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Abstract: Although the association between air pollution and mortality is well established, less is
known about the effects in different age groups. This study analyzes the short-term associations
between mortality in different age groups (0–14 years of age, 15–64 years of age, and 65+ years of age)
and a number of air pollutants in two relatively clean northern European capitals: Stockholm and
Tallinn. The concentrations in PM10 (particles with an aerodynamic diameter smaller than or equal to
10 µm), PM2.5–10 (coarse particles), PM2.5 (particles with an aerodynamic diameter smaller than or
equal to 2.5 µm), BC (black carbon), PNC4 (particle number count of particles larger than or equal
to 4 nm), NO2 (nitrogen dioxide), and O3 (ozone) were measured during the period of 2000–2016
in Stockholm and 2001–2018 in Tallinn (except for BC and PNC4 which were only measured in
Stockholm). The excess risks in daily mortality associated with an interquartile range (IQR) increase
in the measured air pollutants were calculated in both single- and multi-pollutant models for lag01
and lag02 (average concentration during the same and the previous day, and the same and the
previous two days, respectively) using a quasi-Poisson regression model with a logistic link function.
In general, the calculated excess risks per IQR increase were highest in the age group 0–14 years
of age in both Stockholm and Tallinn. However, in Stockholm, a statistically significant effect was
shown for PM2.5–10, and in Tallinn for O3. In the oldest age group (65+), statistically significant effects
were shown for both PM2.5–10, PM10, and O3 in Stockholm, and for O3 in Tallinn.

Keywords: daily mortality; age groups; exposure; short-term; air pollution; children; elderly

1. Introduction

Even though air pollution is something that everyone is more or less exposed to,
different groups are affected differently depending on individual physiological sensitivities,
as well as on the degree of exposure, that depends on a number of behavioral factors [1]. It
has been shown that health effects related to exposure to air pollution constitute different
degrees of severity depending on life stage (children and older adults are, in general, more
sensitive), preexisting cardiovascular or respiratory diseases, genetic polymorphisms, and
low socioeconomic status [2,3]. Persons in the age group 65+ years of age are assumed to
be more susceptible to air pollution-induced health effects, due to decreased physiological,
metabolic, and compensatory processes, and due to a greater incidence of cardiovascular
and respiratory diseases [4,5]. Children are assumed to be more vulnerable to air qual-
ity, due to their higher breath rate, immature immune system, higher physical activity,
spending longer time outdoors, and their continuing lung development during the early
post-neonatal period [6]. The purpose of this study was to analyze the mortality effects in
different age groups associated with short-term exposure to a number of air pollutants in
Stockholm and Tallinn.
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The health effects associated with short-term fluctuations in air pollution exposure [7],
divided into different age groups, have been analyzed in a number of studies. In the
APHEA2 project, conducted in 28 cities across Europe, the excess daily mortality risks due
to black smoke (BS) and particulate matter (PM10) were 10–20% larger in the age group
65+ years of age, in comparison with the corresponding excess risks for mortality in all
ages [8]. In a number of highly polluted urban centers in Chile, the excess mortality risk for
PM10 was up to three times larger in the age group >85 years of age in comparison with
the age group <65 years of age, and correspondingly around twice as large for SO2, CO,
and O3 [9]. Similarly, the increase in total mortality associated with PM10 was just over
three times larger in the age group 65+ years of age, in comparison with the age group
5–64 years of age, based on results from 16 cities in China [10,11]. In a study from Temuco,
Chile, which constitutes a highly wood-smoke-polluted urban area, and in Singapore, as
well as in China, the relative risks for mortality associated with an increase in PM10 were
significantly increased for the age group >65 years of age (China 60+), but not among
younger ages [11–13]. In the Netherlands, statistically significant relative risks of mortality,
associated with short-term exposure to a number of air pollutants, were mostly found
among the elderly (age groups 65–74 and ≥75 years of age), while the relative risks in the
age group 45–64 years of age tended to be smaller [14].

The associations between mortality and air pollution exposure in different age groups
have been analyzed in a number of studies focusing on pooled estimates from several urban
areas based on one air pollutant. In a meta-analysis, based on all-cause and specific-cause
mortality associated with PM2.5 in 27 U.S. communities between 1997 and 2002, greater
effects in the age group ≥75 years of age were shown for both all-cause and specific-cause
mortality [15]. In a study conducted in 48 cities in U.S., people aged 65+ years of age had an
additional increase in mortality associated with O3 in comparison with younger ages [16].

There are also several studies performed in one city where the associations between
mortality and air pollution exposure in different age groups have been analyzed. During
an air pollution episode in London in December 1991, the concentrations in NO2 increased
to record levels. All-cause mortality was statistically significantly increased in all ages,
and cardiovascular mortality was especially pronounced in the age group 65+ years of
age. Additionally, the number of hospital admissions for asthma increased during the
corresponding period, with increases also in the age group of 0–14 years of age [17]. In
studies performed in Bordeaux and Edinburgh, the associations between daily mortality
and black smoke were greater in the age group 65+ years of age, while no statistically
significant associations were found in the age group <65 years of age [18,19]. In São Paulo,
Brazil, statistically significant relative risks in time-series analyses were found for PM10,
SO2, and O3 in the age group >65 years of age, while no statistically significant relative
risks were found when all ages were considered [20]. In a study from Seoul, South Korea,
the short-term relative risk in total mortality associated with PM10 was greatest among
post neonates <2 years of age, whereas the second greatest relative risk in total mortality
was found for the age group >65 years of age [21].

Most of the studies referenced above show greater mortality effects among the older
age groups in comparison with the middle-aged. In contrast, a study performed in Delhi,
India, during the period of 1991–1994, where the associations between increases in total
suspended particles and daily mortality were analyzed, the greatest impact occurred in
the age group of 15–44 years of age [22]. However, in another recent study from Delhi,
using data from 2010 to 2016, the increase in mortality due to PM2.5 was greatest among
those older than 60 years of age [23]. In a study conducted in Lishui district, China, short-
term mortality associated with O3 and PM2.5 was increased among both middle-aged and
elderly [24].

A majority of the studies referred to above and meta-analyses [25] indicate that the
health risks associated with exposure to air pollutants are greatest among elderly and/or
children, However, the majority of the studies have been focusing on relatively highly
polluted areas, and there is much less evidence on areas with relatively good air quality [26].
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The current study focuses on two northern European capitals, searching for associations
between PM10, PM2.5–10, PM2.5, BC, PNC4, NO2, O3 and daily mortality in different age
groups. By dividing the daily mortality associated with exposure to air pollution into
different age groups, it was possible to get clarity on how the exposure affects health
depending on age. The current analysis is a continuation of a previous published study [27],
where daily mortality associated with exposure to air pollution was analyzed in Stockholm
from 2000 to 2016, but where the effects in different age groups were not taken into account.
Tallinn is also included with corresponding analyses during the period from 2001 to 2018.
However, data regarding BC and PNC4 are only available in Stockholm.

2. Materials and Methods
2.1. Data Collection

This is a retrospective study including residents of Stockholm, Sweden and Tallinn,
Estonia. Both are capital cities located in northern Europe. Stockholm had a population that
increased from 0.75 million in 2000 to 0.93 million in 2016, and in Tallinn the population
increased from 0.40 million in 2001 to 0.45 million in 2018. Cause of mortality data were, in
both cases, obtained from the National Cause of Death Register. Natural cause of mortality
is defined on the basis of the underlying cause of death, and these data include the daily
number of deaths from non-external causes (ICD−10: A00–R99) occurring among the
registered population.

Air pollution exposure was estimated from a central measuring station on the roof-top
of a 20 m high building in the central part of Stockholm in 2000–2016, and in a residential
area of Tallinn in an air quality monitoring station at a height of 4 m in 2001–2018. The
monitoring stations were, in both cases, part of the city’s regulatory air pollution control
network, and equipped with reference (or equivalent) instruments for regulated pollutants,
according to the EU air quality directive. These air pollutants included PM10 (particles
with an aerodynamic diameter smaller than or equal to 10 µm), PM2.5 (particles with an
aerodynamic diameter smaller than or equal to 2.5 µm), NO2 (nitrogen dioxide), and O3
(ozone) (Table 1). The O3 measurements were based on daily maximum 8-h mean values,
and particles in the coarse fraction (PM2.5–10) were estimated by subtracting PM2.5 from
PM10. In Stockholm, BC (black carbon) and PNC4 (particle number count of particles larger
than or equal to 4 nm) were also included.

Table 1. Description of the measurement methods and the instruments that were used to measure
the pollutants in Stockholm and Tallinn (NA = not available).

Pollutant
Stockholm (Södermalm) Tallinn (Õismäe)

Method Instrument Method Instrument

PM10 Gravimetric TEOM 1400A, Thermo Fisher
Scientific, USA Beta-attenuation BAM 1020, Met One

Instruments, USA

PM2.5–10

Gravimetric
(Subtracting PM2.5

from PM10)

TEOM 1400A, Thermo Fisher
Scientific, USA

Beta-attenuation
(Subtracting PM2.5

from PM10)

BAM 1020, Met One
Instruments, USA

PM2.5 Gravimetric TEOM 1400A, Thermo Fisher
Scientific, USA

Beta-attenuation
monitoring

BAM 1020, Met One
Instruments, USA

BC Transmission of light
through a filter

Aethalometers 8100, AE31, AE33,
Magee Scientific Corporation, USA NA NA

PNC4 Optical counting Condensation particle counter,
Model 3752/3022, TSI Inc., USA NA NA

NO2 Chemiluminescence AC32M, Environment S.A., France Chemiluminescence APNA-360, Horiba, Japan
O3 UV absorption O342M, Environment S.A., France UV absorption APOA-360, Horiba, Japan

Temperature data were collected from the urban meteorological station Observato-
rielunden in Stockholm and the urban-background meteorological station Tallinn-Harku in
Tallinn. In this study, daily maximum temperature was used as the exposure variable.
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2.2. Statistical Analysis

The associations between different air pollutants and daily mortality were modeled
using a quasi-Poisson regression model with a logistic link function. The concept “quasi-
Poisson” refers to a model that adjusts for over-dispersed data, and a logistic link function
defines the relationship of the dependent variables to the mean of the Poisson distributed
independent variables. The modeling procedure was replicated from a previous study [27]
in order to ensure comparability of the results. The model estimated the effect of an
interquartile range (IQR) increase in air pollutants on daily mortality for lag01 and lag02
(average concentration during the same and the previous day, and the same and the
previous two days, respectively). Adjustments for other time-varying factors were made
by assuming a linear additive effect on a logarithmic scale:

Log(Yi) = Intercept + APi + Wi + DOWi + long-term trend (1)

where Yi represents the daily number of deaths from non-external causes, APi represents
the concentration of a specific or a combination of air pollutants and lag structures on day i,
Wi represents variables controlling for the weather on day i using smooth spline functions
for the maximum temperature and snowfall, DOWi represents the day of the week, and
the long-time trend is a smooth function varying over time to capture any long-term and
seasonal patterns in mortality. Snowfall was included since it is a risk factor for daily
mortality, as described in Auger et al. [28]. The smooth function describing the long-term
time trend was a penalized regression spline restricted to 5 d.f. (degrees of freedom) per
year. All pollutants were modeled by assuming a linear relationship with daily mortality.
Air pollutants were modeled in both single- and multi-pollutant models. Temperature
effects were adjusted using two different smooth functions corresponding to the different
lag-windows of 0–2 and 3–10. The model allowed for the use of 4 d.f. for each function.
All analyses were conducted using R statistical software version 3.6.0 (R Foundation for
Statistical Computing, Vienna, Austria).

3. Results
3.1. Descriptive Data

Table 2 presents summary statistics regarding mortality in different age groups, maxi-
mum temperature, and the measured air pollutants during the period from 2000 to 2016 in
Stockholm, and from 2001 to 2018 in Tallinn. These variables are presented as mean values
and IQR values, and the percentage number of days with valid data.

Table 2. Summary statistics of the daily data from 2000 to 2016 in Stockholm and from 2001 to 2018
in Tallinn.

Variable
Stockholm Tallinn

Mean (IQR) #Days (%
Valid Data) Mean (IQR) #Days (%

Valid Data)

PM10 (µg m−3) 14.5 (8.7) 5999 (97%) 14.9 (11.7) 6207 (94%)
PM2.5–10 (µg m−3) 8.0 (5.5) 5352 (86%) 6.6 (5.5) 4258 (65%)

PM2.5 (µg m−3) 6.5 (4.8) 5358 (86%) 8.1 (7.7) 4423 (67%)
BC (µg m−3) 0.6 (0.5) 3316 (53%) NA 2 NA 2

PNC4 nm (cm−3) 6793 (3484) 2727 (44%) NA 2 NA 2

NO2 (µg m−3) 14.4 (9.9) 6101 (98%) 11.0 (9.1) 6386 (97%)
O3 (µg m−3) 1 51.2 (25.2) 6133 (99%) 51.3 (26.1) 6395 (97%)

Mortality (N per day all ages) 18.5 (7.0) 6210 (100%) 11.4 (5.0) 6574 (100%)
Mortality

(N per day 0–14 years of age) 0.1 (0) 6210 (100%) 0.1 (0) 6574 (100%)

Mortality
(N per day 15–64 years of age) 2.1 (2.0) 6210 (100%) 2.8 (2.0) 6574 (100%)

Mortality
(N per day ≥ 65 years of age) 16.2 (6.0) 6210 (100%) 8.7 (4.0) 6574 (100%)

Maximum temperature (◦C) 11.4 (15.0) 6210 (100%) 10.0 (15.8) 6574 (100%)
1 Based on daily maximum 8-h mean values; 2 Not available.
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Correlation coefficients (Pearson) between the measured air pollutants are presented for
Stockholm and Tallinn in Table 3. Large variations in the values were shown. In general, high
values were shown between combustion-related pollutants (PM2.5, BC, PNC4, and NO2), and
low or negative values were shown between O3 and these combustion-related pollutants.

Table 3. Correlation matrix with R-values (Pearson correlation coefficients) between the different air
pollutants measured in Stockholm during the period from 2000 to 2016, and in Tallinn during the
period from 2001 to 2018. Correlations for Stockholm are to the left of and below the diagonal from
the top left to the bottom right. Correlations for Tallinn are to the right of and above the diagonal
from the top left to the bottom right.

Pollutant PM10 PM2.5–10 PM2.5 BC PNC4 NO2 O3

PM10 – 0.82 0.76 – – 0.50 0.00
PM2.5–10 0.81 – 0.51 – – 0.30 0.07

PM2.5 0.72 0.17 – – – 0.40 −0.09
BC 0.49 0.13 0.74 – – – –

PNC4 0.23 0.24 0.10 0.24 – – –
NO2 0.25 0.12 0.27 0.49 0.72 – −0.30
O3 0.31 0.35 0.13 −0.25 −0.20 −0.46 –

3.2. The Excess Risks in Different Age Groups in Stockholm and Tallinn

Figure 1 presents excess risks for different age groups associated with an IQR increase
(lag01 and lag02) in the measured air pollutants in Stockholm based on single-pollutant
models during the period from 2000–2016. In the age group 0–14 years of age, statistically
significant positive excess risks were found for PM2.5–10 for both lag01 and lag02. In the
age group 65+ years of age, statistically significant positive excess risks were found for
O3 and PM2.5–10 for both lag01 and lag02, and a significant excess risk was also found for
PM10, but only for lag02. Statistically significant negative excess risks were found for NO2
for both lag01 and lag02. No statistically significant positive excess risks were found for
the age group 15–64 years of age, except for PNC4 with a statistically significant negative
excess risk for lag01.

Figure 2 presents excess risks for different age groups associated with an IQR increase
(lag01 and lag02) in the measured air pollutants in Tallinn based on single-pollutant models
during the period from 2001–2018. In the age group 0–14 years of age, a statistically signifi-
cant positive excess risk was found for O3 (lag01), and a statistically significant negative
excess risk was found for NO2 (lag01). In the age group 65+ years of age, statistically
significant positive excess risks were found for O3 for both lag01 and lag02. No statistically
significant excess risks were found for the age group 15–64 years of age.

In order to make adjustments for possible interaction effects between different air
pollutants, multi-pollutant models were constructed. Figures 3–8 present excess risks for
different age groups associated with an IQR increase (lag02) in the measured air pollutants,
based on multi-pollutant models during the periods from 2000 to 2016 in Stockholm and
from 2001 to 2018 in Tallinn. Figure 3 presents multi-pollutant models in Stockholm based
on PM2.5–10 with O3, NO2, and NO2 + O3 included. In the age group 0–14 years of age, the
excess risks were significant in all multi-pollutant models. In the age group 15–64 years of
age, no significant excess risks were shown. In the age group 65+ years of age, the excess
risks were significant for NO2 and NO2 + O3 included. Figure 4 presents multi-pollutant
models in Tallinn based on PM2.5–10 with O3, NO2, and NO2 + O3 included. In the age
group 0–14 years of age, the excess risks were significant in the multi-pollutant models for
NO2 and NO2 + O3. No significant excess risks were shown in the age groups 15–64 years
of age and 65+ years of age.

The excess risks for all ages, corresponding to those shown in Figures 1–8, are pre-
sented in Appendix A, Figures A1–A8.
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Figure 1. Single-pollutant models of the estimated change in daily mortality in different age groups
(with 95% CI) for an IQR increase in the concentrations (lag01 and lag02) of different air pollutants
in Stockholm.
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Figure 2. Single-pollutant models of the estimated change in daily mortality in different age groups
(with 95% CI) for an IQR increase in the concentrations (lag01 and lag02) of different air pollutants
in Tallinn.
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Figure 3. Multi-pollutant models of the estimated change in daily mortality in different age groups
(with 95% CI) for an IQR increase in the concentration of PM2.5–10 (lag02) in Stockholm. From left to
right: a single-pollutant estimate of PM2.5–10 (Single), PM2.5–10 adjusted for O3 (Multi 1), PM2.5–10

adjusted for NO2 (Multi 2), and PM2.5–10 adjusted for both NO2 and O3 (Multi 3).
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Figure 4. Multi-pollutant models of the estimated change in daily mortality in different age groups
(with 95% CI) for an IQR increase in the concentration of PM2.5–10 (lag02) in Tallinn. From left to
right: a single-pollutant estimate of PM2.5–10 (Single), PM2.5–10 adjusted for O3 (Multi 1), PM2.5–10

adjusted for NO2 (Multi 2), and PM2.5–10 adjusted for both NO2 and O3 (Multi 3).
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Figure 5. Multi-pollutant models of the estimated change in daily mortality in different age groups
(with 95% CI) for an IQR increase in the concentration of O3 (lag02) in Stockholm. From left to right:
a single-pollutant estimate of O3 (Single), O3 adjusted for PM2.5–10 (Multi 1), O3 adjusted for NO2

(Multi 2), and O3 adjusted for both NO2 and PM2.5–10 (Multi 3).
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Figure 6. Multi-pollutant models of the estimated change in daily mortality in different age groups
(with 95% CI) for an IQR increase in the concentration of O3 (lag02) in Tallinn. From left to right:
a single-pollutant estimate of O3 (Single), O3 adjusted for PM2.5–10 (Multi 1), O3 adjusted for NO2

(Multi 2), and O3 adjusted for both NO2 and PM2.5–10 (Multi 3).
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Figure 7. Multi-pollutant models of the estimated change in daily mortality in different age groups
(with 95% CI) for an IQR increase in the concentration of NO2 (lag02) in Stockholm. From left to
right: a single-pollutant estimate of NO2 (Single), NO2 adjusted for O3 (Multi 1), NO2 adjusted for
BC (Multi 2), and NO2 adjusted for both BC and O3 (Multi 3).
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Figure 8. Multi-pollutant models of the estimated change in daily mortality in different age groups
(with 95% CI) for an IQR increase in the concentration of NO2 (lag02) in Tallinn. From left to right: a
single-pollutant estimate of NO2 (Single), NO2 adjusted for PM2.5–10 (Multi 1), NO2 adjusted for O3

(Multi 2), and NO2 adjusted for both O3 and PM2.5–10 (Multi 3).

Figure 5 presents multi-pollutant models in Stockholm based on O3 with PM2.5–10,
NO2, and NO2 + PM2.5–10. In the age group ≥65 years of age, statistically significant excess
risks were shown in the multi-pollutant models with PM2.5–10 and with NO2 included. No
significant excess risks were shown in the age groups 0–14 years of age and 15–64 years of age.
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Figure 6 presents multi-pollutant models in Tallinn based on O3 with PM2.5–10, NO2,
and NO2 + PM2.5–10. In the age group 0–14 years of age, a statistically significant excess risk
was shown in the multi-pollutant model with PM2.5–10 included. No significant excess risks
were shown in the age groups 15–64 years of age, while all excess risks were significant in
the age group 65+ years of age.

Figure 7 presents multi-pollutant models in Stockholm, based on NO2 with O3, BC,
and BC + O3. In the age group 0–14 years of age and 15–64 years of age, no statistically
significant excess risks were shown. In the age group 65+ years of age, one statistically
significant negative excess risk was shown with BC included.

Figure 8 presents multi-pollutant models in Tallinn based on NO2 with PM2.5–10, O3,
and O3 + PM2.5–10. In the age group 0–14 years of age, two statistically significant negative
excess risks were shown with PM2.5–10 and O3 + PM2.5–10. In the age groups 15–64 years of
age and 65+ years of age, no statistically significant excess risk were shown.

4. Discussion
4.1. Excess Risks in Different Age Groups

The excess risks presented in Figures 1–8 show broadly expected results with the
risk increases among children (age groups 0–14) and the elderly (65+). The statistically
significant excess risks in the youngest age group of 0–14 years of age for PM2.5–10 in both
cities, and for O3 in Tallinn, were somewhat more substantial. Even though the excess
deaths in the age group 0−14 years of age were not further specified within the specific age
range (0, 1, 2, etc. years of age), in general, almost half of them occurred in both Stockholm
and Tallinn during the early postnatal period, or very early in life (0–1 years of age) [29,30].

Exposure to air pollutants during fetal development and early postnatal life has been
proven to cause a variety of health problems, including low birth weight, preterm birth,
intrauterine growth restriction, intrauterine and infant mortality, congenital defects, de-
creased lung growth, increased rates of respiratory tract infections, childhood asthma,
behavioral problems, and neurocognitive decrements [31]. In a study based on a bib-
liographical search on the MEDLINE database, an overall conclusion was that a 10 µg
m−3 increase in PM10 was associated with an approximately 5% increase in post-neonatal
mortality for all causes [32]. The relative risks of total mortality associated with an increase
in PM10 also turned out to be the largest among post-neonates, as shown in Seoul by [21].

In our study, we did not see any effects among adults in the age range 15–64 years
of age, despite the fact that some studies have shown effects in similar age groups [22,25].
There could be several socio-demographic factors involved, as India and China are different
from northern Europe. Nevertheless, in the current study, strong effects appeared among
the elderly (65+). This is in line with most of the previous studies that have shown
significant effects of short-term exposure on the older age groups [8–16,18–21]. There are
several factors that can make older people more susceptible to premature mortality. Most
importantly, they have had long lasting exposures due to their longevity that might have
resulted in conditions occurring; examples of this include high blood pressure, diabetes,
and heart disease, as well as diseases of the central nervous system [33,34]. During short-
term air pollution episodes, their conditions could get worse, and consequently, they could
die prematurely [35].

4.2. Effects of Different Air Pollutants at Low Concentrations

In the current study, we could see significant effects of coarse particles (PM2.5–10) and
near surface ozone, However, no effects were shown for PM2.5, PNC4, or BC. Short-term
effects of coarse particles on daily mortality in Stockholm have previously been presented
by Meister et al. [36], where data from 2000 to 2008 were applied. In a previous review
by Adar et al. [37], associations between ambient coarse particulate matter and human
health were presented. The largest effects were shown for respiratory endpoints (possibly
due to inflammation), although associations with cardiovascular endpoints could not be
excluded [38].
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Regarding near surface ozone in this study, significant effects on mortality were
found among children and the elderly in Tallinn; however, in Stockholm only among
the elderly. Although the mortality effects of O3 are well confirmed in population-wide
studies [37,39], a relatively small number of studies have focused on effects in different
age groups. Especially for children, there are only a limited number of studies available.
Regarding ozone exposure in children, the risks are particularly high, because their lungs
are still developing, and the effects can range from initial epithelial damage and neural
excitation to neural reprogramming [40]. There are more studies available that focus on the
elderly [14,16,41–45], but they are still relatively limited. Ozone is a strong oxidant, being
able to induce oxidative damages to cells and the lining fluids of the airways, and can,
consequently, induce immune-inflammatory responses within, and beyond, the lungs [46].
Moreover, ozone can also induce platelet activation and increase blood pressure, suggesting
a possible mechanism by which ozone may affect cardiovascular health [47].

Regarding NO2, negative excess risks associated with exposure are present in both
Stockholm and Tallinn. The negative risks associated with NO2 in Stockholm have also been
shown in previous studies [27,48], and the possible explanations, including concentrations
below threshold levels, adjustments with temperature lags capturing the effects of exhaust
emissions, and exposure misclassifications, are discussed in a previous study by Olstrup
et al. [48]. As shown in the current study, negative excess risks associated with NO2 were
also present in Tallinn; however, in Tallinn, only among children, whereas in Stockholm,
only among the elderly. In the multi-pollutant models, these effects were modified by
ozone in Stockholm and by coarse particles in Tallinn. In Stockholm, NO2 was also highly
correlated with PNC4, as has been shown in a previous study by Varotsos et al. [49].
However, in most cases, no statistically significant effects were shown for PNC4 in the
single-pollutant models.

Regarding the air pollution concentration in this study, the effects can be considered
to appear at low concentrations. The average concentrations (µg m−3) during the study
periods in Stockholm and Tallinn, respectively, were as follows: PM10: 14.5 and 14.9;
PM2.5–10: 8.0 and 6.6; PM2.5: 6.5 and 8.1; NO2: 14.4 and 11.0; O3: 51.2 and 51.3. The average
concentrations in PM10 and O3 were, in both cities, well below the new WHO global air
quality guideline (AQG) concentrations [50]. However, the effects at low concentrations
have previously been demonstrated by Di et al. [51] and Shi et al. [52], where ambient ozone
concentrations well below the National Ambient Air Quality Standards were significantly
associated with increases in all-cause mortality among the elderly in the U.S. Zhang [26]
has discussed that regulations should continue to consider emerging scientific evidence to
further lower the standards in order to minimize health risks. A multi-center study in 406
locations (including Tallinn) has indicated that negative effects per one µg m−3 increase in
ozone exposure can also be relatively higher in less polluted areas [53].

Currently, PM2.5–10 is regulated through PM10. Despite the fact that PM10 concen-
trations are below AQG levels, the excess risks in mortality associated with exposure to
PM2.5–10 in the age group 0–14 years of age are statistically significant in both Stockholm
and Tallinn. From a policy point of view, a special focus on PM2.5–10 is needed in order
to protect the youngest in the population from detrimental health effects associated with
exposure. More research, focusing on the biological mechanisms that govern larger coarse
particles and the importance of specific chemical components, is needed.

4.3. Other Than Mortality Effects

When using excess mortality as a metric of health impact, it can be considered as the
top of an iceberg with a lot of health effects that occur prior to death. Other health effects,
such as progression of chronic diseases and hospitalizations, associated with air pollution
exposure, also have different effects depending on age. For instance, a number of studies
have analyzed the associations between air pollutants and hospital admissions [54,55],
and some of these studies have looked at different age groups. For instance, the associa-
tions between cardiovascular hospital admissions and a number of air pollutants (PM2.5,
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PM10, NO2, CO, and O3) were calculated for seven cities in Australia and New Zealand.
Statistically significant associations between increases in PM2.5, NO2, and CO and total car-
diovascular hospital admissions were found for the age group ≥65 years of age, which were
larger compared to the corresponding associations found for the age group 15–64 years of
age [56]. In two studies conducted in a number of cities in France, the associations between
increases in PM10, PM2.5, PM2.5–10, and NO2, and hospitalizations for cardiovascular dis-
eases were analyzed for different age groups, where higher excess risks in the age group
65+ years of age were reported [57,58].

Some studies have also analyzed the associations between air pollutants and respira-
tory hospital admissions in different age groups. In a study performed in a metropolitan
area in West Yorkshire in the northern part of the U.K., the effect of CO was most prominent
among the most elderly (≥80 years of age), and statistically significant associations were
also found for PM10, SO2, and O3 in the age group 70–79 years of age, while NO2 exhibited
the opposite relationship, with lower effects among the elderly [59]. In an analysis of five
West European cities, the strongest and most consistent finding was for O3, with statisti-
cally significant increases in the number of hospital admissions for respiratory diseases
in both age groups (15–64 and 65+), but strongest in the age group 65+ years of age [60].
However, in a study performed in Korea, the associations between different air pollutants
(PM10, CO, O3, NO2, and SO2) and hospital admissions for asthma were calculated for the
age groups < 15 years of age, 15–64 years of age, and 65+ years of age. No statistically
significant associations were found for the age group < 15 years of age, while for the age
group 65+ years of age, statistically significant associations were found for all pollutants
except for O3, and in the age group 15–64 years of age, statistically significant associations
were found for PM10 and CO [61]. Regarding PM2.5–10, a statistically significant excess
risk for respiratory hospitalizations in the age group 0–14 years of age has been found in
France [58]. To sum up, air pollution exposure also has major effects in terms of hospital
admissions, and the greatest effects have been found among children and the elderly.

4.4. Strengths and Limitations of This Study

A strength of this study is that it includes time-series regressions of several air pollutants
in both single- and multi-pollutant models in two cities. This means that the results are well
substantiated. The air pollutants that have been measured include pollutants that largely
reflect exhaust emissions from traffic (NO2, PM2.5, BC, and PNC4), an oxidant (O3), and
particles that indicate the role of road dust (PM10 and PM2.5–10). The mortality data also
have 100% coverage for each age group during the periods in both Stockholm and Tallinn.

A limitation of this study is that the mortality data in the age group 0–14 years of
age were not further specified, which means that it was not possible to determine the
specific ages at which the effects occurred. Also, those associations were based on very
small numbers of cases, as, on average, 10–15 children in the age group 0–14 years of age
die each year in Stockholm and Tallinn, respectively [29,30]. Regarding exposures, some of
the pollutants, such as BC and PNC4 had low data coverage, and they were only measured
in Stockholm.

5. Conclusions

The excess risks are generally clearest in the age group 65+, and this is especially solid
for O3 in both Stockholm and Tallinn. In Stockholm, the excess risks in the single-pollutant
model associated with PM2.5–10 were statistically significant for the age group 65+, and they
remained significant in the multi-pollutant models when adjusting for NO2 and NO2 + O3.
However, in Tallinn, the excess risks associated with PM2.5–10 in the age group 65+ were not
statistically significant in any model, and no statistically significant effects in the age group
15–64 years of age were shown, neither in Stockholm nor Tallinn. Novel knowledge was
the statistically significant excess risks in the age group 0–14 years of age associated with
PM2.5–10 in both Stockholm and Tallinn, and with O3 in Tallinn. From a policy point of view,
a special focus on PM2.5–10 is needed in order to protect the youngest in the population
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from detrimental health effects associated with exposure. Indeed, even stricter policies and
emission reductions are needed, as the effects were identified below the new WHO global
AQG concentrations.
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Appendix A

Figure A1. A single-pollutant model of the estimated change in daily mortality in all ages (with 95%
CI) for an IQR increase in the concentrations (lag01 and lag02) of different air pollutants in Stockholm.
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Figure A2. Multi-pollutant models of the estimated change in daily mortality in all ages (with 95%
CI) for an IQR increase in the concentration of PM2.5–10 (lag02) in Stockholm. From left to right: a
single-pollutant estimate of PM2.5–10 (Single), PM2.5–10 adjusted for O3 (Multi 1), PM2.5–10 adjusted
for NO2 (Multi 2), and PM2.5–10 adjusted for both NO2 and O3 (Multi 3).

Figure A3. Multi-pollutant models of the estimated change in daily mortality in all ages (with 95%
CI) for an IQR increase in the concentration of O3 (lag02) in Stockholm. From left to right: a single-
pollutant estimate of O3 (Single), O3 adjusted for PM2.5–10 (Multi 1), O3 adjusted for NO2 (Multi 2),
and O3 adjusted for both NO2 and PM2.5–10 (Multi 3).



Environments 2022, 9, 83 19 of 23

Figure A4. Multi-pollutant models of the estimated change in daily mortality in all ages (with 95%
CI) for an IQR increase in the concentration of NO2 (lag02) in Stockholm. From left to right: a
single-pollutant estimate of NO2 (Single), NO2 adjusted for O3 (Multi 1), NO2 adjusted for BC (Multi
2), and NO2 adjusted for both BC and O3 (Multi 3).

Figure A5. A single-pollutant model of the estimated change in daily mortality in all ages (with 95%
CI) for an IQR increase in the concentrations (lag01 and lag02) of different air pollutants in Tallinn.
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Figure A6. Multi-pollutant models of the estimated change in daily mortality in all ages (with 95%
CI) for an IQR increase in the concentration of PM2.5–10 (lag02) in Tallinn. From left to right: a
single-pollutant estimate of PM2.5–10 (Single), PM2.5–10 adjusted for O3 (Multi 1), PM2.5–10 adjusted
for NO2 (Multi 2), and PM2.5–10 adjusted for both NO2 and O3 (Multi 3).

Figure A7. Multi-pollutant models of the estimated change in daily mortality in all ages (with 95% CI)
for an IQR increase in the concentration of O3 (lag02) in Tallinn. From left to right: a single-pollutant
estimate of O3 (Single), O3 adjusted for PM2.5–10 (Multi 1), O3 adjusted for NO2 (Multi 2), and O3

adjusted for both NO2 and PM2.5–10 (Multi 3).
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Figure A8. Multi-pollutant models of the estimated change in daily mortality in all ages (with 95% CI)
for an IQR increase in the concentration of NO2. (lag02) in Tallinn. From left to right: a single-pollutant
estimate of NO2 (Single), NO2 adjusted for PM2.5–10 (Multi 1), NO2 adjusted for O3 (Multi 2), and
NO2 adjusted for both O3 and PM2.5–10 (Multi 3).
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