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Momusayua u yenp: OIHUM W3 IIMPOKO NPHUMEHSEMBIX B HAcTosIIee BpeMs
TEOPETUYECKUX IOJXOJ0B K HCCICIOBAHUIO BO3MOXKHBIX XPOHHUYECKHX (HOpM
WH(QEKIUOHHBIX 3a00ileBaHUil W pa3padOTKe METONOB WX JICYCHUS SBISAETCS
WCTIONIb30BaHUE MAaTeMaTHYECKHX MOJeNiell NWHAMUKK 3a00JeBaHUl M MMMYHHOTO
OTBETa, TPEACTABIAIONINX COOOW CHCTEMBI IU(PQPEpEeHITHANIBHBIX YpPaBHEHUH C
3ama3fplBaHUEM. YCTOMUYMBBIC HETPUBHAIBHBIC CTAllMOHAPHBIE PELICHUS TaKuX
MOZEJIEH C JOCTATOYHO BBICOKOW BUPYCHOM Harpy3Koi MOXHO MHTEPIPETUPOBATH KaK
xpoHudeckue (opmbl 3aboneBanus. [losTomy i ucciaemoBaHus Takux Qopm
3a0051eBaHUil HEOOXOJUMO BBIYUCISATH U BBINOJIHATH AHAJIN3 CTAIIMOHAPHBIX PEILICHUN
cUCTeM c 3ama3abiBanueM. B pabotax [1-4] aBropamm gokiaga ObUIM TPENIOKEHBI
METOJbl  BBIUMCIIEHUS CTAallMOHApPHBIX pEUIeHMH CHCTEM C 3ala3/JbIBaHUEM,
WCCIICIOBAHMS MX YCTOMYMBOCTH M HX TPAacCCHPOBaHUs IO IapameTpaM MOAejeH
(vccnemoBaHMs 3aBUCHUMOCTH OT TapaMeTpoB Mojenei). Panee 3t Meronmsl ObITH
YCHELIHO MCIONb30BaHbI M BBIUMCICHNUA M aHAJIN3a CTAIllMOHAPHBIX pelleHUil ABYX
IIMPOKO M3BECTHBIX MATEMAaTHYECKUX MOJIENIed BHUPYCHBIX HMHGEKLUi: Mojaenu
JUHAMUKN SKCHEPUMEHTAIbHON MH(EKINH, BBI3BAHHON BHpycaMu JTUMQOILHUTAPHOTO
XOpUOMEHUHTUTa [5], W Monenn WHQPEKIMH 4YelloBeKa BHUpycaMH TemaTtuta B,
SBJISIFOIIEHCS KaTMOpOBaHHON BepCHER MOJIENIN MPOTHBOBUPYCHOTO IMMYHHOTO OTBETA
Mapuyka—IlerpoBa [6]. B wactHOCTH, OBLTM BIIEpBBIE BBIYHCIEHBI CTAIMOHAPHBIE
pelIeHus 3THUX MOJeNIeH, COOTBETCTBYIOIIHE XPOHMYECKHM (QopMaM 3a00JIeBaHHM.
Taxoke BriepBble OBUTM HalJIEHBI 3HAYCHUS MTApaMETPOB MOJIENEeH, IPU KOTOPBIX y HUX
ecTb CBOICTBa rucrepesnca (3aBUCUMOCTH COCTOSIHHMS MOJENU OT HPEAbICTOPHU NPH
W3MEHEHUH 3HaUYEHHUH NapaMeTpoB) U OMCTaOMIIBHOCTH (HAJIMYKE PU OJHHUX U TEX XKe
3HAYEHHSX MapaMeTPOB JBYX YCTOMYMBBIX CTAIlMOHAPHBIX pemieHuil). JlaHHbIi ToKIaz
MOCBSAIICH TMPUMEHEHUI0 pa3pabOTaHHBIX METOAOB Ul aHaiW3a CTallHOHAPHBIX
pemrennit Mmogeny nuHamuku nHGexun COVID-19, npennoxeHHo# B [7].

Memoowt u ancopummoer: B pabortax [1-4] aBropamu jokiaja ObUIM MPEITOKEHBI
METOJbl  BBIUMCIICHUS CTAallMOHAPHBIX pEUICHWH CHCTEM C  3ala3/bIBaHUEM,
WCCIIEIOBAHUS UX YCTOMYMBOCTU W HMX TPAaCCHPOBAHMA IO MapameTrpam cucrem. Jns
BBIUMCJICHUA CTAllMOHAPHBIX PELIEHUM MpeularacTcsi MCIOJNb30BaTh  METOJbI
BBIYMCIIUTEIHHON anreOphl, B YaCTHOCTH peaj30BaHHbIe B mporeaype NSolve makeTa
Mathematica. HccrenoBaHue acHMNITOTHYECKOH YCTOMYMBOCTH — CTAallMOHAPHOTO
pelIeHUsT CBOAUTCS K PELICHUIO HEeTMHEWHOW MpoOjeMbl COOCTBEHHBIX 3HAUYCHHH C
JUHEWHBIM ¥ OKCIIOHEHIMAJIHHBIM BXOXKJIEHHEM CIIEKTPAIHOTO TIapamMeTrpa W K
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MPOBEpPKE TOTO, YTO BCE HAWJACHHBIC COOCTBEHHBIC 3HAYCHUS JIEKAT CTPOTO B JIEBOH
MOJYIUIOCKOCTH. Beayme coOOCTBEHHBIE 3HAYEHUS BBIYHMCISIOTCS  METOJOM
[I0CJIEI0BATENbHBIX JIUHEWHBIX Ipo0sieM. [l BBIYMCICHUS Ha4YaIbHBIX IPUOIKEHUN
UCXOJHAsl HENMHEHHass mpoOsieMa COOCTBEHHBIX 3HAUYEHUHM amIpOKCUMUPYETCS
pauroHaIbHOM TpoOneMoll COOCTBEHHBIX 3HAYCHHUH, KOTOpas, B CBOIO OuYepelb,
CBOIUTCA K MOJMHOMHAIbHON. OZHOBPEMEHHOE TPACCUPOBAHUE BCEX BELIECTBEHHBIX
CTallMOHAPHBIX PEIICHUH IO MapaMeTpy CBOAUTCS K IIOCTPOCHHUIO IIOAMHOXECTB
HEKOTOpOW AEHCTBUTENLHON anreOpanuecKkoll KpPHBOH, Ha KOTOPBIX CTallMOHAPHBIC
pELICHHS SBIAIOTCS OAHO3HAYHBIMH (DYHKIUSMH BapbUPYEMOTO MapaMeTpa.
Pezynomamur: C IOMOIIBIO NPEIOKEHHBIX METOI0B ObUIN BBIYHCIIEHBI CTAIIIOHAPHBIE
pewenus monenu COVID-19, cooTBeTcTBYIOIME XPOHUYECKUM (HOpMaM 3a00IeBaHUS
pa3IYHON TsXeCTH. BBINOIHEH aHaIN3 3aBUCUMOCTH CTAIl[MOHAPHBIX PEILIEHUI MOJIeNn
U MX YCTOMYUBOCTH OT 3HAUEHUH PA3IUYHBIX [1APaMETPOB MOAECIH.

Buigoowi: IlpennoxenHple METOIbI HO3BOMIAOT 3()()EKTUBHO BBIUNCIIATH CTAL[IOHAPHBIE
peumienns Moaenn COVID-19 u BBINONHATH WX aHAIU3. DTH METOMBI IO3BOJISIOT
3G PEKTHBHO HCKAaTh B 00JAacTAX 3HAYCHHH MapaMeTpOB MOJENW T€ 3HAYEHUs, MPH
KOTOPBIX BO3MOXKHO XPOHHYECKOE TEUYEHHE 3a00JIeBaHUS, a TaKKe 3HAUYEHHs, NpU
KOTOPBIX Y MOJETH MOSBISIOTCA Takhe Ba)KHbIE CBOMCTBA Kak OHMCTaOWIIBHOCTH M
rucrepesuc. [lodydeHHbIE pe3ynbTaThl MO3BOJSIOT TIYO)KE TMOHATH MEXaHU3MBI
naToreHe3a HeOJIarompusATHHIX POpPM TeueHUsI HHPEKITNH, BEI3BaHHOH Bupycamu SARS-
CoV-2, 1 HeoOXOAUMBI TS JATbHEHIIIET0 aHAII3a BO3MOYKHOCTH ITOCTPOSHUS PEKUMOB
KoMOuHMpoBaHHBIX Tepanuii nHpekuun COVID-19.

Qunancuposanue. Pabora BeIoNHEHa Npu (UHAHCOBOW moaaepxke Poccuiickoro
Hay4yHOro (hoHma, mpoekT Ne 22-11-00025.
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Motivation and Aim: Currently, one of the most common theoretical approaches to
studying potentially possible chronic forms of infectious diseases and developing ways
to treat them is the use of mathematical models of disease and immune response
dynamics represented by systems of delay differential equations. Stable nontrivial
stationary solutions of such models with sufficiently high viral load can be interpreted
as chronic forms of disease. Therefore, to study such forms of diseases, it is essential to
compute and perform analysis of stationary solutions of time-delay systems. In [1-4],
the authors of the report proposed methods for computing stationary solutions of time-
delay systems, analyzing their stability, and tracing them along the model parameters
(analyzing dependence from the model parameters). Earlier, these methods were
successfully used to compute and analyze stationary solutions of two widely known
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mathematical models of viral infections: the model of the dynamics of experimental
infection caused by lymphocytic choriomeningitis viruses [5] and the model of human
infection by hepatitis B viruses, which is a calibrated version of the Marchuk—Petrov
antiviral immune response model [6]. In particular, the stationary solutions of these
models corresponding to chronic forms of diseases were computed for the first time.
Moreover, for the first time the values of the model parameters at which the models
exhibit the properties of hysteresis (dependence of the model state on the prehistory
while changing the parameter values) and bistability (presence of two stable stationary
solutions at the same parameter values) were found. This report is devoted to the
application of the developed methods for analyzing stationary solutions of the COVID-
19 infection dynamics model proposed in [7].

Methods and Algorithms: In [1-4], the authors of the report proposed methods for
computing stationary solutions of time-delay systems, analyzing their stability, and
tracing them by system parameters. To compute stationary solutions, it is proposed to
use methods of computer algebra, in particular those implemented in the NSolve
procedure of Mathematica. The study of asymptotic stability of the stationary solution is
reduced to solving the nonlinear eigenvalue problem with linear and exponential entry
of the spectral parameter, and checking that all found eigenvalues lie strictly in the left
half-plane. The leading eigenvalues are computed by the method of successive linear
problems. To compute the initial approximations, the original nonlinear eigenvalue
problem is approximated by a rational eigenvalue problem, which in turn reduces to a
polynomial one. Simultaneous tracing of all real stationary solutions along the parameter
reduces to constructing subsets of some real algebraic curve on which the stationary
solutions are single-valued functions of the varied parameter.

Results: Stationary solutions of the COVID-19 model corresponding to chronic forms of
the disease of different severity were computed using the proposed methods. The
dependence of stationary solutions of the model and their stability from the values of
various model parameters was analyzed.

Conclusion: The proposed methods allow one to efficiently compute stationary solutions
of the COVID-19 model and analyze them. These methods allow one to efficiently
search in the regions of the model parameter values for values at which the chronic
course of the disease is potentially possible, as well as for values at which the model can
exhibit such important properties as bistability and hysteresis. The obtained results allow
for deeper understanding of mechanisms behind the pathogenesis of adverse of the
course of infection caused by SARS-CoV-2 viruses and are essential for further research
into potential for developing combined therapy regimens for COVID-19 infection.
Funding: This work was supported by the Russian Science Foundation (Grant 22-11-
00025).
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