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Wide use of ionizing radiation sources in various industries and 
fields of human life dictates the need to research the effects of 
low-dose radiation on the risk of cardiovascular diseases, their 
exacerbation and the associated mortality [1–8]. The primary 
sources of ionizing radiation with the most significant effect 
on the human body include naturally occurring background 
radiation (cosmic rays from space, radionuclides in the Earth’s 
crust and ambient air, etc.) and man-made radionuclides. 
Besides, medical equipment has made a considerable 

contribution to the total public exposure to radiation in the past 
decades. It is assumed that exposure to medical diagnostic 
and therapeutic technologies and modern nuclear technologies 
will be low-dose [4–8].

Today, the level of radiation safety at nuclear fuel cycle 
enterprices facilities satisfactory [9, 10].  However, only a few 
decades ago, communities residing in their vicinity could have 
been exposed to low doses of radiation over long periods of 
time. At the same time, organ damage is not directly caused 
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СРАВНИТЕЛЬНЫЙ АНАЛИЗ СМЕРТНОСТИ НАСЕЛЕНИЯ В ГОРОДАХ СЕВЕРОДВИНСКЕ 
И АРХАНГЕЛЬСКЕ

В связи с широким использованием источников ионизирующего излучения в разных сферах деятельности человека увеличивается число исследований, 

изучающих влияние облучения в малых дозах на заболеваемость и смертность населения. Целью данного исследования было провести сравнительный 

анализ смертности от основных неинфекционных заболеваний в городах Северодвинске и Архангельске. В анализ включили данные о возрастных 

коэффициентах смертности от болезней системы кровообращения (БСК), злокачественных новообразований, болезней органов пищеварения, 

болезней органов дыхания, а также от внешних причин. Показано, что в Северодвинске выше, чем в Архангельске, смертность от БСК мужчин 

и женщин в возрасте старше трудоспособного и мужчин в трудоспособном возрасте (медиана (Q
1
; Q

3
): 3349 (3271; 3458) против 2651 (2618; 2756), 

p < 0,012; 1947 (1890; 2022) против 1753 (1727; 1809), p < 0,012; 292 (281; 342) против 265 (253; 274), p < 0,025 соответственно). Смертность в 

Северодвинске от других причин не превосходила соответствующие показатели в Архангельске. Повышенная смертность от БСК в Северодвинске 

не могла быть обусловлена социально-экономическими условиями или химическим загрязнением атмосферного воздуха, поскольку уровень жизни 

в Северодвинске выше, чем в Архангельске, а уровень химического загрязнения ниже. Вместе с тем, расположение в Северодвинске предприятий 

атомного судостроения и хранилища радиоактивных отходов потенциально могло обуславливать хроническое облучение в малых дозах части населения 

этого города. Необходимо расширение профилактических мероприятий, направленных на раннее выявление поражения кровеносных сосудов у лиц, 

работающих и проживающих в районах расположения радиационно-опасных объектов.
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Table 1. The level of chemical air pollution in Arkhangelsk and Severodvinsk in 2010–2018

Note. H — high (API: 7–13), I — increased (API: 5–6), L — low (API <5).

2010 2011 2012 2013 2014 2015 2016 2017 2018

АArkhangelsk H H H H I I I L I 

Severodvinsk I L I I L L L L L 

by ionizing radiation but is induced by free radicals generated 
by it [11–13]. 

The biological effects of such radiation are far milder 
than those associated with acute exposure owing to the 
compensatory mechanisms maintaining body functions 
under such conditions; diseases caused by ionizing 
radiation can manifest many years after exposure [6]. This 
raises the need for improved methodological approaches to 
health surveillance in the areas where hazardous radiation 
sites are located. Stratification by age will help to account for 
the impact of increased radioactive pollution in previous years 
or decades. One of the ways to make public health assessment 
more objective is to conduct comparative studies using data 
on mortality rates in cities with and without nuclear fuel cycle 
industries. The pairs of cities should be selected in such a way 
so as to exclude the confounding effects of environmental and 
socioeconomic factors.

The aim of this study was to compare mortality rate from 
the most common non-communicable diseases in Severodvinsk 
(population: 183,255 in 2018) and Arkhangelsk (population: 
349, 742 in 2018). Severodvinsk is a monocity with a nuclear 
shipyard. Arkhangelsk is located in similar climatic conditions, 30 
km away from Severodvinsk, and was chosen for comparison.

METHODS

We analyzed mortality rates from circulatory system diseases 
(CSD), malignant neoplasms (MN), digestive system diseases 
(DSD), respiratory system diseases (RSD), and external causes 
(EC) in different age groups using reports from 2011–2018 
provided by the Federal State Statistics Service (Rosstat). The 
mortality rate was defined as the number of deaths per 100,000 
population in a specified age and sex group. The analysis was 
done by quinary age groups (30–85 years), larger working-age 
groups (18–55 years for women and 18–60 yeas for men) and 
the group of individuals past working age.

In addition, we analyzed the Air Pollution Index (API), 
which characterizes ambient air pollution, using data from 
the Federal Service for Hydrometeorology and Environmental 
Monitoring (Gidromet) [14, 15], as well as migration data and 
socioeconomic indicators in the two cities using Rosstat data. 
The economic index (EI) was calculated based on Rosstat data 
to estimate the standard of living [16, 17]. EI was calculated 
as a mean ratio of the average monthly salary in each of the 
studied cities (this parameter is the most resistant to the impact 
of economic inequality [18]) to the subsistence minimum. To 
estimate population migration, the migration rate was calculated 

as a ratio of net migration to the average annual population size 
in each of the cities using Rosstat data [16].

Statistical analysis was performed in STATISTICA 10.0 
(StatSoft Inc.; USA). Median values were used as an indicator 
of the center of distribution for annual mortality values and other 
studied parameters; the lower and upper quartiles (Q1 and Q3) 
were used as a measure of intragroup spread. The two-sided 
Wilcoxon rank-sum test was performed to assess the statistical 
significance of differences in the studied parameters between 
the two cities. Differences were considered significant at p (type 
I error rate) < 0.05. 

RESULTS

Table 1 illustrates the level of chemical air pollution in 
Arkhangelsk and Severodvinsk. In 2010-2018, the level of air 
pollution in Severodvinsk was lower than in Arkhangelsk. At the 
same time, the standard of living (EI) was higher in Severodvinsk 
(3.95 (3.7–4.2) vs 3.3 (3.1–3.8) in Arkhangelsk). 

The analysis of migration rates revealed the following 
patterns. For individuals over 6o years of age, the migration 
rate (per 10,000 of population in the analyzed age group) was 
significantly lower in Severodvinsk than in Arkhangelsk (–93 
(–108; –77) vs –36 (–44; –26) for women, р = 0.018; –104 
(–123; –71) vs –56 (–60; –46) for men, р = 0.018). No differences 
were observed in the migration rate for the individuals aged 
20–59 years (women: –75 (–90; –32) in Severodvinsk vs –29 
(–47; –16) in Arkhangelsk, р = 0.176; men: –46 (–53; –40) in 
Severodvinsk vs –36 (–53; –26) in Arkhangelsk, р = 0.612). The 
negative migration rate suggests that more people were leaving 
both cities than coming to live in them.

Tables 2 and 4 show mortality rates for men; Tables 
3 and 5 show mortality rates for women. Tables 2 and 3 
contain data on different working-age groups. Tables 4 and 
5 provide information on men and women past working age. 
Mortality was significantly higher in Severodvinsk for CSD 
only. Specifically, it was higher for working-age men and past 
working age men and women. A more detailed analysis of 
the quinary age groups revealed that mortality from CSD was 
significantly higher for both men and women over 65 years 
residing in Severodvinsk. At the same time, no significant 
differences in mortality rates were detected between the 
quinary age groups of working-age men and women: 
although median CSD mortality in the quinary age groups of 
working-age individuals was higher in Severodvinsk than in 
Arkhangelsk, the observed differences were insignificant due 
to interannual differences and small sample sizes (8 years, 

Table 2. Rates of mortality from the leading causes of death among working-age men (per 100,000 population) 

Note. Q
1
 and Q

3
 are the lower and upper quartiles.

 Mortality rates in Arkhangelsk Median (Q
1
; Q

3
) Mortality rates in Severodvinsk Median (Q

1
; Q

3
) p

CSD 265 (253; 274) 292 (281; 342) 0,025

MN 104 (97; 108) 101 (95; 111) 0,999

DSD 52 (48; 58) 43 (40; 50) 0,207

RSD 40 (35; 44) 29 (27; 30) 0,012

EC 232 (211; 251) 202 (199; 221) 0,036
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Table 3. Rates of mortality from the leading causes of death among working-age women (per 100,000 population) 

 Mortality rates in Arkhangelsk Median (Q
1
; Q

3
) Mortality rates in Severodvinsk (Q

1
; Q

3
) p

CSD  51 (46; 55) 63 (55; 70) 0,208

MN 45 (43; 49) 48 (45; 56) 0,263

DSD 21 (20; 23) 23 (21; 29) 0,400

RSD 9 (7; 14) 7 (5; 8) 0,575

EC 47 (45; 52) 43 (37; 44) 0,123

2011–2018). Differences in CSD mortality were significant only 
when all age subgroups of working-age men were pooled. 

The analysis of mortality in the working-age population 
associated with other causes of death (Tables 2 and 3) 
demonstrated that male mortality from RSD and external 
causes was significantly lower in Severodvinsk; no significant 
differences in cancer-related and DS-related male mortality 
were observed between the cities. Besides, no significant 
differences were found in the rates of mortality from the leading 
causes of death among working-age women.

The analysis of mortality among individuals past working 
age (Tables 4 and 5) showed that unlike CSD mortality, which 
was higher in Severodvinsk, both male and female mortality 
rate from the leading causes of death was significantly higher in 
Arkhangelsk. The exception was male mortality from DSD, for 
which no significant differences were observed. The analysis of 
mortality associated with cancer, DSD, RSD, and EC in quinary 
age groups revealed no stable patterns.

DISCUSSION

The analysis revealed that mortality from CSD among working-
age men and past working age women and men was higher in 
Severodvinsk; for other causes of death, either no significant 
differences between the cities were established, or the mortality 
rate was higher in Arkhangelsk (specifically, mortality from other 
causes among men and women past working age, except for 
male mortality from DSD, and mortality from RSD and EC for 
working-age men). 

Because the standard of living was higher and the outward 
migration of the population past working age was greater in 
Severodvinsk than in Arkhangelsk (it is only logical that people 
with chronic deseases will be among the first to leave cold 
climate regions), differences in the socioeconomic conditions 
could not be the underlying cause of increased mortality from 
CSD in Severodvinsk. 

The fact that CSD-related mortality was higher in Severodvinsk 
for both men and women past working age suggests the important 
role of environmental as opposed to occupational health factors 
because there are more men working in hazardous industries than 
women. The level of chemical air pollution in Severodvinsk was 
lower than in Arkhangelsk but the environmental conditions and 
climate in these cities are the same. This leads us to hypothesize 
that increased mortality from CSD in individuals past working 
age residing in Severodvinsk may be associated with increased 
background radiation in the last decades of the 20th century and 
the first years of the 21st century due to environmental pollution 
with radioactive waste: at that time, Mironov mountain (JSC PO 
Sevmash), the repository for solid radioactive waste, could not 
provide the sufficient level of radiation safety [19]. 

This study demonstrates significant differences in CSD-
related mortality among working-age men between the two 
cities in the absence of differences in female mortality. This may 
indirectly indicate the role of occupational exposure to radiation. 
The absence of radiation emergencies at Severodvinsk nuclear 
facilities suggests that its nuclear workers and city dwellers 
were exposed to only low doses of ionizing radiation in the past. 
However, there are no published data on radiation monitoring 
in Russia before 2000, so it is impossible to infer the doses the 
population was exposed to at that time. 

At the same time, our findings are consistent with the results 
of other studies. The prevalence of arterial hypertension and 
cerebrovascular diseases among nuclear workers is higher than 
across Russia in general [20, 21], whereas cancer prevalence 
and cancer mortality are lower. Besides, the risk of hypertension 
(one of the main risk factors for CSD) is heightened in people 
occupationally exposed to ionizing radiation. A meta-analysis 
of studies investigating the effect of low radiation doses on 
mortality conducted in 9 industrially developed countries from 
1990 to 2010 revealed that the main contribution to mortality 
associated with prolonged exposure to low-dose radiation is 
made by cancer and CSD, in equal proportions [22]. 

Table 4. Rates of mortality from the leading causes of death among men past working age (per 100,000 population)  

 Mortality rates in Arkhangelsk Median (Q
1
; Q

3
) Mortality rates in Severodvinsk Median (Q

1
; Q

3
) p

CSD 2651 (2618; 2756) 3349 (3271; 3458) 0,012

MN 1458 (1432; 1510) 1333 (1181; 1377) 0,025

DSD 227 (202; 267) 243 (234; 258) 0,779

RSD 328 (266; 393) 194 (171; 213) 0,012

EC 370 (350; 408) 274 (260; 303) 0,017

Table 5. Rates of mortality from the leading causes of death among women past working age (per 100,000 population) 

 Mortality rates in Arkhangelsk Median (Q
1
; Q

3
) Mortality rates in Severodvinsk Median (Q

1
; Q

3
) p

CSD 1753 (1727; 1809) 1947 (1890; 2022) 0,012

MN 610 (598; 647) 497 (471; 515) 0,012

DSD 165 (154; 169) 121 (118; 134) 0,017

RSD 98 (90; 127) 46 (40; 49) 0,012

EC 116 (110; 128) 76 (74; 81) 0,012
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As demonstrated by multiple studies, low doses of 
radiation received over a long time period cause oxidative and 
nitrosative stress accompanied by increased lipid peroxidation 
[11–13].  Low-dose radiation does not cause specific radiation-
induced disorders but instead stimulates non-cancer non-
communicable diseases, including cardiovascular disorders, 
that can manifest years after the exposure [6, 23, 24]. 

The main mechanism underlying CSD development following 
exposure to ionizing radiation involves damage to the blood 
vessel wall. Its inner layer, endothelium, participates in the 
regulation of vascular tone through synthesis and release of 
vasoactive compounds and is the most sensitive to radiation 
[11–13]. 

CONCLUSIONS

Experimental and epidemiological studies conducted in the 
past decades have shown that prolonged exposure to low-

dose ionizing radiation induces CSD; the main mechanisms 
underlying the detrimental effect of radiation on the 
cardiovascular system is oxidative and nitrosative stress, 
which leads to endothelial dysfunction, arterial hypertension 
and atherosclerosis. These pathological processes may 
be implicated in high mortality from CSD in Severodvinsk. 
It is important to continue research into the causes of 
increased morbidity and mortality from CSD (which is the 
leading cause of death in Russia) and the effects of low-
dose radiation on the health of nuclear workers and other 
populations residing in the vicinity of hazardous radiation 
sites.  In order to prevent premature deaths and improve 
the quality of life, it would be helpful to expand prevention 
measures aimed at timely detection of vascular damage 
in individuals exposed to low doses of ionizing radiation 
over long periods of time or those living near hazardous 
radiation sites and to elucidate the potential routes of entry 
of radionuclides into the human body.
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