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At present it is impossible to develop epidemiologic surveillance and control over any infection regarding studies on 

dynamics of morbidity, seasonality and periodicity without using mathematical modeling techniques. 
Our research goal was to study regularities in manifestations of epidemic process for enterovirus (non-polio) infection (EVnI) in the 

Russian Federation over 14 years (2006–2019) using mathematical models (linear, logarithmic, power, and exponential approximation). 
An optimal mathematical model was selected using three statistical parameters, namely determination coefficient, Fischer’s 

exact test, and standard error. Periodicity of rises and falls in morbidity was calculated with Fourier one-dimensional spectral 
analysis. Intra-year dynamics of morbidity with EVnI was estimated basing on monthly spread of the disease cases on the RF terri-
tory. Classic seasonal decomposition, Census I technique, was applied to analyze time series of monthly morbidity. 

It was determined that EVnI epidemic process was unevenly spread over years in the RF in the examined period of time 
(2006–2019) and there were two opposite trends in it; the first one lasted from 2006 to 2010 when morbidity was declining and the 
second was from 2010 to 2019 when it was growing. Having analyzed manifestations of EVnI epidemiologic process in long-term 
dynamics given its uneven spread as per years, we established that it was advisable to use mathematical models approximated as 
per separate time periods. Average long-term morbidity with EVnI amounted to 8.09 0/0000 in the RF in 2010–2019 with growth rate 
being equal to 17.7 %. Maximum value was registered in 2017 (16.32 0/0000). An unfavorable prediction for further epidemic situa-
tion development was revealed for the examined period. The epidemic process was characterized with 4-year periodicity and sum-
mer-autumn seasonality with peaks usually occurring in August and September. Rates that characterized intensity of the trends in 
long-term morbidity dynamics and were calculated with mathematical models differed authentically from those obtained via con-
ventional calculations of average values (χ = 11.08; d.f. = 1; p = 0.0009). 

Key words: enterovirus (non-polio) infection, non-poliomyelitic enteroviruses, epidemic process, epidemiologic sur-
veillance, mathematical modeling, epidemic situation prediction, seasonality, morbidity dynamics. 
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Introduction. Enterovirus (non-polio) 
infection (EVnI) as a global issue is given a 
lot of attention [1, 2] and many research 
works by leading foreign and domestic scien-
tists focus on examining it1 [3, 4]. Experience 
gained worldwide and in Russia as well and 
accumulated knowledge call for their scien-
tific and rational use to influence the epi-
demic process efficiently. EVnI is a signifi-
cant issue due to its high intensity, overall 
prevalence, high share of outbreaks, conta-
giousness and lethality [5, 6, 7], high resis-
tance of non-polio enteroviruses (NPEV) in 
the environment [8], and absence of any spe-
cific prevention measures [9, 10]. In the Rus-
sian Federation epidemiologic surveillance 
over EVnI is regulated by the Sanitary Rules 
“Prevention of enterovirus (non-polio) infec-
tion”2 and methodical guidelines “Epidemi-
ologic surveillance and prevention of entero-
virus (non-polio) infection”3. Two departmen-
tal target programs were completed before 
2017; at present a target program developed 
for 2018–2022 is being implemented. 

However, dynamics of incidence with EVnI 
in the RF shows that it still apparently tends to 
grow. According to some authors, this trend oc-
curs due to a change in dominating virulent 
NPEV variants [11, 12]; according to others, 
with incidence being revealed more efficiently 
due to improved laboratory diagnostics4 [13]. 

Therefore, it becomes more vital in the 
RF to develop new approaches to examining 
incidence with EVnI [14–17]. Wide use of 
mathematical modeling is an apparent and vi-
tal task in improvement of epidemiologic sur-
veillance regarding development of its infor-
mation sub-system [18, 19]. 

Our research goal was to examine basic 
manifestations of the epidemic process for en-
terovirus (non-polio) infection in the Russian 
Federation over 14 years (2006–2019) using 
mathematical models. 

Data and methods. Data for analysis 
of incidence with EVnI from 2006 to 2019 
were taken from the Federal Statistic Report 
Form No. 1 “Data on infectious and para-
sitic diseases”, submitted monthly; the Fed-
eral Statistic Report Form No. 2 “Data on 
infectious and parasitic diseases”, submitted 
annually5. 

We used several descriptive and evalua-
tive epidemiologic research techniques in the 
present work (statistic observation based on 
examining statistic reports and retrospective 
epidemiologic analysis). Retrospective epi-
demiologic analysis involved examining  
absolute incidence rates among population, 
intensive incidence rates for enterovirus in-
fection (cases per 100 thousand people), in-
tensity of the epidemic process, and long-
term and annual dynamics. We used data 

__________________________ 
 
1 Organizatsiya i provedenie dezinfektsionnykh meropriyatii na razlichnykh ob"ektakh v period provedeniya mass-

ovykh meropriyatii: metodicheskie rekomendatsii [Organizing and implementing disinfection activities at various objects 
during mass events: Methodical guidelines]. Moscow, Rospotrebnadzor’s Federal Center for Hygiene and Epidemiology 
Publ., 2013, 15 p. (in Russian). 

2 Ob utverzhdenii SP 3.1.2950-11 «Profilaktika enterovirusnoi (nepolio) infektsii» (vmeste s «SP 3.1.2950-11. Sanitarno-
epidemiologicheskie pravila…»): Postanovlenie Glavnogo gosudarstvennogo sanitarnogo vracha RF ot 27.07.2011 g. № 106 [On ap-
proval of SR 3.1.2950-11 “Prevention of enterovirus (non-polio) infection (together with “SR 3.1.2950-11. Sanitary-epidemiologic 
rules...”): The Order by the RF Chief Sanitary Inspector issued on July 27, 2011 No. 106]. KonsultantPlus. Available at: http://www.
consultant.ru/document/cons_doc_LAW_122282/9fecd9944a61a84b2f22cfa5672a1a1a50e8cb11/ (December 19, 2020) (in Russian). 

3 Epidemiologicheskii nadzor i profilaktika enterovirusnoi (nepolio) infektsii: metodicheskie ukazaniya [Epidemiologic 
surveillance and prevention of enterovirus (non-polio) infection: Methodical guidelines]. Moscow, Rospotrebnadzor’s Federal 
Center for Hygiene and Epidemiology Publ., 2009, 48 p. (in Russian). 

4 O sostoyanii sanitarno-epidemiologicheskogo blagopoluchiya naseleniya v Rossiiskoi Federatsii v 2018 godu: Gosu-
darstvennyi doklad [On sanitary-epidemiologic welfare of the population in the Russian Federation in 2018: The state Re-
port]. Moscow, The Federal Service for Surveillance over Consumer Rights Protection and Human Wellbeing Publ., 2019, 
254 p. (in Russian). 

5 Ob utverzhdenii form federal'nogo statisticheskogo nablyudeniya s ukazaniyami po ikh zapolneniyu dlya organizatsii Feder-
al'noi sluzhboi po nadzoru v sfere zashchity prav potrebitelei i blagopoluchiya cheloveka federal'nogo statisticheskogo nablyudeniya za 
sanitarnym sostoyaniem sub"ekta Rossiiskoi Federatsii: Prikaz Rosstata ot 29.12.2018 g. № 792 [On approval of federal statistic report 
forms with guidelines on filling in them for organization of federal statistic surveillance over a sanitary situation in RF regions by the 
Federal Service for Surveillance over Consumer Rights Protection and Human Wellbeing: The Order by Rosstat issued on December 
29, 2018 No. 792]. KonsultantPlus. Available at: http://www.consultant.ru/document/cons_doc_LAW_316110/ (December 19, 2020) 
(in Russian). 
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provided by the Federal State Statistic Ser-
vice on population numbers to calculate in-
tensive rates; the data were published in the 
Unified interdepartmental information statis-
tic system (UIISS)6. 

We applied the least square method to fit 
coefficients in mathematical models and build 
up trends. The following approximations 
were used: 

– linear: y=a·x+b; 
– logarithmic: y=a·Ln(x)+b; 
– power: y=bxa; 

– exponential: y=b·ea·x. 
An optimal mathematical model was se-

lected using three statistical indicators: deter-
mination coefficient, Fischer’s test, and stan-
dard error for y evaluation. 

We took average annual growth rates to es-
timate intensity of the trends in the epidemic 
process in long-term dynamics. Since analyzed 
time series didn’t exceed 14 observations (the ob-
servation period was 14 years), we used non-
parametric statistic methods. Spearmen’s correla-
tion coefficient was used to determine occurrence 
and degree of linear correlation between two data 
sets. Periodicity of rises and falls in incidence was 
clearly shown through using periodograms and 
calculated by using Fourier’s one-dimensional 
spectral analysis. If a correlation is strong (coeffi-
cient at a certain sine or cosine), we can conclude 
there is strict periodicity in data at a relevant fre-
quency. Since sine and cosine functions are inde-
pendent (or orthogonal), we can arithmetically 
sum the squares of coefficients for each frequency 
in order to obtain a required periodogram. 

Periodogram values can be interpreted as 
data dispersion (variance) over a relevant period. 
Periodogram values (on y-axis) are calculated as: 

2 2sin-coefficient cos-coefficient ,
2k k k
NP     

where sin and cos are functions of a cyclic com-
ponent in a time series; Pk is periodogram values 
at frequency vk, and N is an overall length of a 
series. For better visualization, frequency on  
x-axis is transformed into a period: Tk=1/vk.  
Coefficients were calculated by building up a 
linear multiple regression model where an ob-
served time series were a dependent variable and 
independents variables or regressors were repre-
sented by sine functions of all possible (discrete) 
frequencies. Fast Fourier transform turned out to 
be the most efficient solution to the task. 

A year dynamic of incidence with EVnI 
was estimated based on monthly distribution of 
the disease cases in the Russian Federation dur-
ing the observation period from 2013 to 2019. 
We applied a procedure stipulated by the Me-
thodical guidelines MR 3.1.2.0118-17.3.1.27 to 
calculate epidemic thresholds. Classic sea-
sonal decomposition, or Census I method, 
was applied to analyze time series. The 
method is based on an assumption that a time 
series includes four different components: 
seasonal (usually given as St where t means a 
moment of time), trend (Tt), cyclic (Ct), and 
irregular one or fluctuation (It). A difference 
between a cyclic and a seasonal component is 
that the latter has regular (seasonal) periodic-
ity whereas cyclic factors usually have a 
longer effect which also changes from cycle 
to cycle. Within Census I method, a trend and 
a cyclic component are usually combined into 
one trend-cyclic component (TCt). Specific 
functional interrelations between these two 
components can be quite variable. However, 
we can spot out two basic ways for them to 
interact with each other, an additive and a 
multiplicative one: 

– additive model: Xt = TCt + St + It, 
– multiplicative model: Xt = Tt·Ct·St·It, 

where Xt is a value of a time series at a time 
moment t. 

__________________________ 
 
6 Ofitsial'nye statisticheskie pokazateli: sistema vvedena sovmestnym Prikazom Minkomsvyazi Rossii i Rosstata ot 

16.11.2011 g. № 318/461 [Official statistical indicators. Introduced by the joint Order by the RF Ministry of Digital Develop-
ment, Communications and Mass Media of the Russian Federation and Rosstat issued on November 16, 2011 No. 318/461]. 
UIISS. State Statistics. Available at: https://www.fedstat.ru// (December 19, 2020) (in Russian).  

7 MR 3.1.2.0118-17.3.1.2. Metodika rascheta epidemicheskikh porogov po grippu i ostrym respiratornym virusnym infektsi-
yam po sub"ektam Rossiiskoi Federatsii: metodicheskie rekomendatsii [MR 3.1.2.0118-17.3.1.2. The procedure for calculating 
epidemic thresholds for influenza and acute respiratory viral infections as per RF regions: methodical guidelines]. Moscow, The 
Federal Service for Surveillance over Consumer Rights Protection and Human Wellbeing Publ., 2018, 95 p. (in Russian). 
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Figure 1. Long-term dynamics of incidence with 
enterovirus (non-polio) infection in the Russian 
Federation (2006–2019), cases / 100 thousand 

people 

As for computations, the seasonal decom-
position procedure (Census I) complies with 
the standard formulas [20]. 

Results and discussion. According to 
official statistic data, in the RF incidence with 
EVnI taken over 14 years (2006–2019) was 
distributed unevenly and tended to grow  
(Figure 1). 

Average annual incidence (AAI) amounted 
to 7.25 0/0000 (standard deviation = 4.1 0/0000, 
median = 5.9 0/0000, interquartile range varied 
from 4.28 0/0000 to 9.82 0/0000), average annual 
growth rate was 4.4 % (a linear trend slope was 
34). Rises in incidence were detected in 2009 

(4.72 0/0000), 2013 (11.22 0/0000), and 2017 
(16.32 0/0000); each next rise was higher than the 
previous one. Local minimums were registered 
in 2010 (2.91 0/0000), 2014 (6.35 0/0000), and 
2015 (5.36 0/0000). 

Use of standard epidemiologic approach 
to estimating incidence for the analyzed period 
of time indicated that applied mathematical 
models (linear, logarithmic, power, or expo-
nential approximation) were unsatisfactory for 
the given time series (Table 1) and that there 
were at the least two periods with multidirec-
tional trends. 

In our opinion, this was due to changes 
in EVnI cases registration that occurred in 
2009 in the RF since Methodical guidelines 
MU 3.1.1.2363-088 came into force and stipu-
lated the necessity to run laboratory tests to 
confirm not only group cases but also spo-
radic ones; this had its influence on quality of 
EVnI laboratory diagnostics. Given that, we 
can obtain a relevant mathematical model that 
determines both a trend and a growth rate for 
incidence only by dividing a time series into 
two periods (against the minimal rate in 2010 
that was equal to 2.91 0/0000). The first period 
is from 2006 to 2010; the second one, from 
2010 to 2019. We selected a time period from 
2010 to 2019 to estimate incidence since it 
was the most relevant to incidence levels ac-
cording to power approximation (Table 2). 

Given that the observation period was not 
long enough (only 9 years, 2010–2019), we 
took median value of incidence that was equal 
to 6.35 0/0000 and interquartile range (IQR) be-
ing 3.38–9.84 0/0000 as exponential values in 
descriptive statistics. 

T a b l e  1  
Mathematical models applied to analyze dynamics of incidence with enterovirus (non-polio) 

infection in the Russian Federation (2006–2019) 

Trend Mathematical model Determination 
 coefficient R2 F-criterion Standard error 

for y evaluation 
Linear approximation y = 0.6665x + 2.2530 0.4624 10.3216 3.1292 
Logarithmic approximation y = 2.6436Ln(x) + 2.4950 0.2491 3.9807 3.6982 
Power approximation y = 3.5140x0.3228 0.2027 3.0514 0.5158 
Exponential approximation y = 3.2716e0.0870x 0.4298 9.0461 0.4362 

__________________________ 
 
8 MU 3.1.1.2363-08. Epidemiologicheskii nadzor i profilaktika enterovirusnoi (nepolio) infektsii: metodicheskie ukaza-

niya [MU 3.1.1.2363-08. Epidemiologic surveillance and prevention of enterovirus (non-polio) infection: methodical guide-
lines]. Moscow, Rospotrebnadzor’s Federal Center for Hygiene and Epidemiology Publ., 2009, 48 p. (in Russian). 
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T a b l e  2  
Mathematical models applied to analyze dynamics of incidence with enterovirus (non-polio) 

infection in the Russian Federation (2010–2019) 

Trend Mathematical model Determination  
coefficient R2 F-criterion Standard error 

for y evaluation 
Linear approximation y = 1.1757x – 3.0816 0.6055 12.2809 3.0473 
Logarithmic approximation y = 10.4144Ln(x) – 14.8374 0.6054 12.2759 3.0477 
Power approximation y = 0.2200x1.5627 0.7223 20.8058 0.3513 
Exponential approximation y = 1.3230e0.1732x 0.6966 18.3699 0.3671 

 
Analysis of incidence performed by using 

this approached revealed that average annual 
incidence with EVnI in the RF amounted to 
8.09 0/0000; average annual growth rate, 17.7 % 
(linear trend slope was 50). According to the 
power function, EVnI epidemic process devel-
oped uncontrollably and forecasts were unfa-
vorable. 

Having compared incidence rates for the 
whole time series (2006–2019) and 2010–2019 
time series, we detected statistically significant 
differences (2 = 11.08, d.f. = 1, p = 0.0009) 
in annual average growth rates (4.4 % 
against 17.7 %) and linear trend slopes (34 
against 50). 

Fourier’s spectral analysis was applied to 
examine periodicity in the time series of inci-
dence with EVnI; this was done to determine 
correlations between sine and cosine functions 
with different frequencies and observed data 
(Figure 2). 

 
Figure 2. Periodogram showing incidence with 
enterovirus (non-polio) infection in the Russian 

Federation (2009–2019): OX axis shows 
periodicity in years, OY axis is data dispersion  

over a relevant period  

Fourier’s spectral analysis revealed 4-year 
periodicity when average long-term incidence 
with EVnI (2006–2019) was examined. Local 
minimums followed local maximums with the 
same 4-year periodicity. 

Incidence with EVnI had apparent sum-
mer-autumn seasonality (Figure 3).  

A seasonal rise in incidence began in July 
each year and ended in November with peaks 
usually reached in August and September 
(Figure 4). According to average annual long-
term data, 89.5 % cases occurred during these 
seasonal rises in incidence with EVnI (from 
July to November). Specific weight of patients 
who got infected due to influence by seasonal 
factors amounted to 82.0 %. 

Fourier’s one-dimensional spectral analysis 
of a time series for monthly incidence revealed 
apparent 12-month periodicity; this indicated 
there were no significant shifts in the beginning 
and the end of an epidemic rise (Figure 5). 

 
Figure 3. A year dynamics of enterovirus  

(non-polio) infection in the Russian Federation, 
shares of total annual incidence (2013–2018, rays 

of circle graph show months from January (1) 
to December (12) 
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Figure 4. Annual dynamics of incidence  
with enterovirus (non-polio) infection  

in the Russian Federation (2013–2018),  
cases / 100 thousand people 

Seasonal component in classical seasonal 
decomposition of this time series (Census I 
method) showed annual maximum influence 
exerted by seasonal factors on incidence 
growth in July, August, September, and Octo-
ber, both for the additive and multiplicative 
model (Table 3). 

The detected periodicity turned out to be 
universal regarding the whole time series; 
however, each year could have individual 
peculiarities when it came down to the be-
ginning and the end of an epidemic rise. We 
took retrospective values beyond seasonal 
epidemic rises in incidence to calculate epi-
demic thresholds for the analyzed periods. 
We accomplished primary division of time 
series as per incidence rate into all-year inci-
dence and seasonal rises; the division was 
done as per the median for the whole data 
array. This procedure is widely spread in 
analyzing time series of incidence and often 
used by the World Health Organization since 
the median is not significantly influenced by 
a peak in incidence, as opposed to other 
mean values (simple mean, geometric mean, 
or harmonic mean). 

Having calculated upper tolerance limits 
(Table 4), we established that the epidemic  

 
Figure 5. Periodogram showing monthly incidence 

with enterovirus (non-polio) infection in the 
Russian Federation (2013–2018): OX axis is 

periodicity in years, OY axis is data dispersion  
over a relevant period 

T a b l e  3  
Seasonal components in monthly incidence 
with enterovirus (non-polio) infection in the 

Russian Federation (2013–2018) 

Months 
Seasonal component 
for the multiplicative 

model 

Seasonal component 
for the additive  

model 
January 14.5887 -0.708005977 
February 8.8814 -0.73590166 
March 6.4100 -0.746689643 
April 7.4807 -0.74039556 
May 11.0901 -0.708328827 
June 39.1541 -0.498259943 
July 143.0773 0.413094759 
August 307.2373 1.71443414 
September 314.4177 1.68170537 
October 216.7095 0.913272973 
November 92.1674 -0.05959021 
December 38.7857 -0.525335427 

 
threshold values didn’t exceed 0.443 0/0000 
from January to May. Minimum value was de-
tected in April and amounted to 0.178 0/0000. 
The maximum value was detected in June and 
amounted to 0.575 0/0000. It should be noted 
that incidence in November was higher than 
not only the overall median value but also than 
the maximum epidemic threshold in 4 cases 
out of 6. Given that, we concluded that No-
vember should be among months of seasonal 
rises in incidence despite low values of its sea-
sonal component. 
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T a b l e  4  
Epidemic thresholds of incidence with enterovirus (non-polio) infection calculated as per data 
on monthly incidence in the Russian Federation in 2013–2018 (cases / 100 thousand people) 

Month 2013 2014 2015 2016 2017 2018 
Average 
monthly  
incidence 

Upper  
tolerance 

limit 
Median 

January 0.052 0.138 0.074 0.117 0.101 0.192 0.112  0.10937 
February 0.038 0.106 0.037 0.049 0.057 0.126 0.069  0.05281 
March 0.03 0.077 0.029 0.042 0.059 0.075 0.052  0.05076 
April 0.031 0.041 0.045 0.058 0.076 0.075 0.054  0.052 
May 0.064 0.061 0.049 0.083 0.144 0.132 0.089  0.074 
June 0.476 0.173 0.192 0.327 0.443 0.394 0.334  0.36 
July 2.426 0.808 0.637 1.1 1.356 1.118 1.241  1.109 
August 2.913 1.528 1.288 2.722 4.271 2.444 2.528  2.583 
September 2.449 1.744 1.374 2.4 4.598 2.222 2.465  2.311 
October 1.654 1.036 1.001 1.805 3.231 1.834 1.76  1.729 
November 0.757 0.432 0.443 0.753 1.481 0.862 0.788  0.755 
December 0.33 0.21 0.193 0.312 0.498 0.361 0.317  0.321 

Monthly incidence with threshold as per median for the whole data array: Median 
(all months, 2013–2018) 0.328 

January 0.052 0.138 0.074 0.117 0.101 0.192  0.443  
February 0.038 0.106 0.037 0.049 0.057 0.126  0.322  
March 0.03 0.077 0.029 0.042 0.059 0.075  0.195  
April 0.031 0.041 0.045 0.058 0.076 0.075  0.178  
May 0.064 0.061 0.049 0.083 0.144 0.132  0.355  
June  ex 0.173 0.192 0.327 ex ex  0.575  
July ex ex ex ex ex ex    
August ex ex ex ex ex ex    
September ex ex ex ex ex ex    
October ex ex ex ex ex ex    
November ex 0.432 0.443 ex ex ex    
December ex 0.21 0.193 0.312 ex ex  0.503  

N o t e :  ex means incidence exceeded epidemic threshold in a given month. 
 
Conclusions. Therefore, in the RF inci-

dence with EVnI was characterized with two 
opposite trends over the examined period 
(2006–2019): had 4-year periodicity and ap-
parent summer–autumn seasonality (seasonal-
ity coefficient was equal to 82 %). The epi-
demic process was uncontrollable and fore-
casts for its development were unfavorable. 
We analyzed manifestations of EVnI epi-
demic process in long-term dynamics given 
its uneven spread over years and established 
that it was advisable to apply mathematical 
models approximated as per separate time pe-
riods. Average annual long-term incidence 
taken over the observation period 2010–2019 
amounted to 8.09 0/0000; average annual growth 
rate, 17.7 %; linear trend slope, 50. Rates 
that characterized intensity of the trend in 

long-term incidence dynamics that were cal-
culated based on mathematical modeling were 
statistically significantly different from those 
obtained by calculating mean values (χ2 = 11.08, 
d.f. = 1, p = 0.0009). 

Epidemiologic diagnostics of enterovirus 
infection at the population level can become 
more qualitative due to wide use of mathemati-
cal models in epidemiologic research proce-
dures when estimating manifestations of the 
epidemic process in long-term dynamics as well 
as when estimating its spatial characteristics. 
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