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Cardiovascular diseases are the most frequent causes of premature mortality associated with ambient air quality. In 

the Arkhangelsk region, population mortality caused by diseases of the circulatory system is higher than the national aver-
age. The aim of this study was to assess ambient air quality in Arkhangelsk and associated health harm in adult population. 

The study relied on using data of ambient air monitoring in Arkhangelsk collected over 2011–2022. We analyzed aver-
age annual levels of 23 pollutants and primary incidence of diseases of the circulatory system (CVD) and calculated hazard 
quotients under chronic inhalation exposure (HQ), hazard index (HI) for the cardiovascular system, and the number of at-
tributable deaths associated with exposure to PM10 and PM2.5.  

Over the analyzed period, the average long-term concentrations of most pollutants met hygienic standards. Average 
levels of formaldehyde, chromium, copper and benzene were found to exceed the MPL by 1.5–2.3 times. Hazard coefficients 
for formaldehyde (HQ = 2.3), copper (HQ = 1.8) and PM2.5 (HQ = 1.7) were established to be above their permissible value. 
The risk of developing general toxic effects is determined to be high (HI = 6.6) for the cardiovascular system. The main con-
tribution to the risk level is made by copper and PM2.5. Attributable outcomes of primary cardiovascular incidence among 
the adult population of Arkhangelsk associated with exposure to PM10 and PM2.5 equaled 10.7 and 2.9 ‰ cases per year. The 
greatest harm under exposure to PM2.5 is due to the development of coronary artery disease and amounts to 1.9 ‰ cases per 
year. 

Keywords: ambient air, pollutants, diseases of the circulatory system, primary incidence, health risk assessment,  
hazard quotient, hazard index, health harm. 
 

 
At present, ambient air pollution remains 

a global threat for human health. Relying on 
considerable pool of research data on health 
harm caused by ambient air pollution, the 
WHO issued new global air quality guidelines 
in 2021. The document outlines analytical data 
according to which approximately 80 % of 
deaths caused by PM2.5 exposure can be pre-
vented by reducing concentrations of this 
harmful admixture down to their safe levels1. 

In 2022, 40 cities in the Russian Federa-
tion with their total population reaching 10.4 
million people had very high levels of ambi-
ent air pollution with API (air pollution in-
dex) ≥ 14; in 2021, only 33 cities were  
included in this list. Overall, 49 % of the ur-
ban population in Russia lives in cities with 
high and very high ambient air pollution. In  
2022, the total pollutant emissions in Russia 
amounted to 17.174 million tons from station-
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nary sources and 4.8 million tons from motor 
transport2. 

Cardiovascular diseases, in particular, 
coronary heart disease (CHD) and stroke are 
the most frequent causes of premature death 
attributable to ambient air pollution. Accord-
ing to the WHO data, 24 % of CHD burden 
and 25 % of stroke burden are attributable to 
ambient air pollution [1]. The number of addi-
tional deaths among population due to diseases 
of the circulatory system (CVDs) associated 
with ambient air pollution amounted to 0.7 per 
100 thousand people in 2022 in Russia; the 
number of CVD cases attributable to ambient 
air pollution reached 42.9 per 100 thousand 
people, which corresponds to 1.4 % of the ac-
tual incidence3.  

CVDs hold the second rank place in the 
structure of incidence in the Arkhangelsk  
region. According to Rosstat, cardiovascular 
incidence in the Arkhangelsk region is at the 
same level with the national average (23.7 per 
1000 against 26.29 per 1000). Cardiovascular 
mortality in the Arkhangelsk region (714.5 per 
100 thousand) is 20.7 % higher than the na-
tional average. 

In 2022 in the Arkhangelsk region, the to-
tal pollutant emissions were equal to 117 thou-
sand tons (81.1 %) from stationary sources and 
27.33 thousand tons (18.9 %) from mobile 
sources. In Arkhangelsk, ambient air pollution 
is mostly created by enterprises dealing with 
production and distribution of electrical power, 
water and gas, waste treatment and disposal; 
by automobile, river and railways transport. 
Most pollutants enter ambient air with auto-
mobile exhausts as their contributions to the 
total emissions amount to 70.5 %4. 

The aim of this study was to assess am-
bient air quality in Arkhangelsk and associated 
health harm in adult population. 

Materials and methods. We used data 
on pollutant levels to assess ambient air qual-
ity in Arkhangelsk. They were provided by 
the Northern Office for Hydrometeorology 
and Environmental Monitoring and the Center 
for Use of Natural Resources and Environ-
mental Protection. We analyzed average an-
nual levels of total solid particles (TSP), sul-
fur dioxide, carbon oxide, nitrogen dioxide, 
nitrogen oxide, hydrogen sulfide, formalde-
hyde, methyl mercaptan, benzo(a)pyrene, 
benzene, toluene, ethyl benzene, xylene, and 
metals (chromium, manganese, iron, nickel, 
copper, zinc, and lead) over 2011–2022; 
ozone, PM10 and PM2.5 over 2021–2022.  
We calculated the total number of samples 
that did not conform to safety standards,  
average long-term levels of the analyzed pol-
lutants and their levels at the upper exposure 
limit (Р90).  

Non-carcinogenic health risks upon ex-
posure to pollutants were assessed according 
to the Guide R 2.1.10.1920-04 Human Health 
Risk Assessment from Environmental Chemi-
cals5. We calculated hazard quotients (HQ) 
for chronic inhalation exposure to the ana-
lyzed pollutants and hazard index (HI) of 
general toxic effects caused by unidirectional 
impacts exerted by adverse chemicals on the 
cardiovascular system as well as contribu-
tions made by specific chemicals into the 
hazard index. 

Cardiovascular incidence among the 
Arkhangelsk population was analyzed using 
data from the Form No. 12 the Number of 

__________________________ 
 

2 Sostoyanie zagryazneniya atmosfery v gorodakh na territorii Rossii za 2022 god: ezhegodnik [Ambient air pollution in 
Russian cities in 2022: annual bulletin]. Saint Petersburg, Rosgidromet GGO, 2023, 256 p. (in Russian). 

3 O sostoyanii sanitarno-epidemiologicheskogo blagopoluchiya naseleniya v Rossiiskoi Federatsii v 2022 godu:  Gosu-
darstvennyi doklad [On sanitary-epidemiological welfare of the population in 2022:  State report]. Moscow, the Federal Service 
for Surveillance over Consumer Rights Protection and Human Wellbeing, 2023, 368 p. (in Russian). 

4 Sostoyanie i okhrana okruzhayushchei sredy Arkhangel'skoi oblasti za 2022 god: doklad [The state and protection of the 
environment in the Arkhangelsk region in 2022: report]. In: О.V. Perkhurova ed.; The Center for Use of Natural Resources and 
Environmental Protection. Arkhangelsk, SAFU, 2023, 529 p. (in Russian). 

5 Guide R 2.1.10.1920-04. Human Health Risk Assessment from Environmental Chemicals. In: Yu.А. Rakhmanin, 
S.М. Novikov, Т.А. Shashina, S.I. Ivanov, S.L. Avaliani, K.А. Bushtueva, Е.N. Belyaev, М.V. Fokin [et al.] eds. Moscow, 
Rospotrebnadzor, 2004, 143 p. (in Russian). 
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Diseases Registered in Patients Living in an 
Area Served by a Healthcare Organization 
over 2011–2022. We analyzed primary inci-
dence of Diseases of the Circulatory System 
class (ICD-10: I00–I99) per 4 items and 10 
nosologies among population aged 18 years 
and older and calculated extensive rates and 
chain growth / decline rates of primary car-
diovascular incidence. 

To establish attributable disease cases, a 
level – response function was used given by 
the relative risk rate per 10 µg/m3 as well as 
frequency of diseases per 1000 people. Addi-
tional numbers of adverse health outcomes as-
sociated with exposure to pollutants were cal-
culated using average daily PM10 and PM2.5 
levels at the upper exposure limit (Р90) per 
1000 adult people (‰). Primary incidence of 
diseases associated with elevated blood pres-
sure, myocardial infarction, stroke, chronic 
CHD and cardiovascular mortality among the 
adult Arkhangelsk population were estimated 
as adverse health outcomes in this study. An 
additional number of cardiovascular events 
was calculated using relative risk levels under 
exposure to PM2.5 [2–8] and РМ10 [9–12]  
(Table 1). The obtained data were statistically 
analyzed with STATA software, version 18. 

Results and discussion. Levels of most 
chemical pollutants in ambient air, both average 
and at Р90, conformed to safety standards in 
Arkhangelsk in 2011–2022 (Table 2). Formal-
dehyde levels were 2.3 and 3.3 times higher 

than average annual MPL at the average and Р90 
level respectively. Average benzene levels were 
1.5 times higher than average annual MPL and 
1.6 times higher than Р90 over the analyzed pe-
riod. We also detected chromium and copper 
levels that exceeded their MPLs and were 1.8 
times higher at the average level and 2.8–3.3 
times higher than MPLs at the upper exposure 
limit. Average TSP, РМ10 and РМ2.5 levels con-
formed to safety standards but their levels at the 
upper exposure limit were 1.2, 1.1 and 1.6 
times higher than average annual MPL respec-
tively. Average benzo(a)pyrene and ozone lev-
els were within safety ranges in ambient air in 
Arkhangelsk; at the upper exposure limit, their 
levels exceeded average annual MPLS 1.3 and 
1.2 times respectively. 

Essential (primary) hypertension ac-
counts for the biggest proportion in cardio-
vascular incidence (23.9 %); it is followed by 
CHD, (the second place with 22.1 %) and 
cerebrovascular diseases (21.1 %). Over the 
12-year analyzed period, primary cardiovas-
cular incidence was established to decline in 
Arkhangelsk with its chain decline rate being 
-3.0 % (Table 3). Primary incidence went 
down for most items: average chain decline 
rates starting from -5.0 % identified for  
diseases of veins, lymphatic vessels and 
lymph nodes to -2.3 % identified for CHD. 
Essential primary hypertension was the only 
exclusion for which an average chain growth 
of 1.7 % was identified.  

 

T a b l e  1  
A growth in effect on adult population per one-unit change in pollutant level (10 µg/m3) 

A growth in effect per one-unit  
change in level ICD-10 code PM2.5 PM10 

Source 
 (PM2.5 / PM10) 

Diseases of the circulatory system I00–I99 1.36 1.10 [3] / [10] 
– Ischemic heart diseases (coronary heart disease) I20–I25 1.27 - [2] / - 
– Acute myocardial infarction I21 1.28 1.03 [2] / [9] 
– Cerebral infarction I63 1.21 - [6] / - 
– Essential (primary) hypertension I10 1.11 1.12 [7] / [12] 
Cardiovascular mortality I00–I99 1.12 1.10 [5] / [10] 
Death due to cerebral infarction I63 1.11 - [4] / - 
Death due to coronary heart disease I20–I25 1.18 - [8] / - 
Death due to myocardial infarction   I21 - 1.05 - / [11] 
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T a b l e  2  
Ambient air quality in Arkhangelsk over 2011–2022 

Level 
Average annual At Р90 Chemical 

The number  
of samples, 

total mg/m3 Proprotion of  
average annual MPL mg/m3 Proprotion of av-

erage annual MPL 

Average  
annual MPL, 

mg/m3 

Total solid particles 28,753 0.049 0.6 0.087 1.2 0.075 
Sulfur dioxide 20,378 0.002 < 0.1b 0.003 0.1b 0.05b 

Carbon oxide 22,240 1.26 0.4 1.685 0.6 3.000 
Nitrogen dioxide 31,428 0.025 0.6 0.033 0.8 0.040 
Nitrogen oxide 10,452 0.024 0.4 0.054 0.9 0.060 
Hydrogen sulfide 30,555 0.001 0.4 0.001 0.5 0.002 
Formaldehyde 31,429 0.007 2.3 0.010 3.3 0.003 
Methyl mercaptan 5253 0.0001 – 0.0001 – – 
Benzo(a)pyrene 5606 0.875c 0.9 1.29c 1.3 1.00c 

Benzene  5793 0.007 1.5 0.008 1.6 0.005 
Toluene  5791 0.006 < 0.1 0.010 < 0.1 0.4 
Ethyl benzene 5792 0.001 < 0.1 0.002 0.1 0.04 
Xylenes  5792 0.010 0.1 0.012 0.1 0.1 
Chromium 283 0.000014 1.7 0.000023 2.8 0.000008 
Manganese  283 0.000014 0.3 0.000021 0.4 0.00005 
Iron  283 0.000549 < 0.1 0.000718 < 0.1 0.04 
Nickel  283 0.000010 0.2 0.000015 0.3 0.00005 
Copper 283 0.000036 1.8 0.000066 3.3 0.00002 
Zinc 283 0.000031 < 0.1 0.000045 < 0.1 0.035 
Lead 283 0.000005 < 0.1 0.000010 0.1 0.00015 
PM2.5

a 594 0.025 0.8 0.039 1.6 0.025 
PM10

a 594 0.028 0.7 0.044 1.1 0.04 
Ozonea 401 0.021 0.8 0.037 1.2 0.03 

Note: a means data collected in 2021–2022; b means average daily MPL; c means (× 10-6). 

T a b l e  3  
Primary cardiovascular incidence among adult population in Arkhangelsk in 2011–2022 

 (average frequency per 1000 people aged 18 years and older) 

Diseases of the circulatory system ICD-10 code Proportion, % Frequency per 
1000 people 

Chain growth /  
decline rate, % 

Diseases of the circulatory system I00–I99 100.00 29.70 -3.00 
Essential (primary) hypertension I10–I13 23.91 7.11 1.67 
Ischemic heart diseases (coronary heart 
disease) I20–I25 22.13 6.58 -2.58 

– Angina pectoris I20 5.44 1.61 -4.13 
– Myocardial infraction I21 4.20 1.25 -2.12 
– Chronic ischaemic heart disease I25 10.66 3.17 5.67 
Cerebrovascular diseases I60–I69 21.09 6.27 -2.32 
– Subarachnoid haemorrhage I60 0.29 0.09 2.18 
– Intracerebral haemorrhage and other 
nontraumatic intracranial haemorrhage I61, I62 1.46 0.43 -6.75 

– Cerebral infarction I63 9.53 2.83 -2.58 
Atherosclerosis of arteries of extremities, 
thromboangiitis obliterans I70.2,I73.1 1.86 0.55 -8.67 

Diseases of veins, lymphatic vessels and 
lymph nodes I80–I89 14.58 4.33 -5.00 

– Phlebitis and thrombophlebitis I80 2.59 0.77 -8.51 
– Varicose veins of lower extremities I83 8.17 2.43 -0.57 
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Average hazard quotients taken over 
2011–2022 were higher than their permissible 
levels for formaldehyde (HQ = 2.3), copper 
(HQ = 1.8) and РМ2.5 (HQ = 1.7) and con-
formed to them for the remaining analyzed 
chemicals (Figure 1). HQ at the upper expo-
sure limits equaled 3.3 for copper and formal-
dehyde, which corresponds to high risk of 
general toxic effects (Figure 2). HQ at the Р90 
level corresponded to alerting risk levels for 
РМ2.5, benzo(a)pyrene, ozone, and total solid 
particles.  

HI for the cardiovascular system 
amounted to 6.6 over the analyzed period in 

Arkhangelsk, which corresponds to high risk 
of general toxic effects caused by exposure to 
ambient air pollutants. HI for the cardiovascu-
lar system was 10.8 at the upper exposure 
limit. Major contributions to the identified risk 
levels were made by copper (27 %), РМ2.5 
(26 %), ozone (11 %), total solid particles, and 
РМ10 (9 % both). 

Adverse health outcomes associated with 
primary cardiovascular incidence among adult 
population in Arkhangelsk caused by PM2.5 
and PM10 exposure amounted to 10.69 and 
2.96 ‰ respectively. Attributable cardiovascular 
incidence rates caused by PM2.5 exposure 

 

 
Figure 1. Hazard quotients of pollutants identified in ambient air in Arkhangelsk in 2011–2022  

(taken as per average levels)  

 

 

Figure 2. Hazard quotients of pollutants identified in ambient air in Arkhangelsk in 2011–2022 
 (taken as per average levels) (taken as per Р90) 
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were established to be equal to 1.85 ‰; myo-
cardial infarction. 0.48 ‰; cerebral infarction, 
0.59 ‰. Likely additional numbers of first 
diagnosed essential hypertension upon PM2.5 
and PM10 exposure amounted to 0.78 and 0.85 
‰ respectively. Cardiovascular mortality 
caused by PM2.5 exposure equaled 2.28 ‰ 
cases; PM10 exposure, 1.89 ‰ cases. Attribut-
able deaths due to coronary heart disease and 
myocardial infarction upon PM2.5 exposure 
amounted to 2.04 and 0.27 ‰ respectively.  

Analysis of ambient air quality in Ark-
hangelsk established that levels of most pollut-
ants were within their safe ranges; however, 
long-term average annual concentrations of 
formaldehyde, benzene, chromium and copper 
did not conform to safety standards. HQ for 
formaldehyde, copper and РМ2.5 was estab-
lished to be higher than its permissible level. 
Hazard index for the cardiovascular system 
corresponded to high risk of general toxic ef-
fects. Major contributions to toxic effects were 
made by copper, РМ2.5, ozone, total soli parti-
cles, and РМ10. Primary cardiovascular inci-
dence attributable to PM2.5 exposure amounted 
10.69 ‰; PM10 exposure, 2.96 ‰ cases. 

Diversity of chemicals in ambient air, 
their structure and pollution intensity depend 
on pollution sources present on a given terri-
tory. Motor transport is a major source of am-
bient air pollution (more than 70 %) in many 
cities in Russia, for example, Kazan, Samara, 
Saint Petersburg, Tyumen, and Vladikavkaz. 
Our study findings are consistent with data 
obtained for Tyumen [13] and Vladikavkaz 
[14] where HI values were higher than 6 for 
the cardiovascular system, which corresponds 
to high risk of general toxic effects (23.2 and 
6.7 respectively). Major contributions to pollu-
tion in these cities are made by carbon oxide 
and nitrogen dioxide. 

In Kazan [15], Samara [16] and Saint Pe-
tersburg [17], where motor transport is a major 
source of ambient air pollution, HI established 
for the cardiovascular system is not higher 
than its permissible level (1.9; 0.74; 1.4 re-
spectively). In Kazan, the greatest contribu-
tions to HI value are made by РМ10 (79 %) and 

carbon oxide (21 %); in Samara, carbon oxide 
(55 %) and phenol (45 %); in Saint Petersburg, 
carbon oxide and РМ2.5. 

Differences in HI values established for 
the cardiovascular system in different cities 
with similar major sources of ambient air pol-
lution might be due to different chemicals in-
cluded into monitoring programs, different 
methods for identifying chemicals in ambient 
air, or different approaches to selecting prior-
ity chemicals for health risk assessment. 

Stationary sources make the main contri-
bution to ambient air pollution in the Perm 
region [18], Novokuznetsk [19], Tula [20], 
Donetsk region [21], Orenburg region [22], 
and Irkutsk region [23]. High risk of general 
toxic effects for the cardiovascular system has 
been established in Makeevka (Donetsk re-
gion), a city with developed metallurgic pro-
duction (HI = 9.33), where the greatest con-
tributions are made by total solid particles 
(45 %) and ammonia (30 %) [21]. In Novo-
kuznetsk, HI for the cardiovascular system 
was 4.6, which corresponded to alerting risk 
[19]. According to research data, areas with 
permissible risks of general toxic effects in-
clude Perm [18], Berezniki (Perm region) 
[18], Tula [20], Orenburg region [22], and 
Irkutsk region [23], where HI values estab-
lished for the cardiovascular system equaled 
0.76, 1.9, 0.48, 2.1 and 2.23 respectively. Ma-
jor contributions to HI in these areas are made 
by benzene, phenol, carbon oxide, ammonia, 
and total solid particles. 

Additional number of deaths due to CVDs 
per year caused by PM2.5 exposure is higher in 
Arkhangelsk (11.9 %) than in Ust-Kameno-
gorsk (3.9 %), a city with developed metallur-
gic industry [24]. According to some foreign 
research, additional number of deaths due to 
CVDs under PM2.5 exposure amounts to 
0.072 ‰ in one of the most polluted Iranian 
cities with developed metallurgic and petro-
chemical industry [25]. This is considerably 
lower against Arkhangelsk (2.28 ‰). A study 
accomplished in an industrially developed area 
in Northern Italy with intense motor traffic es-
tablished that cardiovascular mortality caused 
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by PM2.5 exposure amounted to 4.33 ‰ [26], 
which is higher than in Arkhangelsk. In Tallinn, 
health losses due to cardiovascular incidence 
caused by PM2.5 exposure amounted to 3.38 ‰ 
[27] additional diseases per year, which was 
lower than In Arkhangelsk (10.69 ‰). 

Conclusion. Ambient air quality in Ark-
hangelsk conforms to safety standards as per 
levels of most pollutants. Long-term average 
annual concentrations of formaldehyde, ben-
zene, chromium and copper did not conform to 
safety standards; additionally, non-conformity 
was also established at the upper exposure 
limit for total solid particles, РМ10 and РМ2.5, 
ozone and benzo(a)pyrene. Risk of general 
toxic effects was determined as high for the 

cardiovascular system under exposure to am-
bient air pollution. Attributable levels of pri-
mary cardiovascular incidence caused by PM10 
and PM2.5 exposure amounted to 10.7 and 
2.9 ‰ cases per year respectively among adult 
population in Arkhangelsk. It is necessary to 
expand lists of chemicals that are subject to 
monitoring in Arkhangelsk at stationary posts 
of the Northern Office for Hydrometeorology 
and Environmental Monitoring so that moni-
toring programs cover fine-dispersed fractions 
of solid particles. 
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