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Abstract: Background — Since the announcement of the global coronavirus infection disease (COVID-19) pandemic, the attempts to assess
the pandemic-related detrimental impact are of particular interest. The methodology of assessing the overall mortality attributed to
COVID-19 pandemic, unlike the use of specific indicators that are sensitive to different methods of accounting the number of infected and
deaths, provides more clear understanding of the pandemic-related impact.

Objective — Quantitative assessment of the pandemic-related detrimental impact caused by the novel coronavirus infection in a small
nuclear city, which is relevant for evaluating the effectiveness of anti-epidemic measures.

Methods and Results — The population changes in a small urban district located in the South Ural Region of the Russian Federation were
retrospectively analyzed for the decade, based on the open-source demographic data. The pandemic-related detrimental impact was
calculated as overall excess mortality rate, compared with the previous non-pandemic years by using the additive model of excess absolute
risk. The number of absolute excess deaths, adjusted for gender, age, population size, and number of diseased, was modeled using
multivariate linear regression. The pandemic-related detriment was calculated based on the number of predicted excess deaths attributed
to COVID-19. The relationship between the total number of deaths and the number of COVID-19 cases was analyzed. The total predicted
two-year excess of pandemic-related deaths was 557.9. The pandemic-related total excess mortality per 1,000 patients infected with SARS-
Cov-2 was 50.2 (95% Cl 38.4; 62.0).

Conclusion — The analyses revealed significant impact of the COVID-19 pandemic on the overall excess mortality in the nuclear city
population in 2020 and 2021 implemented in both direct and indirect way. The population size was a major significant risk factor
confounding the overall mortality. In order to develop an effective strategy to control and prevent the consequences of a pandemic,
further monitoring of the epidemic situation in a nuclear city is required.
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Introduction sparsely populated small urban districts and territories with a
population of up to 100,000 people, such as the closed
administrative territory (CAT) of the Ozersk Urban District, located
10 km from the Mayak nuclear complex [6] in the South Ural Region
of the Russian Federation. The peculiarity of the immune status of
the CAT population subjected to occupational exposure to ionizing
radiation as a result of employment at the Mayak Production
Association [7] makes it necessary to pay more attention to the
possible health consequences for the residents of Ozyorsk in the
complex interaction of radiation, socioeconomic and behavioral
factors, including the impact of a novel coronavirus infection.

A new global threat announced by the World Health
Organization (WHO) on March 11, 2020, caused by the pandemic
spread of a novel coronavirus infection, SARS-CoV-2, has become a
tangible concern for wellbeing of the humanity. The COVID-19
disease resulting in atypical severe acute respiratory syndrome
(SARS) [1], prone to progression in 20% of infected patients [2] and
characterized by high probability of lethal outcome [3], posed a
problem to clinicians and epidemiologists all over the world [4].
With a significant variation in case fatality rates (0.3-5.8%) across
countries [5], the analysis of the true consequences of the

pandemic has become a real challenge to public health officials. A number of s.tudies since the O“SEt.Of the pandgmic (3-5, .8'
After two years of the pandemic, an up-to-date comparison of 15] described the impact of the pandemic using specific mortality
predicted risks with observed data became available for analysis. indicators, such as infection fatality rate (IFR) and case fatality rate

(CFR). These widely used measures of infection prevalence are
sensitive to certain demographic and socioeconomic conditions,
which may vary from country to country. According to the WHO,

The increased mortality associated with COVID-19 could lead to
potential demographic losses. This may be especially important for
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“... the true rate of transmission is often underestimated because
a significant proportion of people with infection are not detected,
either because they are asymptomatic or have only mild
symptoms” [13]. Thus, the use of specific mortality rates may be
compromised by underestimation [11]. On the other hand, the
specific mortality rate for patients admitted to a hospital [14]
would be higher than among the rest of the infected, and may lead
to an overestimation of the consequences of SARS-CoV-2 infection
when extrapolated to the entire population [15]. Besides,
laboratory-confirmed deaths used to calculate the specific impact
of COVID-19 may underestimate mortality, as some deaths remain
unidentified [16]. Moreover, mortality rate calculated in different
periods of the epidemic process in different countries can vary
greatly (0.1-25% or more) [13], which could result in an erroneous
comparison of results [8]. Finally, a common limitation of such
studies is the inability to distinguish direct and indirect effects of
the pandemic on the overall mortality.

In this study, we moved away from the conventional use of
specific mortality rates that are sensitive to various calculation
methods in order to more broadly look at the problem, which helped
to more accurately quantify the detrimental impact of the pandemic.

Material and Methods
Descriptive statistics

A retrospective study was conducted among the population of
the Ozyorsk Urban District, which has been providing an
uninterrupted production cycle of the Mayak nuclear complex
since 1948. The study period covered the decade from 2011 to
2021, including two pandemic years. Based on demographic data
from open sources, the potential impact of the pandemic on the
overall mortality in Ozyorsk Urban District was analyzed. The
source of information was the Department of Municipal Statistics,
which annually provided reports containing major demographic
parameters, including the population size, mean age of the
population, male/female ratio, the total number of deaths and live
births, net migration, and others [17]. The mean age of the
population was adjusted using the data from Chelyabinsk Regional
Department of Statistics. The number of Sars-Cov-2 infected
patients who received medical care in the 1st and 2nd years of the
pandemic was provided by the Clinical Hospital No. 71. Based on
the obtained demographic data, the crude mortality rate (CMR)
was calculated using the formula:

M,
CMR =—-x 1000

X
where CMR is a crude mortality rate per 1,000 patients, M, is the
total number of deaths from various causes reported at the end of a
given year, Py is a mean population size in a given year calculated as:

BcF +th+1
*=T
where Pyt is a population size at the beginning of the calendar
year, P,*1) is a population size at the end of the calendar year.

Risk modeling

Changes in the overall mortality attributable to the impact of a
of a novel coronavirus infection pandemic-related factors
constituted the main hypothesis tested in our study. The excess
CMR observed in the 1st and 2nd pandemic year was calculated
using the additive excess risk model:

CMR = CMRy + CMR,,

where CMRyis a background crude mortality rate,
CMRy is an excess crude mortality rate related to COVID-19
pandemic years.

The excess CMR was calculated by fitting a multiple linear
regression model [18] assuming the combined effect of several
independent risk factors described as potential confounders, such
as the age and gender distributions in the population [3, 9, 11, 12],
which depends on the number of live births and net migration, and
the proportion of older people:

CMR(sex,age,pap,cov) =sex * ksex + pop * kpo;u +
age # kqge + covl * Kooy + coV2 * keoyy + const+€

’

where CMR (sexage,pop,cov) Fepresents the total excess mortality in
the given calendar year,

sex — male/female ratio,

pop — population size,

age —mean age of the population,

covl,2 — Indicates the 1st and the 2nd pandemic year,
ki — regression coefficbients,

€ —residuals.

Four different models were compared to assess the mutual
influence of several confounding factors. Model A was developed
to estimate the combined effect of several known risk factors:
gender, age, net migration, and number of live births in the
population. In model B, the influence of only two key parameters
was tested: the age and gender distributions of the population.
Model C was built based on optimal convergence parameters and
contained a single confounding covariant (population size). Model
D was presented for a rough estimate of the impact of the
pandemic, assuming no confounding effects. The models were
compared using statistical significance criteria.

Statistical analysis and detriment calculation

The linear regression model was applied using the statistical
package Stata 12.0 [19]. A two-tailed p-value was used to test the
hypothesis that each coefficient in the model is different from 0. A
multicollinearity test (VIF test) was implemented to identify the
covariates that did not provide independent information in the
regression model. The criterion for deciding to exclude the
covariate was a VIF value greater than 5.0 (low to moderate
inflation). The results were considered statistically significant at a
confidence level of a=95%. For a given probability, p < 0.05, the F
statistic was used to test the null hypothesis under the assumption
that the mean squares of a given set of normally distributed
covariates, having the same standard deviation, were equal. The
quality of the fit was tested using the standard deviation of the
adjusted R-squared (R2) model. Comparison of nested models was
performed using the likelihood ratio test (LRT) [20,21].

Total pandemic-related detriment (PRD), as an absolute excess
of overall mortality related to the 1st and 2nd years of the
pandemic, was calculated using the estimated excess CMR:

PRD = &
- 1000

cov=1

CMRey, *
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Figure 1. Population dynamics during the decade and trend
approximation.
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Figure 2. Crude mortality before and after the pandemic approximated
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Figure 3. Crude mortality rate per 1,000 people and corresponding fitted
values based on full and restricted models.

Results
Mortality data description

The dynamics of the population changes during the decade can
be seenin Figure 1.

The dynamics of population changes in the Ozersk Urban
District shows clear linear downward trend, which can be
approximated using linear quadratic model (R? = 0.99) with a
comprehensive linear component (R2 = 0.97). Over the analyzed
period, mean male/female ratio was relatively constant: 0.89 (95%
C10.889; 0.896).

The main demographic characteristics, such as population size
to the end of the year (P), mean population size (Py), mean age in
the population, number of COVID-19 cases, absolute number of
deaths per year (M), number of COVID-19 deaths, and the crude
mortality rate (CMR) per 1,000 people are presented in Table 1.

Table 1 demonstrates an increase in the mean age of
population, along with reduction of the population size. The
increase in COVID-19 cases, absolute number of deaths, and CMR
is shown there as well. Compared with the 1st pandemic year, the
increase of CMR in 2021 was 1.13 (95% ClI 1.06-1.22; p=4.9x107%),
and the number of COVID-19 cases increased by 59%. The CMR
changes by year and approximation of pre-pandemic and
pandemic trends are shown in Figure 2.

Figure 2 shows the reversal of the CMR trend against the
downward quadratic pre-pandemic trend reported before 2020.
The total mortality growth observed in the period since 2020 has a
comprehensive linear component (R2=0.99) against the poor
approximation using the quadratic function (R2<0.75).

Model fitting and risk analyses

Model A, with a full set of parameters characterizing
demographic change, was fitted to analyze the significance of the
effects of age, gender, and population characteristics, such as the
number of live births and net migration, on the total CMR. The
restricted model (Model B) was fitted to minimize the number of
cross-correlated covariates in the model based on the VIF value.
An alternative model (C) showed changes in CMR with population
size. The baseline model (Model D) characterized the net impact of
the pandemic ignoring the age and population size. Comparisons
of the fitted models and regression coefficients are presented in
Table 2.

Table 1. Population and mortality characteristics of Ozersk Urban District,
2010-2021

vear p P, Mean  Number of COV-19 CMR,
age Covid-19 cases deaths %60

2010 97,832 - - - 1,309 - -

2011 92,335 95,084 40.89 - 1,243 - 13.07
2012 91,744 92,040 41.16 - 1,226 - 13.32
2013 91,285 91,515 40.84 - 1,181 - 12.90
2014 90,567 90,926 40.98 - 1,240 - 13.64
2015 90,029 90,298 41.09 - 1,237 - 13.70
2016 89,724 89,877 41.23 - 1,279 - 14.23
2017 89,545 89,635 41.35 - 1,227 - 13.69
2018 89,230 89,388 41.52 - 1,241 - 13.88
2019 88,835 89,033 41.71 - 1,197 - 13.44
2020 88,399 88,617 41.83 4,558 1,430 119 16.14
2021 87,902 88,151 41.91 7,257 1,612 233  18.29
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Table 2. Comparison of excess CMR models with different sets of parameters

Parameter Coeff. p-value Cl 95% Parameter Coeff. p-value Cl 95%
Full model (A) Restricted model (B)

male -0.001 0.400 -0.002; 0.001 pop -0.0003 0.130 -0.001; 0.0001
age 0.627 0.792 -5.55; 6.81 age -0.395 0.607 -2.18;1.39
mig 0.001 0.435 -0.002; 0.004 - - - -
birth 0.003 0.509 -0.009; 0.015 - - - -
covl 2.35 0.011 0.89; 3.81 covl 2.23 0.002 1.15; 3.32
cov2 4.17 0.002 7.67;5.68 cov2 4.26 <1x10™* 3.13;5.40
const 4.96 0.966 -297.5; 307.39 const 57.78 0.238 -50.15; 165.7

F (6, 4) = 27.45; F=0.0033 F (4, 6)=54.62; F=0.0001

Adj R-squared=0.9407 Adj R-squared=0.9555
S.D.=0.39; mean VIF=17.3 S.D.=0.34; mean VIF=3.8
Restricted model (C) Simple regression, baseline model (D)

pop -0.0002 0.045 -0.0005; -0.00001 - - - -
covl 2.14 0.001 1.23;3.05 covl 2.59 <1x107* 1.60; 3.59
cov2 4.18 <1x10™* 3.21;5.15 cov2 4,74 <1x107* 3.75;5.74
const 34.37 0.005 14.16; 54.59 const 13.54 <1x10™* 13,23; 13.86

F (3, 7) = 80.89; F<0.0001 F (2, 8)=73.18; F<0.0001

Adj R-squared=0.9599 Adj R-squared=0.9352

S.D.=0.32; mean VIF=1.17 S.D.=0.41; mean VIF=1.01

Table 3. CMR, excess CMR and PRD in the first two pandemic years (2020- Discussion

2021) in Ozersk Urban District

Year t CMR | Number of infected  Fatal* | excCMR  PRD
Observed COVID-19 Model C
2020 1,430 16.14 4,558 119 2.14 189.7
2021 1,612 18.29 7,257 233 4.18 368.2
Total 3,042 - 11,815 352 - 557.9

*Total annual COVID-19 deaths (ICD-10 code U07.1 and U07.2).

As seen in Table 2, model A demonstrated insignificant effect
of the gender, age, net migration, and live births, accompanied by
high multicollinearity (VIF 17.3) of added covariates. To reduce
variance inflation, the model A was further constrained, resulting
in models B, C, and D regarding the significance of covariates (p).
An alternative model (Model C) based on one parameter
(population size) exhibited good convergence (less than 4% of the
total variance could not be explained by this model), lower
variance inflation (VIF=1.17), and the lowest standard deviation
(0.32).

The baseline CMR model disregarding age and population size
(Model D) showed an increased standard deviation (0.41), along
with a smaller convergence (0.94). Comparison of models fitted
with different subsets is shown in Figure 3.

Total observed mortality (M:) and total excess mortality,
characterizing the pandemic-related detriment (PRD) calculated
based on the excess CMR (excCMR), are presented in Table 3.

The predicted population-adjusted PRD was 189.7 excess
deaths in 2020 and 368.2 excess deaths in 2021, respectively. The
total two-year PRD was estimated at 557.9 cases (18.3% of total
all-cause deaths over the two-year pandemic period). The
predicted total excess mortality per 1,000 population-adjusted
cases of COVID-19 was 55.2 (95% ClI 42.5; 68.0). According to
specific mortality data provided by Clinical Hospital 71 (Table 1),
the difference between the observed numbers of COVID-related
deaths in 2020 and 2021 and the predicted excess mortality from
all causes calculated in the model (70.7 and 135.2 cases, 37%)
implied a significant indirect impact of the pandemic.

The uncertainty of this study depends on the predictive value
of the used model, which varies depending on the number of
included parameters (Figure 3). The multicomponent model
(Model A) was compromised by high variance inflation due to
cross-correlation. No significant effects of gender, mean age in the
population, net migration and number of live births on total
mortality has been found, in contrast to the strong impact of the
presence of pandemic.

The use of the truncated model led to a decrease in the
variance inflation and improved convergence. Inclusion of the age
covariate (p>0.5) resulted in a slightly better approximation of
model B, compared with the baseline model. However, the null
hypothesis that the mean age in the population did not directly
affect the number of total deaths could not be rejected at a
confidence level of 95%, which demonstrated a weak confounding
effect, as compared to the reported individual effects of age [11].
This happens when time-dependent interrelated factors that
cannot be described in the current dataset work together and
therefore cannot be separated within an additive model (for
example, when they act in different directions, confounding each
other). This leads to a decrease in the significance of the general
covariate. Obviously, age per se, as the difference between the
year of birth and the current calendar year, does not possess its
own pathogenetic meaning, but rather can serve as a ‘depot’
variable containing information about several hidden interrelated
time-dependent factors.

In this study, we found 190 population-adjusted excess deaths
in 2020, which was consistent with our previous study [22]. Our
new findings suggested that the negative factor that affected the
population at the beginning of 2020 was not eliminated and led to
368 new excess deaths during 2021, with an almost twofold
increase in the number of COVID-19 cases (Table 1). At the same
time, about 37% of excess cases during each pandemic year were
not associated with COVID-19 (Table 3), implying a significant
indirect impact of the pandemic.

Based on the total number of observed deaths from COVID-19,
the two-year IFR in COVID-19 infected people in the Ozyorsk Urban
District was 2.98%, which was slightly lower compared to the
entire Chelyabinsk Region (3.66%) [23]. It should be noted that the
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number of COVID-19 deaths registered in the Ozyorsk Urban
District from January 1 through July 31, 2022 (7 months) was 65,
which may indicate a further decrease in specific mortality.

In our study we established a significant relationship between
the number of diseased with COVID-19, and the overall mortality
of the CAT population. Predicted number of deaths per 1,000
population-adjusted cases was 55.2 (95% Cl 42.5; 68.0), resulting
in 228.8 excess all-cause deaths in 2020 and 364.3 deaths in 2021,
respectively. This estimate is 20% higher than obtained in the
model above (189.7 cases in 2020) but is in good agreement with
2021 levels. Assuming that the number of COVID-19 cases
reported during 2020 was correctly estimated [13], this gives
47.8% of excess non-COVID-19 deaths, which implies the indirect
pandemic-related detriment. The latter could be explained in
terms of population aging and the impact of other risk factors,
such as occupational exposure to ionizing radiation.

The high sensitivity of the elderly population who have chronic
diseases and comorbidities [11, 12, 14] calls for special attention
to this subgroup in terms of the indirect consequences of COVID-
19. Having a higher probability of death during the COVID-19
pandemic [24, 25], elderly residents of a nuclear city may also have
higher occupational doses due to their exposure to ionizing
radiation as a result of working at a nuclear complex, compared
with younger residents. Thus, COVID-related mortality in the
elderly population of a nuclear city may be associated with the
impact of at least one additional risk factor [26].

Moreover, the radiation exposure of the elderly people during
the pandemic years can significantly grow due to CT examinations
[27] as the most informative diagnostic method for respiratory
disorders related to pandemic. Assuming possible recurrent CT,
this leads to an increase in additional radiation exposure burden
among the population of a nuclear city subjected to occupational
ionizing radiation. Taking into account the peculiarities of the
immune status of nuclear workers [28], our findings should be
taken into account by radiation protection authorities and
epidemiologists assessing radiation-induced cancer mortality
among nuclear workers and their descendants [29-33], because
the pandemic should be perceived as a competing risk factor
potentially confounding cancer mortality as well.

Conclusion

The impact of the COVID-19 pandemic has led to a statistically
significant excess of the overall mortality of the nuclear city
population both in 2020 and 2021, as compared to the previous
non-pandemic decade. A new negative risk factor reversed the
mortality trend. Two-year results demonstrated an increase in the
absolute number of deaths from all causes against the increase in
the number of diseased with novel coronavirus infection. The
impact of the COVID-19 pandemic revealed a complex mechanism
acting both directly and indirectly. Taking into account the newly
gained knowledge, further research is needed to assess the long-
term effects of the COVID-19 pandemic. The results obtained in
this study are important for adapting the current healthcare
system to the contemporary challenges of a pandemic reality.
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