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Abstract
Preterm birth is the largest contributor to neonatal mortality globally and it is also associated with
several adverse health outcomes. Recent studies have found an association between maternal
exposure to air pollution and an increased risk for preterm birth. As a constituent of air pollution,
ozone is a highly reactive molecule with several negative health effects when present near earth’s
surface. This health impact assessment aims to estimate the proportion of preterm births—in
current and future situations—attributable to maternal ozone exposure in 30 European countries
(EU30). A literature search was performed using relevant keywords, followed by meta-analysis with
STATA software in which five studies investigating exposure-response relationship of interest were
included. The attributable proportion, and number of cases, was modelled with the software
AirQ+ against current and future European ozone concentrations. According to our meta-analysis,
the relative risk for giving birth preterm was calculated to 1.027 (95% CI 1.009–1.046) per
10 µg m−3 increase in ozone concentration. This rendered 7.1% (95% CI 2.5–11.7) of preterm
births attributable to maternal ozone exposure to in EU30 during 2010, which is equal to
approximately 27 900 cases. By 2050, the projected decrease in ozone precursor emissions rendered
an estimated 30% decrease of ozone attributable preterm births. Not taking emission change into
account, due to climate change the ozone-related preterm birth burden might slightly increase by
2050 in Central and Southern Europe, and decrease in Eastern and Northern Europe. In
summation, these numbers make a substantial impact on public health.

1. Introduction

Preterm birth is commonly defined as birth before
the gestational age of 37 weeks, and predisposes chil-
dren several hazards with both immediate and future
health. In 2015 alone, preterm birth caused glob-
ally approximately 1 million deaths before the age
of 5 [1]. This equates to more than 2700 prema-
ture deaths daily, ranking complications emanating
frompretermbirth the largest contributor of neonatal
death globally [2]; however, it is not only the alarm-
ing number of mortalities caused by preterm birth
which pose a global threat to children’s health. The
infants that do survive will face an increased risk of

a wide range of etiologies including cognitive, neuro-
logical, immunological, and gastrointestinal dysfunc-
tions, along with chronic morbidities such as asthma
and type two diabetes later in life [3–5]. Therefore, it
is important to acknowledge that the hazardous con-
sequences of prematurity are not necessarily limited
to a defined time-period surrounding childhood, but
may likewise affect an individual’s health and life far
into adult years [6].

Several risk factors surrounding preterm birth
have previously been established, including facets of
basic maternal lifestyle choices such as physical activ-
ity, diet, alcohol consumption, and tobacco use. The
role of more complex contributors, such as genetics
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and environmental factors, is less explored, albeit
some associations have been suggested [3].

1.1. Air pollution and near-surface ozone
The World Health Organization (WHO) currently
describes air pollution as the biggest environmental
risk to health as the proportion of worlds’ population
living in areas where air pollutants exceed the safe
levels, is estimated to 92% [7]. Several studies have
recognized that air pollution has adverse effects on
health by showing associations between air pollu-
tion exposure and morbidity, foremost of cardiovas-
cular and respiratory etiology [8]. Air pollution—
as mixture of various substances—include near-
surface, sometimes called ground-level or tropo-
spheric, ozone. Unlike several other air pollutants,
near-surface ozone is not directly emitted, but rather
photochemically formed in complex reactions when
nitrogen oxide (NOx) is exposed to sunlight in the
presence of volatile organic compounds (VOCs) [9].
Hence, apart from the levels of precursor elements
such asNOx andVOCs, the rate of near-surface ozone
formation is dependent on meteorological condi-
tions such as the amount of sunlight, wind, and,
most importantly, temperature on the surface [10].
As understood by a panoply of scientists, we will
experience higher global temperatures with increased
health effects in the future due to anthropogenic cli-
mate change [11]. As described by Doherty et al [12],
many of the meteorological consequences of climate
change, such as higher temperature, less cloud cov-
erage, and less rainfall can synergistically contribute
to an increase in near-surface ozone concentration,
due to more efficient ozone formation and increases
in natural emissions of VOCs. On the contrary, it
should be noted that the emission of anthropogenic
ozone precursors have decreased in all EU-member
countries and are projected to decrease further in the
future [13, 14].

In 2005, the EU has set a target value andWHO a
guideline for the ozone concentration in ambient air
for a daily 8 h maximum of 120 and 100 micrograms
per cubic meter (µg m−3), respectively [15]. How-
ever, a growing number of studies are finding adverse
health effects from ozone exposures at even lower
concentrations [16–20]. For instance, a study from
the US by Bell et al [17] found associations between
premature mortality and ozone exposures near typ-
ical background ozone levels at 20 µg m−3, thus sug-
gesting that there are almost no safe levels of near-
surface ozone. For this reason, recommendations are
starting to shift in regard to what cut-off value to use
when assessing the health impacts of ozone. Amann
et al [16] estimated earlier approximately 21 000 pre-
mature deaths were associated with ozone concen-
trations above 70 µg m−3 in 25 European countries;
however, with SOMO25 and inclusion of long-term
effects, this estimation could rise to 55 000 [21]. As
reviewed by Orru et al [22], different studies have

applied different cut-off values and to reduce these
divergencies, we have in this study chosen to adopt
an ozone exposure cut-off at 50 µg m−3 expressed as
sum of means over 25 ppb (SOMO25). It is the yearly
sum of the daily maximum of 8 h running average
over 25 ppb.

Amajority of the studies tackling the health effects
of air pollution have traditionally focused on gen-
eral mortality, or respiratory and vascular morbidity
[23–25]. However, alternative endpoints such as cog-
nitive development and reproductive health, have also
been suggested [8]. Several studies have shown associ-
ations between ozone exposure, specifically, and neg-
ative birth outcomes [26–28]. The theories regarding
the pathogenesis of ozone exposure are related to an
ozone molecule’s ability to promote free radical reac-
tions in the body [29]. As free radicals come in con-
tact with target molecules, they may become inac-
tivated, initiating cellular damage through oxidation
progressions referred to as oxidative stress [29]. It is
suggested that oxidative stress, along with hemody-
namics disruptions and inflammation in the mother,
impairs the delivery of oxygen and nutrients to the
foetus, thus causing a disturbed gestational process
[30]. The increased levels of proinflammatory medi-
ators resulting from oxidative stress can subsequently
provoke, or increase, the risk for giving birth preterm
[30–32]. This theory is supported by additional liter-
ature showing that systemic inflammation can trig-
ger a preterm delivery [33]. A biological marker of
inflammation in the body is the plasma level of C-
reactive protein (CRP). In early pregnancy, exposure
to certain air pollutants, ozone included, has been
shown to increase CRP levels and then act as a poten-
tial trigger for preterm birth [34].

The existing knowledge regarding the extent of
ozone related birth effects’ is limited thus, to the
best of our knowledge, this is the first continent-wide
health impact assessment (HIA) quantifying mater-
nal ozone exposure and the number of attributable
cases of preterm birth. It aims to estimate the attrib-
utable proportion (AP) of preterm births that occur
due to maternal ozone exposure during the first tri-
mester of pregnancy. Moreover, we aim to quantify
how ozone concentration due to changes in climate
and emission levels change, and we estimate the AP
for year 2050 in 30 European countries (EU30).

2. Materials andmethods

2.1. HIA
A HIA utilizes a methodology for quantifying the
health outcomes of a certain exposure [35]. The
procedure follows a series of steps in which, firstly,
an exposure-response function is selected—usually
expressed as a relative risk. This exposure-response
function is then applied to an outcome baseline
to estimate the AP and number of cases caused
by a certain exposure, e.g. near-surface ozone [36].
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This methodology has been utilized by several other
environmental health studies [37–39] and also by
a similar study which investigated preterm birth as
an outcome, but particulate matter as an exposure
constituent [40].

2.2. Near-surface ozone modelling
First, to determine human exposure to near-surface
ozone in Europe, the multi-scale atmospheric trans-
port and chemistry (MATCH) model [41–43], that
is Eulerian chemistry transport model (CTM) was
applied at a 50 × 50 km horizontal resolution. The
model used here includes ozone and particle form-
ing chemistry considering ca 60 chemical species [44].
Meteorological 3D information is updated every hour
in the model with an impact on concentrations in
thermal- and photochemical reactions (e.g. temper-
ature, cloud cover, solar radiation, humidity), trans-
port, deposition and boundary layer processes (e.g.
wind, temperature profile, precipitation, humidity,
solar radiation), and the natural emissions of isoprene
calculated online (e.g. temperature, solar radiation)
following the Simpson et al [45] E-94 methodology,
while terpene emissions are not treated in this model
version. Isoprene chemistry is based on an adap-
ted version of the Carter one-product mechanism
[44, 46], while other gas-phase chemistry is based on
the EMEP MSC-W EMChem09 scheme of Simpson
et al [47] with reaction rate updates following the
recommendations of International Union of Pure and
Applied Chemistry (IUPAC) [41, 48]. The photolysis
rates depend on photolytically active radiation, which
is calculated from latitude, the time of day, and cloud
cover. The dry deposition is modelled through a res-
istance approach. The dry deposition to stomata—
modelled as described by Andersson and Engardt
[49]—is dependent on soil moisture, temperature,
solar radiation, and the humidity of the air. Thus,
many processes in the model are impacted by climate
change. MATCH is widely used for various air quality
and, specifically, ozone research and operational ser-
vices, such as daily European operational air quality
forecasting [50] and national Swedish environmental
surveillance (e.g. [51]) of ozone and deposition. The
ozone performance of MATCH is commonly among
the best in comparison with other European CTMs
(e.g. [52]). The specific set up and evaluation of
ozone were described in detail previously [13, 14,
21, 53, 54], but briefly recaptured here. Ozone con-
centrations from this set up were evaluated for the
present situation compared to airbase measurement
sites (see [54]), where MATCH had the lowest root
mean square error of the four CTMs and a mean
annual and summer bias of 1 ppb(v) and−1.1 ppb(v),
respectively. MATCH was forced by the global cli-
mate model EC-EARTH and downscaled with the
Rossby Climate regional climate model RCA4 [55].
They were both forced by the representative concen-
tration pathway scenario RCP4.5 [56]. MATCH was

also forced on the boundaries by the LMDz-INCA
global model [57] and by anthropogenic air pollution
precursor emissions of ECLIPSE v4a for the present
(years 2005–2010) and the future (year 2050, cur-
rent legislation). The evolution is considered coher-
ent with the future evolution of the RCP4.5 scenario
at 2050 [14].

In the current study the SOMO25 (the highest
daily 8 h average exceeding 25 parts per billion (ppb)
summarized from day 1 to 365) values have been
applied. The population-weighted exposure (Ew) has
been calculated by multiplying the SOMO25 con-
centration within each 50 × 50 km grid (Ei) by the
number of individuals residing within the same grid
(POPi). The sum of the concentration of all grids
was then divided by the total population of respect-

ive country (POPtot) as: Ew = SUM(Ei×POPi)
POPtot

.

2.3. Preterm birth data
Secondly, the national baseline incidence rate of pre-
term birth for year 2010 in EU30 was obtained from
the United Nations Statistics Division database [58],
where data has been collected through examination of
national and local administrative reporting registers,
civil registration forms, and surveys. Data on cur-
rent (2010) population size for each country in EU30
was likewise extracted from the WHO database [59]
and for future (2050) populations Eurostat popula-
tion projections [60].

2.4. Exposure-response function
To determine a pooled exposure-response func-
tion, a systematic literature review was conducted
(figure 1). The scientific databases PubMed, CINAHL
and Cochrane library were utilized in October 2017
using the terms ‘Ozone’ AND ‘Preterm birth,’ ‘Ozone’
AND ‘Preterm delivery,’ ‘Air pollution’ AND ‘Pre-
mature birth.’ Publications which met the inclusion
criteria were exposure being ozone and outcome
being preterm birth, which were screened through
an abstract and full text review. Between the 14
examined studies [61–74], significant divergencies
in exposure variables were observed. The most fun-
damental differences were differences in the expos-
ure period, either first trimester, third trimester or
whole pregnancy, and the type of ozone exposure
value (1 h, 8 h and 24 h maximum). Therefore,
a second set of inclusion criteria was employed.
Studies assessing first trimester ozone exposure were
measured at an 8 h maximum due to the larger
number of studied phenomena and more profound
effects with either first or third trimester exposure
data, thus leaving five studies [63, 64, 69, 71, 74]
(figures 1 and 2).

2.5. Meta-analysis
The meta-analysis of the five studies was done in the
statistical software environment of STATA 13 using
the ‘metan’ package [75]. The software designated a
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Figure 1. Flowchart illustrating process of literature search and selection.

Figure 2. Pooled effect size estimates presented in a forest plot. OR represents study-specific and overall odds ratios (OR). Weight
represents the percentage of weight each study [63, 64, 69, 71, 74] has been assigned in the overall calculation thus indicating the
influence on the overall effect size.

certain impact on the overall effect size depending
on the level of uncertainty in each study. This meant
that the wider confidence interval a certain study
carried, the less influence it would have over the
overall effect size (figure 2). All studies, which did
not present an effect size per 10 µg m−3 increase
in ozone concentration, were recalculated accord-
ingly. The meta-analysis effect model used was the
DerSimonian and Laird mixed-effect (random effect)
model [76, 77] (supplementary material (available
online at stacks.iop.org/ERL/16/055005/mmedia)).

2.6. Calculation of attributable effects
To estimate the proportion and number of preterm
births caused by maternal ozone exposure in Europe,
the exposure-response function was applied to the
ozone levels in each respective country. The AP and
number of cases were calculated using the WHO
developed software AirQ+. This WHO developed
software can be used to quantify health effects of cer-
tain air pollutants, including ozone. The estimated
impact is grounded on a log-linear relationship
between relative risk (RR) and concentration levels.

The AP is then estimated as defined: AP=
Σ [RR(c)− 1]× p(c)/Σ [RR(c)× p(c)],

where p(c) is the proportion of the population.
To generate an estimate of the excess number of

cases of preterm birth attributable to ozone exposure
(∆Y), the software uses the baseline preterm birth
rate (Y0) and the population at risk (pop), defined as:
∆Y= (Y0× pop)×

(
expβ×∆X

)
,

where β represents the effect size and∆X is the vari-
ation in concentration.

3. Results

3.1. Ozone levels
The current population average SOMO25 level for
EU30 was 10 172 µg m−3·d, ranging from 6667 to
18 230 µg m−3·d (figure 3). The highest SOMO25
values were recorded in the Mediterranean region
with Malta, Cyprus, Greece, Italy, and Portugal being
the five highest exposed countries with a combined
SOMO25 average value of 15 351 µg m−3·d, that
would mean around 92 µg m−3 as daily 8 h max
mean. The lowest levels were found in the United
Kingdom, Finland, and the Baltic States due to low
levels during winter period, around 50 µg m−3 as
daily 8 h max mean. The average SOMO25 level for
the least exposed countries was 6847 µg m−3·d.
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Figure 3. Ozone SOMO25 (sum of ozone means over 25 ppb) levels for current (2005–2010) and future (2050) driven by climate
(middle) and climate and emission (right) changes.

In 2050, the overall ozone concentrations based
on climate change were projected to be left relatively
unchanged when compared to the current EU30
average (an average increase with 0.3%). However,
some individual countries saw more tangible climate
effects in the form of both increases and decreases.
Changes in SOMO25 values due to an altered cli-
mate yielded an increase in Central-Europe (e.g. in
Luxembourg 12% increase in SOMO25 levels) to a
6%–7% decrease in the Baltic States (Estonia, Latvia
and Lithuania).

In the future emissions-based model, all EU30
countries presented significant reductions which in
all cases were greater than reductions driven by cli-
mate change. The MATCH estimation for future
SOMO25 levels based on changes in ozone precursor
emissions yielded an EU30 average reduction of 29%,
ranging from a SOMO25 decrease by 14% for Cyprus
to a 38% reduction for Hungary.

3.2. Pooled ozone effect size estimates from
meta-analysis
The studies used for the modelling of an exposure-
response function [63, 64, 69, 71, 74] had a sample
size range from approximately 28 000 to 1.5 million
subjects. The mean daily 8 h maximum ozone con-
centration, as short-term exposure, varied in studies
between 53.1 and 84.5 µg m−3. The studies adjus-
ted for a varying set of possible confounders such
as age, smoking, parity, co-morbidity, the season of
conception, and co-pollutants effects. All studies used
similar methodologies for pollutant measurements
and statistical analysis, and all used the same mater-
nal exposure window, which was average exposure
during the first trimester. The increased risk for giv-
ing birth preterm based on ozone exposure were
expressed as odds ratios and ranged from 1.01 to
1.18 (95% CI 1.00–1.30) per 10 µg m−3 increase in
ozone concentration. When weighted and modelled,
the respective effect sizes generated a pooled effect
size of 1.027 (95% CI 1.009–1.046) per 10 µg m−3

increase in the mean daily 8 h maximum ozone con-
centration (figure 2).

3.3. Number of current preterm births due to
near-surface ozone exposure in 2010
The average population proportion attributable to
preterm birth caused by ozone was estimated to 7.2%
(95% CI 2.5–11.8) (table 1). The largest attributable
proportions were found in countries with higher
SOMO25 values, i.e. the Mediterranean region where
Malta, Cyprus, and Greece had an estimated AP of
12.5% (4.4–20.2), 10.7% (3.7–17.4), and 10.4% (3.6–
17.0), respectively. The smallest AP was found in
the northern parts of Europe, where SOMO25 values
were the lowest. The United Kingdom, Finland, and
Lithuania showed an estimated AP of 4.7% (1.6–7.7),
5.1% (1.7–8.4) and 5.2% (1.8–8.7), respectively.

In absolute numbers, more preterm births attrib-
utable to ozone were found in countries with lar-
ger populations, e.g. France reported the highest total
number of attributable preterm births (3889, 95%
CI 1353–6340) related to maternal ozone exposure.
Conversely, due to its small population, Iceland, who
also experienced a relatively small attributable pro-
portion, presented the smallest number of attribut-
able cases: 20 (95% CI 7–34) preterm births attribut-
able tomaternal ozone exposure. The total number of
attributable cases in EU30 in 2010was estimated to be
27 871 (95% CI 9611–45 854) premature births.

3.4. Future estimates of preterm births due to
near-surface ozone exposure and populations
change in 2050
Climate change will only slightly alter the attribut-
able impact, which relates to the moderate changes
in SOMO25 values in the same model. If popula-
tion baseline rates remain unchanged, we expect alto-
gether 424 more cases of preterm birth in EU30. In
this analysis, the EU30 average near-surface ozone
induced AP of preterm birth is expected to decrease
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from7.1% to 5.1%, as a consequence of reduced emis-
sions. Subsequently, as the EU population is expec-
ted to increase, the effects on preterm birth could
increase in total by 1%, whereas the effects decrease
a third in Latvia and Lithuania and increase by more
than 50% in Luxembourg. Seen over the whole EU30
region and all three factors together, the total number
of attributable pretermbirths in 2050 is expected to be
7543 fewer than in 2010 (table 1).

4. Discussion

This multinational study evaluates the attributable
effects of maternal near-surface ozone exposure
on preterm birth. From the meta-analysis—which
included five studies concerning maternal ozone
exposure during the first trimester and the sub-
sequent risk for preterm birth—we estimate the
increased risk for preterm birth to be 2.7% per
10 µg m−3 increase in near-surface ozone concentra-
tion. This generated a current average AP of 7.2%,
or approximately 27 900 preterm births caused by
maternal ozone exposure. Should future ozone con-
centration adhere to the air pollution emissions, cli-
mate scenarios, and population projections used here,
nearly 27% fewer preterm births are to be expected in
2050. It is, however, important to acknowledge that
the potential effect on the European preterm birth
incidence rate is only due tomaternal ozone exposure.
There are many factors that impact the preterm birth
incidence rate in a chosen setting, but none other than
maternal ozone exposure is investigated here. Each of
these results will be discussed and elaborated upon
below.

Firstly, the result from the meta-analysis (the
increased RR for preterm birth 1.027 per 10 µg m−3

increase in ozone exposure during first trimester)
can be compared with corresponding studies, where
other ozone exposure windows have been used. These
studies have yielded RRs between 1.02 and 1.05
[66, 67, 72], which is similar to our results. The elev-
ated risk for preterm birthmay also be comparedwith
the risks of exposures to PM2.5. In a meta-analysis
comprised from 13 studies, Sun et al [78] estimated
the elevated risk for preterm birth caused for every
10 µg m−3 increase in PM2.5 concentration during
the entire pregnancy to be 13%; however, extensive
heterogeneity between the included studies rendered
a rather high level of uncertainty in the study. They
applied exposure-response function from Sun et al
[78] meta-analysis that included only studies fully
adjusted for other covariates and pollutants.

Although a majority of studies have found pos-
itive associations between air pollution and pre-
term birth, some studies have found no or negat-
ive associations [79, 80]. Likewise, some studies have
not been able to establish significant associations
between maternal ozone exposure, specifically, and
the risk for preterm birth [62, 70, 73]. Stieb et al

[80] have discussed that part of this inconsistency
may be explained by the heterogenic methodologies
between studies as both outcomes and pollutants var-
ied widely, and often multi-pollutant models were
utilized. Another complicating factor is that in almost
half of the cases of pretermbirth, the underlying cause
remains unidentified [81], making it reasonable to
assume that the driving force behind preterm birth
mostly will occur as a result of several interacting
factors with varying impact capacity [2]. Moreover,
the pathophysiology on how ozone affects the gesta-
tional environment surrounding the foetus is not yet
fully understood. The mechanism by which preterm
birth could be triggered by air pollutants is believed
to be related to oxidative stress and inflammation,
which in turn would disrupt the delicate processes
surrounding gestation [32]. Still, a growing body of
scholarship currently focuses on establishing associ-
ations for exposure to critical air pollutants in gen-
eral [1, 82–85] and for ozone exposure in particular
[26, 61, 67, 70, 72].

Secondly, we have applied the SOMO25 concept
(yearly sum of the daily maximum of 8 h running
average over 25 ppb) in our HIA, whereas epidemi-
ological studies have applied actual concentrations
(ppb, µg m−3). The rationale behind this is that
SOMO is a summary estimate—it helps to reduce the
uncertainties of the concentration—response func-
tion at very low concentrations as its linearity does
not extend down to zero and it reflects seasonal cycle,
e.g. very low levels at winter and with-out SOMO we
would underestimate the effects [8, 86, 87]. When we
accounted for impacts from a cut-off of 50 µg m−3

(SOMO25), the excess risk caused by maternal near-
surface ozone exposure yielded an estimated average
7.2% AP of preterm birth in EU30 in 2010. These res-
ults can be interpreted as out of 100 preterm births,
seven are (in combination with other risk factors)
the consequence of a maternal exposure to ozone
during the first trimester of pregnancy. Accumulated
across the studied European countries, the attribut-
able number of cases due to near-surface ozone is
estimated currently to be approximately 27 900 pre-
term births. This can be compared to a similar study
conducted by Malley et al [40] that investigated the
global AP of preterm birth caused during the entire
pregnancy PM2.5 exposure over 10 µg m−3. In this
study, it was estimated that in Europe, 34 800 pre-
term births were due to fine particles exposure. The
applied exposure-response function was based on a
meta-analysis that included only studies fully adjus-
ted for other covariates and pollutants [78], thus we
cannot expect overlapping effects with ozone.

Our HIA has applied ozone concentrations
exceeding ∼50 µg m−3 (SOMO25) when estimating
the impact of ozone on preterm birth. This cut-off is,
to some degree, lower compared to previous HIAs
which adopted concentrations over ∼70 µg m−3

(SOMO35) [16, 88, 89]. The rationale behind using
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SOMO25 as a concentration cut-off is based on the
earlier mentioned indications that suggest health
effects occur in low ozone concentrations, such as
typical background values [17–20]. A similar cut-off
was also applied in a recent EU-wide ozone-related
mortality impact assessment [21]. Also, in three of
the five studies included into our meta-analysis, the
ozone levels were close to SOMO25 levels [64, 71,
74]. If the ∼70 µg m−3 (SOMO35) cut-off would
have been used, the effect-estimate would be more
than two times lower (supplementary material). The
difference is especially large if we compare the ‘future
emissions’ scenarios as the levels are expected to be
mostly below 70 µg m−3. With SOMO35, only a little
more than 4000 preterm births are expected with
future emissions. This would probably underestim-
ate the real effects based on current susceptibility
[17–20].

Another variable in exposure variation is the
estimation of averaging time of exposure, as 1 h or
8 h max or 24 h average. Since ground-level ozone
formation is dependent on sunlight, the concentra-
tion levels vary substantially over the course of the
day, and exposure values are therefore affected con-
siderably by what estimation technique is used [90].
We have applied an 8 h maximum as recommended
by WHO [8]. Moreover, the same assigned expos-
ure could result in different outcomes depending on
how much time a particular individual spends out-
doors, under that exposure, thus affecting the actual
dose of ozone. The country-based exposures, in the
future projections in this study, are based on climate
and emission models that utilize a 50 × 50 km hori-
zontal resolution. From a continental and country-
wide perspective, this resolution can be regarded as
high, but on an individual level, it must be seen as
rather crude. This introduce a risk of exposure mis-
classification. For the same reason, ozone exposure is
likely overestimated in those areas close to high emis-
sion areas, and likewise underestimated in suburban
locations, where local emissions could affect the near-
surface ozone levels [13].

Thirdly, when including the attributable effects
for future air pollution emission levels in EU30, the
estimated number of preterm births in 2050 was
reduced by 30% when compared to 2010. This is
equals to almost 8000 less cases of preterm birth
in 2050, meaning that almost one third of all pre-
term births attributable to ozone exposure could be
avoided if ozone precursor emissions follow the pre-
dicted emission scenarios. The leading cause behind
these drops is the improved technique for reducing
vehicular exhaust emissions—e.g. the development
of three-way catalytic converters—and legislation
regarding ozone precursor emissions [91]. Neverthe-
less, several uncertainties are related to ozone mod-
elling itself. In our analysis we have applied emis-
sion data from the periods of 2005–2010 and 2050
and climate data from the periods of 1991–2000 and

2046–2055. If the future period is centred around
2050, the current climate data is from earlier period
than 2010. This might have made bias due to climate
change in the last decade [92]. It is also important to
note that this estimation does not consider changes
in the preterm birth or birth rate as there are no pro-
jections on future rates for 2050. During the period
of 2010 and 2015 there has been increase of pre-
term births in some countries and decrease in others
[93], but this information does not allow us to make
long-term projections. If the preterm birth incidence
or birth rate increases/decreases in EU30, the change
of attributable cases is misestimated.

Fourthly, when we modelled and projected for
changes in the climate, ozone concentration levels for
2050 were found to be relatively similar to those of
year 2010, thus leaving the attributable effects rel-
atively unchanged (a 1.6% increased AP in the cli-
mate model was seen). The minor impact of ozone
exposure in the climate model stems from the fact
that the European ozone concentrations did not
increase substantially in the current future projec-
tions. The highest increase in ozone concentration,
due to climate change, was found in Luxembourg,
where SOMO25 rose by 12.9% in 2050. If we would
calculate the factual daily exposure for this increase,
it is equal to a 2.4 µg m−3 daily increase, which partly
can explain the very small effects seen in the climate
model.

Apart from the limitations already discussed,
this study unavoidably also inherits restrictions
from the original studies from which the current
exposure-response coefficient has been calculated.
All studies in the meta-analysis [63, 64, 69, 71, 74]
share the risk of exposure misclassification, as indi-
vidual exposures are assigned based on ozone con-
centrations registered by local measurement sta-
tions, typically located at rooftop level throughout
the city. As previous research, and earlier discus-
sion has indicated [94], this does not, necessarily,
reflect the true individual exposure as other mean-
ingful exposure factors, such as time spent out-
doors and commute distance, are not taken into
account.

When interpreting these findings, one must also
consider an excessive degree of uncertainty. Ulti-
mately, it is the exposure-response function which
yields the final results of this study, but within the
exposure-response function there are factors with
varying underlying degrees of uncertainty. The effect
size is, for instance, expressed as a relative risk with
a 95% confidence interval ranging from 1.009 to
1.046, which puts the average estimate of 27 871 pre-
term births to be between 9611 and 45 854 cases.
Another crucial factor for the function, and sub-
sequently the results, is near-surface ozone concen-
tration. First, we have used 1991–2000 climate data
together with 2005–2010 emission data, which may
have biased the estimated concentrations. Moreover,
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air pollutant emissions are affected by uncertainties
in emission factors, which are largely related to real-
life end-of-pipe emission control and actual activ-
ity data. As show by Lin et al [95] the errors for
air pollution emissions could range from 10% to
170% depending on the pollutant and region; how-
ever, air pollution emissions are relatively smaller for
Western Europe. Many uncertainties are also related
to ozone modelling, itself, and atmospheric chemical
and physical processes such as dry deposition, wet
scavenging, ozone precursors transport, and ozone
formation [96, 97]. According to Derwent et al [98],
the uncertainties from ozone sources and sinks are
larger than in model formulation.

Second, there are a multitude of factors impact-
ing the concentration of ozone in the future. Factors
impacting the possible future exposure of individu-
als to ozone in Europe include the pathway for
ozone precursor emissions, climate change and the
greenhouse gas emission scenario, and sensitivities
and parameterizations of the specific climate mod-
els and CTMs used to describe the future evolu-
tion. There is inherent uncertainty in what path the
future ozone exposure evolution will take. The air
pollution emission scenarios projected in this project
depend on policy makers decisions and the technical
solutions available; there are other possible future
evolutions.

Watson et al [14] compared the impact of climate
change, under Current Legislation Emissions (CLE)
scenario, and maximally technically feasible reduc-
tions emissionsmodelled by fourCTMs. Langner et al
[44] compared emission change to the impact of cli-
mate change on ozone concentrations in two global
climate model simulations. Colette et al [99] com-
pared a number of different CTM model sensitivit-
ies to climate change scenarios. All these studies show
that, for a great fraction of the European popula-
tion, the main contributing factor in ozone concen-
trations is the pathway of anthropogenic ozone pre-
cursor emissions. Thus, future health impacts will
be highly dependent on measures taken, and these
measures need to be introduced across the north-
ern hemisphere, not only in Europe. Climate change
is projected to lead to higher ozone exposure, a
so-called climate penalty. Measures to reduce cli-
mate change would also act to reduce ozone expos-
ure in most parts of Europe, but the most effect-
ive measure is to reduce anthropogenic precursor
emissions.

This assessment has focused on the effects of
near-surface ozone exposure on preterm birth in the
European region exclusively. It should be recognized
that the world-wide attributable number of cases of
pretermbirths due tomaternal ozone exposurewould
be substantially higher. This is not only due to the
inclusion of larger populations, but in low-income
settings, a combination of megacities, poor ozone
precursor emission regulations, and a hot climate

with a lot of sunlight will produce ozone levels which
are considerably higher than those found in Europe.
An example of this can be found in Latin America, as
Sao Paolo, Brazil can experience several days during
summer where ambient ozone concentrations may
exceed 400 µg m−3 [100], whereas European levels
during the summer typically exceed 200 µg m−3 and
are less than 300 µg m−3, even in extreme summers,
like the one experienced in 2003 [101]. This highlights
the essentiality of strict global emission legislation,
whose need is most pressing in low-income set-
tings, where current regulations in many cases are
insufficient.

5. Conclusion

Air pollution is considered the largest environmental
threat to human health. Near-surface ozone has
been shown to have numerous adverse health effects
including facets of reproductive health. According to
our meta-analysis, for each 10 µg m−3 increase in
maternal first trimester ozone exposure concentra-
tion, the risk for preterm delivery will increase by
2.7%. Subsequently, for 30 European countries, the
population AP of preterm births due to first trimester
maternal ozone exposure was estimated currently to
7.2%. This proportion equals to a number of 27 871
babies born prematurely in 2010.

Highlighting the importance of emission control
and stern legislation regarding ozone precursor emis-
sions, this assessment likewise found that in 2050,
with consideration of population change, an estim-
ated number of around 7500 preterm births will be
avoided as a result of reduced ozone precursor emis-
sions. Not taking emission and population change
into account, due to climate change the ozone-related
preterm birth burden might slightly increase by 2050
inCentral and SouthernEurope, and decrease in East-
ern and Northern Europe.
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