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Abstract
Alzheimer’s disease (AD) and Parkinson’s disease (PD) are important neurodegenerative disorders, especially in an aging 
population context that prevails in high-developed countries and Europe in particular. It is known that exposure to particu-
late matter (PM) leads to the production and deposition of aggregate clusters of proteins, which are linked to neurological 
disorders and impediments. Nonetheless, only a few works study the short-term exposure to PM and its association with 
hospital admissions or mortality due to AD or PD. This study assesses the association between exposure to PM and emer-
gency hospital admissions for AD and PD in an aging metropole, serving as a case study for most European big cities. Daily 
emergency hospital admissions due to AD and PD data were obtained for the 2012 to 2015 period and multivariate Poisson 
regression models were used to evaluate the association between PM and admissions while controlling for the day of the 
week, seasonality, and environmental factors. Furthermore, lagged observations were assessed. Results show that an increase 
in exposure to  PM2.5 resulted in a percentage increase in emergency hospital admissions due to AD and PD. Also, age was an 
effect modifier for PD admissions. Additionally, greater effects were felt at shorter lags for AD and delayed/longer lags for PD. 
This study found a relationship between short-term exposure to PM and AD and PD hospital admissions in an urban context, 
drawing attention to the importance of air pollution for urban health, especially in areas with an aged population structure.
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Background

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are 
important neurodegenerative disorders, particularly in a con-
text of an aging population, as is the case in high-developed 
countries, especially in Europe (Pringsheim et al. 2014).

The impacts of air pollutants concentration on mortal-
ity and hospital admissions have been consistently proved 
throughout the world, where the highlight is set on the 
importance of respiratory and cardiac diseases (Aturinde 
et al. 2021; He et al. 2021; Jin et al. 2022; Karbakhsh et al. 

2022; Peng et al. 2022; Rodríguez et al. 2022.; Tarín-Car-
rasco et al. 2021; Yee et al. 2021; Zhang et al. 2020). But, 
over the last two decades, exposure to air pollutants has 
been associated with exacerbated cognitive dysfunction 
and enhanced progression of neurodegenerative processes 
underlying AD and PD, being advocated as a risk enhancer 
for hospital admissions or mortality due to these diseases 
(Babadjouni et al. 2017; Block and Calderón-Garcidueñas 
2009; Calderón-Garcidueñas et al. 2002, 2004; Donaldson 
et al. 2005; Hu et al. 2019; Kasdagli et al. 2019; Kilian and 
Kitazawa 2018; Liu et al. 2016; Livingston et al. 2020; Mir 
et al. 2020; Moulton and Yang 2012; Peters et al. 2019; 
Schikowski and Altuğ 2020; Shou et al. 2019).

It is known that exposure to particulate matter (PM) leads 
to the production and deposition of aggregated clusters of 
proteins, which in turn are closely linked to neurological dis-
orders and impairments (Block and Calderón-Garcidueñas 
2009; Calderón-Garcidueñas et al. 2020). In fact, many stud-
ies regarding neurological disorders tend to focus on “fine 
particles” which are 2.5 μm in diameter and smaller  (PM2.5). 
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This happens because these particles not only damage human 
airways when entering in the organism but are also able to 
penetrate the bloodstream and cross the blood–brain barrier, 
thus reaching vital organs and entering in the central nerv-
ous system (CNS) (Power et al. 2016). When this occurs, 
 PM2.5 can induce oxidative stress and brain inflammation 
and damage DNA, leading to serious complications in the 
human brain (Boda et al. 2020; Calderón-Garcidueñas et al. 
2004, 2019; Hahad et al. 2020; Mallhi et al. 2021; Power 
et al. 2016). Ultimately, exposure to  PM2.5 may cause neuro-
logical diseases, including Alzheimer’s disease, Parkinson’s 
disease, and other forms of dementia (Bandyopadhyay 2016).

Thus,  PM2.5 is expected to be the most researched pollut-
ant and the one that usually demonstrates more connections 
with neurodegenerative disorders, particularly AD and PD 
(Culqui et al. 2017; Fu et al. 2019; Kioumourtzoglou et al. 
2016; Nunez et al. 2021; Wang et al. 2020; Younan et al. 
2020; Yu et al. 2021; Zanobetti et al. 2014). Although these 
studies identify an increased risk of AD and PD episodes 
due to  PM2.5 concentrations, more studies in different ter-
ritories and with different methodologies and approaches 
are needed. Going through short-term exposure studies, in 
which has been suggested that high levels of PM pollution 
affect short-term cognition Shehab and Pope (2019), and 
as Lee et al. (2017) and Zanobetti et al. (2014) pointed out, 
short-term concentrations can also affect the progression of 
neurological disease. So, further analysis is a clear need, 
especially for the European framework, where urban popula-
tions still suffer from high levels of PM (Sicard et al. 2021).

The relation between pollution and neurodegenerative 
disorders gains importance in an urban context, where PM 
assumes higher values due to the concentration of economic 
activities and mobility in a private car. This is even more sig-
nificant when a large part of the vehicle fleet runs on diesel 
engines, as it happens in Europe, due to the fact that gases 
from diesel exhaust represent an important component of air 
pollution (Ghio et al. 2012), enhancing air pollution because 
the private vehicle is used as an enabler for the individual’s 
daily activities and practices, as is Lisbon case (Franco and 
Marques da Costa 2021; Louro et al. 2021a). In fact, some 
studies have analyzed the proximity to major traffic lanes and 
related pollution, to which PM is linked (Woodward et al. 
2015), and found higher risks of AD and PD (Cacciottolo 
et al. 2020; Chen et al. 2017; H.-R. Yu et al. 2020; Yuchi et al. 
2020), reinforcing the relevance of combating pollution in 
the planning for healthier and more livable cities (Khorrami 
et al. 2020; Louro et al. 2019; Louro et al. 2021b; Vujcic et al. 
2019), even more in a post-pandemic situation (Attademo and 
Bernardini 2017; Gunn et al. 2017; Zhang and Gu 2013).

In Portugal, few recent epidemiologic studies regarding 
Alzheimer’s disease (AD) and Parkinson’s disease (PD) esti-
mate to exist between 80,144 and 112,201 cases of AD (San-
tana et al. 2015), and about 180 cases per 100,000 inhabitants 

(CI 95% 30–327 per 100,000) (Ferreira et al. 2017). The 
important influence of multiple air pollutants on admissions 
and/or mortality due to a wide range of diseases has recently 
been studied in the Portuguese territory (Brito et al. 2021; 
Camacho et al. 2020; Franco et al. 2020; Martins et al. 2021; 
Rodrigues et al. 2021). Although a few time series studies 
addressing the relationship between air pollutants and AD 
and PD, related to hospital admissions or mortality, have 
been carried out in other countries, in Portugal, there is none. 
This gap was identified; thus, the present work is the first 
ecological time series study to address the effects of air pol-
lutants on emergency hospital admissions on AD and PD 
in Portugal and the first to analyze both diseases in Europe.

Therefore, this study is of the uttermost importance for 
Portugal, its big cities and metropolitan areas, as nothing has 
yet been done regarding exposure to air pollutants and AD 
or PD. But it is also important for European metropolitan 
areas, as no study has studied simultaneously these matters 
or done such an in-depth analysis. So, given the increasing 
importance of air pollution on AD and PD, the realities of 
European cities and their environmental and demographic 
problems, and the knowledge gaps mentioned above, this 
study has the value of covering the urge to develop more 
epidemiological works to understand the health effects of 
 PM10 and  PM2.5 on these diseases, namely, the acute situa-
tions that lead to the necessity of an emergency room visit. 
Furthermore, on a global scale, this study brings a thorough 
contribution to the short-term health effects of exposure to 
air pollutants on AD and PD, as there is only one study 
analyzing AD (Culqui et al. 2017), two evolving around PD 
(Goria et al. 2021; Lee et al. 2017), and one examining both 
diseases (Zanobetti et al. 2014).

This study aims to examine short-term exposure to  PM10 
and  PM2.5 and its association with emergency hospital 
admissions due to AD and PD in the urban context, taking 
the city of Lisbon as a case study. Lisbon has the pinpoint 
conditions to make it a perfect case study for the European 
metropoles, as it has a dense urban fabric and very high 
traffic levels, combined with an aged population structure, 
considering that aged individuals are more likely to be 
diagnosed with any of these diseases. To develop this study, 
we followed a methodology based on multivariate Poisson 
regression models, a common methodology widely used and 
tested in studies of associations between exposure to air pol-
lutants and population health.

Methods

Study area

The study was carried out in the city of Lisbon, the capital 
and largest city in Portugal with 506,892 inhabitants, from 
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which 143,122 (26.6%) are over 65 years old (and where 
14.4% of the total resident population is 75 years old), being 
the elderly Portuguese city (Instituto Nacional de Estatística 
2022). The city is in the Lisbon Metropolitan Area (LMA), 
a metropolitan territory with the national highest level of 
emission of pollutants. The major contributor to air pollution 
is traffic (over 60% in LMA and a considerably higher share 
in Lisbon), followed, at a great distance, by other sectors: 
industry, energy production, and finally households’ combus-
tion (CCDR LVT and FCT/UNL 2017; Torres et al. 2017).

This area was chosen due to its socioeconomic impor-
tance, metropolis characteristics, and exposure risk, but 
also for data availability. There is a consistent and complete 
health dataset in time and geographical frames and one of 
the best available air pollution and meteorological data.

Air pollution and meteorological data

Concerning air pollutants, the study is focused on the con-
centration of  PM10 and  PM2.5 (μg/m3) for the period 2012 
to 2015. These data were obtained through the Portuguese 
Environmental Agency Online Database on Air Quality 
(QualAr), an online tool that provides information on air 

quality indexes and pollutant concentration statistics at each 
monitoring station, through continuous measurements based 
on 1-h averages with data registration every 15 min. These 
data refer to six air pollution measuring stations within an 
urban environment located in the city of Lisbon (Fig. 1).

The  PM10 and  PM2.5 values used in the models were 
obtained through the construction of a daily average for 
each pollutant. Although having a generally good level of 
completion, there were some missing data (less than 5%). 
To achieve 100% data completion, and due to the somewhat 
residual percentage of missing data, the expectation-maxi-
mization algorithm was used (on the average daily values). 
The complete dataset made it possible to overcome the hypo-
thetical biased estimates and the reduced power that would 
result from an analysis with the deletion of cases from miss-
ing exposures (Demissie et al. 2003).

In parallel to air pollution data, meteorological data such 
as temperature (°C), relative humidity (%), and wind speed 
(km/h) were obtained through the Iowa Environmental Mes-
onet (IEM), an online tool that collects environmental data 
from cooperating members with observation networks. Due 
to the importance of such variables in the assessment of 
health impacts (Areal et al. 2022; Su et al. 2021; Wei et al. 

Fig. 1  Lisbon city limits and air pollution measuring stations
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2019), these indicators were then used as control variables 
in the statistical analysis.

The selected station to retrieve data was “Lisboa-Portela,” 
and the information was transformed from hourly data to 
daily city averages for each of the meteorological variables 
used: temperature, wind speed, and relative humidity.

Emergency hospital admissions

Health data for the period 2012 to 2015 were obtained from 
the Central Administration of the Health System (ACSS) 
of the Portuguese Ministry of Health. Following the Inter-
national Statistical Classification of Diseases, 9th Revi-
sion (ICD-9), and International Statistical Classification of 
Diseases, 10th Revision (ICD-10), individual daily admit-
tance records for Alzheimer’s disease (ICD-9: 331.0; ICD-
10: G30.9) and Parkinson’s disease (ICD-9: 332; ICD-10: 
G20 and G21) were considered for Lisbon resident popu-
lation. From these records, only episodes associated with 
emergency department visits were retrieved, excluding the 
ones related to programmed admissions and other types of 
appointed visits. Furthermore, only the cases in which AD 
or PD was the main cause for emergency hospital admission 
were selected, excluding from the analysis the episodes that 
listed AD or PD as a secondary diagnosis. Hence, only the 
visits caused by AD or PD were used instead of all episodes 
that account for an individual that has these diseases but 
visits the emergency department due to other diagnostics.

Statistical analysis

Due to the characteristics of hospital admissions data (non-
negative discrete numbers), emergency hospital admissions 
related to Alzheimer’s disease and Parkinson’s disease can 
be characterized as count data. The Kolmogorov–Smirnov 
test showed that the data was not normally distributed; hence, 
an ecological time series analysis with a multivariate Pois-
son regression model — a generalized linear model (GLM) 
— was used to examine the association between exposure to 
 PM10 and  PM2.5 and emergency hospital admissions due to 
Alzheimer’s disease and Parkinson’s disease. Furthermore, as 
there is virtually no overdispersion, which was attested by the 
ratio of the residual deviance and degrees of freedom (1.02) 
and further confirmed by the Cameron and Trivedi test for 
overdispersion, this statistical analysis method is preferable.

As it is known, exposure to air pollutants in 1 day does not 
necessarily lead to a hospital admission that same day, this 
can happen days later and may even be a result of the accu-
mulated exposure in a given period. Therefore, we assessed 
the relationship on the same day of exposure to  PM10 and 
 PM2.5 and emergency hospital admissions (Lag 0), but also 
produced time-stratified analysis to contemplate other expo-
sure timings, following the need for further investigation 

between shorter and longer lags evidenced by Lee et al. 
(2017): single lags, where data from air pollutants is from 
before the admission day, thus generating a delay of 1 day 
to 1 week (Lag 1, Lag 2, Lag 3, Lag 4, Lag 5, Lag 6, Lag 
7; and cumulative lags or moving averages, where air pol-
lutants data are the result of an average of the days prior to 
the admission, going from the case day and day before to 
1-week exposure (Lag 0–1, Lag 0–2, Lag 0–3, Lag 0–4, Lag 
0–5, and Lag 0–6).

The multivariate Poisson regression models can be speci-
fied as:

where log[E(Yt| X)] is the expected emergency hospital 
admissions on day t; β1t − l(PM10) and β2t − l(PM2.5) are the 
regression coefficients for each air pollutant at a given t-l 
(single-lag or cumulative lag); ns are natural smooth spline 
functions; TM corresponds to temperature; WS to wind speed; 
and RH to relative humidity. Air pollutants were linearly mod-
eled as there was no sign of nonlinearity from the explora-
tory analysis or the model fitting. Also, Lee et al. (2017) 
thoroughly tested the linearity/nonlinearity and confirmed 
the linear relation. The degrees of freedom for meteorologi-
cal variables were set to 3 as it showed the lowest Akaike’s 
information criterion (AIC) and went along with most studies 
on the impacts of air pollution on health (3 to 5 degrees of 
freedom). To account for trends and seasonality in the data, 
categorical variables for seasonality (SEASON — winter, 
spring, summer, and fall) and days of the week on the date of 
admission (DOW — Monday, Tuesday, Wednesday, Thursday, 
Friday, Saturday, and Sunday) were included. With these and 
the already mentioned inclusion of splines for meteorological 
variables, the autocorrelation and short-term variations were 
reduced, accommodating for non-linear patterns.

Also, stratified analyses by sex (male and female) and age 
(early and late elderly, less than 75 years old and 75 years 
or older) were performed to identify if these conditions are a 
potential factor for a higher/lower risk of emergency hospi-
tal admission. The statistical significance for the differences 
between estimates of potential effect modifier was tested 
through the calculation of 95% confidence intervals (Payton 
et al. 2003):

where Q̂1 and Q̂2 are the estimates for each sex/age group 
ŜE

2

1
 and ŜE2

2
 and are the standard errors.

The null hypothesis was rejected if the interval did not con-
tain zero (Payton et al. 2003; Schenker and Gentleman 2001).

Like other studies (C. Chen et al. 2018; Nuntavarn 
et al. 2008; Wan Mahiyuddin et al. 2013), we examined 
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the sensitivity of key findings concerning the specifica-
tion of degrees of freedom in the meteorological vari-
ables (df = 3, 4, and 5), observing model stability. Also, 
the obtained results were examined with the develop-
ment of zero-inflated Poisson (ZIP) models, checking 
the model suitability.

Results are expressed in percentage change in emergency 
hospital admissions due to AD or PD with its 95% con-
fidence interval (CI) for a 10 μg/m3 increase in  PM2.5 and 
 PM10.

The analysis was developed with the following statistical 
software and their packages: IBM SPSS Statistics 27 and R 
(4.0.5) Statistical Computing Environment.

Results

Descriptive analysis

In the 1461 days that compose the studied period, from 
January 1, 2012, to December 31, 2015, 2117 emergency 
hospital admissions for AD (64.7% female and 35.3% 
male) and 3508 for PD (51.4% female and 48.6% male) 
were registered. Considering the European air quality 
guidelines suggested in Directive 2008/50/EC, only 89 
daily averages of  PM10 concentration occurrences (6.1% 
of total observations) exceeded the limit of 50 μg/m3. 
According to the limits defined by the same directive, and 
to great surprise due to Lisbon’s urban characteristics, 
there are no exceedances of  PM2.5 for the period under 
analysis. Even when the at the time WHO threshold is con-
sidered (daily  PM2.5 averages must not exceed the 25 μg/
m3 value), only 70 days exceeded the guidelines (4.8%). 
However, when considering the most recent WHO guide-
lines (where the annual average concentrations of  PM2.5 

should not exceed 5 μg/m3, and 24-h average exposures 
should not exceed 15 μg/m3 more than 3 to 4 days per 
year), the situation changes, as the annual averages from 
the 2012 to 2015 period fluctuate from 10.89 to 12.99 μg/
m3 and the days in which the 24-h average exceeds the 15 
μg/m3 limit vary from 73 to 114 per year. In general, emer-
gency hospital admissions tend to follow the pollutants 
behavior. Figure 2 illustrates the seasonality of air pollut-
ants and emergency hospital admissions, as was already 
expected, there are higher levels of PM emissions in the 
cold months (winter in the northern hemisphere).

Furthermore, we found that air pollutants and environ-
mental variables were not correlated, or at most poorly 
correlated (r. 0–0.32). Table 1 shows the descriptive sta-
tistics for emergency hospital admissions due to AD and 
PD and the environmental control variables for the period 
2012–2015.

Short‑term exposure association between PM 
and AD and PD emergency hospital admissions

The Poisson regression models incorporated  PM10 and 
 PM2.5; however, only the latter consistently presented an 
increase in the risk of emergency hospital admission, even 
though there are no legal exceedances in this air pollutant 
for the studied period.

We found a great number of statistically significant 
associations between air pollutants and emergency hos-
pital admissions. Figure 3 shows the p-values for all AD 
and PD models. The diseases have different behaviors 
regarding the time-stratified analysis. While AD shows 
less statistically significant associations with admis-
sions, being less sensitive to single lag effects, only 
Lag 1 shows statistical significance, and in cumulative 
lags, the significance decreases as the period grows; 

Fig. 2  Average daily emissions 
by month for the 2012–2015 
period and total PD and AD 
emergency hospital admissions 
by month for the same period
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PD not only does it show more models with statistically 
significant associations, but it has a different behavior 
regarding time-stratified analysis, with the models with 
greater statistical significance appearing from further 
single lags (Lag 5) and longer cumulative lags (Lag 0–5 
and Lag 0–6).

The biggest percentage increases in emergency hospi-
tal admissions for a 10 μg/m3 increase in  PM2.5 are felt on 
cumulative lags. Table 2 shows the percent increase in emer-
gency hospital admissions for a 10 μg/m3 increase in  PM2.5 
across all time-stratified structures. The difference between 
AD and PD is in the period in which these values occur, 

Table 1  Descriptive statistics 
for independent and dependent 
variables

Total Min Median Mean (SD) Max

Alzheimer’s disease
 Female 1369 0 1 1 (0.96) 6
 Male 748 0 0 0.5 (0.72) 4
 <75 199 0 0 0.14 (0.37) 2
 ≥75 1918 0 1 1.31 (1.19) 8
 Total 2117 0 1 1.5 (1.25) 9
Parkinson’s disease
 Female 1804 0 1 1.2 (1.15) 6
 Male 1704 0 1 1.2 (1.11) 6
 <75 511 0 0 0.35 (0.60) 4
 ≥75 2997 0 2 2.05 (1.50) 8
 Total 3508 0 2 2.4 (1.64) 9
Average daily  PM10 (μg/m3) - 4.7 23.5 26.5 (11.5) 105.7
Average daily  PM2.5 (μg/m3) - 1.4 9.8 12.0 (6.7) 49.2
Average daily temperature (°C) - 3.9 16.2 16.4 (4.9) 30.8
Average daily wind speed (m/s) - 1.1 3.9 4.1 (1.5) 11.1
Average daily relative humidity (%) - 21.8 74.4 72.9 (14.1) 100.0

0,8

0,6

0,4

0,2

Parkinson's diseaseAlzheimer's disease

0.05 0.05

0.01 0.01

0.001 0.001

Lag 0-6

Lag 0-5
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Fig. 3  All AD and PD models statistical significance (p-value)
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while in AD, it is in shorter cumulative lags (decreasing 
from Lag 0–1), in PD, it is in longer periods (increasing 
from Lag 0–1).

We found that at a Lag 0 observation, AD shows one of 
the highest percent increases for admissions with a 3.75% 
(CI 95% 1.91–5.63) for a 10 μg/m3 increase in  PM2.5, only 
being surpassed by Lag 0–1 stratification 4.09% (CI 95% 
2.00–6.21). As for PD, the Lag 0 model has one of the low-
est percentage increases for admissions 1.77% (CI 95% 
0.35–3.21), while the largest percent increase is shown by 
Lag 0–6 with 4.38% (CI 95% 2.34–6.45) for a 10 μg/m3 
increase in  PM2.5.

This suggests that for short-term exposure to  PM2.5 and 
its impacts on emergency hospital admissions, AD and PD 
are differently affected. AD is less impacted by longer lagged 
observations, being its effects most felt right after exposure 
at Lag 0 and Lag 1 (being Lag 5 the exception, neverthe-
less showing a much reduced percentage increase than the 

shorter lags), and at shorter cumulative lags. As for PD, it 
seems to have a delayed impact, with stronger increases in 
Lag 2 to Lag 5, while also being more susceptible to longer 
cumulative lags.

Stratified analysis for demographic characteristics

Figure 4 shows the percentage increase in AD and PD for 
the demographic characteristics in Lag 5, Lag 0–3, and Lag 
0–4. Although men consistently show stronger effects on 
emergency hospital admissions for the increment in  PM2.5, 
there was no statistically significant difference. As for age, 
it was found that it presented significant evidence of being 
a modifier. This happened for individuals over 75 years of 
age and just for PD, with an increase in emergency hospital 
admissions for a 10 μg/m3 increase in  PM2.5 of 2.49% (95% 
CI 0.71–4.30) (p-value = 0.006) in Lag 5, 3.69% (1.22–6.20) 
(p-value = 0.003) in Lag 0–3, and 3.23% (95% CI 0.67–5.84) 
(p-value = 0.013) in Lag 0–4. Figure 4 only reports the lags 
that have a p<0.005 to enhance its visualization.

Sensitivity and validity of the results

We found that the models are quite robust. Neither the 
choice of degrees of freedom nor the choice of a statistical 
method produced any major impact on the outcomes, as the 
results are practically identical in the ZIP models (results not 
shown). The difference in the percentage increase in hospi-
tal admissions is between 0.0 and 0.2%, depending on the 
model. This not only reflects the robustness of the analysis 
but also the very small to null dispersion in the data.

Discussion

In this ecological time series study, we assessed and con-
firmed the existence of a statistically significant association 
between short-term exposure to air pollutants and emer-
gency hospital admissions for AD and PD. Even though 
not establishing these associations as an etiological root of 
either of the diseases, we assessed that an increment in emis-
sions is associated with the increase in emergency hospital 
admissions, being not a cause but a trigger for an episode 
requiring a visit to the emergency room. The examined pol-
lutants were  PM10 and  PM2.5, in the case of the former one, 
it was found no effect on admissions, notwithstanding having 
slightly more exceedances throughout the analyzed period. 
As for  PM2.5, it was found an effect on emergency hospital 
admissions, in a context of not existing (legal) or very low 
daily exceedances (WHO threshold) — although having a 
greater number of exceeding values per day and in annual 
averages within the scope of the updated WHO guidelines 
— stressing the need to understand air pollutants effects on 

Table 2  Percentage increase in emergency hospital admissions for a 
10 μg/m3 increase in  PM2.5 across all time-stratified structures

Time-stratifica-
tion

% Low High p-value

Alzheimer’s 
disease

Lag 0 3.75 1.91 5.63 <0.001
Lag 1 2.46 0.71 4.24 0.01
Lag 2 0.95 −0.75 2.67 0.27
Lag 3 0.51 −1.16 2.20 0.55
Lag 4 −0.55 −2.21 1.13 0.52
Lag 5 1.67 −0.01 3.38 0.06
Lag 6 0.27 −1.39 1.96 0.75
Lag 7 0.17 −1.49 1.85 0.84
Lag 0–1 4.09 2.00 6.21 <0.001
Lag 0–2 3.65 1.42 5.92 <0.001
Lag 0–3 3.24 0.91 5.62 0.01
Lag 0–4 2.62 0.19 5.09 0.03
Lag 0–5 2.97 0.45 5.54 0.02
Lag 0–6 2.79 0.19 5.43 0.03

Parkinson’s 
disease

Lag 0 1.77 0.35 3.21 0.01
Lag 1 1.05 −0.30 2.41 0.13
Lag 2 2.50 1.16 3.85 0.00
Lag 3 2.01 0.68 3.35 0.01
Lag 4 2.22 0.91 3.54 <0.001
Lag 5 2.51 1.21 3.84 0.00
Lag 6 1.57 0.28 2.88 0.02
Lag 7 1.37 0.07 2.68 0.04
Lag 0–1 1.90 0.30 3.52 0.02
Lag 0–2 2.89 1.16 4.65 <0.001
Lag 0–3 3.24 1.41 5.09 <0.001
Lag 0–4 3.74 1.83 5.68 <0.001
Lag 0–5 4.26 2.28 6.27 <0.001
Lag 0–6 4.38 2.34 6.45 <0.001
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health even when emission levels are below the limit. This is 
especially interesting as there is a scarcity of studies involv-
ing short-term exposure to  PM2.5 and its effects on hospital 
admissions (or mortality) due to both diseases. From our 
results, it seems that PD is more sensitive to longer cumula-
tive lags, whereas AD shows more immediate impacts from 
increased exposure. Also, we did not find any statistically 
significant effect modifier from demographic characteristics 
for AD; however, for PD, age is a modifier.

Most of the previous studies have undertaken a meth-
odology based on long-term exposure to pollutants emis-
sions; therefore, if a comparison between the present work 
and such analyses should be done, the conclusions must be 
viewed with some caution. These studies compiled evidence 
on continued exposure to air pollutants and the relation with 
these mental disorders and, in general, a connection was 
found. In a study for the city of Ontario, it was found a 
4% increase in incident PD (95% CI 1.01–1.08) for an IQR 
increment in  PM2.5 emissions (Shin et al. 2018). In other 
work, this time for New York, it was observed an association 
of  PM2.5 with PD first hospitalization with an RR of 1.09 
(95% CI 1.04–1.14) for an increase in emissions from 8.1 
to 10.4 μg/m3, while also gathering evidence of an effective 
association with AD [34]. In a thorough and comprehen-
sive review, it was found an increased risk of AD 3.26 (95% 
0.84–12.74) and PD 1.34 (95% CI 1.04–1.73) for augmenta-
tions in  PM2.5 exposure (Nunez et al. 2021). Moreover, these 
results are in line with the findings of the present study in 
terms of association and, in a more scattered manner (as 
they are already among them), in the matter of quantifiable 
percentage/risk associated.

Worldwide, only 5 studies, including this one, address 
the association between short-term exposure to particulate 

matter and admissions for AD or PD, being from Culqui 
et al. (2017) (AD), Goria et al. (2021) (PD), Lee et al. (2017) 
(PD), and Zanobetti et al. (2014) (AD and PD).

The first study to emerge was from (Zanobetti et al. 2014), 
this was a national case-crossover analysis in the USA that 
included 121 different-sized communities. They found a 
3.23% (95% CI: 1.08, 5.43) increase in emergency hospi-
tal admissions for PD and 0.20% (95% CI −1.26–1.69) for 
AD in a 10 μg/m3 increase in 2-day average concentrations, 
although the values for AD were not statistically significant. 
Nevertheless, these values are distinct from the 1.90% and 
4.09%, respectively, found in this study. These differences 
may be related to topographic, demographic, and climate 
characteristics, but they may also derive from the analysis 
itself, Zanobetti et al. (2014) observed 121 communities, 
very different from each other and, consequently, with large 
variations between them, which combined with cases of 
missing data results in greater p-values and accordingly 
estimates. Also, they found that PD had only an association 
with smaller lags, while we found associations for greater 
lags and observed stronger effects on them. Additionally, 
in contrast to the present study, they found significant evi-
dence of effect modification for age in AD, with a 3.48% 
(95% CI: 0.83, 6.19) increase in subjects aged between 65 
and 75 years, while we found it for PD and individuals aged 
75 years or over. Regarding time-stratifications, shorter lags 
produce stronger effects, being in line with our findings for 
AD but not for PD.

The previous study was followed by Lee et al. (2017) 
with the city of Seoul as the background and PD as the 
objective. Despite focusing only on one city, like our study, 
the dissimilarities are quite large. Seoul is a bigger and 
denser city, being demographically different from Lisbon 

Fig. 4  Percentage increase in 
emergency hospital admissions 
for a 10 μg/m3 increase in  PM2.5 
per demographic characteristic 
and disease, at Lag 0, Lag 5, 
Lag 0–3, and Lag 0–4

Parkinson's diseaseAlzheimer's disease

Lag 0-4Lag 0-3Lag 5Lag 0

20%
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0%
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(younger population), topographically different (Seoul is a 
basin surrounded by mountains while Lisbon is a coastal 
hilly city), but also presenting much higher pollution values 
(more than twice Lisbon’s  PM2.5 annual averages). As for 
the results, they found more statistically significant asso-
ciations between air pollution and PD than Zanobetti et al. 
(2014) and much stronger effects; for instance, at the same 
lag mentioned above, they found an increase of 6.18%, even 
though without statistical significance. Their analysis, in 
general, had results far higher than those found so far in 
any other study, with its maximum odds ratio of 1.61 (95% 
CI 1.14–2.29) for the largest cumulative lag (8 days), even 
when the accessory diagnosis is accounted, the odds ratio 
remains above the values of 1.1. Also, they show possible 
higher impacts on women than on men, which goes against 
the findings from Zanobetti et al. (2014) and our results; 
however, none of these analyses are statistically significant. 
Furthermore, as it happens in our study, Lee et al. (2017) 
findings tend to show the strongest effects for the longer-
lagged pollutants concentrations, differing from Zanobetti 
et al. (2014) and reiterating the further need to evaluate the 
associations between short-term exposure and PD at other 
territorial realities.

Also in 2017, Culqui et al. (2017) studied AD and short-
term exposure in Madrid, a city different from Lisbon or 
Seoul, as it is a continental city, but closer to Lisbon regard-
ing density, population age structure, and pollution levels. In 
their analysis, Culqui et al. (2017) focused on the effect of 
heat waves and  PM2.5 on PD hospitalizations, having a lat-
eral focus on PM. They found an association between  PM2.5 
and PD, at a 2-day lag for a relative risk of 1.38 (95% CI 
1.15–1.65) for an increment in inter-quartile range (IQR) 20 
μg/m3 on  PM2.5 concentration. If we attend to their increase 
in  PM2.5 and calculate a hypothetical relative risk as theirs, 
our results are somewhat similar, especially at Lag 0. This is 
in accordance with Zanobetti et al. (2014), stronger results 
are obtained in more immediate lags; nonetheless, we empha-
size the need to further develop this analysis in future studies 
as many results, in all studies, lacked statistical significance.

The most recent work, from Goria et al. (2021), addresses 
short-term exposure to air pollutants and the risk of hospital 
admission due to PD in 18 French areas. As was the case of 
Zanobetti et al. (2014), they have studied many territories 
(albeit considerably less) and such dissimilarities among 
them increment the variations. Also, they could not distin-
guish between planned and unplanned visits, nor give con-
sistent results of sample stratification, like sex or age. The 
differences from our case study, Lisbon, are quite large. They 
found the lowest relative risk 1.010 (95% CI 1.003–1.017) 
of PD hospital admissions per 10 μg/m3 increase in  PM2.5 
across all known studies. Furthermore, the study design 
is focused on seasonality, finding a larger effect on PD in 
spring and summer, just as Lee et al. (2017) found.

Our study found a clear distinction of  PM2.5 impacts on 
emergency hospital admissions among AD and PD. This is 
a very significant finding as the effects of lagged analysis, as 
already stressed, needed more assessments, and our results 
proved to be very consistent. We observed that AD shows 
greater percent increases at shorter lags and PD shows greater 
increases at more lengthy lags, which is in line with the find-
ings of Lee et al. (2017) for PD and Zanobetti et al. (2014) for 
AD, albeit our findings are noticeably sturdier. These differ-
entiated effects could be related to the processes that generate 
the oxidative stress and the promotion of the formation of 
protein aggregates, and the specific brain region that is associ-
ated with each disease, such as the hippocampus and cerebral 
cortex for AD and substantia nigra for PD (Chin-Chan et al. 
2015). The time comprised between exposure to air pollutants 
and the point at which the individuals seek the hospital emer-
gency room may differ. In fact, in PD, such situation seems to 
mainly come from accumulated exposure. However, further 
studies, not only epidemiological, are needed to assess the 
reality behind these differentiated effects on both diseases.

Based on our findings and the ones from previous stud-
ies, it is plausible to support the existence of a relationship 
between emergency hospital admissions due to AD and PD 
and an increase in air pollutant concentrations. However, it 
still seems to be very precarious to postulate what this rela-
tion is and how it works, not only because findings show a 
tendency to be more similar on the regional spectrum than 
on the global one (for instance the similarities among Iberian 
cities) but much also because there are still very few studies.

As for limitations, the biggest drawback of this study 
and others similar in Portugal is data availability. It is not 
common to have health data this precise and scrutinized in 
Portugal; however, some aspects inherent to a study such 
as this are still difficult to overcome, mainly the inexist-
ence of any kind of socioeconomic information regarding 
the individuals’ admissions, making it impossible to study 
these conditions as effect modifiers or even using them as 
control variables. In addition, this is an ecological study, 
it has the advantage of high numbers across the whole 
population, but it also has the disadvantage of possible 
misdiagnosis, that is, cases that were AD or PD events yet 
not diagnosed as such (for several reasons). Environmental 
data are only consistently available from a certain point in 
time, making it impossible to evaluate the situation further 
back in time and make use of the complete database of 
air pollutants emissions and hospital admissions. Another 
pertinent aspect to mention is the reality of air pollution 
measuring stations, they exist, but they are well distrib-
uted and have reliable data in Lisbon city (not even in its 
suburbs), making it impossible for the study to expand to 
other cities or communities due to lack of data, either due 
to the lack of measuring stations or data inconsistency 
(especially in  PM10 and  PM2.5).
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Conclusions

We found that, unlike  PM10, there is an association 
between short-term  PM2.5 exposure and a percentage 
increase in emergency hospital admission due to AD and 
PD. Although not having found any statistically significant 
effect modifier for sex, age emerged as a consistent modi-
fier for PD, being the risk greater for men and, in terms of 
disease, for AD. Also, we reiterate (Lee et al. 2017) find-
ings in lagged observations for PD, as it showed to be less 
sensitive to immediate lags and more to longer cumulative 
lags. For AD, the contrary was found. These associations 
were assessed in a context of no legal exceedances in daily 
 PM2.5 emissions, drawing attention to the need to rethink 
the cities relationship with air pollution and its sources, 
but mainly with traffic, as it is the main source of air pol-
lution for cities throughout the world.

From a public health standpoint, these findings are 
particularly important for aging cities with high levels 
of traffic and air pollution, as the European cities are, 
calling for attention to AD and PD and short-term  PM2.5 
exposure while focusing on high-risk subgroups. This 
is further reiterated in a post-pandemic context, where 
combating pollution needs to be a pressing matter in the 
planning for healthier and more livable cities.
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