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Abstract: (1) Background: Haemorrhagic strokes (HS), including intracerebral (ICH) and subarach-
noid haemorrhages (SAH), account for approximately 10-15% of strokes worldwide but are associated
with worse functional outcomes and higher rates of mortality, and financial burden than ischemic
stroke. There is evidence that confirmed poor air quality may increase the incidence of haemor-
rhagic strokes. The aim of our study was to evaluate the association between individual ambient air
pollutants and the risk of haemorrhagic stroke in an urban environment without high levels of air
pollution. (2) Methods: A time-series cross-sectional study design was used. A daily air pollution
concentration (Agency of Regional Air Quality Monitoring in the Gdansk Metropolitan Area) and
incidence of haemorrhagic strokes (National Health Fund) were obtained and covered the time period
from 1 January 2014 to 31 December 2018. A generalised additive model with Poisson regression was
used to estimate the associations between 24-h mean concentrations of SO,, NO, NO,, NOx, CO,
PM10, PM2.5, and O3 and a daily number of haemorrhagic strokes. (3) Results: The single-day lag
model results showed that NO,, NO and NOy exposure was associated with increased risk of ICH
(88% events) with RR of 1.059 (95% CI: 1.015-1.105 for lag0), 1.033 (95% CI: 1.007-1.060 for lag0) and
1.031 (95% CI: 1.005-1.056 for lag0), but not for SAH (12% events). Exposure to CO was related to a
substantial and statistically significant increase in incidence for 1.031 (95% CI: 1.002-1.061 for lag0)
but not for SAH. Higher SO,, PM;g, PM; 5, and O3 exposures were not significantly related to both
ISC and SAH. (4) Conclusions: In this time-series cross-sectional study, we found strong evidence
that supports the hypothesis that transient elevations in ambient NO,, NO and CO are associated
with a higher relative risk of intracerebral but not subarachnoid haemorrhage.

Keywords: air pollution; gaseous pollutants; particulate matter; haemorrhagic stroke; intracerebral
stroke; subarachnoid stroke

1. Introduction

Haemorrhagic strokes (HS), including more common intracerebral (ICH) and less
frequent subarachnoid haemorrhage (SAH), remain one of the major causes of mortality
and disability across the globe. HS has an overall prevalence of 116.6 per 100,000 people
worldwide and occurs most commonly in developed countries and in Asians [1,2]. HS
accounted for approximately 10-15% of strokes worldwide but was associated with worse
functional outcomes and higher rates of mortality, morbidity, and financial burden than
ischemic stroke [2—4].
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According to the Global Burden of Disease Study (2015), which analysed data across
25 years, ambient air pollution was found to have contributed substantially to diseases
such as ischemic heart disease, cerebrovascular disease, chronic obstructive pulmonary
disease and their resultant mortality and disability-adjusted life years loss [5]. Indeed, there
is a growing body of evidence on the association between exposure to air pollution and
HS [6-9]. Existing studies suggest that short-term exposure to PM; 5, PMj, and ozone
was significantly associated with the risk of HS [7,10], intracerebral haemorrhage [8,11],
and fatal intracerebral haemorrhage [9]. Until now, there have been at least two possible
mechanisms that could explain the relationship between air pollution and ICH [12]. First,
chronic exposure to air pollution is associated with hypertension, which could lead to
remodelling of the intracranial arteries and increase the risk of ICH [13-15]. Second, air
pollution may directly contribute to and promote endothelial injury and vasodilatory effects
that could increase the risk of aneurysm rupture [16].

Although the above-mentioned effect of polluting agents on ICH seems evident,
most studies suggest that the same pollutants do not contribute to an increase in SAH
incidence [8,9]. Air pollution refers to the presence of harmful airborne substances that
arise from the complex interaction between natural and anthropogenic environmental
conditions [17]. Air pollution is considered a serious public health problem, and its im-
portant constituents comprise but are not limited to particulate matter of aerodynamic
diameter of <2.5 pm (PMj5) and <10 um (PMjg), ozone (Os), nitrogen dioxide (NO,),
sulphur dioxide (SO,) and carbon monoxide (CO) [18,19].

While the above-mentioned studies report associations between ambient air pollu-
tants and HS, these associations were inconsistent, and higher-quality studies are urgently
needed [5,20]. Moreover, the majority of studies examining the short-term relationship
between air quality and HS risk were undertaken in temperate settings [5,20]. Few stud-
ies have explored the association between ambient air pollutants and HS in a coastal
setting [21,22]. Gdansk, compared with other Polish agglomerations, i.e., Warsaw or Cra-
cow, has the lowest air pollution [23-26]. Thus, we aimed to evaluate the association
between individual ambient air pollutants and the risk of HS in a coastal city in a low-air-
pollution area.

2. Materials and Methods
2.1. Study Area

Gdansk is a city situated on the southern coast of the Baltic Sea in northern Poland.
With a population of over 470,000 residents and covering an area of 262 km?, it is the capital
and largest city of the Pomeranian Voivodship [27]. Due to its unique geographic location,
Gdansk experiences both oceanic and continental climatic influences. The proximity to the
Baltic Sea affects the speed and direction of winds within the city, making them stronger and
more variable compared to inland areas of Poland. Similar to other urban areas in Poland,
the green-blue spaces of the town area are less than 50% [28]. The primary source of air
pollution in the Pomeranian Voivodship is anthropogenic emissions. These emissions are
predominantly from industrial plants, particularly fuel combustion for energy production
and technological processes (23%), transportation (road, rail, water, and air) accounting for
15%, and the municipal and housing sector, which contributes 49% of the pollution [28].

2.2. Incidence and Environmental Data

All the incidents of haemorrhagic stroke data were obtained from the National Health
Fund (NHF). The HS incidence cases were clinically diagnosed by the local sentinel hospi-
tals and were simultaneously reported to the NHF through case report cards. More than
95% of HS cases have been hospitalised in national stroke units’ networks or neurosurgery
departments. Each unit had to provide a standardised clinical diagnostic and to prove, with
neuroimaging, a stroke aetiology. All cases have been reported to NHF using a dedicated
application form. The data set included the ID number, sex, age, date of birth, onset data
of stroke, type of stroke diagnosis, ICD-10 encoding, and current address for each case.
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HS was divided into two-stroke subtypes (intracerebral and subarachnoid haemorrhage,
I61 and 160, respectively) according to the International Classification of Diseases 10th
Revision (ICD-10). The division of the analysed population was based on sex and age.
Age sub-division into elderly (age > 65 years) and non-elderly (age < 65 years) was based
on World Health Organization (WHO) standards [29]. The calendar year was divided
into summer (April-September) and heating (October—-March) periods according to local
climatic characteristics [27].

Average hourly concentrations data of chosen gaseous pollutants, namely SO,, NO;,
NO, NOy, PM; 5, PMyy, CO, and O3, were facilitated by the Foundation: Agency of Re-
gional Air Quality Monitoring in the Gdansk metropolitan area (ARMAAG) and covered
the timespan According to the WHO'’s Air Quality Guidelines. The environmental data
time structure was adjusted to incidence data according to WHO’s Air Quality Guidelines.
Therefore, we used a daily maximum of 8-h-mean concentration for ozone and mean con-
centration of the remaining gaseous pollutants. Missing values were imputed by utilising
the multiple-interpolation method [30]. Daily average meteorological data (temperature,
relative humidity, and atmospheric pressure) for the same period of time were also collected
from ARMAAG and served for standardisation purposes.

2.3. Statistical Methods

The descriptive statistics, including mean with standard deviation (SD), minimum
(Min), maximum (Max), and interquartile range (IQR), were used to describe the data on
incident stroke cases, air pollutants, and meteorological factors. In order to evaluate the
seasonal dependence between air pollutant emissions and stroke incidence, we calculated
the above-mentioned descriptive statistics for the warm and cold seasons separately. Spear-
man rank correlation analysis was used to analyse the correlation between air pollutants
and meteorological factors. For our time-series study, to evaluate the risk of short-term,
low-level air pollutant exposure, we applied the generalised additive model (GAM) with
Poisson regression. Generalised additive models are a general class of models that allow
for parametric and nonparametric forms of relationship between a continuous predictor
and a continuous, normally distributed outcome. This method has been used by numer-
ous researchers [31-33]. In our study, the daily number of hospital admissions among
Gdansk residents is rare, with a non-linear relationship between independent variables
and the dependent ones (HS incidence per day). Therefore, the GAM based on Poisson
distribution was used to explore the effects of air pollutants on the risk of incident stroke,
in which potential confounding factors, i.e., trends, national holidays and meteorological
factors [34-36].

The Poisson regression model is described by the equation:

log(E(yr)) =Y oy Bilxr) + Y b si(xip) (1)

In its general form, the Poisson model with lagged effects are represented by the
logarithm of the expected values of the number of events (haemorrhagic strokes) y; at time
t, which is in turn explained by a linear combination of the i-th functions of the predictors
pi (xt) expressed by delaying related with moment ¢, and splines that express the delay
with the moment f by a period [, where [ =0, ..., L. L means the maximum delay. B is the
regression coefficient that indicates the relative risk of stroke associated with a one-unit
increase in pollutant concentration, while x; is the exposure factors (atmospheric pollutants
and meteorological conditions).

We also estimated the lag effects of low-level given air pollutants on the risk of HS
incidence incidents for single-day lag effects (lag0, lagl, lag2, lag3). These lag effects
represented how the air pollution concentration on a given day affected health outcomes
on the following days. In the single-day exposure models, lag0 indicated the air pollutant
concentration on the same day, while lagl referred to the concentration from the previous
day and so forth. Based on the above models, we obtained relative risk assessments
corresponding to increases in pollutant concentration levels by the interquartile range
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(IQR) and changes in temperature by 10 degrees Celsius, humidity by 5%, and atmospheric
pressure by 5 hPa. We focused on air pollutants that had relative risks (RRs) and 95%
confidence intervals for IQR changes in pollution levels, with a significance level of less
than 0.05 in the single-pollutant model.

All calculations and graphs were produced using the R statistical package (version
3.4.1).

3. Results
Descriptive Analysis and Correlation Analysis

Table 1 presents the results of descriptive statistics for daily incidents of haemorrhagic
stroke cases in Gdansk for the years 2014-2018. During 1 January 2014 and 31 December
2018, there were a total of 5181 incident cases of HS. Out of the total number of HS cases,
the SAH cases and ICH accounted for 12% and 88%, respectively. Among total HS cases,
58% were males and 42% were females; 64% were people 65 years old and older, and 36%
were younger than 65 years. The average daily occurrence of strokes was 2.22 in the warm
season and 2.52 in the cold season, p < 0.01 (Supplementary Materials). Among total SAH
cases, 37% were males, 63% were females, 66% were elderly, and 34% were non-elderly.
From all ICH incident cases, 61% were males, 39% were females, 63% were elderly, and
37% were non-elderly.

Table 1. Descriptive statistics of daily number of haemorrhagic strokes.

Count (% of All) Mean (SD) Min Med Max IQR

All haemorrhagic strokes (160, 161) 5181 2.84 (2.43) 0 2 14 2.5
Women 2178 (42%) 1.19 (1.29) 0 1 7 2
Men 3003 (58%) 1.65 (1.68) 0 1 9 2
age > 65 years 1877 (36%) 1.03 (1.17) 0 1 6 1
age < 65 years 3304 (64%) 1.81 (1.85) 0 1 9 2
Subarachnoid haemorrhages (160) 639 (12%) 0.35 (0.64) 0 0 3 1
Women 403 (63%) 0.22 (0.53) 0 0 3 0
Men 236 (37%) 0.13 (0.39) 0 0 2 0
age > 65 years 217 (34%) 0.12 (0.38) 0 0 2 0
age < 65 years 422 (66%) 0.23 (0.54) 0 0 3 0
Intracerebral haemorrhages (161) 4542 (88%) 2.49 (2.31) 0 2 13 2
Women 1775 (39%) 0.97 (1.15) 0 1 5 1
Men 2767 (61%) 1.52 (1.62) 0 1 9 2
age > 65 years 1660 (37%) 0.91 (1.10) 0 1 6 1
age < 65 years 2882 (63%) 1.58 (1.75) 0 1 9 2

Table 2 contains information about the average concentrations and variability of
gaseous pollutants and particulate matter monitored, as well as three meteorological
variables: temperature, pressure and relative humidity. The 5-year average levels of
ambient concentration of SO, during 2014-2018 were 6.31 + 4.08 ug/m?3. Higher concen-
trations were noted for NO,, NO and NOy: 23.55 £11.96 ug/m?, 22.83 + 17.57 ug/m?,
36.47 4 29.65 ng/m?, respectively. CO concentrations were naturally highest from all
gaseous pollutants monitored and were equal to 496.09 & 203.26 ng/m?. Average concen-
trations of PM;9 and PM; 5 were 26.87 £ 16.68 ug/ m?3 and 20.07 + 14.27 ug/ m3, respectively.
Seasonality analysis shows high inter-season variations of concentrations of NO,, NO, NOx,
CO, PMjg and PM; 5 with statistically higher concentrations during cold seasons (Supple-
mentary Materials). The average temperature was 10.32 °C and ranged from —15.99 °C
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to 33.08 °C. The average daily relative humidity was 83.05% and ranged from 46.18% to
96.84%. The average atmospheric pressure was 1011.44 hPa and ranged from 978.2 up to
1039.5 hPa.

Table 2. Descriptive analysis of pollutant concentration levels and meteorological variables.

Chemical Cor;lpounds Missing Mean (SD) Min Max IOR
[nug/m°] Values
SO, 0 6.31 (4.08) 1.98 57.73 3.65
NO 0 22.83 (17.57) 4.46 170.94 14.12
NO, 0 23.55 (11.96) 5.09 96.49 14.62
NOx 0 36.47(29.65) 7.05 294.11 2252
Cco 0 égggz) 244.32 2280.12 164.04
PMjg 0 26.87 (16.68) 5.66 151.17 16.76
PM, 5 393 20.07 (14.27) 3.58 178.83 12.84
O3 2 55.53 (22.8) 2.36 130 31.7

The Spearman correlation analysis results between air pollutants in Gdansk are pre-
sented in Table 3. According to the results, SO, was significantly and positively correlated
with NO,, NO, NOy, PM; 5, PM;( and CO (p < 0.05) but significantly and negatively corre-
lated with O3 (p < 0.05). The daily average temperature was also negatively correlated with
NO; (p < 0.05). The correlation of NO,, NO and NOx was positive and stronger than that
of SO,. For example, the correlation of NO, with other pollutants evaluated ranged from
0.75 for PM;o/PMj 5 u to 0.79 for CO. CO correlation with gaseous pollutants as well as
particulate matter was positive and significant (p < 0.05).

Table 3. Pearson correlation coefficients for air pollutants (*—p-value < 0.05).

SO, NO NO, NOy co PMy PM, 5 0;

SO, 1

NO 0.47 * 1

NO» 0.56 * 0.88 * 1
NOyx 0.46 * 1% 0.86 * 1

co 0.61* 0.86 * 0.79 * 0.85 * 1
PMyo 0.62 * 0.73 * 0.75 * 0.73* 0.79 * 1
PM, 5 0.64 * 0.75 * 0.75 * 0.74* 0.85 * 0.92* 1

0; —0.21* —037* —026* —0.38* —045* —02* —033* 1

Figures 1 and 2 describe the effects of gaseous pollutants and particulate matter
exposure on the daily incidence of all HS and its subtypes in Gdansk from 1 January 2014
to 31 December 2018. The single-day lag model results showed that NO,, NO and NOx
exposure was associated with increased risk of incident ICH with RR of 1.059 (95% CI:
1.015-1.052 for lag0), 1.033 (95% CI: 1.007-1.060 for lag0) and 1.031 (95% CI: 1.005-1.056 for
lag0) respectively. Seemingly, exposure to CO was related to a substantial and statistically
significant increase in incidence for ICH stroke with RR: 1.031 (95% CI: 1.002-1.061 for
lag0); this relationship will be discussed in depth in the Discussion section. Although
not statistically significant, both SO, and PM;g were related with notable increases in
ICH incidence with RRs equal to 1.023 (95% CI: 0.986-1.060 for lag0) and 1.035 (95% CI:
0.998-1.073 for lag0), respectively. There were no statistically significant positive association
between increased risk of incident subarachnoid haemorrhagic stroke (SAH) and any of the
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ambient air pollutants. Time-delayed response to atmospheric air pollutants was observed
for ozone exposure. Interestingly, exposure to ozone within the same day was related to a
significant decrease in both ICH and SAH incidence, but within the next days, it caused a
sudden and statistically significant increase in both ICH and SAH. This causal relationship
was more profound for ICH (Figure 1) than for SAH (Figure 2).

1.2
g | it Lag
& ! . : } . * 0
4 1.0 —t ; : A1 ! il 1
5 1 ‘ 1 T+ i . 2
2 + i 1 [} 1T + 3
w® ‘ T+ !
o)
[+

0.8 -

SO, NO NO, NOy CO PM, PMys O,

Figure 1. Relative risk with 95% CI of ICH incidence for IQR changes in air pollutant levels
(SOp—sulphur dioxide, NO—mnitrogen oxide, NO,—nitrogen dioxide, NOy—nitrogen oxides, CO—
carbon monoxide, PMjp—particulate matter with diameter < 10 um, PM, s—particulate matter
with diameter < 2.5 um, O3—ozone) for 0 to 3 days “exposure—disease onset” time delay in single-
pollutant model in Gdansk from 1 January 2014 till 31 December 2018 (lag—exposure-outcome delay,
e.g., lagl—observed effect is 1 day after exposure).
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Figure 2. Relative risk with 95% CI of SAH incidence for IQR changes in air pollutant levels
(SO;—Sulphur dioxide, NO—nitrogen oxide, NO,—nitrogen dioxide, NOx—mnitrogen oxides, CO—
carbon monoxide, PMjg—particulate matter with diameter < 10 um, PM, s—particulate matter
with diameter < 2.5 um, O3—ozone) for 0 to 3 days “exposure—disease onset” time delay in single-
pollutant model in Gdansk from 1 January 2014 till 31 December 2018 (lag—exposure-outcome delay,
e.g., Lagl—observed effect is 1 day after exposure).
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Figures 3 and 4 summarise the results of the subgroup analysis. For ICH, changes in
NO,, NO, NOy and CO concentrations were associated with the risk of incident stroke in
females, elderly cases and younger age groups. However, the effect for these subgroups was
not statistically significant. This relationship could not be observed for SAH. The effects of
NO;, NO and NOy exposure on incidents of ICH in females were noticeable and resulted in
an increase in RRs: 1.030 (95% CI: 0.998-1.071), 1.049 (95% CI: 0.999-1.115) and 1.026 (95% CI:
0.998-1.070), respectively. Also, the effect of CO for females is worth mentioning, as RR was
1.041 (95% CI: 1.000-1.080). Comparison of vulnerability of elderly and non-elderly groups
suggests higher, but not statistically significant, vulnerability of the elderly group towards
NO,, NO, NOy with RRs equal to 1.019 (95% CI: 0.976-1.055), 1.025 (95% CI: 0.965-1.081)
and 1.017 (95% CI: 0.978-1.052), respectively for ICH. No statistically significant associations
and strong associations were observed in the subgroups of males and non-elderly cases.
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Figure 3. Relative risk with 95% CI of ICH incidence for IQR changes in air pollutant levels SO,—Sulphur
dioxide, NO—nitrogen oxide, NO,—nitrogen dioxide, NOy—nitrogen oxides, CO—carbon monoxide,
PM;p—particulate matter with diameter < 10 um, PM; s—particulate matter with diameter < 2.5 um,
Os—ozone) in the single-pollutant model in Gdansk from 1 January 2014 till 31 December 2018 for
(a) females, (b) males, (c) population at age 65 and older, (d) population younger than 65 years.
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Figure 4. Relative risk with 95% CI of SAH incidence for IQR changes in air pollutant levels
SO,—Sulphur dioxide, NO—nitrogen oxide, NO,—nitrogen dioxide, NOx—nitrogen oxides, CO—
carbon monoxide, PM;p—particulate matter with diameter < 10 um, PM, s—particulate matter with
diameter < 2.5 pm, Oz—ozone) in the single-pollutant model in Gdansk from 1 January 2014 till 31
December 2018 for (a) females, (b) males, (c) population at age 65 and older, (d) population younger
than 65 years.

4. Discussion

Compared with ischemic stroke, only a few studies have examined associations be-
tween air pollutants and haemorrhagic stroke. Studies undertaken by American, Irish and
Chinese scientific groups found no significant associations [37-40]. However, there exists
evidence of a positive correlation between HS and atmospheric air pollution [8,41,42].

NO,, together with other nitrogen oxides, is one of the main ambient air pollutants.
Our study was conducted in an area where air pollution is at a low level. Nonetheless, we
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have managed to find that low-level ambient air NO, exposure had short-term effects on
the incidence of haemorrhagic stroke. These findings are in agreement with a meta-analysis
of 6.2 million events across 28 countries [5]. According to the meta-analysis, only NO, was
positively associated with haemorrhagic stroke. The study did not provide any proof of the
negative effect of the other air pollutants on HS. The same results were obtained by Liu
et al., who managed to find a significant association of HS incidence only in relation to NO,
on the current day [43]. Our findings are also in line with a multi-city study, which showed
that NO, was positively associated with a higher risk of stroke mortality in China, where
haemorrhagic stroke accounted for approximately 30% of the total strokes [44]. On the
other hand, numerous studies have not found a significant effect of NO, or other nitrogen
oxides. In a South London study based on 1758 incident strokes (256 were haemorrhagic),
authors found no evidence of an association between either ischemic or haemorrhagic
stroke and same-day exposure to PMjg, O3, NO, or NO [4]. Similar study results were
assessed in the Copenhagen study, Denmark. Based on 7485 stroke admissions, among
which 687 were haemorrhagic, authors did not observe a significant effect of UFPs, NOy
and CO on HS daily admissions [45].

Our findings of no or weak association between particulate pollutants (PM, 5 and PMy)
and total HS or stroke subtypes were consistent with a nationwide prospective cohort of
postmenopausal women: Women’s Health Initiative [42]. These results are also acknowl-
edged by a meta-analysis reporting that evidence of the association of PM, 5 and PM;y with
hospital admission for total cerebrovascular diseases or ischemic or haemorrhagic stroke
was heterogeneous and not statistically significant overall [46]. The Singapore study also
showed a lack of a statistically significant relationship between particulate matter expo-
sure and HS incidence [22]. Very recent results of a case-crossover assessment in Boston
show no evidence of elevated ICH risk after increases in PM, 5 or black carbon [41]. On
the other hand, Japanese results of time-series analysis suggest that each 10 pg/m3 increase
in the previous-day concentration of PM; 5 was positively associated with ischemic stroke
and intracerebral haemorrhage mortality with a stronger association with subarachnoid
haemorrhage mortality [12]. Results from Shanghai show that the incidence of fatal ICH
was significantly associated with PM; 5 concentration [9]. What is more, the Chinese team
observed substantial differences in ORs among subjects with diabetes compared with those
without disease. Chiu et al. found that for the single-pollutant model (without adjustment
for other pollutants), increased HS admissions were significantly associated with PM; 5 levels
with an interquartile range rise associated with a 12% and 4% elevation in admissions for
HS for warm and cool season respectively [47]. A Portuguese case-crossover study based on
308 patients with spontaneous intracerebral haemorrhage showed a causative relationship
with increased PMj; 5 concentration [8]. What is more, a previously mentioned study of the
South London research team found a negative association with PM;( suggestive of a 14.6%
(95% CI: 0.7-26.5%) fall in risk per 10 pg/ m? increase in pollutant [4]. PM effect on HS was
investigated by Han et al. [48]. According to results published by the Korean team, PM;g
showed positive correlations with intracerebral haemorrhage. Our results, though missing
statistical significance, were in line with the results of the Korean study.

Overall, we found significant associations between short-term exposure to ambient
carbon monoxide and HS, and these associations were strongest within the same day.
Further analysis showed that significance is limited to ICH; as for SAH, this relationship
was statistically insignificant. Our results are similar to a previous estimate in the Singapore
case-crossover study, where higher levels of CO were significantly associated with an
increased risk of HS [22]. However, according to the Singaporean study, the increased
risk of HS due to CO exposure persisted for at least 5 days after exposure, whereas in
our study, the risk was limited to the same day of exposure. A Danish study reported
non-significant associations with HS. In the case-crossover study, ambient carbon monoxide
was associated with an increased risk of ischemic stroke, but the effect estimates for HS
were statistically insignificant [45]. In a recent meta-analysis of more than 23 million
participants, the authors found no significant differences in the association between CO
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exposure and stroke incidence [49]. According to our study, the more susceptible to CO
subgroup would be women and the elderly. These results are in line with time-series
analysis in 272 cities in China, where authors observed increased mortality in the female
group due to cardiovascular diseases (including strokes) for a 1 mg/m? increase in average
carbon monoxide concentrations on the present day and previous day (lag 0-1) [50]. It
needs to be emphasised that CO and NO, have the same source of exposure, namely motor
vehicle exhausts, commercial and industrial operations, as well as power stations [51,52].
Thus, the authors reckon that the assessed relationship between HS and CO exposure might
be the effect of either actual exposure or the correlation between NO and CO.

Owing to the results of our assessment, the effect of ozone exposure was strongest,
positive and statistically significant within a 2- and 3-day lag for total HS. Splitting the effect
into two HS subtypes shows that the effect is significant only for ICH, whereas for SAH, this
relationship is still positive but not significant. These results are in line with time-stratified
bidirectional case-crossover analyses performed for the Boston population [41]. In models
stratified by ICH location, associations with ozone remained positive for patients with lobar
but not deep ICH. Larger estimates were observed among participants with a probable
diagnosis of cerebral amyloid angiopathy. Another research team assessed an increase in the
risk of total stroke hospitalisation by 1.9% per interquartile range increase in concentration,
but on the current day (lag0) of exposure [53]. Our statement of the significant effect
of ozone towards HS incidence stays in accordance with Reykjavik hospital admissions
analysis, where daily emergency hospital visits increased by 3.9% per interquartile (IQR)
change in average O3 the same and two previous days [54]. Contrary to our findings were
the results of the Seoul study, where ozone correlated significantly only with subarachnoid
haemorrhage. On the other hand, a number of studies did not manage to find any significant
relationship between HS and ozone exposure, or the results were ambiguous [49,55-57].

Based on our findings, it can be observed that atmospheric pollutants such as NO,
NO,, NOy, CO, particulate matter and ozone have an effect on ICH incidence but not
on SAH. It needs to be emphasised that there exists a scarce number of studies that
evaluated the effect of atmospheric air pollutants on haemorrhagic stroke incidence or
mortality [8,37-40,42,58]. Even fewer studies differentiate between intracerebral and sub-
arachnoid haemorrhage [4,21,31]. Some studies report no statistical significance between
air pollution and haemorrhagic stroke in general [37,39,40]. This finding might suggest that
air pollutants exclusively increase intracerebral haemorrhage risk but not subarachnoid
haemorrhage. In our opinion, this can be explained by different etiopathogenesis that leads
to either to ICH or SAH. The mechanism leading to ICH involves the autonomic respiratory
reflex arcs, in which the pollutants trigger an autonomic reflex via pulmonary receptors,
baroreceptors, and chemical receptors. This occurrence leads to increased vascular resis-
tance, arrhythmias, and hypertension [59,60]. Non-traumatic subarachnoid haemorrhage is
most commonly due to the rupture of a cerebral aneurysm. When an aneurysm ruptures,
blood can flow into the subarachnoid space. Other causes of subarachnoid haemorrhage
include arteriovenous malformations (AVM), use of blood thinners, head trauma, or id-
iopathic causes. Many factors have been associated with aneurysmal development and
rupture. Such factors include familial / genetic predisposition, cellular aberrations in vas-
cular wall repair or remodelling, and aberrations in local blood flow [61]. Based on the
above-mentioned mechanisms, it seems that environmental factors such as atmospheric
air pollution may influence ICH incidence more than SAH. At the same time, changes in
meteorological conditions, such as temperature and pressure, may affect both ICH and
SAH [62-64].

Our study has some important limitations related to exposure assessment. Since
precise addresses of hospitalised patients were not accessible, we used averaged estimates
of ambient air pollution from six stations situated at different locations in the Gdansk
municipality area. According to Hertwig et al., air quality in cities can be affected by
point emissions, chemical and photochemical transformations and the physical state of
the atmosphere, which varies spatially [65]. For this reason, we may not fully capture
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microscale spatial gradients typical of urban environments. Moreover, incidence data came
from the National Health Fund. Data derived from large national databases may contain
some disease misclassifications and gaps that we do not know about. Differences between
the day of stroke symptom onset and the day of hospitalisation may have introduced some
degrees of exposure misclassification, which may tend to bias the risk estimates toward
the null. However, the majority of patients with haemorrhagic events, due to severe stroke
symptoms and regarding stroke care standards, are immediately admitted to stroke units
and undergo detailed neuroimaging. Nevertheless, ICD-10 diagnosis was based on registry
data and, as such, does not allow for taking into account detailed clinical data, especially
comorbidities, which could be regarded as another limitation of our study. Information
about comorbidities, as well as taken medications, smoking status and physical activity,
would have a great impact on such assessment and would allow a better understanding of
the role atmospheric pollution plays in haemorrhagic stroke incidence and mortality. Lastly,
our study design has both cross-sectional and ecological characteristics, and for this reason,
the inference of the causal relationship between exposure and HS onset might be affected
by ecological fallacy. The study limitations have been a matter of broader discussion in our
previous publication devoted to ischemic stroke [66].

5. Conclusions

To the best of our knowledge, our study is one of the scarce studies that differentiate
haemorrhagic strokes into intracerebral (ICH) and subarachnoid (SAH) and is conducted in
areas with low-level air pollutants exposure. In contrast to ischemic strokes and myocardial
infarctions, haemorrhagic strokes have rarely been a matter of more advanced time-series
cross-sectional analyses with respect to exposure to atmospheric pollutants. Especially
when it comes to low-level exposures. The results of our study provided evidence that short-
time ambient air NO,, NO, NOx and CO exposure can adversely influence the incident
ICH, even at low pollution levels.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /biomedicines12071562/s1, Table S1. Comparison of mean values
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heating periods. Figure S2. Comparison of NO, concertation level distribution between summer and
heating periods. Figure S3. Comparison of NOy concertation level distribution between summer and
heating periods. Figure S4. Comparison of PM; concertation level distribution between summer and
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