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AHHOTOULMA
BBeaeHue. [NaTtonornyeckme naMeHeHUsi CUCTEM 1 opraHoB nocne nepeHeceHHoro COVID-19 moryT npMBoauTb K OTNOXEH-
HOMY CMepTenbHOMY ucxoay. [pu 3ToM 0gHON N3 0COBEHHO 3HAYMMbIX CUCTEM-MULLEHEN MOCTKOBUOHBLIX U3MEHEHWI ABNSIET-
CSl KapAMOBacCKynsapHas cuctema.
Llenb nccnenoBaHuA: BbISIBIIEHWE C MOMOLLbH METOA0B MaLuMHHoro obyyeHus (MO) nokasatenem, MUMeHLLMX MPOrHocTUYe-
CKYH0 LIeHHOCTb Npu onpeaeneHny HebnaronpusitTHoro ucxopa nogoctporo COVID-19.
Marepuan n metoabl. B uccnenosanue 6binm BkntoyveHsl 212 Yyenosek, rocnuTanu3npoBaHHbIX NOCIe NepeHeceHHoro paHee
B Tsxenon cpopme COVID-19. PeTpocnekTnBHO nauueHTbl 6binu pasgeneHsl Ha 2 rpynnbl: 140 naumeHToB, KoTopble Gbinu
BbIMMCaHbl U3 CTaUMOHapa C 3aknoveHnem ob ynyylieHMn cocTossHMSA, U 72 nauueHTa, yMmepLune B nepuog rocnutanusaumm.
Bcem nauveHTam npoBoAMnUCh 0BLLEKITUHUYECKUIA, BUOXUMUYECKNIA aHanm3bl, OLIEHKa CBEPThIBAlOLLEN CUCTEMbI KpoBU. [1ns
aHanu3a AaHHbIX Obiny ncnonb3oBaHbl crnegytowme metogbl MO: MeToa ONOpHBLIX BEKTOPOB, CIyYaWHbIi N1ec, CTOXaCTU4ECKUN
rpagveHTHbIN ByCcTUHE. Banupaumsa nony4eHHbIX Mofernew npousBogunacb MetogoM nepekpectHon 10-kpaTHOW NpoBepKu
coBmecTHo ¢ ROC-AUC ananunsom (Receiver Operation Characteristics — Area Under Curve).
Pe3ynbrathbl. B co3gaHHbIX HAMW NPEAUKTUBHBLIX MOAENAX NpeanKTopaMyu CMepTEnbHOro ucxoga Ans MetogoB CryvyanHbIn
nec U CTOXaCTUYECKUI rpagueHTHbIV OYCTUHT ABNSAMMCb MOYEBMHA U TeMnepaTypa Tena; AN MalluvHbl ONOPHbLIX BEKTOPOB —
KONMUYEeCTBO 3pUTPOLUTOB, 303NHOMUITIOB 1 MOHOLIMTOB, MEXAyHapoAHOe HopManuaoBaHHoe oTHolleHve (MHO).
BbiBoabl. B npoBeaeHHOM uccnenoBaHnv ABe NPEAVKTUMBHBIE MOAENW, CO3faHHbIe C nomoLlbo metogoB MO, crnyyariHbin
nec U CTOXaCTUYECKU rPaaNeHTHbIN BYCTUHN, moKasanu, YTo MPOrHOCTUYECKOE 3HaYeHe UMEIOT U3MEHEHMS ABYX nokasarte-
new: ypoBHSA MOYEBUHBI 1 TemnepaTypbl Tena. MeToa onopHbIX BEKTOPOB BbISIBUMN ApYrue NpeankTopbl, 8 UMEHHO KONMYeCcTBO
3pUTPOLMTOB, 303MHODUNOB 1 MoHoumToB, MHO. Hamu 6bin npyMeHeH MeTop, rofloCoBaHusi, Ha OCHOBE KOTOPOro B KA4YeCTBe
VH(OPMaTMBHBIX NPU3HAKOB ObINy YCTaHOBMNEHbI YPOBEHb MOYEBUHBLI U TemnepaTypa tena. Metogel MO cny4aiHbI nec un
CTOXaCTUYECKUI rpagneHTHbIN BYCTUMHI NPOAEMOHCTPMPOBAny CXOXnNe pe3ynbTaThl, Mbl HE YYUTbIBANM AaHHbIE, MOMyYeHHbIe
C NMOMOLLIbI0O METOAA OMOPHbIX BEKTOPOB. [ogobHbIV nogxoa Beibopa NpeauKTUBHOW MOAENW roflocoBaHMEM YacTo MCMOMb-
3yeTcsi Npy OLEHKe AaHHbIX MeTo4aMu UCKYCCTBEHHOro MHTennekra. BoaMoXHo, NoBbILLEHNE YPOBHS MOYEBUHBI SBNSANOCH
NMYyCKOBbIM MEXaHU3MOM, BEAYLLUMM K SHAOTENUUTY U nocneaylLlemMy MHgpapkTy Mmokapaa, 4O TOro, Kak passuiack ocTpas
noyeyHasi He4OCTaTOYHOCTb.

KnioueBble cnoBa: COVID-19; nocTKOBUAHbIE N3MEHEHMS; MALLUMHHOE 00y4YeHne; MOYEBUHA; TemnepaTtypa Tena;

KONMN4eCTBO 3pUTPOLIUTOB; KONMMYECTBO 303VIHOCbI/IJ'IOB; KONMn4yeCcTBO MOHOUUTOB; MeXayHapoa-
HO€ HOpMalm3oBaHHOE OTHOLUEeHne; cepae4YHOo-CocyanucTaa cucrema.

®duHaHCUpoBaHue: nccnegoBaHne npoeoannocb 6e3 nHaHCOBOWM NOAAEPKKN CO CTOPOHLI IPaHTOB, OBLLECTBEH-
HbIX, HEKOMMEPYECKMX, KOMMEPYECKNX OpraHn3aLiii U CTPYKTYP.
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Abstract

Background. Pathological changes in systems and organs after COVID-19 can lead to delayed death. One of the most influ-
enced target systems of post-COVID changes is the cardiovascular system.

Aim: To identify, using machine learning methods, indicators that have predictive value in determining the adverse outcome
of subacute COVID-19.

Material and Methods. The study included 212 people admitted after previous severe COVID-19. Retrospectively, the pa-
tients were divided into 2 groups: 140 patients discharged from the hospital after improvement in their state and 72 patients
died during hospitalization. All patients underwent general clinical, biochemical analyses, assessment of blood coagulation
system. The following machine learning methods were used for data analysis: support vector machine, random forest, sto-
chastic gradient boosting. Validation of the obtained models was carried out by the method of 10-fold cross-validation in con-
junction with ROC—-AUC analysis (Receiver Operation Characteristics — Area Under Curve).

Results. In the created models, the predictors of mortality were urea and body temperature for the random forest and sto-
chastic gradient boosting methods, erythrocyte, eosinophil and monocyte counts, and INR (International Normalized Ratio)
level for the support vector machine.

Conclusion. In our study, two predictive models created using machine learning methods random forest and stochastic gra-
dient boosting showed that changes in urea level and body temperature had predictive value. The support vector machine
revealed other predictors, namely the number of erythrocytes, eosinophils and monocytes, INR. We used the voting method,
on the basis of which the urea level and body temperature were established as informative signs. The random forest and sto-
chastic gradient boosting methods showed similar results, we did not take into account the data obtained using the support
vector machine. This approach of choosing a predictive model by voting is often used when evaluating data using artificial
intelligence methods. It is possible that an increase in urea levels was a trigger leading to endotheliitis and subsequent myo-
cardial infarction, before acute renal failure developed.

Keywords: COVID-19; post-COVID changes; machine learning; urea; body temperature; erythrocyte count;
eosinophil count; monocyte count; International Normalized Ratio; cardiovascular system.
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BeepeHue Introduction

B HacTosilLlee BpeMsi M3BECTHO, YTO BbI3JOPOBIEHME
nocne COVID-19 (KynupoBaHMe OCTpbIX CMMMTOMOB, OT-
puuateneHeln MLP-TecT) He siBNsieTCs rapaHTUEN MOfHOro
BOCCTAHOBIMEHMS opraHuamMa. llatonormyeckme M3mMeHeHus
CUCTEM W OPraHoB 3HAYUTENbHO yXyALlalT 340poBbe na-
LMEHTOB MU MOTyT MPUBOAUTbL K OTIIOXKEHHOMY CMeEpTENbHO-
My ucxody. BcemupHas opraHusaums 34paBoOXpaHeHus

Currently recovery after COVID-19 (relief of acute
symptoms, negative PCR test) is not a guarantee of complete
recovery of the body. Pathological changes in systems
and organs significantly worsen the health of patients and
can lead to delayed death. The World Health Organization
has defined the term post-COVID-19 to refer to cases of
persistent symptoms after 3 months of SARS-CoV-2 infection
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onpegenuna TtepmuH «noct-COVID-19» ans o6o3HayeHus
Crny4yaeB COXpaHEeHUs1 CUMMNTOMOB Mnocne 3 Mec. MHdekuum
SARS-CoV-2, gnawmxcsa He MeHee 2 Mec. U He 0ObsicHse-
MbIX Kakum-nnbo apyrum 3abonesaHvem’.

B nutepatype cyuwiectyer ©Gonee nogpobHas knac-
cudmvKauma COCTOSHUMA Mocne nepeHeceHHoW WHMeKUnn
SARS-CoV-2. Tak, noct-octpein COVID-19 onpegensetcs
KaK CTOMKME CUMMTOMbI U/UNN OTCPOYEHHbIE UM AONTOCPOY-
Hble ocrnoxHeHust nHdekuun SARS-CoV-2 B TeueHune 4 Hep.
nocne noseneHnss cumntomoB [1]. Janee wccnegosartenu
Aendart 3aboneBaHne Ha age kateropuwn: (1) NOQOCTPLIA NN
npogormkatowmnca cumntomatnyeckni COVID-19, koTopbin
BKITHO4AET CMMMNTOMbI U @HOMarnuu, NPUCYTCTBYHOLLME B TeYe-
Hue 4-12 Hea. nocne octporo TedeHus COVID-19; (2) xpo-
Huyeckui unu noct-COVID-19 cnHapoM, KOTOPbIN BKITHOYaET
CMMMNTOMbI U @aHOMarnum, COXPaHSALLMECS NN NPUCYTCTBYHO-
wme nocne 12 Hed. ot Hayana octporo COVID-19 n He cBs-
3aHHbIe C anbTepHaTUBHBIMK AnarHodamu [2].

MocTkoBMAHbBIE N3MEHEHUS MOTYT 3aTPOHYTb PasnnyHble
opraHbl U CUCTEMbI OpraHn3Ma YeroBeka, HO OOHON U3 OCO-
6GEHHO 3HaYMMBbIX CUCTEM-MULLEHEN SBNAETCA KapanoBacKy-
ngapHaa cucrema [3, 4].

BoBneyeHne cepaeyHO-COCyAMCTONM  CUCTEMbI, MNOA-
TBEPXKOEHHOE METOAOM MarHUTHO-PE30HaHCHON TOMOorpa-
dun cepgua, Habnoganocb y 78% nuu, BbI3JOPOBEBLUNX
oT ocTpon nHdpekumn COVID-19, He3aBUCMMO OT paHee Ccy-
LLIeCTBOBABLUMX COCTOSIHWN, TSXKECTU U TEYEHUS HayarnbHbIX
NPOSABNEHUA MHMEKLUN UMW HaNW4ns paHee CepAeyHbIX
cuMmnTomoB [5]. N3ameHeHusa B cepaeyHO-cocyaucTon cucrte-
Me nocrie nepeHeceHHoro COVID-19 BknioyaloT MUOKapAWT,
apuTMUK, nepukapamnT, Tpomboambonun, MHapKT MUoKap-
a, BHE3anHyt CMepTb, CepAeyHy HeqoCTaToOuHOCTb [6, 7].
Mpun atom pgaxe uHdekuns SARS-CoV2 cpepHen cTeneHun
TSXeCTu, He TpebytoLasa rocnuTanuaaummn, NnpuBoanna K na-
TOMOrMYECKMM U3MEHEHUSIM He TOMbKO B CEpAeYHO-COCYAM-
CTOW cMCTeMe, HO 1 B Apyrux opraxax [8].

B HacToswee Bpemsa B nuTepatype MMeeTcs [oCcTaTou-
HOe KOMMYeCTBO [AaHHbIX, MO3BOMSALMX CTPOUTbL MPOrHO-
ctuyeckme mogenu (MM), cnocobHble onpenenuTb, B Kakowm
dopme byaeT npoTtekaTb 3aboneBaHve y nauueHTta u, cre-
AoBaTenbHO, MOMOYb C AarnbHenwen mapwpyTtusaumnen [9].
[Mpu 3TOM HET nccnegoBaHuUii, KOTopble paboTaroT Ha 3Tane,
Korga oCTpble CUMNTOMbI YK€ KynMpOBaHbl, HO MOMyYeHHbIe
opraHvM3mMom npuv 3abonesaHny NOBPEXAEHUS MOTYT CNPOBO-
LuMpoBaTb CMepPTENbHbIN NCXOS,.

MeToapl mawwmnHHoro obyyveHns (MO) akTMBHO NpYMeHs-
toTca Ansa noctpoexuns MM Ha ocHoBE MeAMLIMHCKUX AaHHbIX.
310 obycnoeneHo psgom dakTtopoB. Bo-nepsbix, knaccu-
Yyeckne CTaTUCTUYECKMEe MeTodbl OMUParTCs Ha CcTporne
mMaTtemaTuyeckme NpeanonoXxeHus, Hanpumep, o BUAe pac-
npegeneHnsa npyMsHaka B Nonynsaummn, NponopLuoHansHOCTK
PWMCKOB, YTO YacTO HapyllaeTcs B MEAVMLMHCKUX OaHHbIX.
Bo-BTOpbIX, KNaccnyeckne MeToabl MaTeMaTuyeckon cTaTu-
CTMKM NNIOX0 paboTaroT Ha HEOAHOPOAHbLIX AAHHBLIX (MHAOP-
Mauusa npeacTaBneHa KaTeropmanbHbIMU U KONMMYEeCTBEHHbI-
MU MepeMeHHbIMU), KOTOpblE CUIbHO KOPPENUPYIT Mexay
cobon. HepgoctaTtkoM nogo0OHbIX NOAX0A0B siBNsieTcs cnadas
WHTEPNPETMPYEMOCTb MNoryYaeMblX Mogernem, YTo ABnaeTcs
KPUTUYECKUM acneKkTom B obnactn obpaboTkm MeanLMHCKNX
AaHHbIX. MIHTepnpetupyemocTb mogenen MO pocturaetcs

lasting at least 2 months and not explained by any other
disease’'. There is a more detailed classification of conditions
after a SARS-CoV infection in the literature. Thus, post-acute
COVID-19 is defined as persistent symptoms and/or delayed
or long-term complications of SARS-CoV-2 infection within
4 weeks after the onset of symptoms [1]. The researchers
further divide the disease into two categories: (1) subacute or
ongoing symptomatic COVID-19, which includes symptoms
and abnormalities, present for 4-12 weeks after the acute
course of COVID-19; and (2) chronic or post-COVID-19
syndrome, which includes symptoms and abnormalities that
persist or are present after 12 weeks from the onset of acute
COVID-19 and are not associated with alternative diagnoses
[2].

Post-COVID changes can affect various organs and
systems of the human body, but one of the most affected
target systems is the cardiovascular system [3, 4].

Involvement of the cardiovascular system, confirmed
by magnetic resonance imaging (MRI) of the heart, was
observed in 78% of people who recovered from acute
COVID-19 infection, regardless of pre-existing conditions,
severity and course of initial manifestations of infection or the
presence of previous cardiac symptoms [5]. Changes in the
cardiovascular system after COVID-19 include myocarditis,
arrhythmias, pericarditis, thromboembolism, myocardial
infarction, sudden death, and heart failure [6, 7]. At the same
time, even a moderate SARS-CoV-2 infection that did not
require hospitalization led to pathological changes not only in
the cardiovascular system, but also in other organs [8].

Currently, there is a sufficient amount of data in the
literature that allows us to build prognostic models (PM) that
can determine in what form the disease will progress and,
therefore, help with further routing [9]. At the same time,
there are no studies that describe the situation when acute
symptoms have already been resolved, but the damage
received by the body during the disease can provoke a fatal
outcome.

Machine learning (ML) methods are actively used to
build predictive models based on medical data. This is due
to a number of factors. Classical statistical methods rely on
strict mathematical assumptions, for example, the type of
distribution of a traitin a population, the proportionality of risks,
which is often violated in medical data. Classical methods of
mathematical statistics do not work well on heterogeneous
data (information is represented by categorical and
quantitative variables), which strongly correlate with each
other. The disadvantage of such approaches is the weak
interpretability of the resulting models, which is a critical
aspect in the field of medical data processing. Interpretability
of ML models is achieved by finding informative predictors.
F1-score metrics, specificity/sensitivity/accuracy, ROC-AUC
analysis are widely used to assess the quality of models [10].

The purpose of this study was to identify, using ML
methods, indicators with predictive value for determining the
adverse outcome of subacute COVID-19. In our retrospective
study, we analyzed routine clinical indicators obtained from
patients during hospitalization. Then predictors of death were
identified using ML.

' World Health Organization. A clinical case definition of post COVID-19 condition by a Delphi consensus. URL: https://www.who.int/
publications/i/item/WHO-2019-nCoV-Post_COVID-19_condition-Clinical_case_definition-2021.1. (10.02.2025).



~ CUOUPCKMM XXYPHAA KAMHUYECKOM M DKCNEPUMEHTAABHOM MEAMLLMHbI
‘~ﬁf_, Siberian Journal of Clinical and Experimental Medicine

10.29001/2073-8552-2025-40-1-199-208

nyTeM HaxoXAeHus MHAOPMATUBHLIX MpeankTopoB. [ns
OLIeHKM KayecTBa Moernewn LUMPOKO UCMONb3YHTCA METPUKN
F1-score, cneumdnyHoOCTb / YyBCTBUTENBHOCTb / TOYHOCTb,
ROC-AUC ananus [10].

Llenb HacTosero uccneqoBaHus: BbISBMIEHWE MOKasa-
Tenewn, UMeKLMX MPOrHOCTUYECKYD LEHHOCTb onpeaene-
HWs HebBnaronpuaTHoro mcxoga nogoctporo COVID-19. B
NpoBeAEHHOM HaMW PETPOCMNEKTUBHOM UCCneqoBaHun 6binm
npoaHanu3npoBaHbl PYTUHHbIE KMVHUYECKUE MoKa3aTenwu,
nony4YeHHble y NauMeHTOB npu rocnuTanu3auuun. Janee ¢
nomotbio MO BbisiBNeHbl TabopaTopHble nokasatenu, ume-
IoWme NPeavKTUBHYIO LEHHOCTb Ansl onpedeneHvus cmep-
TenNbHOro ncxopa.

MaTepMan n metoabl

B nccnenoBaHune Obinu BKNOYEHbl 212 YenoBekK, rocnu-
TanMa3npoBaHHbIX B KNMUHUKKM CBIMY nocne nepeHeceHHoro
paHee B Tsxenon gopme COVID-19, cormacHo MapLupyTu-
3auuu, yTBepXAeHHOW [enapTamMeHTOM 34paBOOXpaHeHUst
Tomckoin obnactn. Ha MOMeEHT rocnutanusaumm Bce nauneH-
Tbl UMenu otpuuatensHbin COVID-19 MLUP TecT.

Kputepun BknioveHusi: 1) noatBepxaeHHbin  [LIP
COVID-19 B TeueHne 3 mec. OO rocnuTanusaumun; 2) peHT-
reHonorMyeckme AaHHble, CBUOETENbLCTBYOLIME O MepeHe-
CEHHOW MHEBMOHUW; 3) HanmuunMe CUMMMNTOMOB, TPeObyroLimx
HabntofeHns B cTauuoHape; 4) Bospact ctapule 50 ner.

Kputepun ncknodeHus: 1) sogpact meHee 50 ner.

PeTpocneKkTMBHO naumneHThl Obinn pasgeneHsl Ha 2 rpyn-
nbl: 140 nauMeHToB, KOTOpble ObiNK BbINMCAHBLI U3 CTauMoHa-
pa c 3aknoveHnemM o6 ynyyleHU CocTosHUS, U 72 nauneH-
Ta, ymMepLune B nepuog rocnutanusaumm. CpegHuii Bo3pact
naumeHToB cocTtaBun 71 roa.

KnuHuyeckne obcnegoBaHusi NpoOBOAWMAM  COrflacHO
CcTaHapTam okasaHusi creuuanu3upoBaHHON MEeLULMHCKOM
NMoMoLUM B YCMOBUSX CTalMoHapa B COOTBETCTBUM C yCTa-
HOBMNEHHbIM AnarHo3oM. Bcem GonbHbIM He MeHee AByX
pa3 B CYyTKW BbIMOMHSANM TEPMOMETPUIO, U3MEPSNM YPOBHM
cuctonuydeckoro (CA) n onactonumyeckoro aptepuarnbHOro
aaenexus (OAL), caTypaumnio KpoBM, YacTOTY AblXaTeNbHbIX
aswxeHun (YO0), yactoTy cepaeyHbix cokpalieHun (HCC) un

nynbca.
O6Wuin aHanM3 KpoBU BKIOYan onpefeneHve 4ducna
3pUTPOLIMTOB, TPOMBOLMTOB, NENKOLMTOB, WCCNefoBanu

nerkouuTapHyto ¢opMyny, CKOPOCTb OCeaaHusi 3pUTPOLIM-
ToB (COQJ), a Takke nokasartenu remorriobMHa u remato-
KpuTa. AHanu3 BbINOMHANM Ha npubope Sysmex XN-1000
(AnoHus). B Buoxmmunyeckoe uccrnenoBaHWe KpPOBM, KOTO-
poe npoBoaunu Ha Guoxummnyeckom aHanmaaTtope Architect
c4000 (CLUA, AnoHus), Bxognno onpeaeneHne cogepxaHus
MOYEBUHBI, kpeaTuHuHa, C-peaktuBHoro 6enka (CPB), ac-
naptatamumHoTpaHcdepasbl (ACT), anaHMHammHoTpaHcde-
pasbl (AJTT).

AHanunsa cuctembl CBEPTLIBAHMSA KPOBM BKIOYan onpeae-
neHne nbpuHOreHa, akTUBMPOBaHHOE YacTU4YHOE TPOMOo-
nnacTtuHoBoe Bpemsi (AYTB) n mexgyHapogHoe HopManmso-
BaHHoe oTHoweHne (MHO) (Sysmex CS2000i, AnoHns).

BeHO3Hy0 kpoBb 3abvpany yTpoM HaToLlak U3 NIOKTEBOW
BeHbI B kKonnyecTse 5 mn, ctabunuanposanu K3BOTA.

Metoabl MO aBRAOTCS MOLHBIM MHCTPYMEHTOM aHa-
nmM3a MeOUUMHCKMX OaHHbIX C LEeNbi NMOCTPOEHUsSI MPOrHO-
cTudeckmx mogenen. [locnegoBaTenbHOCTL  anropuTMOB,
cocTosiLan U3 npeaBapuTenbHo 06paboTku, yMeHbLUEHUE
pasmepHocTH, co3aaHue MM, ee Banvaauus, BelaeNeHne NH-
opMaTMBHbIX NpU3HakoB 06pa3yeT koHeeriep MO. O6si3a-

Material and Methods

The study included 212 people admitted to SSMU clinics
after previous severe COVID-19.

Inclusion criteria: 1) confirmed PCR of COVID-19 within
3 months prior to hospitalization; 2) X-ray data indicating
pneumonia; 3) the presence of symptoms requiring hospital
monitoring; 4) age over 50 years.

Exclusion criterion: 1) the age less than 50 years old.

Retrospectively, the patients were divided into 2 groups:
140 patients discharged from the hospital with an improvement
in their state and 72 patients died during hospitalization. The
average age of the patients was 71 years.

Clinical examinations were conducted in accordance
with the standards of specialized medical care in a hospital
setting and corresponded to the established diagnoses.
Thermometry was performed at least twice a day, the levels
of systolic and diastolic blood pressure (SBP, DBP), blood
saturation, respiratory rate (BR), heart rate (HR) and pulse
were measured.

The blood test included the determination of the number
of erythrocytes, platelets, leukocytes, the leukocyte formula,
erythrocyte sedimentation rate (ESR) was studied, as well
as hemoglobin and hematocrit indicators. The analysis
was performed on the Sysmex XN-1000 device (Japan).
The biochemical blood test included the determination
of urea, creatinine, C-reactive protein (CRP), Aspartate
aminotransferase (AST), Alanine aminotransferase (ALT) and
was performed on an Architect c4000 biochemical analyzer
(USA, Japan).

The analysis of the blood coagulation system included
the determination of fibrinogen, activated Partial Prothrombin
Time (APTT) and INR (Sysmex CS2000i) (Japan).

Venous blood was taken in the morning on an empty
stomach from the ulnar vein in an amount of 5 ml, stabilized
with K3EDTA.

ML methods are a powerful tool for analyzing medical
data in order to build PM. A sequence of algorithms consisting
of preprocessing, dimensionality reduction, creation of a PM,
its validation, and the allocation of informative features forms
the ML pipeline. The mandatory elements of the pipeline are
the creation of a PM and its validation, the remaining steps
are optional. ML methods generate PM based on examples
marked up by experts, which form a training sample. The
quality control of the trained model is carried out on a set
of examples that did not participate in the training — a test
sample.

In this work, the method of filling in gaps and filtering
incomplete data is used as a preliminary data processing.
A wide range of methods for filling in gaps is provided in the
literature, but the choice of the best one depends on the input
data. Given the relatively small size of the data set under
study, a simple method of filling in gaps was proposed: if
there are few gaps (less than 30 percent of the total), zero
values are filled in, otherwise the data about the criteria is
removed from consideration.

Reduction of input data dimension was not used, because
these methods transform the original predictor space and
complicate interpretability.

The creation of PM was implemented by such ML methods
as the support vector machine, random forest, stochastic
gradient boosting. The choice of these ML methods is due
to the need to solve the problem of identifying informative
predictors (signs). All of the above algorithms have the
"built-in" ability to determine the degree of importance
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TenbHLIMWN 3NeMeHTamn KoHBerepa ABnaTca cosgarve MM
1 ee Banugaums, ocTanbHble LWarn onuuoHanbHbl. Metoabl
MO reHepupytoT [TM Ha ocHOBe pas3MeyeHHbIX aKcnepTamm
NprYMepoB, COBOKYMHOCTb KOTOPbIX 0bpasyer obyuvaroLlyto
BbIOOPKy. MpoBepKy kavecTBa 0O6y4EHHON MOAENN OCyLLEeCT-
BMANM Ha Habope NpMMepoB, He y4yacTBOBaBLUUX B 0bOyye-
HUW, — Ha TECTOBON BbIGOPKE.

B npeacrasneHHon pabote, B kayecTBe npeaBapuTenb-
HOM 06paboTKM OaHHbIX MCMONb30BanyM MeTod 3arnorHeHust
NpOMnycKoB 1 hmnbTpaLms HeMomnHbIX AaHHbIX. B nutepatype
NPUBOANTCA LUMPOKMIA HAbop MeTodoB 3arnoriHEHUs Mpony-
CKOB, OAHaKO BbIOOP Hauny4Llero 3aBMCUT OT BXOAHbIX AaH-
HbIX. Y4uTbIBag OTHOCUTENbHO HEBOMbLION pa3mep uccre-
ayemoro Habopa AaHHbIX, Obln NpeasiokeH NpocTon MeTon
3anornHeHnst NPoMycKoB: ecnu nponyckoB Mano (MeHee 30%
oT obLero 4yucna), UCrNonb3yeTca 3anofHeHWe HyneBbIMU
3Ha4YeHNsIMU, B MPOTUBHOM Criyyae AaHHble 06 nccnegyemom
npu3Hake yganstoTcs U3 pacCMOTPEHuS.

YMeHbLUEeHNe pa3mepHOCTN BXOAHbIX AaHHbIX HE UCMOfb-
30Barocb, NOCKOMbKY AaHHble METOAbLI MPeobpasyoT Ncxoa-
HO€e NPOCTPAHCTBO NPEAUKTOPOB W YCITOXHSAOT MHTEPNPETH-
pyemMocTb.

CosgaHve M 6biNno peann3oBaHO TakMMK MeTogamMU
MO, kak MeToq OMOpPHBLIX BEKTOPOB, CryYariHbIN nec, cToxa-
CTUYECKWUIN rPafMeHTHbIN BycTuHr. BbiGop AaHHbIX METOA0B
MO o6ycrnoBneH Heo6XxooMMOCTbIO peLleHust 3adadn Bbl-
aeneHnsa MHopmaTnBHbLIX NpeankTopoB (MpusHakos). Bce
BbllLIEyKa3aHHble anroputMbl obrnagatT «BCTPOEHHON» BO3-
MOXHOCTbIO OnpeAeneHns CTeneHn BaXKHOCTU NpeamkTopa B
npouecce co3ganus MNMM.

Mpes metoga onopHbIX BEKTOPOB 3aKMYaeTcsd B Mouc-
Ke rMnepnriockocTy (Hanpumep, ONA OBYMEPHbIX OaHHbIX
3TO nMpsAMasi, Ans TPeXMepHbIX — MAOCKOCTb U T. A.) pasae-
NsLWas AaHHble TakuMm 06pasom, YToObl MakCMMU3MpoBaThb
CyMMapHoOe pacCTosHMe OT BEKTOPOB U3 OOHOro kracca Ao
Hee. Hanbonee 6nuskvne Kk pasgensiowlen rmnepniocKocTy
Ha3bIBaloTCs onopHeiMu. CTeneHb GnMM30CTM onpeaenseT Be-
NMYMHY MHOPMAaLMOHHOTO BKraja.

MeToapl cnydaiHbIi Nec 1 CTOXacTUYECKUA rpaaueHT-
HbIi BYCTUMHI MCNONb3yloT BMHAapPHbIE AepeBba AN NOCTpoe-
Husa NM. Pasnnyure 3aknto4aeTcsa B TOM, YTO CTOXaCTUYECKUI
rpagueHTHbIN BycTWHr nocnepgoBaTenbHO obyyaeT HoBble
AepeBbs ANS Koppekuun ownbok npedblayLlimx, a criyyan-
HbI Nec napannensHo oby4aeT 6onbLUIOK MaccuB AepeBbEB
1 MPUHMMAET UTOrOBOE peLLEeHne, Hanpumep, NyTem ronoco-
BaHWsA 6onbLIMHCTBOM. [lockomnbKy B 0601x MeTogax Ucnornb-
3yloTca BMHapHbIe OepeBbsi, MOXHO B SBHOM BuAe B y3nax
BETBIMEHNS BbIYMCNATL Hanbonee MHOpMaTUBHbIE NPEaMK-
Topbl. Kpome TOro, BbillenepeyncrieHHble MeToAbl XOPOLUO
cebs 3apekomeHAoBanu B 3afjadvax aHanvsa MeauLMHCKUX
AaHHBIX BbICOKOW PasMepHOCTW M ManbiX BbIOOPOK paccMo-
TpeHus [11].

Banvpauns nonyyeHHbIXx Mogenew npowussogunacb Me-
TOOOM nepekpecTHon 10-kpaTHOM MPOBEPKM COBMECTHO C
ROC-AUC aHanu3om (Receiver Operation Characteristics
— Area Under Curve). CyTb MeToga 3aknodaerca B pas3bu-
eHun Habopa ucxogHbix AaHHbIX Ha 10 nogHabopoB ognHa-
KOBOro pa3mepa v noctpoerus 10 mogenern Ha nonyvYeHHbIX
nogHabopax. Anga kaxgon mogenu ctpoutca ROC-AUC rpa-
uK, NokasbiBalLMA 3aBUCUMOCTb YYBCTBUTEMLHOCTN OT
1-cneunduyHocTu. MNnowaae noa rpadMkomMm U3MEHSIETCS B
ananasoHe [0; 1]. Yem 6nwke 3HaveHue nnowaamn k 0 unu
1, Tem MeHbLUe ownbok coBepLuaeT moaens. Ecnv nnowanb
6nuska k 0,5, mogenb cnyyaviHO NpefckasbiBaeT pesynbrar.

of the predictor in the process of creating a PM. The idea
of the SVM is to find a hyperplane (for example, for two—
dimensional data it is a straight line, for three-dimensional
data it is a plane, etc.) separating the data in such a way as
to maximize the total distance from vectors from one class
to it. The closest to the separating hyperplane are called
reference. The degree of proximity determines the amount of
information contribution.

The random forest and stochastic gradient boosting
methods use binary trees to construct PM. The difference is
that the stochastic gradient boosting consistently trains new
trees to correct the errors of previous ones, while the random
forest simultaneously trains a large array of trees and makes
the final decision, for example, by majority vote. Since both
methods use binary trees, it is possible to explicitly calculate
the most informative predictors at the branch nodes. In
addition, the above methods have proven themselves well
in the tasks of analyzing high-dimensional medical data and
small samples of examination [11].

Validation of the obtained models was performed by the
method of 10-fold cross-validation with ROC-AUC analysis
(Receiver Operation Characteristics - Area Under Curve).
The content of the method is to divide a set of source data
into 10 subsets of the same size and build 10 models on
the obtained subsets. For each model, a ROC-AUC graph
is constructed showing the dependence of sensitivity on
1-specificity. The area under the graph varies in the range [0;
1]. The closer the area value is to 0 or 1, the fewer errors the
model makes. If the area is close to 0.5, the model randomly
predicts the result.

Results

In the PM we created, the predictors of mortality were
urea and body temperature for random forest and stochastic
gradient boosting methods, erythrocyte, eosinophil and
monocyte counts, and INR level for support vector machine
(Fig. 1).

All presented models passed validation, the ROC-AUC
curves were developed, showing that the area under the
curve varies in the range from 0.67 to 1. This indicates a high
predictive value of the models (Fig. 2).

Discussion

Literature data shows that the severity and outcome of
COVID-19 can be determined by the results of laboratory
tests in the early stages of a patient’s hospitalization

The most noticeable changes in laboratory tests
results were observed in samples taken from severely and
critically ill patients. Changes in hematological parameters
(lymphopenia, leukocytosis with an increase in the number
of neutrophils, thrombocytopenia) positively correlated with
the severity of the disease. A trend toward increased CRP,
ferritin, procalcitonin IL-6, and decreased albumin and/or
prealbumin was frequently observed during progression from
mild to severe/critical illness and in patients who died. Serial
measurements of these markers can be used to predict
disease progression, severity, and mortality [9, 12].

Changes in coagulation parameters, including prolonged
PT, elevated D-dimer levels, and elevated fibrinogen levels,
were common findings in severe disease and non-survivors
[13]. Other biomarkers such as lactate dehydrogenase (LDH),
creatine kinase (CK), AST and ALT have been associated
with severe and critical illness in several studies, and their
levels are likely to indicate poor outcome [14].
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Pe3ynbraTthbi

B cosgaHHbix Hamu M npegukTopaMmyu CMepTerbHOro
ucxofda Ans METOAOB CryyalHbI NIeC U CTOXaCTUYECKUN
rPagVeHTHbIN BYCTUHT SBNSMCbL MOYEBMHA M TemnepaTtypa
Tena, Ans MeToaa OnOpPHbIX BEKTOPOB  KONMYECTBO 3pUTPO-
LMTOB, 303NMHOUNOB N MOHOUMTOB, ypoBeHb MHO (puc. 1).

Bce npeacrtaeneHHble Mogenu NpoLLnn Banuaaumio; pas-
pabotaHHble ROC-AUC rpaduks nokasanu, 4To nnowanb
noA rpadukom Bapbupyet ot 0,67 o 1. 3To roBOpUT O BbICO-
KOW NpeavKTUBHOWM LIEHHOCTN Moaenen (puc. 2).

O6cyxaeHue

[aHHble nuTepaTypbl CBUAETENbCTBYHOT O TOM, YTO TS-
XecTb 1 ucxop 3aboneeaHus COVID-19 MoxHO onpenenntb
no pesynsratam nabopaTtopHbIX TECTOB Ha paHHWUX 3Tanax
rocnuTanusauumn nauueHTa.

Hanbonee 3ameTHble U3MeHeHUs B pesynbratax nabo-
paTopHbIX MCCneaoBaHui Yale Habnoganuck B obpasuax,
B3ATbIX Y TSHKEMbIX U KPUTUYECKM BOMbHbIX NauueHToB. A3-
MEHEHNE TremMaTornornyeckux napameTpoB (numdoneHus,
NENKoLMTO3 C YBENMYEHMEM Ymucna HemTpodunos, TPOM-
OoUNTONEHNS) MONOXUTENBHO KOPPENUPOBANo C TSHXKECTbIO
3aboneBaHus. TeHaeHUMs k noBblweHnto CPB, deppuTuHa,
npokanbunToHuHa UI-6 n cHnmxkeHno anbbymmHa n/vnu npe-
anbbymuHa yacto Habntoganack Npu NPoOrpeccMpoBaHum ot
NErkoro Ao TSKenoro / KpUTUYECKOTO COCTOSIHUSA, a Takke Y
yMepLUnX naumeHToB. CepuiHble U3MepeHUs 3TUX MapKepoB
MOXHO MCMNOSb30BaTh A5 MPOrHO3NPOBaHUSA TeYeHus 3abo-
neBaHus, TSKeCTu n cmeptHocTu [9, 12].

VIaMeHeHWsi napameTpoB CBEPTbIBAHMS KPOBM, B TOM YMC-
ne yanvHeHve NpOTPOMOWHOBOTO BPEMEHU, MOBbLILIEHHBIN
ypoBeHb D-AvMepa 1 MoBbILEHHbBIN YPOBEHb hMOPUHOreHa
ObINM YacTbIMKU «HaxogkamMu» Npu Tskenom 3aborneBaHuu
1 y HeBbbkmBLUKMX [13]. Opyrne Guomapkepbl, Takve Kak nak-
TatgervgporerHasa (JIAIN), kpeatuHknHasza (KK), ACT n AJT,
B HECKOIMbKUX UCCNeNoBaHNSAX ObInn CBSA3aHbl C TSXKENbIMU U
KPUTUYECKUMW COCTOSIHUAIMU; U UX YPOBHU, BEPOSITHO, YKa3bl-
BalOT Ha HebnaronpusaTHbI ucxog, [14].

B npoBeneHHOM Hamu nccnegosaHunm gee M, cosgaH-
Hble ¢ nomoLbto MetogoB MO criy4aiHbIin nec u ctoxactuye-
CKWUW rpagueHTHBIN ByCTUHT, MOKa3anu, YTo MPOrHoCTUYECKOe
3Ha4YeHNe MMEKT M3MEHEHWs OBYX MnokasaTenemn: YpOoBHS
MOYEBUHBI U TeMnepaTypbl Tena. MeTon onopHbIX BEKTOPOB
BbISABUM Apyrue npeankTopsbl. Nockonbky ABa NpeaLlecTByto-
lWmx Metoga (Cny4vanHbI Nec U CTOXaCTUYECKUIA rpagueHT-
HbI OYCTUHT) NoKasanu CXoXue pesynbTaTbl, Mbl HE YYUTbI-
Banu AaHHble, MOofyyYeHHbIe C MOMOLLbI0 MeToda OMOPHbIX
BekTOpoB. [ogoOHbI noaxon Beibopa M ronocoBaHveM
4acTo MCMOMb3yeTcs MPU OLEHKE AaHHbIX MEeTo4aMu UCKYC-
CTBEHHOrO nHTennekra [11, 15, 16].

MoBbiWeHHast TemnepaTypa Tena SBNSeTcs nokasaTte-
neM TSPKECTM MMMYHOBOCNANMTENBHOMO OTBETA NPU OCTPOM
COVID-19 u siBnsieTcs NPeauKTOPOM TSHKENOoro Te4eHus 3a-
6oneBaHusi 1 cmepTHOCTM [17]. PedynbTaThl Hallero uccne-
[OBaHUSI COMMacylTCs C paHee caernaHHbIMM BbiBOAaMMU O
TOM, YTO MOBbILLIEHNE TeMMepaTypbl Tena MoXeT ObiTb Map-
KEPOM MPOTrHOCTUYECKU HebnaronpusaTHOro BapuaHTa Teve-
Hust nogoctporo COVID-19.

MoueBMHa — 3TO OCHOBHOW KOHEYHbI NPOAYKT pacnaja
©enkoB, ABNSALLWMIACA XMMUYECKON (hOPMOM, B KOTOPOW a3oT
BbIBOAMTCS M3 opraHuama. B noBbIWEHHbIX KOHLEHTpaLMsX
3TOT MeTabonuT NposiBMsieT CBOWCTBA TOKCMHA, OKa3blBato-
Lero noBpexpgarolllee OeCTBME Ha opraHbl U TKaHW opra-
HM3Ma. MouyeBMHa OKasblBaET TOKCUYECKOE AENCTBME Ha

In our study two predictive models created using machine
learning methods — random forest and stochastic gradient
boosting showed that changes in two indicators (urea level
and body temperature) have prognostic significance. Support
vector machine identified other predictors. Since the two
previous methods (random forest and stochastic gradient
boosting) showed similar results, we did not take into
account the data obtained using support vector machine. A
similar approach to selecting a predictive model by voting is
often used when assessing data using artificial intelligence
methods [11, 15, 16].

Elevated body temperature is an indicator of the severity
of the immune-inflammatory response in acute COVID-19
and is a predictor of severe disease and mortality [17]. The
results of our study are consistent with previously made
conclusions that an increase in body temperature may be a
marker of a prognostically unfavorable course of subacute
COVID-19.

Urea is the main end product of protein breakdown and
is the chemical form in which nitrogen is excreted from the
body. In elevated concentrations, this metabolite exhibits
the properties of a toxin that has a damaging effect on
organs and tissues of the body. Urea has toxic effects
on the gastrointestinal tract (promoting the breakdown of
the epithelial barrier and altering the microbiome), on the
kidneys (indirectly promoting renal fibrosis), on adipocytes
(inducing insulin resistance), on blood components (inducing
carbamylation of erythropoietin) and on the cardiovascular
system [18].

High urea levels are observed in patients with kidney
disease in the advanced stages of renal failure, which
increases the risk of adverse cardiovascular events. This
group of patients has a high level of carbamylated low-
and high-density lipoproteins (cLDL, cHDL), which is a
consequence of uremia and leads to the development of
endothelial dysfunction and accelerates the processes of
atherogenesis [19].

It is known that exposure to urea induces reactive oxygen
species in the endothelial cells of the human aorta and
arteries, which leads to the activation of pro-inflammatory
cytokines and inactivation of the anti-atherosclerotic enzyme
PGI2 synthase, changes in the level of mitochondrial proteins
and the expression of inflammatory markers [17].

In an in vitro study, urea caused a decrease in the rate
of endothelial cell proliferation after 72 hours of exposure
and appeared to be a potential stimulus for endothelial-
mesenchymal transition (EndMT). It also induced
rearrangement of actin filaments, a significant increase in
the expression of matrix metalloproteinases 2 (MMP-2) and
changes in the level of other EndMT biomarkers (keratin,
fibrillin-2 and collagen V). After exposure of endothelial
cell culture to urea, the expression of dimethylarginine
dimethylaminohydrolase (DDAH) and vasorin decreased.
Both proteins have been directly associated with
cardiovascular disease in in vitro and in vivo studies [20].

It should be noted that in our study the deceased
patients did not have a history of chronic renal failure.
Literature data suggests that many hospitalized patients
with COVID-19 suffer from kidney damage in the form of
proteinuria, hematuria, or acute kidney injury (AKI). AKI
is particularly common among severely and critically ill
patients with COVID-19 and is a predictor of mortality. The
pathophysiology of AKI in COVID-19 is unclear. Early reports
of histopathological examination of autopsy kidney tissue



W.B. Oonranés, .A. BpaxHos, V1.B. Tonmaues 1 gp.
OnpepgeneHne NpeankTopoB HebnaronpusiTHOro Mcxoga B NOAOCTPbLIN Nepuod nHogekumm SARS-CoV-2

0.200| 10¢
L0175
0,150/ =08
20125 z
3
0.100| E,
- ROC xpusan 0 (AUC = 0.85)
0075 ; : ROC wpwnan 1 (AUC = 0 78)
Eansol % ROC wpwgan 7 (AUC = 0 84)
3 ROC npwsan 3 (AUC - 0,82}
o025/ l %04 ROC wpwsan 4 (AUC = 0.83)
ooe. —NME__mill — Bl _am N i 0% Mt S AUE = 698
3 36 33 Y3 FEEEAE QB U 2 wpunan - )
% %\3 3 513 --; 4 15§ zl; ?gggér ¥ ROC wpwnan 7 (AUC = 0,71}
123 ¢ % é £85 E ] g2 #o2| ROC kpusan & LAC = 0.80)
.E £ 3 - 'E s % g -] s s £ ROC Kpenan % (AUC = 0.77)
- -] 2 1 j: i 2 s = Cry=ainot e
H i H —— Cpeavee ROC (AUC = 0.80 = 0,07}
E 0.0} + 1 st dev
5 00 0z [ 08 [ 10
Mowme- oo False Postive Rate (Posdive label: 1)
0.4 10

ROC xpwaas 0 (ALC = 0.87)
ROC mpwsan | (ALC = 0.79)
ROC mpweman 2 (ALC = 0.93)
ROC spwsan 1 (ALC = 0.96)
ROC xpwsan 4 (ALC = 0.87)
ROC mpvaas 3 (ALC = 1.00)

0.06
0041
0.021
0.00

O

o © o

g 8 &
True Positve Rate (Positive label 1)
o e e
- = -

$ 25222121233 *® E 26 1 U -} ROC mpwaan & (ALC = 0.71)
ts3§86§S§ H [ ﬁ i - § 7 g Z ? ; g ROC wpwsan 7 (ALC = 0.86)
s g | é E } i § i i i 5 {1 g E o ROC spraan 8 (ALC = 0 86)
E 1iz t 3 | ge8 ez it g g3 = :D";-::::lu-usn
i 4 2 —— Coepwee ROC (AUC = 0.86 + 0.08)
a0 . = 13td dev
g i 00 02 0.4 08 o8 10
Py opma Fase Posicive Rate (Poutive libel 1)

(B) (B)

0178 | -
0130
0.13%
~08
0.100 §
0.07% Eu ROC spasan 0 (AUC = 0 B7)
H ROC wpwasan 1 (AUC = 0.76)
0050 S ROC spanas 2 (AUC = 0 96)
0.0 | I I l l 5 ROC xpunas 3 (AUC = 0.93)
04 ROC wpasan & (AUC = 0.89)
O STH B ] | (] | | RS . § - ROC rpsmoe 5 (K = 096)
3 a2 g 38 3333 * 1T B2 ? T 99 a : 1 E ROC spasan & (AUC = 0.12)
i 2 8§k 3 s % ! E? 4 83z ¥S8 2= i = s ,. ROC wpeman 7 {AUC = 0.73)
g £ § i ? £ Y £ 202 o ROC xpunan B (AUC = 0.53)
i i 2 - 2 . g g & ] 2 - ROC xpwman 9 (AUC = 0.73)
IEEE 2 g e a8 EF i § - Cryvaimocte
I ? H - —— Cpearee ROC (AUC = 0 B4 = 0,09
"] E 00 ” 2 15td dev.
E (1) [¥] 04 o6 o8 10
Ipayeeroge Falte Positive Rate (Positive ladel: 1)
Puc. 1. Hanbonee nHgopmaTtisHbIe NPeAMKTOPLI pyUcka Af1st METOA0B Puc. 2. ROC-AUC aHanua ans METof10B ONOPHbIX BEKTOPOB (@), Criyyail-
OMOPHbIX BEKTOPOB (a), CriyyaiiHbIi nec (6), CToOXxacTUHeCcKnii rpaaneHTHbIN HbI nec (6), CTOXaCTUYECKM rPaANEHTHBI ByCTUHT

ByCTuUHr (B)



~ CUBUPCKUI XXYPHAA KAUHUYECKOM 1 SKCMEPUMEHTAABHON MEAMLLMHBI
Q;.‘ Siberian Journal of Clinical and Experimental Medicine 10.29001/2073-8552-2025-40-1-199-208

0.200
0175
g 0.150

0125
g 0.100
0.075
foose I
0.02%
0,000 -

00 0.2 0.4 0.6 08 10
Preccton False Positive Rate (Positive label: 1)

ROC curve 0 LAUC = 0.85)
ROC curve 1 (AUC = 0.78)
ROC curve 2 (AUC = D.84)
ROC curve 3 IAUC = 0.82)
ROC curve 4 (AUC = 0.83)
ROC curve 5 (AUC = 0.96)
ROC curve 6 (AUC = 0.67)
ROC curve 7 (AUC = 0.71)
ROC curve B LAUC = 0.80)
ROC curve 9 (AUC = 0.77)
=+ Chance

—— Mean ROC (AUC = D80 = 0.07)
= 15t dev.

woc [l
Lymphocytes .

Los
True Positive Rate (Positive label: 1)

I
Hematoorit .

Platelets |
esa |
Heart rate [}

Eosinophiis
Neutrophils
Neutrophisosss, %
Creatinine |
INR levels
Systolic blood prossure I
Diastolic blood pressure |
Saturation |
Temporaturg -

wes
wrfj
£ |
ronncgen ieve's [
APTT tevers ||

waspieatory rate [N

(A) (A)

016 10!

0.14
-
0.08 { =
g -
i 2 e
£ ROC 2 (AUC = 0.88
:.:: l II I l III - ARG e > faic £ 008l
I | ROC curve & AUC = 0.84
000l .! -I-.E e !!.!! shbiabh %“ m:m::ﬁ-:::
§§%§§§Ei§§§%§gzﬁgizgZi!é% g B woc:::::d:m-nn):
2 £ 5 s s JEEE 3 Zo2| ROC curve 8 (AUC = 0.87)
1§18 spiiiizi
2 ET § | g’ 2 g § g i :::qu:wc-om
= < =+ Chance
: ' i = o
g T 0.2 0.4 06 a8 10
Pradiciors Faise Positive Rate (Positive label: 1)
0175 -

ROC curve 0 LAUC = 0.87)
ROC curve 1 (AUC = 0.76)
ROC curve 2 (AUC = 0.96)
ROC curve 3 AUC = 0.93)
ROC curve 4 (AUC = 0.89)
ROC curve 5 (AUC = 0.98)
ROC curve 6 (AUC = 0.72)
ROC curve 7 (AUC = 0.73)

0.2{ o ROC curve 8 (AUC = 0.83)
ROC curve 9 (AUC = 0.73)

Eosinophils l
i ieves [}

artT tevers I}

Temperature

wess Chance
—— Mean ROC (AUC = 0.84 = 0.09)
00| 3 = 15td. dev.

Relatrve enportance, arb unis
o E-] o o o
o -
B 5 2GR
wec [l
o
woc I
neutropni's Il
neatroprisosss, % [
memogionen |
creatnne [l
o
—=
Fonnogen leveis [
neart rate
systoiic biood peossure [
wespirstory rate [N
-
True Positive Rate (Positive labet: 1)
o o
- o

Dastotic biood pressure [

00 0.2 0.4 0.6 08 10
Precictons. False Positive Rate (Positive label: 1)

(C) (C)

Fig. 1. Assessment of predictive value of fatal outcome of laboratory and Fig. 2. ROC-AUC analysis for support vector machine (a), random forest
clinical tests during subacute COVID-19 analyzed with support vector (b), stochastic gradient boosting (c)
machine (a), random forest (b), stochastic gradient boosting (c)
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XKenyao4HO-KMLLIEYHbIN TpakT (CnocobCcTByA paspyLUeHunto
anuTenuansHoro 6apbepa 1 M3MeHeHMI0 MrKpobuoma), noy-
KM (KOCBEHHO CMOCOOCTBYSI MoYe4HoMy hprnbposy), agunouu-
Tbl (MHOYUMPYS PE3UCTEHTHOCTb K MHCYMNWHY), KOMMOHEHTbI
KpoBM (BbI3biBasi kKapbamunmMpoBaHue apuTpPonoaTMHa) u cep-
Oe4HOo-cocyaucTyto cuctemy [18].

Bbicokve ypoBHM MOYEBMHbI HabMNwAaTCA y MauueH-
TOB C 3aboneBaHMAMN MOYEK HA CTaguy PasBUTUSA NOYEYHOWN
HEe4oCTaTO4HOCTM, YTO MOBbLIWAET PUCK HebnaronpusTHbIX
CepaeyYHO-COCYANCTbIX CODbITMI. Y 3TON rpynnbl GOMbHbIX
OTMEYaeTCH BbICOKUA YPOBEHb kapbamMunMpoBaHHbIX NNUMO-
NPOTENHOB HU3KOW M BbICOKOW nMroTHocTu (WIMHM, uJ1MBI),
4YTO SIBMSETCHA CreACTBMEM YPeMUU, NPUBOOUT K PasBUTUIO
3HAOoTEeNnManbHoOW AUCAYHKUMN 1 YCKOPSET NPOLIECChl aTepo-
reHesa [19].

M3BecTHO, 4YTO BO3AENCTBUME MOYEBUHbI WHAYLMPYET
BbIpaboTKy aKkTMBHbIX (DOPM KMCMOPOAa B 3HAOTENMarnb-
HbIX KreTkax aopTbl U apTepui YyenoBeka, YTO MPUBOAUT K
aKkTMBauuy NpoBOCNANMTENbHbIX LUMTOKMHOB U MHaKTMBaLUA
aHTnaTtepocknepoTmyeckoro depmeHta PGl2-cuHTasel, ns-
MEHEHWIO YPOBHS MUTOXOHAPMAnbHbIX 6EMKOB 1 3KCnpeccum
BOCNanuTenbHbIX Mapkepos [17].

B nccnepgoBaHum in vitro MoYeBMHa Bbl3biBana CHUXEHne
CKOPOCTU Mponudepaumn dHAOTENUanbHbIX KNeToK yepes
72 4 BO3OENCTBMSA 1, NO-BUAMMOMY, SBMANacb NnoteHuumanbs-
HbIM CTUMYMNOM 3HAOTENManbHO-Me3eHXMManbHOro nepexo-
Aa (EndMT), a Takke nHoyumpoBana nepectpomniky akTUHO-
BbIX (PUNAMEHTOB, 3HaYMTENbHOE YBENMYEHMEe IKCNPeccum
MaTPUKCHbIX MeTanmnonpotenHas 2 (MMP-2) n nameHeHve
ypoBHSA apyrnx 6uomapkepoB EndMT (kepatuH, dunbpun-
nuH-2 n konnarex V). MNocne Bo3gencTBMA Ha KynbTypy 9H-
AOTennanbHbIX KIETOK MOYEBMHbI CHMXanacb 3KCNpeccus
avmMetunapruHuHgnvetunamuiorngponassl (DDAH) n Baso-
pvHa. Oba 6enka 6binn HaNPsSMyLo CBSI3aHbl C CepAEYHO-CO-
CyanCTbiMM 3aboneBaHnsiMM B MCCNEeAoBaHMAX in vitro u in
vivo [20].

CnepyeT OTMeTUTb, YTO Normbluve naumeHTbl He ume-
nv B aHaMHe3e XPOHWYECKOWM MOYEYHOW HeaOoCTaTOYHOCTW.
[aHHble nuTepaTypbl CBMOETENLCTBYIOT O TOM, YTO MHOrne
rocnutannampoBaHHble naumeHtsl ¢ COVID-19 cTtpapatot
nopaxeHneMm noyek B BUAE NPOTEUMHYpPUU, remaTypun umm
ocTpoi noyeyHon HegoctatovHocTn (ONMH). OINMH ocobeHHO
pacnpocTpaHeHa cpeam THKENbIX U KpUTUYECKN BOMbHbIX Na-
unenToB ¢ COVID-19 n aBnseTca npeankTopoM CMEePTHOCTH.
Matodumaunonorna OIMH npn COVID-19 He AcHa. PaHHue oT-
YeTbl O FMCTONAaTONOrMYeCcKOM MCCnegoBaHMN ayTONCUAHON
TKaHW NOYKM NoKasbIBatoT BUPYCHble YacTuubl SARS-CoV-2 B
KrneTkax NMoveyHblX KaHanbLeB 1 NoaoumTax, YTo CBMAEeTENb-
CTBYET O MPAMON BUPYCHOW MHpeKumn, a Takke o6 ocTpom
HeKpo3e KaHanbLeB; Takke BO3MOXHbI pabgomMuonus u rno-
mepynonaTus [21]. BepoaTHO, NOBbILLEHWE YPOBHA MOYEBU-
Hbl SBMANOCH MYCKOBbIM MEXaHW3MOM, BedyLLMM K 3HOOTe-
nMnTy 1 nocneaylowemy nHdapKkTy mmokapga Ao Toro, Kak
passunace OlNH.

3akno4yeHue

WMcnonb3oBaHue Tpex metogos MO ¢ nocnegywowmm ro-
NocoBaHWEM MO3BONUIO BbISIBUTL ABa NpeaukTopa Hebnaro-
NPUATHOroO ncxoga npw nogoctpom tedeHnn COVID-19. Mol
BrepBble Nokasanu, YTo NOBbILLEHWE YPOBHS MOYEBUHBLI UME-
eT HebrnaronpusaTHoe NPOrHOCTUYECKOe 3Ha4YeHne; Npu 3ToM
NPUYNHON CMEPTU NaLNEHTOB ABUICS MHapPKT M1okapaa.

show SARS-CoV-2 viral particles in renal tubular cells and
podocytes, suggesting direct viral infection, as well as acute
tubular necrosis, rhabdomyolysis, and glomerulopathy may
also occur [21]. It is possible that elevated urea levels were
the trigger leading to endothelitis and subsequent myocardial
infarction before AKI developed.

Conclusion

The use of three ML methods with subsequent voting
allowed identifying two predictors of an unfavorable outcome
in post-acute COVID-19. We have shown for the first time
that an increase in urea levels has an unfavorable prognostic
value, while the cause of death of patients is myocardial
infarction.
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