 minutes per session). The intervention group
showed EEG normalization characterized by restora-
tion of alpha rhythm and reduction of slow wave
activity, indicating improved brain function. Statis-
tically significant reductions in somatic complaints
(GBB scale) by 66%, anxiety (HARS) by 70% and de-
pression (BDI) by 55% were observed compared to
baseline (P<0.05). Improvements were less pro-
nounced in the control group at 35%, 26% and 30%,
respectively. Patients reported subjective improve-
ment after 3-4 sessions.

A separate study by E Shvetsky et al. [48] inves-
tigated the effects of xenon therapy on stress levels
in anesthesiologists and intensive care physicians
after night shifts (N=30). A 3-minute inhalation of a
30% xenon-oxygen mixture resulted in a significant
reduction in anxiety scores (Spielberger State-Trait
Anxiety Inventory): in 50% of physicians with moderate
baseline anxiety, scores decreased from 37.5+1.4 to
30.0+2.3 points (P<0.05), while in 17% of those with
high anxiety, scores decreased from 45.0+2.2 to
39.0+1.4. In addition, significant improvements were
observed in heart rate variability parameters (increased
SDNN, RMSSD, and pNN50), indicating increased
parasympathetic activity. However, no significant
changes in stress hormone levels were found, probably
due to their initially low baseline concentrations.

Experimental data [49] and clinical studies
support the potential use of xenon therapy in the
treatment of panic disorder, stress-related disorders,
PTSD, anxiety, and depression. However, the lack
of RCTs dedicated to this topic limits conclusions
regarding the efficacy of xenon.

Therapeutic Use of Xenon in Oncology

Improving the quality of life of cancer patients,
especially during chemotherapy, is assisted by «sup-
portive care» aimed at preventing and treating pain
syndrome, nausea and vomiting, gastrointestinal
complications, and psycho-emotional issues, among
others. The use of xenon may enhance the effec-
tiveness of supportive therapy.

The effects of xenon in reducing the toxic
effects of chemotherapeutic agents were studied
by L. Nikolaev et al. [50]. Female breast cancer pa-
tients undergoing highly emetogenic chemotherapy
were divided into two groups. The control group
(N=36) received standard antiemetic therapy, while
the experimental group (N=40) additionally received
xenon inhalation at a concentration of 30% during
their chemotherapy cycles. Acute vomiting occurred
in 5% of patients in the xenon group compared to
16-47% in the control group (P<0.001). The incidence
of delayed vomiting differed only in the fourth cycle
(45% vs. 58%, P<0.001). Anticipatory vomiting was
less frequent in the xenon group — 22% compared
to 72% in the control group (P<0.001). Most patients
in the experimental group reported that nausea
and vomiting did not significantly interfere with
their daily life, as measured by the FLIE questionnaire
(P<0.001). General condition as assessed by the
Karnofsky scale was 94% in the experimental group
compared to 67% in the control group.

Y. Sidorenko and colleagues [51] investigated
the effects of xenon inhalation on the symptoms of
premature surgical or pharmacological menopause,
such as irritability, depression, and anxiety. The
study included 30 women of reproductive age
(39.4+3.7 years) with locally advanced cervical
cancer. Starting on the third day after hysterectomy,
participants underwent a five-day course of xenon
inhalation, with the xenon concentration gradually
increasing from 15-16% to 20-22% and the exposure
time decreasing from 20 to 10 minutes. EEG results
showed normalization of cortical brain activity.
Neuropsychological tests showed a reduction in
anxiety and fatigue, and an improvement in sleep
and work performance in 82-98% of patients.

A similar effect of xenon on the mental and
emotional state of women with newly diagnosed
breast cancer was observed in a study by RD. ozenko
and colleagues [52]. After mastectomy, the experi-
mental group (IN=30) received a five-day course of
xenon inhalation, while the control group (IN=30)
received standard therapy. On day 10, the experi-
mental group showed a 2.6-fold improvement in
overall well-being, a 2.3-fold reduction in depression,
and a 1.9-fold reduction in anxiety (P<0.05), as as-
sessed by the ESAS and MOS-SF-36 questionnaires.
Physical health (89.2+2.2%) and mental health
(81.2+3.2%) scores were significantly higher in the
xenon group than in the control group (70.7+1.7%
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and 75.3+1.5%, respectively, P<0.05). EEG results
showed a decrease in beta rhythm power, an increase
in slow rhythms, and an increase in alpha rhythm,
suggesting a reduction in psychological stress.

The potent analgesic properties of xenon make
it a valuable option for painful procedures that do
not require deep sedation, such as endoscopic and
dental interventions [53, 54]. Inhaled xenon is
emerging as a promising component of multimodal
analgesia. For example, in a study by T. Sabinina [43],
xenon inhalation helped alleviate a persistent pain
syndrome in patients with severe trauma.

The role of xenon in pain management in on-
cological patients was studied by V. Potievskaya [55,
32, 56]. RCTs conducted in 2021 [55] and 2023 [56]
examined its effects on acute postoperative pain.
Patients undergoing abdominal oncologic surgery
(N=31) received inhalations of a 25+5% xenon-
oxygen mixture for 10 minutes, while the placebo
group (N=29) received 50% oxygen. Pain intensity,
assessed by visual analog scale (VAS), decreased in
90.3% of patients immediately after inhalation
(P<0.01) and in 80.6% after 30 minutes (P<0.05),
compared to 37.9% and 27.4% in the placebo group,
respectively. The duration of analgesia was signifi-
cantly longer in the xenon group, lasting 5 (4-8.75)
hours versus 1 (0-3) hours in the placebo group
(P=0.0003). Electrical neurostimulation data showed
an increased pain threshold immediately after in-
halation (P<0.01) and 30 minutes later (P<0.05). In
addition, pupillometry revealed correlations between
autonomic nervous system activity and pain severity,
suggesting a modulatory effect of xenon therapy.

Neuroinflammation and brain neuronal sensi-
tization play a key role in the development of chronic
pain, leading to increased neuronal excitability and
hypersensitivity [57]. A human volunteer study [58]
demonstrated that xenon inhibits the increased
activity in the sensorimotor and insular regions of
the brain observed during repeated pain stimulation,
thereby preventing the progression to chronic pain.

A RCT by V. Potievskaya et al [32] included 95
oncology patients with chronic pain syndrome. In
the intervention group (IN=48), patients underwent
seven sessions of inhalation with a 50% xenon-
oxygen mixture. A statistically significant reduction
in pain intensity as measured by the numerical
rating scale (NRS) was observed — from 50 (40; 60)
to 40 (25; 50) points (P<0.05) — while no significant
changes were observed in the control group.

A larger study on the use of xenon for chronic
pain was conducted by G. Abuzarova and col-
leagues [59]. This RCT included 131 oncology patients
with moderate to severe chronic pain syndrome.
The intervention group (N=66) received standard
therapy along with 30-minute inhalations of a 50%
xenon-oxygen mixture for seven days. Thirty minutes
after inhalation, the median pain reduction on NRS

was 19.0 mm in the xenon group compared to
4.0 mm in the placebo group (P<0.001). The difference
remained significant two weeks after treatment:
15.0 mm vs. 0.0 mm (P<0.001). A reduction in the
daily dose of thiamazole was also observed in the
xenon group, from 210.9+31.3 mg to 150.1+28.3 mg.

Seven patients (5.3%) reported mild adverse
events, with nausea and vomiting being the most
common (five cases). One patient reported dizziness,
excessive sleepiness, and pain.

Thus, the use of xenon as part of a compre-
hensive treatment approach for oncology patients
may contribute to improved quality of life by alle-
viating chemotherapy-induced nausea and vomiting,
managing mental and emotional distress, and re-
ducing acute pain in chronic pain syndromes. How-
ever, further studies are needed to confirm these
effects. In addition, xenon's potential to stimulate
hematopoiesis [60] and its reported organoprotective
properties may help mitigate the harmful effects of
radiation and chemotherapy, but this also requires
further investigation.

Therapeutic Use of Xenon
in Pulmonary Disease

Xenon is the densest of all gases and its in-
halation may increase airway resistance. However,
a study in healthy volunteers found that a high con-
centration of xenon-oxygen mixture had no significant
effect on airway compliance or transpulmonary
pressure gradient [61]. Therefore, xenon inhalation
is considered relatively safe and may be explored as
a potential therapeutic agent for various inflammatory
lung conditions. However, it may exacerbate condi-
tions associated with bronchial obstruction.

To date, no randomized controlled trials have
been conducted in this area. V. Udut and col-
leagues [62] reported a case of xenon therapy in a
patient with ARDS due to COVID-19. After five
days of inhalation of 70% xenon, the patient showed
a decrease in heart rate and respiratory rate and
an increase in SpO,. Laboratory tests demonstrated
a reduction in inflammatory markers: C-reactive
protein decreased from 102.1 to 11.37 mg/L,
D-dimer from 620 to 460 ng/mL, and leukocyte
count from 14 to 6.4x10°/L. Computed tomogra-
phy (CT) scans showed a reduction in lung damage
from 45% to 15%.

Further experimental studies by the same re-
search group identified key mechanisms of xenon's
therapeutic effects, including anti-inflammatory
and angioprotective properties, modulation of he-
mostasis, and restoration of surfactant activity [63—65].

Conclusion

Our review of the literature highlights the sig-
nificant therapeutic potential of inhaled xenon in
several medical fields, including neuroprotection,
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cardioprotection, oncology, pulmonary disease, and
the treatment of addictive and neurotic disorders
(Table). However, despite more than 30 years of
clinical research, the number of high-quality pub-
lications based on RCTs remains limited.

To date, only 12 RCTs and 8 prospective con-
trolled studies (without explicit randomization) have
investigated the medical use of xenon. Many of these
studies are limited by small sample sizes and a high

risk of bias, reducing the ability to draw definitive
conclusions about the clinical efficacy of xenon.

To fully evaluate the therapeutic potential of
xenon and its impact on long-term clinical outcomes,
further large-scale randomized trials are needed.
Their results could significantly expand our under-
standing of xenon therapy targets and its potential
applications in modern medicine.

Table. Clinical Use of Inhaled Xenon in Subanesthetic Doses.

Study Design* Diagnosis Exposure Key Effects of Xenon
Use of xenon for neuroprotection
Azzopardi D., Prospective Perinatal 30% xenon, Anticonvulsant effect
2013 [17] uncontrolled, N=14 encephalopathy 24 hours
DingleyJ., Prospective Perinatal 25-50% xenon, Anticonvulsant effect
2014 [18] uncontrolled, N=14  encephalopathy 3-18 hours
Azzopardi D., RCT, N=92 Perinatal 30% xenon, No significant effect
2016 [20] encephalopathy 24 hours on brain damage
Laitio R., RCT, N=110 Out-of-hospital 40% xenon, Reduced white matter damage,
2016 (XeHypotheCA cardiac arrest 24 hours lower 6-month mortality (P=0.053)
Trial) [16]
LazarevV., Case study, N=1 Refractory status 60% xenon Anticonvulsant effect
2019 [19] epilepticus
Grebenchikov O., RCT, N=24 Ischemic stroke 40% xenon, Improved consciousness (GCS,
2022 [21] 6 hours FOUR), reduced neurological
deficit (NIHSS)
Shpichko A., 2023  RCT, N=24 Chronic disorders 30% xenon, Restoration of consciousness
[22, 23] of consciousness, 30 minutes, (CRS-R), increased BDNF
consequences 7 days (marker of neuronal regeneration)
of severe TBI
Use of xenon for cardioprotection
Molchanov ., Prospective Acute coronary 25-50% xenon, Reduced myocardial damage
2012 [31] controlled, N=35 syndrome 20-40 minutes, markers, improved hemodynamics
3-5 days
Arola O., RCT, N=36 Out-of-hospital 40% xenon, Reduced troponin T levels
2013 [14] cardiac arrest 24 hours at 72 hours
Arola O,, 2017 RCT, N=110 Out-of-hospital 40% xenon, Reduced troponin T levels
(XeHypotheCA cardiac arrest 24 hours at 72 hours
Trial) [15]
Saraste A., 2021 [30] RCT, N=38 Out-of-hospital 40% xenon, Increased left ventricular ejection
cardiac arrest 24 hours fraction, improved systolic
deformation
Use of xenon in the treatment of addictive disorders
Naumov S., Prospective Opioid addiction, acute 50% xenon, Reduced cortisol, growth
2002 [34] comparative, N=30  withdrawal syndrome  2-3 min, hormone, glucose, aminotrans-
17 sessions (7 days) ferase activity; increased TSH
and thyroxine; alleviation
of withdrawal symptoms
Shamov S., Prospective Opioid withdrawal 50% xenon, Pain relief, reduced affective,
2006 [36] controlled, N=80 syndrome 40 minutes, asthenic, and behavioral disorders,
9-10 sessions improved psycho-emotional state
Shamov S., Prospective Acute encephalopathy  50% xenon, Rapid reduction of psychiatric
2007 [37] controlled, N=101 in patients 7-10 sessions, and somatovegetative distur-
with substance 5 days bances, no adverse effects
dependence on hemodynamics or respiration
Kuznetsov A., Prospective Alcohol withdrawal Subanesthetic doses Reduced alcohol craving, earlier
2007 [41] controlled, N=138 syndrome of xenon, frequency resolution of withdrawal
of sessions based symptoms, improved cognitive
on symptoms function
Tsygankov B., Prospective Alcohol and opioid 33% xenon Reduced anxiety, depression,
2013 [39] controlled, N=120 dependence, Xe:0, =1:2), cognitive impairment, improved
withdrawal syndrome,  5-7 minutes, EEG and REG parameters, normal-
encephalopathy 7-12 sessions, ized cerebral hemodynamics,

of various etiologies 5 days reduced need for opioid analgesics

and tranquilizers
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Table. Clinical Use of Inhaled Xenon in Subanesthetic Doses.
Study Design* Diagnosis Exposure Key Effects of Xenon
Utkin S., 2014 [38]  Prospective Opioid withdrawal syn- 25% xenon, 10 days, Reduced severity of withdrawal
comparative, N=78  drome 20 minutes per session symptoms, no psychopharmaco-

logical side effects

Strepetova O., Prospective Alcohol disorders: 25-30% xenon, Reduced sedative medication

2014 [35] controlled, N=137 withdrawal syndrome,  10-15 minutes, doses, lower frequency

delirium, coma 6 days of complications (delirium, coma),
faster recovery of consciousness,
improved cognitive functions
Use of xenon in the treatment of neurotic disorders
Igoshina T, Prospective Neurotic disorders 20-30% xenon, Reduced anxiety, depression,

2013-2014 [45, 46]

controlled, N=40

in high-risk profession
individuals

10-30 minutes,
10 sessions

improvement in EEG parameters

Shvetski E, Prospective Chronic stress 70% xenon, Reduced anxiety levels, improved
2016 [48] uncontrolled, N=30 and fatigue 3 minutes, flow rate heart rate variability, increased
in anesthesiologists 3.5-5.5 L/min cardiovascular functional reserves,
and intensivists improved sleep quality
Dobrovolskiy A., Prospective Panic disorder 15-30% xenon, Reduced anxiety according to SAS
2017 [42] uncontrolled, N=81 6-7 sessions and HADS-T scales
Sabinina T, Prospective Severe trauma, 15-30% xenon, Reduced acute pain, improved
2019 [43] uncontrolled, N=7 acute stress disorder, 15-20 minutes, sleep, reduction in acute stress
persistent pain 3-12 sessions disorder, alleviation of phantom
syndrome pain, normalization
of psycho-emotional state
Use of xenon in the treatment of neoplastic diseases
Nikolaev L., RCT, N=76 Breast cancer, 30% xenon, Reduced frequency of acute
2014 [50] chemotherapy 30-40 minutes nausea and vomiting, reduced
during chemotherapy anticipatory vomiting, improved
sessions quality of life
Sidorenko Yu., Prospective Cervical cancer, 12-22% xenon, Normalization of EEG, reduced
2019 [51] uncontrolled, surgical menopause 10-20 minutes, anxiety, depression, fatigue,
N=30 5 sessions every improved sleep, appetite,
other day work capacity, increased activity
and optimism
Rozenko D., RCT, N=60 Breast cancer, 15-22% xenon, Reduced depression, anxiety,
2021 [52] surgical treatment 10-25 minutes, weakness, sleep disturbances;
5 sessions normalization of EEG
Potievskaya V., RCT, N=95 Chronic pain syndrome 50% xenon, Reduced intensity of chronic pain,
2022 [32] in cancer patients 8-10 minutes, no significant impact
7 sessions on cardiovascular system
Potievskaya V., RCT, N=60 Acute postoperative 25% xenon, Reduced pain intensity on VAS,
2021, 2023 [55, 56] pain in cancer patients 10 minutes increased pain threshold,
decreased analgesic use
Abuzarova G., RCT, N=131 Chronic pain 50% xenon, Reduced intensity of chronic pain,
2020 [59] in cancer patients 8-9 minutes, decreased daily consumption
7 sessions of tramadol and NSAIDs

Use of xenon in the treatment of pulmonary conditions

Udut 'V, 2021 [62]

Clinical case,
N=1

Acute respiratory dis-
tress and neuro-psychi-
atric disorder in
COVID-19

70% xenon, 1 minute,
once per day,
5-day course

Increased oxygen saturation,
reduced dyspnea, normalized
respiratory rhythm, decreased
anxiety, depression, and insomnia,
improved lung tissue structure

on CT

Note. RCT — randomized controlled trial; PTSD — post-traumatic stress disorder; VAS — visual analog scale; ARDS — acute respi-
ratory distress syndrome; CT — computed tomography; NSAIDs — non-steroidal anti-inflammatory drugs; EEG — electroen-
cephalogram; REG — rheoencephalogram. * — many publications do not specify the study design; in such cases, the type of study
was determined based on the description of the study. ** — the study describes a control group, but the primary endpoints were
not compared between groups.
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Summary

The determination of brain death/death by neurological criteria (BD/DNC) is a critical medical and legal
process. The Uniform Determination of Death Act (UDDA) provides a legal framework, yet significant state-by-
state inconsistencies persist in its interpretation and implementation. These disparities create ethical concerns
related to justice, patient autonomy, informed consent, and public trust in medical determinations of death.

This paper argues for urgently harmonizing BD/DNC criteria across the United States and globally to up-
hold ethical medical practice, ensure consistency in end-of-life care, and preserve public confidence in the

organ donation system.

Ethical considerations are examined, including fairness in healthcare access, respect for religious and cul-
tural beliefs, and the implications for organ procurement policies. The call for national and international stan-
dardization aligns with bioethical principles and medical best practices, aiming to reinforce ethical and legal

integrity in BD/DNC determination.
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Introduction

Brain death/death by neurological criteria
(BD/DNC), as defined by the UDDA, requires the
irreversible cessation of all brain functions, including
the brainstem. However, state-level variability in
BD/DNC determination has created inconsistencies
that undermine the ethical foundation of death de-
termination. These inconsistencies result in unequal
treatment of patients based on geographical location,
affecting their legal status and eligibility for organ
donation. Furthermore, international standards for
BD/DNC vary widely, further complicating the defi-
nition and acceptance of brain death [1-10].

This paper explores this fragmentation's ethical
dilemmas and calls for standardized national and
global guidelines.

Challenges in Brain Death Diagnosis

The diagnosis of BD/DNC relies on clinical
assessments that evaluate the absence of brainstem
reflexes, irreversible coma, and the inability to
breathe independently. Additional confirmatory

tests, such as cerebral blood flow studies or elec-
troencephalography, may be used when inconclusive
clinical exams. However, discrepancies exist in how
these tests are applied across jurisdictions, con-
tributing to ethical and legal uncertainties [6, 11-13].

Some key challenges in BD/DNC diagnosis
include:

* Variability in required clinical examinations
and confirmatory tests between states and coun-
tries.

e Differences in physician training and ex-
pertise in BD determination.

e Ethical concerns regarding misdiagnosis,
particularly in patients with complex neurological
conditions.

e Religious and cultural objections to BD that
further complicate standardization efforts.

Ethical Issues in BD/DNC Determination [8,
9,14-17]

1. Justice and Equity — The principle of justice
demands that all patients be treated equally, yet
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current BD/DNC criteria vary by state and country.
Patients and families in different jurisdictions may
receive different determinations of death, leading
to inequities in care and access to organ trans-
plantation.

2. Autonomy and Informed Consent — Many
families struggle with BD diagnoses, particularly
when state laws and hospital policies differ. Lack of
uniform communication and inconsistent criteria
compromise informed consent, leaving families
uncertain about their loved one’s medical status.

3. Public Trust and Legitimacy — Public con-
fidence in BD/DNC s critical, particularly in organ
donation. The presence of varying state and in-
ternational criteria risks eroding trust in medical
professionals and the ethical integrity of brain
death determinations, potentially impacting organ
donation rates.

4. Religious and Cultural Considerations —
Ethical concerns arise when diverse religious and
cultural beliefs are not uniformly considered in
BD/DNC protocols. The lack of a standardized ap-
proach can lead to unnecessary conflicts between
medical teams and families who dispute BD deter-
minations on cultural or religious grounds.

5. Legal and Policy Implications — The legal
definition of death should be coherent and consis-
tently applied. The variation among states and
countries challenges the credibility of BD as a legal
and medical standard, opening the door for legal
disputes and further ethical ambiguities.

The Need for National and Global Standardi-
zation: Harmonizing BD/DNC standards across all
U.S. states and internationally is an ethical imperative
to protect patients, families, and the medical com-
munity. National and global guidelines should ensure
that BD determination is scientifically rigorous, eth-
ically justified, and legally enforceable [18-22].

Key recommendations include:

e Adoption of a single, national BD/DNC
standard to ensure consistency in death determi-
nation across U.S. states.

e Development of international BD/DNC
guidelines under organizations such as the World

Health Organization (WHO) to facilitate global
alignment on BD criteria.

e Strengthening communication and trans-
parency in BD diagnoses to improve public trust.

e Considering cultural and religious per-
spectives in BD determinations to uphold ethical
inclusivity.

* Enhancing medical education and physician
training to ensure accurate and ethical BD diagnoses
worldwide.

Discussion

The ethical necessity of standardizing BD/DNC
criteria extends beyond national borders. Countries
such as Japan, Israel, and some Muslim-majority
nations have different approaches to BD due to
cultural, religious, or legal reasons — this global
diversity challenges medical professionals and pol-
icymakers seeking a unified approach. The absence
of universal BD standards complicates international
organ donation efforts, raises ethical dilemmas
regarding patient rights, and fuels skepticism
toward BD determinations. The global medical
community must engage in interdisciplinary dis-
cussions to achieve greater harmonization of
BD/DNC policies, ensuring ethical and legal con-
sistency across borders [19, 21, 23-25].

Conclusion

The ethical challenges posed by inconsistent
BD/DNC criteria demand immediate attention.
A nationally and internationally unified approach
to BD determination aligns with justice, trans-
parency, and medical integrity principles. Stan-
dardizing BD/DNC guidelines will enhance ethical
medical practice, ensure fairness in healthcare
decisions, and reinforce public confidence in de-
termining death and organ donation systems.
The time has come for a comprehensive, evi-
dence-based, and globally accepted BD/DNC de-
termination framework.
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When submitting a manuscript to the General
Reanimatology journal, the authors guarantee that:

— the manuscript has not been previously
published in another journal;

— the manuscript is not currently reviewed for
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KOMIMJIEKC TEPAMEBTUYECKNI Mepukan
KCEHOHOBbIW

EOMHCTBEHHada B MY pe aBToOMaTUUYecKas
CTaHUMa 0119 NpoBefeHUsa TeparneBTUYeCKmX
npouenyp MegnLMUHCKUM KCEHOHOM
C LleNbto NeyeHnsa OCTPbIX U XPOHUYECKUX
60MneBbIX CUHOPOMOB, 06e3601MBaHKS,
neyebHbIX U ONarHOCTUYECKUX MaHUMYNaLUUM
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NobiliXe]

CBOMUCTBA KCEHOHA:

» He aBngeTca XMMMUYECKU CUHTE3NPOBaHHbLIM BELLLECTBOM
» Be3 3amaxa, 6e3 BKyca, He pasgpaXkaeT AblxaTeNbHble MyTn
» He obnagaeT HM obLLen, HM cnelnPmrUeCcKom TOKCUYHOCTbIO
» He nogBepraetca MeTabonnamMy B opraHm3me, NOSTHOCTbIO
BblBOOUTCA Yepes ferkme
» OKa3blBaeT ObICTPOE TepaneBTUYECKOe BO3AeNCTBME
Ha OpraHm3sm
» B TepaneBTUYECKMX, CyOHAPKO3HbIX KOHLEHTPaLMax
obnagaeT aHaNbreTUYECKMUM, aHKCUOUTUYECKIMM,
HEMPO- M KapOMOMNPOTEKTUBHbBIM addeKkTaMm
» He BbI3biBaeT afiNeprmyeckmnx peakumm 1 COBMeCTUM
c ntobbIMU dapMnpenapaTamMm
» BHecéH BALA B CMMUCOK 3arpeLlEHHbIX MpenapaToB
B CBSI3M C €ro JOKa3aHHbIM BIMAHMEM Ha QYHKLIMOHabHbIE
pe3epBbl OpraHmM3Ma 1 NoBblLLEHMEM TONTEPAHTHOCTU
K dU3MYECKMM Harpy3kam
: R » Bbi3biBaeT y mnaumeHTa NpUdaTHble OLLyLLIeHWNs rnocrne
e npoLenypbobi

KceHoH

KceHOKc® 50

» [epBbI B M1 pe TepaneBTUYeCKUM rnpenapaTt
Ha OCHOBE KCEHOHa W KMCopoaa

» MOXeT MPUMEHATLCH BpavaMu nwbon cneLmnanbHOCTU
019 aHanbreanm

» COBMEeCTUM C MMeLLMMCS O60py,D,OBaHllIeM 054 npoBegeHm4d
MHMaNaumm KCeHOH-KMNCnopogHbIM NMa30BbIMM CMeECAMK

» OTHOCUTCA K rpynne ATX NO2 - AHanbreTukm

NMNokKaszaHua K NpPUMEeHEeHUIo:

» Tepanuma oCTPOM N XpoHMYecKom 6onm
YMEPEHHOW N CUTbHOM MHTEHCMBHOCTMU ingasgroup.ru

» AHanbresang y OHKONOr’M4yecKmMx naymeHToB +7 495 123 45 91
MpPW XPOHMYEeCKoM BoeBOM CUHOPOME +7 906 711 00 55
Cpe,El,Hel?l N TAXKeNnoum cTeneHm sa|es@ingasgroup.ru






