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Abstract.
Background: A growing but contrasting evidence relates air pollution to cognitive decline. The role of cerebrovascular
diseases in amplifying this risk is unclear.
Objectives: 1) Investigate the association between long-term exposure to air pollution and cognitive decline; 2) Test whether
cerebrovascular diseases amplify this association.
Methods: We examined 2,253 participants of the Swedish National study on Aging and Care in Kungsholmen (SNAC-
K). One major air pollutant (particulate matter ≤2.5 �m, PM2.5) was assessed yearly from 1990, using dispersion models
for outdoor levels at residential addresses. The speed of cognitive decline (Mini-Mental State Examination, MMSE) was
estimated as the rate of MMSE decline (linear mixed models) and further dichotomized into the upper (25% fastest cognitive
decline), versus the three lower quartiles. The cognitive scores were used to calculate the odds of fast cognitive decline per
levels of PM2.5 using regression models and considering linear and restricted cubic splines of 10 years exposure before the
baseline. The potential modifier effect of cerebrovascular diseases was tested by adding an interaction term in the model.
Results: We observed an inverted U-shape relationship between PM2.5 and cognitive decline. The multi-adjusted piecewise
regression model showed an increased OR of fast cognitive decline of 81% (95%CI = 1.2–3.2) per interquartile range difference
up to mean PM2.5 level (8.6 �g/m3) for individuals older than 80. Above such level we observed no further risk increase
(OR = 0.89;95%CI = 0.74–1.06). The presence of cerebrovascular diseases further increased such risk by 6%.
Conclusion: Low to mean PM2.5 levels were associated with higher risk of accelerated cognitive decline. Cerebrovascular
diseases further amplified such risk.
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INTRODUCTION

Dementia and cognitive disorders represent major
concerns for our aging societies [1]. According to the
World Health Organization (WHO), 130 million peo-
ple will be living with dementia by 2050 worldwide,
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posing major challenges at individual and societal
levels [2]. In spite of decades of research in the field of
cognitive dysfunctions, no curative treatments have
been identified to date [3]. As a consequence, research
has increasingly accumulated in the identification of
modifiable risk and protective factors.

Growing evidence identifies the exposure to co-
mmon environmental pollutants as risk factors for
adverse health-related events, including cardio and
cerebrovascular morbidity and mortality [4]. The
Global Burden of Diseases (GBD 2015) included air
pollution as a leading cause of global disease burden
attributing 5.5 million premature deaths every year
due to household and outdoor air pollution [5].

If the detrimental impact of air pollution on the re-
spiratory, cardio, and cerebrovascular systems has
been consistently pointed out, evidence on the negat-
ive impact of air pollution on brain health has only
recently started to accumulate [6–8]. Our group has
shown a 50% increased hazard of dementia per
interquartile range difference in average pollutant
levels at residential address [9]. Similar results have
been reported in a number of studies carried out acr-
oss Europe, United States, and Canada [6, 10, 11].

If such effects have been observed for dementia,
it is plausible to hypothesize similar findings for cog-
nitive impairment. However, a recent systematic re-
view concludes that the evidence on the association
between air pollution exposure and cognitive impair-
ment/decline is equivocal and that the studies may
have led to inconsistent results, due to various mea-
surements of cognitive function and insufficient fol-
low-up time [12]. Focusing on cognitive impairment/
decline can provide useful clinical insights since the
prodromal phase of dementia is frequently featured
by subtle cognitive changes and an accelerated cog-
nitive decline is considered a risk condition for
dementia [13]. In addition, considering the cognitive
trajectory instead of a single time point impairment
allows to capture the intra individual changes that
characterize aging.

High air pollution levels have also well-established
negative cerebrovascular repercussions [14]. Among
others, the fine particulate matter (PM) with an aero-
dynamic diameter of < 2.5 �m penetrates deeper in
the respiratory system and may possibly enter into
the circulation, thus exploiting its hazardous effect
in the human body. In line with the close connection
between stroke and cognitive dysfunctions [15, 16],
it is also plausible to hypothesize that those diseases
may play a role in further worsening the cognitive
trajectories of people exposed to air pollution.

To test this hypothesis, we used data from a well-
characterized population-based cohort study with
spatially detailed data on long-term exposure to
air pollution and longitudinal clinical assessments,
including repeated measures of cognitive function.

METHODS

We gathered the data for this study from the Swe-
dish National study on Aging and Care in Kung-
sholmen (SNAC-K), a population-based longitudinal
study. The baseline assessment took place between
2001 and 2004 and eligible participants were reside-
nts of the Kungsholmen district in central Stockholm
aged 60 + . Overall, 3,363 (response rate: 73.3%) par-
ticipants were examined at baseline and, since then,
they have been followed-up regularly: every six years
for the young-old cohorts (60–78 years) and every
three years for older cohorts (78 + ).

For the current study we excluded individuals who
at baseline had dementia (n = 240), individuals with
schizophrenia or developmental disorders (n = 17),
individuals with a Mini-Mental State Examination
(MMSE) lower than 24 (n = 103) and those with only
the baseline assessment (n = 750). Thus, we ended up
with a final sample of 2,253 participants.

All participants or a proxy (in the case of cogni-
tively impaired persons) provided written informed
consent. The Regional Ethical Review Board in Sto-
ckholm, Sweden, approved the protocols of the SNA
C-K study.

The results of this study are reported following the
STROBE Recommendations.

Data collection

Data were collected at our research center or at
home for those who were unable to come to the rese-
arch center. Trained staff performed face-to-face
interviews and clinical and laboratory examinations.

Data on age, sex, and education were obtained from
the participants through a personal interview. Level
of education was categorized into two groups: ele-
mentary school and high school/university. Socioe-
conomic position was derived from the longest held
occupation and categorized into two groups: blue col-
lar and white collar workers. Data on smoking were
categorized as current, former, or never smoker. Early
retirement was defined as retirement before age 65.
Body mass index (BMI) was obtained by dividing the
participants’ weight by their squared height (kg/m2).
Level of physical activity is based on a questionnaire
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administered to the participants, which assesses both
the frequency and the intensity of these activities.
Physical inactivity is defined as being physically act-
ive for less than once a week in light and/or inten-
sive activity. Depression was coded in keeping with
the International Classification of Diseases, 10th edi-
tion (ICD-10). The dementia diagnosis was made
in accordance with the DSM-IV following a three-
step procedure. Briefly, an examining physician made
a preliminary diagnosis, followed by a second, rev-
iewing physician. In case of disagreement, a neurol-
ogist external to the data collection made the final
diagnosis.

Assessment of global cognitive function and
operationalization of fast cognitive decline

At each study examination, global cognitive func-
tion was assessed by the examining physician using
the MMSE [17]. To estimate the rate of cognitive
decline for each individual, we implemented a linear
mixed model, where the MMSE was the dependent
variable and the intercept and time of follow-up pro-
vided the fixed and random effect. Estimated slope va-
lues were examined by quartiles. Based on the slopes
quartiles participants were grouped into two mut-
ually exclusive groups: 1) Slow/non-decliners, par-
ticipants who belonged to the lower three quartiles of
decline (reference group); 2) Fast decliners, partici-
pants who belonged to the upper quartile of decline.

Assessment of cerebrovascular disease burden

Comprehensive interviews and examinations from
physicians, laboratory tests, use of medications, and
registers from the Swedish National Patient Regis-
ter were used to define diseases [18], in accordance
with the International Classification of Diseases, 10th
edition (ICD-10). For the present study we consid-
ered cerebrovascular diseases identified during the
period 2001–2013 with the following ICD-10 codes:
G45 (transient ischemic attack), G46 (vascular syn-
dromes), I60–64 (hemorrhagic and ischemic stroke),
I67 and I69 (cerebral vascular diseases).

Air pollution assessment

We estimated PM2.5 levels at the residential add-
resses of participants with dispersion modeling based
on local emission inventories, detailed elsewhere
[19]. If the participants have moved, the exposure
of air pollution was calculated based on the new res-
idential address. Annual average PM2.5 levels were

calculated using emission inventories, for the years
1990, 1995, 2000, 2005, and 2011. A Gaussian dis-
persion model was applied to the emission databases
together with meteorology in climatology. To allow
high resolution in vicinity of roads, a quadtree recep-
tor grid was used. Annual average levels of PM2.5 for
all the years 1990–2001/2004 period were obtained
from linear interpolation for the years between each
model simulation. Comparing the model calculated
levels with yearly measurements at three curbside
(traffic) monitoring sites and one urban background
site in Stockholm City for the period 1990–2011,
r2-value of 0.86 for PM2.5 was obtained.

Statistical analyses

Multivariate logistic regression models were used
to estimate odd ratios (ORs) and 95% confidence
intervals (CIs) for fast cognitive decliners in relation
to 10-year average PM2.5 exposures before baseline
assessment. Since age is strongly associated with
cognitive decline, we conducted stratified analyses
by age (≤ 80 versus > 80 years). Potential con-
founders were defined a priori and chosen based
on literature review, and included: age, sex, educa-
tion, smoking, early retirement, physical activity, and
socio-economic status. Further adjustments included:
BMI and depression. The associations were analyzed
first assuming a linear relationship. In a second stage,
to assess departure from a linear trend, we modelled
the continuous exposure using restricted cubic splines
with 3 knots at fixed percentiles (10th, 50th, 90th) of
its distribution. We then used piecewise regression
models to allow generating two different slopes for
specific values of the pollutant: one below the mean
level of PM2.5 (8.6 �g/m3) and one above this thresh-
old. Finally, we tested the potential modifying effects
of cerebrovascular diseases occurring any time dur-
ing the follow-up period by adding a multiplicative
interaction term in the model.

Sensitivity analyses

We repeated the logistic regression models consid-
ering a 5-year air pollution exposure window.

All statistical analyses were performed with Stata,
version 16 (StataCorp, TX, USA).

RESULTS

At baseline, we excluded 750 individuals because
of missing data in the MMSE. Those excluded were
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Table 1
Baseline characteristics of the study sample, overall and by cognitive decline

No decliners Fast cognitive Total p
(N = 1689) decliners (N = 564) (N = 2253)

Age (y, mean ± SD) 69.1 ± 8.5 81.1 ± 8.3 72.1 ± 9.9 <0.001
Female, n (%) 1055 (62.5) 375 (66.5) 1430 (63.5) 0.086
Education, n (%)

Elementary (≤8 y) 156 (9.3) 136 (24.2) 292 (13.0) <0.001
High school or above (>8 y) 1533 (90.8) 426 (75.6) 1959 (87.0)

Smoking, n (%)
Never smoker 756 (44.8) 303 (53.8) 1059 (47.0) 0.001
Former smoker 695 (41.2) 186 (33.0) 881 (39.1)
Current smoker 230 (13.7) 69 (12.3) 299 (13.3)

Physical activity, n (%)
No or moderate 1519 (67.4) 1135 (67.2) 384 (68.1) <0.001
High 552 (24.5) 476 (28.2) 76 (13.5)
Early retirement, n (%) 1183 (70.1) 544 (96.5) 1727 (76.7) <0.001
SES status, n (%)

Blue collar workers 259 (15.4) 180 (32.0) 439 (19.5) <0.001
White collar workers 1428 (84.6) 381 (67.6) 1809 (80.3)

Stroke, n (%) 240 (14.2) 179 (31.7) 419 (18.6) <0.001
MMSE (mean ± SD) 29.3 ± 0.9 27.9 ± 1.7 28.9 ± 1.3 <0.001
PM2.5 (�g/m3, mean ± SD) 8.7 ± 0.7 8.7 ± 0.6 8.7 ± 0.7 0.571
IQR: 0.6 �g/m3

MMSE, Mini-Mental State Examination; SD, standard deviation; PM2.5, Particulates matter with a diameter of 2.5 �m or less; �g/m3,
micrograms per cubic meter; IQR, interquartile range. Missing values: 14 in smoking, 17 in retirement, 5 in SES, 182 in physical activity, 9
in PM2.5.

older, less educated, and more likely to be retired
(p < 0.05 for all). The sample did not differ in terms of
PM2.5 exposure level (p > 0.05). See Supplementary
Table 1.

At study entry, mean (±SD) age of the population
was 72.1 ( ± 9.9), 63.5% were female, and 13.0%
had an elementary level of education or below. Fast
decliners (upper quartile, N = 564) were more likely
to be older, female, and less educated (Table 1).

We did not observe a linear association between
the levels of pollutant and OR of fast cognitive
decline after adjusting for possible confounders (p =
0.43). In the restricted cubic spline analysis, we
observed a significant departure from linearity (p =
0.013 for the fully adjusted model). We detected an
increased risk of fast cognitive decline associated
with exposure to PM2.5, from low to mean levels
(OR = 1.51, 95%CI: 1.10–2.07), especially in the old-
est-old people (age > 80 years). The piece-wise
regression model adjusted for potential confounders
showed an increased OR of fast cognitive decline
by as much as 81% per interquartile range differ-
ence up to a level of PM2.5 = 8.6 �g/m3 (OR = 1.81,
95%CI:1.02–3.22). Above the level of 8.6 �g/m3, we
observed no further increase in such risk (OR = 0.89,
95%CI:0.74–1.06) (Fig. 1). Among those exposed to
higher air pollution levels (above the average level),
the survivors were (in comparison with those who

died) more likely to be highly educated (more than
8 years schooling) (58.8% versus 35.5%; p < 0.001);
more likely to be white collar (58.5% versus 45.3%;
p = 0.001); less likely to be heavy drinker (48.3%
versus 63.8%; p < 0.001) and more likely to perform
physical activity (75.7% versus 53.6%; p < 0.001).

Table 2 shows the effect modification of cerebrova-
scular diseases in the association between PM2.5 and
cognitive decline. We detected a significant multi-
plicative interaction between PM2.5 and cerebrova-
scular diseases for PM2.5 levels ≤ 8.6 �g/m3 (p <
0.001), but not for levels above. The presence of
cerebrovascular diseases further increased the risk of
fast cognitive decline particularly in the oldest-old
(OR = 1.97; 95%CI:1.07–3.61). Further adjustment
for depression and BMI did not modify the results
(data not shown).

The analyses considering a 5-year window of air
pollution exposure led to an attenuation of the asso-
ciation in the young-old cohort, but a slight stronger
association in the older one (Supplementary Table 2).

DISCUSSION

We found residential PM2.5 to be associated with
an increased risk of fast cognitive decline, but only
at low to mean levels. The risk was particularly
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Fig. 1. Odds Ratios (ORs) and 95% confidence interval (CI) of fast
cognitive decline by levels of PM2.5 during the 10 years before
baseline by age groups. Estimates are odds ratios derived from
logistic regression according to PM2.5 levels. PM2.5 is modelled
by using: 1) restricted cubic splines with three knots (blue line), 2)
piecewise linear spline (solid line) with one knot set at the median
level pf PM2.5(8.6 �g/m3) with 95% CI (dash lines). Models are
adjusted for age, sex, education, smoking, socio-economic status,
early retirement, and physical activity. The time exposure period is
between 0–10 years before the baseline assessment. The reference
group is considered the median exposure level in the entire pop-
ulation. The histogram represents the distribution of the exposure
levels in the entire population.

evident in the oldest-old individuals and it was amp-
lified by the presence of cerebrovascular diseases.
Notably, these findings are derived from a longitu-
dinal population study in a central district of Stock-
holm, and the exposure levels were in general below
the current European and US standards. Interestingly,
we observed a flattening of the effect for PM2.5 levels
above the mean PM2.5 value.

Emerging evidence has accumulated in the past
years on the detrimental effect of air pollution on
brain health, both in terms of cognitive decline and
dementia [12, 20–22]. Several differences concerning
the study design, in particular the assessment of
air pollution exposure, and the cognitive tests used,

Table 2
Odds Ratios (ORs) and 95% confidence interval (CI) of fast cogni-
tive decline by levels of PM2.5 during the 10 years before baseline

by cerebrovascular diseases, overall and by age groups

OR (95%CI) of fast cognitive decline

PM2.5 ≤ 8.6 �g/m3 PM2.5 > 8.6 �g/m3

Overall
No cerebrovascular 1.46 (1.06–2.01) 0.87 (0.76–1.01)
diseases
Yes cerebrovascular 1.57 (1.13–2.16) 0.83 (0.65–1.06)
diseases
p for interaction <0.001 0.395
<80 y
No cerebrovascular 1.31 (0.90–1.91) 0.79 (0.62–1.00)
diseases
Yes cerebrovascular 1.41 (0.97–2.05) 0.89 (0.66–1.19)
diseases
p for interaction <0.001 0.829
80 + y
No cerebrovascular 1.85 (1.06–3.37) 0.93 (0.75–1.14)
diseases
Yes cerebrovascular 1.97 (1.07–3.61) 0.74 (0.50–1.10)
diseases
p for interaction <0.001 0.215

Estimates are odds ratios derived from logistic regression accord-
ing to PM2.5 levels. Models are adjusted for age, sex, education,
smoking, socio-economic status, early retirement, and physical
activity. The time exposure period is between 0–10 years before
the baseline assessment. The reference group is considered the
median exposure level in the entire population.

prevent direct comparisons between our study and
previous ones. However, according to a recent sys-
tematic review by Peters and colleagues on the rel-
ationship between air pollution and cognitive decline/
dementia, the evidence related with cognitive decline
is equivocal [12]. Our results are in line with Weuve
and colleagues who reported associations between
PM2.5 and fast cognitive decline in a population-
based study including 19,409 US women aged 70
to 81 years [23]. Conversely, in a clinical study on
individuals who were part of the Alzheimer Disease
Center in the US, no association was found between
higher exposure to air pollution and cognitive impair-
ment as assessed with the MMSE [24]. Similarly, in
a study conducted in Northern Sweden by Oudin and
colleagues, no association arose between long-term
exposure to NOx and episodic memory change, inves-
tigated through a comprehensive neuropsychological
battery comprising five different cognitive memory
tests [25].

Interestingly, the evidence concerning dementia
is more robust [12]. In spite of methodological dif-
ferences between all these studies, in our view the
findings as a whole point towards a deleterious effect
of air pollution on the brain. In line with this, we were
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able to detect a steeper air pollution related cognitive
decline in individuals exposed to low to mean air pol-
lution levels in a residential area in central Stockholm,
where the ambient air quality is comparatively good.
This aspect raises important concerns for the expected
consequences and brain repercussions in relation
with environmental exposures in areas that present
pollutants levels above the European and US stan-
dards. Notable, we observed an intriguing inverted
U-shaped association between PM2.5 and cognitive
decline. Namely, we found an increased risk from low
to mean level of PM2.5 and then a flattening of such
effect. Even if this seems counterintuitive, a similar
shape when analyzing an exposure like air pollution
has been already observed [26]. While saturation of
metabolic pathways at high exposure levels seems
very unlikely at these levels, a “healthy survivor”
effect might be possible since a part of the study
population already had superseded their average life
expectancy at baseline. Interestingly, we observed
that among those who were exposed to higher air
pollution level, the survivors were more educated,
more often white collars, less heavy drinkers and
more often physically active, partially supporting this
hypothesis. Finally, personal exposure may not be
proportional to the estimated outdoor levels, because
of differences in dwelling outdoors, and in other life
habits. Future studies are needed to better investigate
these issues and might also open new hypotheses on
the brain repercussions on air pollution.

We here find evidence to support that the presence
and the development of stroke may further increase
the detrimental association between air pollution and
cognitive decline. This latter observation is not sur-
prising for a number of reasons. First, several large
cohort studies have reported positive associations
between long term exposure to ambient air pollution
and cerebrovascular events [27, 28]. Stafoggia and
colleagues demonstrated that higher PM2.5 levels
were associated with an increased risk of cerebro-
vascular events, including both ischemic and hem-
orrhagic stroke [29]. Similarly, in a recent study
conducted in Sweden, Ljungman and colleagues
found that long-term residential levels of locally emit-
ted black carbon from traffic exhaust were associated
with increased stroke incidence [30]. Animal studies
have shown that exposure to particulate matter may
alter the vascular endothelium accelerating carotid
atherosclerosis and resulting in subsequent vasocon-
striction [20]. It is also plausible to hypothesize
that the pollutants may induce an increased sys-
temic inflammatory response [31], triggering platelet

activation and consequently resulting in thromboem-
bolic events [32]. The exact biological mechanisms
underlying these observations are not yet fully under-
stood but it might be that a number of different bio-
logical pathways (e.g., direct endothelium damage,
systemic inflammation, platelet activation) are at play
in facilitating the occurrence of stroke or transient
ischemic attacks [8]. The cognitive consequences of
cerebrovascular diseases are well-established: stroke
doubles the risk of dementia [33] and can anticipate
its onset by as much as 10 years. Consistent with this
we observed an amplified cognitive decline risk in
those people exposed to high level of air pollutants
with concurrent cerebrovascular conditions. To dee-
pen our understanding in the biological mechanisms
behind these associations, it would be interesting to
investigate the role of stroke subtypes to further exp-
lore the nature of brain damage associated with air
pollution. Interestingly, the results reported here are
in line with recent studies, one of which from our
group, that found a role of cardiovascular diseases
in the development of dementia related to air pol-
lution [9, 11]. In particular, we reported that up to
50% of dementia cases could be mediated by the
development of stroke. Similarly, we now observe a
possible biological interaction between air pollution
and stroke in accelerating the decline in cognitive
function.

Strengths and limitations

The results of the present study are derived from
a well-characterized, longitudinal population-based
study with extensive repeated clinical evaluations,
including in-depth assessments of co-occurring chr-
onic diseases. In addition, the assessment of air pol-
lution was spatially detailed and covered a period
of more than 10 years before the baseline assess-
ment. Some limitations need to be mentioned. First,
although the MMSE represents a reliable and easy
to administer cognitive test, it may not be sensitive
enough to capture subtle cognitive changes. This
has been demonstrated to be particularly true when
studying cognitive aging in highly educated indi-
viduals [34]. A detailed neuropsychological battery
would enable a deeper understanding of the process
underlying the association between air pollution and
cognitive function, and would allow further investi-
gation into domain specific deficits, thus identifying
specific brain areas more vulnerable to the damage
of air pollution. It is also worth mentioning that
a consensus does not exist on how to define and
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operationalize “fast cognitive decline” [35–37]. By
using MMSE, a number of different approaches have
been proposed. We adopted the linear mixed mod-
els to take full advantage of the longitudinal study
design and the repeated measures of the MMSE and
we accounted for the intercept when computing the
slope. Regardless of the definition and operational-
ization of “fast decliners”, the identification of “at
risk” groups of patients may help clinicians and fam-
ilies in planning a timely intervention of care. Second,
the present findings come from an in-depth detailed
population-based study but yet with relatively lim-
ited sample size when studying an exposure like
air pollution. This has precluded us to perform in
depth sensitivity analyses and better understand the
role played by cerebrovascular diseases or other con-
ditions. The latter limitation prevented us also to
conduct a mediation analysis in order to disentan-
gle whether stroke could mediate, rather than modify,
the association of interest. Further studies with sim-
ilar clinical characterization and larger sample size
are needed to better address this relevant research
question. Finally, SNAC-K includes older adults liv-
ing in a central district of Stockholm who are of
high socioeconomic status, fit, healthy and exposed
to comparatively low air pollution levels, which
might limit the generalizability of our results to other
populations. However, given the above-mentioned
characteristics, our results may represent an overall
underestimation between air pollution and cognitive
decline.

CONCLUSIONS

The focus in the field of cognitive disorders has
recently increased on the contribution of environ-
mental exposure and brain pathology, and we here
demonstrated that increasing levels of air pollution
(from low to mean) are associated with steeper cog-
nitive decline. Future studies are warranted using
a comprehensive neuropsychological assessment to
confirm and further detail the association found in
this study. Interestingly, we found evidence to sup-
port the contribution of cerebrovascular diseases in
further accelerating the cognitive decline associated
with air pollution.

Nine out of ten people around the world breathe
polluted air [4]; this, coupled with the worldwide pop-
ulation aging, calls for effective strategies to reduce
or delay the onset of dementia. The results from this
and previous studies open new research avenues for
dementia prevention.
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