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Introduction. The Kirov region is an endemic region for Lyme disease (ixodic tick-borne borreliosis), which is
caused by climatic conditions, an abundance of ticks and their feeders. The economic damage caused by Lyme
disease includes the cost of treating patients and eliminating natural foci. Morbidity forecasting is necessary
for planning preventive measures (acaricide treatments, awareness-raising activities with the population) and
entomological monitoring. The effectiveness of such measures exceeds the above costs, which underlines the
relevance of the study.

The aim of the study is to analyze the influence of various factors on the incidence of Lyme disease using
mathematical modeling methods for further epidemiological forecasting using the example of the Kirov region.
Materials and methods. The data of the state reports «On the state of sanitary and epidemiological welfare of
the population in the Kirov region» for 2006—2023 on the incidence of Lyme disease, the first and last reported
cases of tick attachment to humans and the volume of acaricide treatments were studied. Hydrometeorological
data: monthly and annual averages of air temperature, humidity, and precipitation. Spearman correlation analysis
and multiple regression analysis were performed using the «Excel MS Office-2021» and «Statistica Advanced 12
for Windows RU» software. The level of p < 0.05 was chosen as a criterion of statistical significance.

Results. The interval forecast of incidence is up to 18.67 by 2024, 16.51 by 2025, and 14.36 per 100,000
population by 2026. Correlations between climatic factors and morbidity have been identified. A negative reliable
correlation of moderate density was revealed between the incidence of Lyme disease in the Kirov region and the
volume of acaricide treatments. Two forecasting models have been developed: based on the timing of the first
and last reported cases of tick bites; based on hydrometeorological factors and the volume of acaricide treatment.
Conclusion. The incidence of Lyme disease in the Kirov region is characterized by a downward trend.
Mathematical models for predicting morbidity in the Kirov region are proposed.
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MporHosnpoBaHne 3a60neBaemMoCTN NKCOAOBbIM K€L eBbiM
6oppennosom ¢ NCnosb3oBaHNEM METOAO0B MaTeEMATNUYECKOro
MopennpoBaHua (Ha npumepe Kuposckoin obnactn)

YteHkoBa E.O.”, Kusaxes U.C., LLyp H.C.
KnpoBcKnin rocyfapcTBeHHbIN MeAULNMHCKII YHUBepcuTeT, Kupos, Poccna

AHHOMauus

BBepeHue. KnpoBsckasi o6nacte — 3HAEMWUYHBIA PErnoH no nkcogosomy knewesomy 6oppenunosy (UMKB), uto
00yCnoBneHo KNMMaTU4ecKnMn YCrNoBUSMWU, OBUNMEM KNneLLeh U UX NpoKopMuTenen. SKOHOMUYECKUIA yiepb
ot UKB BkntoyaeT 3aTpatbl Ha neveHne OOnbHbIX U NIMKBMAAUUIO NPUPOAHbIX ovaroB. MNMporHo3upoBaHue 3abo-
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neBaemMocTy HeobxoanMo AN NNaHMPOBaHUS NPOMUNAKTUYECKUX MEPONPUATUIA (akapuumaHbix 06paboTok, nH-
(PopMaLMOHHO-pa3bCHUTENBHOM paboThbl C HaceNeHNEM) U SHTOMOSIOTMYECKOTO MOHUTOPUHIa. OhdeKTUBHOCTD
TaKMx Mep NPEeBbILLAET BbILLEYKa3aHHbIe 3aTpaThbl, YTO NOAYEPKMBAET aKTyanbHOCTb UCCNe0BaHUS.

Lenb nccnegoBaHmsa — m3yyeHue BrUSHUA pa3nuyHbiX akTopoB Ha 3abonesaemoctb VKB ¢ ncnonb3oBaHu-
€M MEeTOAO0B MaTeMaTU4YecKoro MOAENMpoBaHUSA ANs AanbHENLEero anuaeMUorornyeckoro NporHo3MpoBaHust
Ha npumepe Knposckor obnacTu.

Matepunanbl u metoabl. VI3yyeHbl AaHHbIE FOCYAAPCTBEHHbBIX OOKNaAoB «O COCTOSAHMU CaHMTapPHO-aNUAEMMO-
noruyeckoro 6naronony4ynsi Hacenenus B Knposckoii obnactmy» 3a 2006—2023 rr. no 3a6onesaemoctn VKB, nep-
BOMY U nocrnegHeMy 3aperncTpupoBaHHbIM CryyYasiM nMpucacbiBaHWs KreLa K YernoBeKy 1 06bEMy akapuumnaHbIX
pabot. lmopomeTeoponornyeckme gaHHble: CpegHeMeCcYHbIE U CPEAHErofoBble 3Ha4YeHUsa TemnepaTypbl BO3ay-
Xa, BNakHOCTW Bo3ayxa U o6bEéma ocaakoB. [NpoBoanNM KOpPENSLMOHHbIA aHanna no CnMpMeHy 1 MHOXECTBEH-
HbI PEFPECCUOHHBIN aHanu3, B Ka4ecTBe KpUTepUst CTaTUCTUYECKON 3Ha4MMOCTH 6bin BeibpaH ypoBeHb p < 0,05.
Pe3ynkraTtbl. VIHTepBanbHbI nporHo3 3abonesaemoctu: kK 2024 r. — po 18,67 Ha 100 Thic. HaceneHus,
k20251. — 16,51, k 2026 . — 14,36. BbisiBNeHbl koppensauum Mexay knumatudeckumm cpaktopamm n 3abonesae-
MocTbio VKB, oTpuuatenbHas goctoBepHasi KOppensauMoHHas CBA3b YMEPEHHOW TECHOThLI Mexay 3aboneBaemo-
ctbto KB B Knposckoi obnactu n o6bEmMom akapuumaHbix pabot. PaspaboTaHbl ABe MOAENW NMPOrHO3MPOBaHUS:
Ha OCHOBE CpPOKOB MEPBOro M MOCMNELHENO 3aperMcTpMpOBaHHbIX CryYaeB MpuUcachbiBaHWs KreLlen; Ha OCHoBe
rmgpomeTeoponornyeckmx paktopos 1 o6bEMa akapuumaHbIx pabor.

3akntoueHue. 3abonesaemoctb VIKB B KnupoBckorn obnactu xapaktepusyeTcsa TeHAeHUMeN Kk CHkeHuto. MNpea-
NoXeHbl MaTeMaTnyeckne Mogenu ans nporHo3vpoBaHus 3abonesaemocTn VKB B KupoBckon obnactu.

KnroueBble cnoBa: ukcodosnil kneuwjesoli 6oppenuos, 3abornegaeMocmes, Mamemamudeckasi Moderb, abuomu-

yeckue ghakmopsbi, uomuveckue hakmopbl, aHMPONo2eHHbIe hakmopbi

UcmoyHuk d)UHchupoeaHun. ABTOpbI 3a8BNSAIOT o6 OTCYTCTBMU BHELLHEro PrHaHCUPOBaHWA NPU NPOBEAEHUM UC-

crnegoBaHus.

Komimuxm UHmMepecos. ABTOPbI AEKNapupyrT OTCYTCTBMUE ABHbIX N NOTEHUUANbHbIX KOHMIMKTOB UHTEPECOoB, CBSA-

3aHHbIX C Nybnukaumnen HacTosiLLen cTaTbi.

Ans yumuposeaHus: YTeHkosa E.O., Knsxxes N.C., Wyp H.C. MNporHosupoBaHue 3aboneBaemMocTyt MKCOAOBbLIM Krle-
LeBbIM 6OPPENMO30M C UCMONb30BaHNEM METOA0B MaTeEMaTUYECKOro MoAenvpoBaHus (Ha npumepe Kuposckoli obna-
ctun). XKypHan mukpobuornozuu, anudemuonoauu u ummyHobuonoauu. 2025;102(2):179-189.
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Introduction

Lyme disease is a natural focal zoonotic disease
with a vector-borne mechanism of transmission caused
by bacteria of the genus Borrelia of the family Spiro-
chaetaceae, transmitted by ticks of the genus Ixodes. In
the epidemiologic aspect, the 1. persulcatus and 1. rici-
nus ticks are of significance, the role of other species is
not excluded [1-3]. The Kirov region is located in the
north of the Volga Federal District and is characterized
by the highest level of Lyme disease incidence not only
in the district, but also in Russia [4]. Most of the terri-
tory of the subject under study is located in the middle
and southern taiga zone, which is characterized by fa-
vorable conditions for the activity of ticks — vectors of
Borrelia and their feeders [5]. Natural focal infections,
which include Lyme disease, are climate-dependent, as
the variation of weather conditions not only affects the
habitat of ticks, expanding their range, but also affects
their vital activity. High average annual temperature,
warm interseasons, abundant precipitation, increased
air and soil humidity, increased intensity of solar radi-
ation contribute to the survival, early activation, repro-
duction, and prolongation of the period of activity of
mites [6-9]. Analysis of the influence of abiotic, biotic
and anthropogenic factors on the tick population plays

© YTeHkoBa E.O., Knsxes U.C., Wyp H.C., 2025

a key role in epidemiological surveillance, as it allows
predicting the activity and distribution of ticks, opti-
mizing preventive measures and reducing the risks of
mass infection of the population [4, 10—-16]. Taking into
account the above facts, it becomes clear that tick-borne
infections are a serious threat to both public health and
the economy of the region. The high intensity of the epi-
demic process of Lyme disease can lead to significant fi-
nancial losses due to the costs of medical care, increased
temporary disability, long-term complications and re-
duced efficiency of the production sector [17-19].

All of this makes it important to forecast the level
of Lyme disease incidence. Predicting the next rise in
the incidence of Lyme disease will allow timely imple-
mentation of a set of preventive measures: acaricide
treatment of territories and informing the population
about protection measures. The economic benefit and
efficiency of such measures significantly exceeds the
costs of eliminating natural foci and treating patients
[10, 14-16, 20].

The aim of the study is to investigate the influence
of various factors on the incidence of Lyme disease us-
ing mathematical modeling methods for further predic-
tion of Lyme disease incidence, using the example of
the Kirov region.
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Materials and methods

For retrospective analysis of Lyme disease in-
cidence in the Kirov region we used the data of state
reports of the Department of the Federal Service for
Supervision of Consumer Rights Protection and Hu-
man Welfare in the Kirov region “On the state of san-
itary-epidemiological well-being of the population in
the Kirov region” for 2006-2023 by indicators: Lyme
disease incidence rates (per 100 thousand population)
in the Kirov region, the first registered case of tick bite
(February, March and April) from 2006 to 2023, the
last registered case of tick bite on a person (September,
October and November) from 2006 to 2023, and the
volume of acaricide treatment (ha).

As hydrometeorological data we used data from
the weather archive of Pobedilovo airport by months
(January-December) for 2006—2023: mean month-
ly and mean annual values of air temperature (°C),
air humidity (%) and precipitation volume (mm) for
2006—2023. The results were processed using methods
of mathematical statistics using Excel MS Office-2021
and Statistica Advanced 12 for Windows RU standard
software packages. Spearman correlation analysis was
used to establish relationships between the studied
variables. Multiple regression analysis was used to as-
sess the possibility of prediction. The level of p < 0.05
was chosen as the criterion of statistical significance,
which corresponds to a 5% probability of error of the
first kind.

Results

In 2006-2023, the epidemic process in Kirov re-
gion was characterized by a downward trend in Lyme
disease morbidity (Fig. 1). Thus, there is a decrease
in Lyme disease incidence in Kirov region — annu-
ally on average by 2.2 per 100 thousand population
(R*=0.660).
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Indicators of the dynamic series of Lyme disease
incidence (per 100 thousand population) in Kirov re-
gion are shown in Table 1.

Forecasting of Lyme disease incidence in the
Kirov region till 2026 has been carried out. With an er-
ror probability of 5%, it can be stated that the Lyme
disease incidence rate on average for 2024 will be up to
18.67 per 100 thousand population, for 2025 — up to
16.51, for 2026 — up to 14.36 (Fig. 2).

To study the influence of the beginning and end
of the epidemic season (the period of high activity of
ticks — vectors of Borrelia) on the Lyme disease in-
cidence in the Kirov region, a multiple linear regres-
sion model was built, where the variable was: y, — in-
cidence of Lyme disease in the Kirov region per 100
thousand population. Factors: x — time factor (the
period from 2006 to 2023), the first registered case
of tick bites to a person (February, March and April)
from 2006 to 2023, the last reported case of tick to hu-
man (September, October and November) from 2006
to 2023. Since the model used qualitative attributes,
dummy variables were introduced: z, (1 — for the fac-
tor value March, 0 — for the rest of the factor values);
z, (1 — for the factor value April, 0 — for the rest of the
factor values); &, (1 — for the factor value September,
0 — for the rest of the factor values); 4, (1 — for the fac-
tor value October, 0 — for the rest of the factor values).
The mathematical model is: y, = 4433.314 — 2.190x +
9.614z, + 4.629z, — 19.565h, — 3.617h, (Table 2). The
coefficient of determination is R?> = 0.718. This means
that the Lyme disease incidence rate is 71.8% deter-
mined by factors x, z, z,, h,, h, and 28.2% by unac-
counted factors. Fisher's coefficient < 0.05, at 5% level
the model is recognized as significant. At the 5% level,
the factor x is significant. It can be said that every year
the Lyme disease incidence in the Kirov region decreas-
es on average by 2.19 per 100 thousand population.

y =-2.198k + 45.721
R?=0.6605
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Fig. 1. The dynamics of the Lyme disease incidence in the Kirov region in 2006—2023.
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Table 1. Indicators of the dynamic range of Lyme disease incidence per 100,000 population of the Kirov region

Year The registered Lyme disease ipcidenge per Absolute increase Growth rate, The Yalue Growth rate,
100,000 population of the Kirov region % of a 1% increase %

2006 41.19 - - - -

2007 48.24 71 171 41.19 117.1
2008 37.42 -10.8 -22.4 48.24 77.6
2009 55.9 18.5 49.4 37.42 149.4
2010 33.11 -22.8 —40.8 55.90 59.2
2011 35.57 25 7.4 33.11 107.4
2012 29.52 6.1 -17.0 35.57 83.0
2013 10.3 -19.2 —65.1 29.52 34.9
2014 15.31 5.0 48.6 10.30 148.6
2015 25.71 10.4 67.9 15.31 167.9
2016 15.03 -10.7 -41.5 25.71 58.5
2017 16.88 1.9 12.3 15.03 112.3
2018 18.58 1.7 10.1 16.88 110.1
2019 19.48 0.9 4.8 18.58 104.8
2020 6.29 -13.2 -67.7 19.48 323
2021 5.86 -0.4 -6.8 6.29 93.2
2022 13.04 7.2 1225 5.86 222.5
2023 19.68 6.6 50.9 13.04 150.9
2023/2006 - -21.5 -52.2 41.19 47.8

Since qualitative features were used in the model: the
first registered case of tick-borne infections (February,
March and April) from 2006 to 2023, the last registered
case of tick-borne infections (September, October, No-

vember) from 2006 to 2023, correction factors were in-
troduced before dummy variables (Table 3). The Lyme
disease incidence in the Kirov region per 100 thousand
population in the system varies: with the first registered
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Fig. 2. Interval forecast chart for the Lyme disease incidence in the Kirov region until 2026.
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Table 2. Standardized B-coefficients for the multiple regression model

Factor B* SE of B* B SE of B t(69) p-value
Intercept - - 4433,314 904,802 4,900 0,000
X -0.810 0.165 -2.190 0.447 —-4.905 0.000
z, 0.340 0.316 9.614 8.925 1.077 0.303
z, 0.165 0.314 4.629 8.804 0.526 0.609
h, -0.319 0.149 -19.565 9.155 -2.137 0.054
h -0.115 0.174 -3.617 5.443 —-0.664 0.519

Note. Intercept is a free term of the regression equation; 3* — standardized regression coefficient; SE of B* — standard error of standardized
regression coefficient; 3 — regression coefficient; SE of § — standard error of regression coefficient; t (69) — calculated value of T-criterion in
assessing the significance of regression coefficient; p-value — the significance level.

Table 3. Correction coefficients of regression

The value of the factor | B | Brom = B-A The value of the factor B Brome = B—A
The first recorded case of a tick 0.000 -4.750 The last recorded case of a bite -19.565 -11.840
bite of a human was in February of a human was in September
The first recorded case of a tick 9.614 4.870 The last recorded case of a tick -3.617 4.110
bite of a human in March bite of a human was in October
The first recorded case of a tick 4.629 -0.120 The last recorded case of a 0.000 7.730
bite of a human in April tick bite of a human was in

November

The amount 14.24 - The amount -23.18 —
A 4.75 - A -7.73 -

Note. 3 — standardized regression coefficient; ™" — standardized correction for regression coefficient.

case of tick bite in February the incidence of Lyme dis-
ease is below average, in March — above average, in
April — below average; with the last registered case
of tick bite in September the Lyme disease incidence
is below average, in October and November — above
average.

In the Kirov region there is a tendency to increase
the areas subject to acaricide treatments (Fig. 3). Based
on the regression coefficient value, it can be conclud-
ed that every year the volume of acaricide treatments

ha
4000 -
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2500 -
2000 -
1500 -
1000 -
500 -

0

in the Kirov region increases on average by 125.87 ha.
Indicators of the dynamic series of acaricide treatment
volume in the Kirov region are shown in Table 4.

The correlation matrix of dependence of Lyme
disease incidence in the Kirov region per 100 thousand
population from 2006 to 2023 on hydrometeorolog-
ical factors (by months) and the volume of acaricide
treatments was constructed (Table 5). A strong nega-
tive relationship between Lyme disease incidence and
time factor, as well as negative relationships of medi-

¥ = 125.87k; — 251,302 R? = 0.7598

2004 2006 2008 2010 2012

2014 2016 2018 2020 2022 2024

Year

Fig. 3. The volume of acaricide treatments in the Kirov region in 2006—-2023.
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um strength between Lyme disease incidence and the
volume of acaricide treatments were revealed. A medi-
um positive correlation was found between the Lyme
disease incidence and air temperature in September
(r = 0.51; p < 0.05). Weak positive correlations were
found between air humidity in June and August
and Lyme disease incidence (» = 0.47; p < 0.05 and
r=0.47; p <0.05, respectively). We found weak posi-
tive correlations between December precipitation vo-
lume and Lyme disease incidence (» = 0.49; p < 0.05),
medium positive correlations between June, August
and November precipitation volume and Lyme disease
incidence (r = 0.52; p < 0.05; » = 0.68; p < 0.05 and
r=0.66; p < 0.05, respectively), and a strong positive
association between October precipitation volume and
Lyme disease incidence (r = 0.75; p < 0.05).

The correlation matrix of dependence of Lyme dis-
ease incidence (per 100 thousand population) in Kirov
region on average annual values of hydrometeorologi-
cal factors (air temperature and humidity, precipitation
for 2006-2023) and the volume of acaricide treatment
has been constructed (Table 6).

For multiple regression analysis of the resultant
variable we used the indicator y, — incidence of Lyme
disease (per 100 thousand population) in the Kirov
region. Sample correlation coefficients are presented
in Table 6. Factor signs and model: v, — volume of
acaricide treatment (ha); v, — average annual air tem-
perature (°C); v, — average annual air humidity (%);

ORIGINAL RESEARCHES

v, — average annual precipitation (mm); y, = -70.117 —
0.003v, — 1.304v, + 0.993v, + 93.133v,. The regression
equation is statistically valid at the significance level of
p < 0.05. The 75.1% of the variation in the incidence
of Lyme disease is explained by the variation in factor
attributes (R*=0.751).

Based on the standardized B-coefficients, the influ-
ence of factors on the dependent variable was assessed
(Table 7). The incidence of Lyme disease in Kirov
region per 100 thousand population in the system is
changing:

* the average incidence of Lyme disease decreases
when the volume of acaricide treatments is
increased,

* an increase in average annual air temperature
leads to a decrease in the incidence of Lyme
disease on average;

* an increase in average annual air humidity leads
to an increase in the incidence of Lyme disease
on average;

+ with an increase in average annual precipitation,
the incidence of Lyme disease increases on
average.

Discussion

The Lyme disease incidence in the Kirov region
in 2006-2023 had an uneven tendency. When compar-
ing the incidence in 2023 with 2006, there is a decrease
in the intensity of the epidemic process manifestation

Table 4. Indicators of the dynamic range of acaricide treatments in the Kirov region

Year The voilrl:rtr;]e; o}(]‘i?c::\?:i:;?:nt’riztments Absolute increase, ha | Growth rate, % of aT1h 02 \i/r?(lzl::ase Growth rate, %

2006 507.0 - - - -

2007 782.7 275.7 54.4 507.00 154.4
2008 1125.0 3423 437 782.70 143.7
2009 1660.5 535.5 47.6 1125.00 147.6
2010 2220.6 560.1 33.7 1660.50 133.7
2011 2303.4 82.8 3.7 2220.60 103.7
2012 2253.0 -50.4 -2.2 2303.40 97.8
2013 2526.3 273.3 121 2253.00 1121
2014 2545.7 19.5 0.8 2526.27 100.8
2015 2688.4 142.7 5.6 2545.73 105.6
2016 2553.7 -134.7 -5.0 2688.44 95.0
2017 2633.2 79.5 3.1 2553.72 103.1
2018 2617.7 -15.5 -0.6 2633.20 99.4
2019 2790.8 173.1 6.6 2617.70 106.6
2020 2284.3 -506.5 -18.1 2790.80 81.9
2021 3075.3 791.0 34.6 2284.30 134.6
2022 3083.0 7.7 0.3 3075.26 100.3
2023 3200.7 17.7 3.8 3083.00 103.8
2023/2006 - 2693.7 531.3 507.00 631.3
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Table 5. Correlation matrix of the dependence of the Lyme
disease incidence in the Kirov region per 100000 population
from 2006 to 2023 on the average monthly values of
hydrometeorological factors and the volume of acaricide
treatments

Lyme disease incidence
in the Kirov region per

Indicator 100000 population
r p
The time factor, years -0.77 <0.05
Volume of acaricide treatments, ha —-0.64 <0.05
Air temperature, °C
in January -0.28 >0.05
in February -0.41 > 0.05
in March 0.18 >0.05
in April -0.29 > 0.05
in May -0.10 >0.05
in June -0.15 >0.05
in July -0.16 >0.05
in August -0.19 > 0.05
in September 0.51 <0.05
in October 0.15 >0.05
in November -0.11 >0.05
in December 0.24 >0.05
Air humidity, %
in January 0.22 >0.05
in February -0.28 > 0.05
in March 0.36 >0.05
in April 0.15 > 0.05
in May -0.15 > 0.05
in June 0.47 <0.05
in July 0.35 >0.05
in August 0.47 <0.05
in September -0.04 > 0.05
in October 0.05 >0.05
in November 0.45 >0.05
in December 0.20 >0.05
Precipitation, mm
in January 0.50 <0.05
in February 0.03 >0.05
in March 0.43 >0.05
in April 0.36 >0.05
in May 0.47 >0.05
in June 0.52 <0.05
in July 0.24 >0.05
in August 0.68 <0.05
in September 0.40 >0.05
in October 0.75 <0.05
in November 0.66 <0.05
in December 0.49 <0.05

(per 100 thousand population) by 52.2%. The most
significant changes are observed in 2009 (increase by
49.4%) and in 2013 (decrease by 65.1%). The growth
of Lyme disease morbidity in 2009 (by 49.4%) can be
explained by the lengthening of the ticks activity sea-
son: it amounted to 208 days in the region on average,
which is 14 days more compared to 2008 (194 days),
by the increase in the number of ticks in the region,
by the increase in the number of ticks active in the re-
gion (194 days), increase in the number and activity of
vectors, which is indirectly evidenced by the increase
in the number of visits to medical and preventive in-
stitutions for tick bites by 1.6 times from 13,432 peo-
ple in 2008 to 21,477 people in 2009, and insufficient
volume of acaricide treatments (2 times lower than re-
quired)'. The decrease in the incidence of Lyme dis-
ease in 2013 (by 65.1%) can be explained by a
1.5-fold increase in the volume of acaricide treatments
(2526.3 ha in 2013 compared to 1660.5 ha in 2009), a
decrease in the number and activity of vectors, which
is indirectly evidenced by the decrease in the cases of
seeking health care after tick bites by almost 3 times
from 21,477 people in 2009 to 7219 people in 2009, and
rodent control measures®. Despite the overall downward
trend, the incidence dynamics remain unstable. After a
significant drop in 2013, there is a gradual increase in
the following years, followed by a decrease in 2020,
which may be related to the COVID-19 pandemic®. The
dynamics of incidence in 2005-2009 is explained by
the lengthening of the tick activity season due to the
warm and long autumn period, in which people were
more often engaged in collecting wild plants in natural
biotopes, continued work on garden plots, which led to
an increase in contact of the population with ticks [7-9,
21, 22].

The interval forecast of Lyme disease incidence
in the Kirov region for the 2024-2026 period demon-
strates a downward trend. The observed decrease in the
intensity of manifestations of the epidemic process can
be explained by an increase in the volume of acaricide
treatments, changes in weather conditions (a tendency
to decrease the average annual precipitation). It should
be noted that the influence of other factors cannot be
excluded.

Early or, on the contrary, late onset of ixodid tick
activation can lead to changes in the timing of the epi-
demic season [10—13]. The lengthening of the tick ac-

The State report "On the sanitary and epidemiological situation in
the Kirov region in 2009". URL: https://www.43.rospotrebnadzor.
ru/documents/gosregdoklad/publications/svoddokl2009.pdf

The State report "On the sanitary and epidemiological situation in
the Kirov region in 2013". URL: https://www.43 .rospotrebnadzor.
ru/documents/gosregdoklad/publications/svoddokl2013.pdf

The State report "On the sanitary and epidemiological situation in
the Kirov region in 2020". URL: https://www.43 .rospotrebnadzor.
ru/documents/gosregdoklad/publications/gosudarstvennyy-
doklad-2020.pdf
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Table 6. Correlation matrix of the dependence of Lyme disease incidence in the Kirov region per 100000 population on the
average annual values of hydrometeorological factors and the volume of acaricide treatment

Incidence of Lyme

Correlated indicators h
disease

treatment, ha

Volume of acaricide

Air temperature, °C Air humidity, % Precipitation, mm

Incidence of ixodic

tick-borne borreliosis 1.00 —0.64 —0.03 035 0.74
Volume of acaricide
T -0.64 1.00 -0.20 -0.10 -0.69
Air temperature, °C -0.03 -0.20 1.00 0.19 —-0.06
Air humidity, % 0.35 -0.10 0.19 1.00 0.40
Precipitation, mm 0.74 -0.69 -0.06 0.40 1.00
Table 7. Standardized B coefficients of the regression model

Factor B* SE of B* SE of B t(69) p-value
Intercept - - -70,117 56,530 -1,240 0,237
v, -0.147 0.218 -0.003 0.004 -0.675 0.512
v, -0.083 0.125 -1.304 1.955 -0.667 0.517
v, 0.167 0.128 0.993 0.758 1.310 0.213
v, 0.715 0.224 93.133 29.210 3.188 0.007

Note. Intercept is a free term of the regression equation; B* — standardized regression coefficient; SE of B* — standard error of standardized
regression coefficient; § — regression coefficient; SE of § — standard error of regression coefficient; t(69) — calculated value of T-criterion in
assessing the significance of regression coefficient; p-value — the significance level.

tivity season is a consequence of the warm and long
fall period [21]. Using the method of multiple linear
regression, we proposed a mathematical model of
Lyme disease incidence in Kirov region per 100 thou-
sand population, for prediction of which we used such
indicators as the first and the last registered cases of
ticks biting a person for 2006-2023. With the first reg-
istered case in February, the incidence of Lyme disease
is below average by 4.75 per 100 thousand population,
in March — above average by 4.87, in April — below
average by 0.12. With the last reported case of a tick
biting a person in September, the incidence of Lyme
disease is below average by 11.84 per 100,000 popu-
lation, and above average by 4.11 and 7.73 in October
and November, respectively. It should be noted that any
forecast cannot be absolute, as the influence of other
factors can never be completely excluded. An example
can be 2020, when the first victim of tick bites was reg-
istered in February, but the incidence of Lyme disease
in the Kirov region in this year was low. In this case,
the influence of anti-epidemic measures related to the
COVID-19 pandemic cannot be excluded.

The area of acaricide treatments in 2010 compared
to 2006 increased 4.4 times — from 507 to 2220.5 ha
[9]. Our statistical analysis for 2006-2023 showed that
the volume of acaricide treatments in the Kirov region
increased annually by an average of 125.87 ha. We
found a negative reliable correlation of moderate close-
ness between Lyme disease incidence in 2006-2023
and the volume of acaricide treatments during this pe-
riod.

Biotic factors play no less significant role in the
life cycle of ticks. Many vertebrates: hares, ungulates,
rodents, birds serve as feeders for ticks and reservoirs
for tick-borne pathogens. The increase in the number
of animals directly correlates with the growth rate of
the population of ixodid ticks [4, 23-25]. Anthropo-
genic factors should be considered from the position of
economic activity and human behavior in nature. Ac-
tive logging of forest areas leads to dynamic changes
in microclimatic conditions. The replacement of old
forest by young growth causes an increase in exposure
to sunlight, changes in temperature, air humidity and
upper soil layers. The cleared areas are populated with
small-leaved tree species, shrubs, and grasses, creating
a favorable niche for the reproduction of tick feeders
and vectors [24, 25]. Reduction of species biodiversi-
ty of a particular ecosystem, resulting in disruption of
food chains, is associated with an increased probabili-
ty of tick-borne infection. For example, the decline of
a key predator of small mammals, the red fox, in the
northeastern and western United States has led to an
increase in the incidence of Lyme disease in this region.
In turn, active recreation or labor activity in open spac-
es during the warm season increases the probability of
human contact with infected arthropod vectors of Bor-
relia [26-29]. These factors directly influence the risk
of human contact with ticks, which is necessary to build
an accurate predictive model of the epidemiologic risk
of population morbidity.

Tick activity can be influenced by weather con-
ditions [10]. Abiotic factors have a significant impact
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on the survival and reproduction of ticks in a particu-
lar biogeocenosis. It has been proved that mean annual
temperatures and seasonality of their fluctuations play
a critical role in the life cycle of arthropods [23, 25].
Thus, mild winters contribute to higher survival rates
of individuals, and warm interseasonal periods promote
early activation and prolong the period of mite activity,
which leads to habitat expansion [24, 25]. The abun-
dance of precipitation, high relative air humidity and
the degree of soil moisture are critical at all stages of the
tick life cycle. The amount of solar radiation and day-
light hours are positively related to mite activity [23].
From 1984 to 2010, a significant increase in the average
annual air temperature and relative air humidity was re-
corded in the Kirov region. The main changes occurred
in the autumn months, which had a favorable effect on
the life activity of ixodid ticks [27, 30]. Russian scien-
tists proposed a regression equation, where the depen-
dent variable is the incidence of tick-borne encephalitis,
and the factors are the temperature of May in season n
in the medium-term cycle, the temperature of August in
season n in the medium-term cycle, the temperature of
October of the previous season (7 — 1) and the tempera-
ture of November. According to the authors, the course
of change in the incidence of tick-borne encephalitis
in Irkutsk agrees quite well with the course of climate
change in its macrocyclical and trend components.
A study conducted in 2011 found that for three natural
foci of tick-borne encephalitis (located in the territory
of Novosibirsk, Irkutsk and Gorno-Altaisk), the com-
mon significant factors in predicting the incidence of
this natural focal infection are: air humidity in Novem-
ber of the previous year, humidity in April and June, and
temperature in June of the current year [31,32]. These
factors were identified both in the construction of the
logical solving function and in the regression equation.
The positive influence of solar activity on the incidence
of tick-borne encephalitis in Novosibirsk and Irkutsk
was shown. Using the method of multiple linear regres-
sion, we proposed a mathematical model indicating the
dependence of morbidity of tick-borne encephalitis on
climatic indicators and the volume of acaricide treat-
ments. Based on the values of regression coefficients
the incidence of Lyme disease (per 100 thousand popu-
lation) in the Kirov region in the system changes:

* increase in the volume of acaricide treatments
per 1 hectare decreases the incidence of Lyme
disease on average by 0.003 per 100 thousand
population;

* an increase in the average annual air temperature
by 1°C leads to an average decrease in Lyme
disease morbidity by 1.304 per 100 thousand
population;

* an increase in average annual air humidity by
1% leads to an average increase in the incidence
of Lyme disease by 0.993 per 100 thousand
population;

* an increase in the average annual precipitation
by 1 mm leads to an average increase in the
incidence of Lyme disease by 93.133 per 100
thousand population.

It should be noted that with an error probability
of 5%, the average annual precipitation is significant,
while the other factors are insignificant. Based on the
values of B-coefficients, the greatest contribution to the
change in the incidence of Lyme disease is made by the
average annual precipitation volume.

Conclusion

Today, mathematical modeling methods are suc-
cessfully used to predict the incidence of various noso-
logical forms of infectious diseases. Lyme disease has
long been an urgent problem for Russia as a whole and,
especially, for regions with high morbidity, such as the
Kirov region. The authors for the first time made an
attempt to predict the level of morbidity of infectious
diseases on the territory of this subject depending on
some hydrometeorological and anthropogenic factors
using mathematical modeling methods. A mathemati-
cal model for forecasting the incidence of Lyme disease
in the Kirov region depending on the average annual
values of climatic indicators and the volume of acar-
icide treatments was proposed. An interval forecast
of Lyme disease incidence in the Kirov region for the
2024-2026 is made, which demonstrates a tendency
to decrease the intensity of epidemic process manifes-
tations. For a more accurate prediction of the level of
Lyme disease incidence in the Kirov region, a set of
factors is required, including the number and species
diversity of tick feeders, changes in the structure of for-
est ecosystems due to anthropogenic impacts, human
activity in natural areas during the season of increased
tick activity, as well as geographical peculiarities of
tick distribution in the administrative-territorial units
of the region, taking into account hydrometeorological
indicators. The study requires further development, in-
cluding determination of the prospects for practical ap-
plication of the proposed forecasting models. This will
help to substantiate the necessity for further research
and develop strategies to stabilize the epidemiological
situation in the Kirov region.
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