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Abstract. It is widely known that the apolipoprotein E (APOE) 4 allele imposes a higher risk for Alzheimer’s disease (AD).
Recent evidence suggests that exposure to air pollution is also a risk factor for AD, and results from a few studies indicate
that the effect of air pollution on cognitive function and dementia is stronger in APOE &4 carriers than in non-carriers. Air
pollution and interaction with APOE €4 on AD risk thus merits further attention. We studied dementia incidence over a
15-year period from the longitudinal Betula study in Northern Sweden. As a marker for long-term exposure to traffic-related
air pollution, we used modelled annual mean nitrogen oxide levels at the residential address of the participants at start of
follow-up. Nitrogen oxide correlate well with fine particulate air pollution levels in the study area. We had full data on
air pollution, incidence of AD and vascular dementia (VaD), APOE &4 carrier status, and relevant confounding factors for
1,567 participants. As expected, air pollution was rather clearly associated with dementia incidence. However, there was
no evidence for a modifying effect by APOE €4 on the association (p-value for interaction>0.30 for both total dementia
(AD+VaD) and AD). The results from this study do not imply that adverse effects of air pollution on dementia incidence is
limited to, or stronger in, APOE &4 carriers than in the total population.
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INTRODUCTION

Dementia is a huge global health problem. With
an aging population, and the fact that there are cur-
rently no disease modifying interventions available,
the prevalence of dementia can be expected to triple
between 2010 and 2050 [1]. The etiology is not fully
understood but, on a population level, environmental
factors may be a contributing factor to the disease [2].

*Correspondence to: Anna Oudin, Occupational and Environ-
mental Medicine, Unit for Sustainable Health, Department of
Public Health and Clinical Medicine, 901 87, Umea University,
Umead, Sweden. Tel.: +46 90 785 08 73; E-mail: anna.oudin@
umu.se.

Alzheimer’s disease (AD)-like pathological findings
linked to air pollution was first reported in a pilot
study of children and dogs from Mexico City [3].
Air pollution is now considered a plausible risk fac-
tor for cognitive decline and other dementia-related
outcomes, as stated in a literature review from 2016
[4].

Our group has previously reported a relation-
ship between long-term exposure to nitrogen oxides
(NOy) and incident dementia in the Betula study
from Northern Sweden [5], in a study area where
air pollution levels are rather low in an international
perspective. The adjusted hazard ratio for dementia
was 1.66 (95% Confidence Interval (CI); 1.04-2.65),
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associated with the highest quartile of NOx compared
to the lowest quartile. The population attributable
fraction was 16%, implying that air pollution may
be a significant factor for overall risk for dementia
in this low exposed population. In the same popu-
lation, we subsequently showed that particles from
domestic wood burning and vehicle exhaust were
independently associated with dementia [6], and that
traffic-related noise did not confound the association
between air pollution and dementia [7].

Apolipoprotein E (APOE) &4 is a known risk fac-
tor for AD. However, APOE &4 and other common
genetic loci, identified in genome-wide-association-
studies, account for less than 50% of heritable AD
risk. Gene-gene interactions, rare high penetrant vari-
ants, epigenetic factors, or exogenous factors such as
lifestyle is suggested to play a role in explaining the
remaining heritability [8].

Given that air pollution may be an important
environmental risk factor for cognitive decline and
dementia, the interactions with APOE &4 and other
genes merits attention. In a German study, the
association between traffic exposure and cognitive
impairment in the visuospatial domain was evident
only in APOE &4 carriers [9], and in a US study, the
link between all-cause dementia and air pollution was
stronger in APOE &€4/4 carriers than in non-carriers
[10]. There is thus some scientific support for a mod-
ifying effect of the APOE &4 allele but the number of
studies on this topic are still few.

The severe impact of dementia on individuals
and society makes it important from a public health
perspective to investigate potential modifiable risk
factors, and to identify susceptible groups in the
population. The aim of the present study was to
investigate if the APOE &4 allele modifies the associ-
ation between air pollution and dementia previously
observed in the Betula study [5].

MATERIALS AND METHODS

Study sample

We used the same study sample and similar meth-
ods as in previous studies on air pollution and
dementia in the Betula study [5-7], a population-
based longitudinal study on memory, health, and
aging [11], this time stratifying on APOE &4 allele
carrier status.

The Betula study invites randomly selected study
subjects from the population of approximately
125,000 inhabitants in Umead municipality (situ-

ated in Vasterbotten County in northern Sweden).
The Betula study started with a first test wave in
1988-1990 (T1) where a first sample (S1) of 1000
participants was tested. Subsequent test waves (T2-
T6) have taken place every five years, where new
samples have been added and participants from pre-
vious samples have been subjected to follow-ups.
In each test wave, the participants were examined
on two occasions, about one week apart, with a
health examination, and a test of cognitive function-
ing. The baseline of the present study is the second
test wave T2 (1993-1995), where sample 3 (S3)
was introduced, and sample 1 (S1) was tested for
the second time. The fifth test wave T5 (2008 —
2010) was the endpoint of our study period. Partic-
ipants who were younger than 55 at baseline were
excluded, along with participants for whom pollu-
tion data was not available. Moreover, participants
with other subtypes of dementia that was not vascu-
lar dementia (VaD) or dementia of the Alzheimer’s
type (AD) were excluded along with 11 participants
who received a dementia diagnosis after the study
endpoint (2010). The final sample consisted of 1,567
participants from cohorts S1 and S3, aged 55 to 85
years (mean 69) at baseline (Fig. 1, Table 1). Partici-
pants were followed until the study endpoint or time
of dementia onset/death/lost-to-follow-up depending
on what event came first. In the analysis, we inves-
tigated AD both separately and clustered with VaD
(total dementia).

Dementia diagnosis assessments

A detailed description of the diagnostic proce-
dures for dementia in the Betula project have been
described elsewhere [12, 13]. In short, diagnostic
evaluations were conducted every five years adja-
cent to each test wave (T1-T6). Relevant medical
assessments, obtained from medical records princi-
pally from the primary care, neurology, medicine,
and geriatric clinics were considered in the assess-
ment of determining possible dementia. That is,
general medical and social status, clinical symp-
toms, medication, neurological diseases, and results
from available neuroradiological examinations such
as computer tomography, single photon emission
computed tomography, and magnetic resonance
tomography. For those participating in the health and
cognitive test assessments, attention was also paid to
low test results/performance on cognitive tests and the
Mini-Mental-State Examination (MMSE), the test
staff’s observations as well as the study participants
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Atriskat T1
S1 baseline (n = 1000)

EXCLUDED (n=155)

Dementia disorder (n=33)
Deceased (n=37; whereofn=2
with a dementia disorder)

CURRENT STUDY

Atrisk at T2
$1 returnees (n = 845)
S2 baseline (n =995)
S3 baseline (n =963)

Lost to follow-up (n=11)
Termination (n=76)

(n=2803)
< 55 years of age at T2
(n=973)
AtriskatT2255y
(n=1830)

Data not available on exposure

Follow up through T5
(n =1567); of which (n = 275)
were given a dementia diagnosis
of either Alzheimer (n =173) or
Vascular type (n = 102)

or potential confounders
(n=263)

Fig. 1. Flow-chart from study inclusion to end of follow-up.

subjective perception of memory failure and/or con-
cern of dementia. The diagnostic evaluation was
coordinated by the same senior research geropsychi-
atrist (co-author R.A.) throughout the study period.
Diagnosis was set in accordance with the Diagnostic
and Statistical Manual of Mental Disorders, fourth
edition criteria [14].

APOE genotyping

Being a &4 carrier of APOE adds substantially
to the risk of developing AD [15]. The participants
of Betula were therefore genotyped with respect to
APOE, and details on the methods for the genotyp-
ing is described by Nilsson and colleagues [16]. The
binary variable for the analysis of the present study

was defined as the presence of at least one &4 allele
or not.

Potential confounders

Potential confounders were defined according to
the participant’s status at baseline (T2). In addition
to age, there is moderate or strong evidence for asso-
ciations between genetic, vascular, and psychosocial
factors and the risk for dementia [17]. We consid-
ered several social and lifestyle variables as potential
confounding variables. Education, an indicator of
socioeconomic status, was categorized into elemen-
tary school, upper secondary school, and university
level education depending on the highest achieved
education. Alcohol consumption was classified into
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Table 1
Distribution of dementia and population characteristics at baseline according to quartiles of NOx exposure in complete-case cohort
(non-complete data is available in a previous publication) [5]

Characteristic NOy Q1 NOx Q2 NOx Q3 NOx Q4 All
48 9pugm’  >9-17pg/m’  >17-26pg/m>  >26 pg/m’
N (%) N (%) N (%) N (%) N (%)

All observations 379 410 397 281 1567
Vascular dementia or Dementia of the Alzheimer’s type 50 (13) 59 (14) 82 (21) 84 (29) 275 (18)
Dementia of the Alzheimer’s type 30 (60) 39 (66) 52 (63) 52 (62) 173 (63)
Sex

Men 177 (47) 176 (43) 174 (44) 160 (42) 687 (44)

Women 292 (53) 234 (57) 223 (56) 221 (58) 880 (56)
Age

55 75 (20) 77 (19) 59 (15) 49 (13) 260 (17)

60 54 (14) 83 (20) 63 (16) 46 (12) 246 (16)

65 60 (16) 82 (20) 67 (17) 46 (12) 255 (16)

70 59 (16) 63 (15) 63 (16) 62 (16) 247 (16)

75 63 (17) 56 (14) 65 (16) 57 (15) 241 (15)

80 46 (12) 37 (9) 54 (14) 78 (20) 215 (14)

85 22 (6) 12.(3) 26 (7) 43 (11) 103 (7)
Education

Compulsory 318 (84) 311 (76) 301 (76) 304(80) 1234 (79)

High school 30 (8) 42 (10) 29 (7) 18(5) 119 (8)

University 31(8) 57 (14) 67 (17) 59(15) 214 (14)
Physical activity

Never 77 (20) 75 (18) 90 (23) 114 (30) 356 (23)

Occasionally 48 (13) 56 (14) 45 (11) 37 (10) 186 (12)

Few times per month 37 (10) 41 (10) 39 (10) 48 (13) 165 (11)

Weekly 134 (35) 146 (36) 141 (36) 109 (29) 530 (34)

Daily 83 (22) 92 (22) 82 (21) 73 (19) 330 (21)
Smoking

Non-smoker 208 (55) 234 (57) 211 (53) 212 (56) 865 (55)

Smoker 53 (14) 44 (11) 54 (14) 58 (13) 199 (13)

Ex-smoker 118 (31) 132 (32) 132 (33) 121 (32) 503 (32)
Alcohol

Yes 251 (66) 286 (70) 282 (71) 279 (73) 1098 (70)

No, never 110 (29) 104 (25) 90 (23) 88 (23) 392 (25)

No, have quit 18 (5) 20 (5) 25 (6) 14 (4) 77 (5)
BMI?

Overweight 261 (69) 287(70) 257(65) 250(66) 1055(67)
WHRP

>Recommended 149 (39) 168(41) 161(41) 173(45) 651 (42)
APOE &4 carrier 100(27) 106(26) 116(29) 124(33) 446(29)

2BMI (body mass index). BMI cut-off between normal weight and overweight were 23.8 for women and 25.0 for men. "WHR (Waist-hip-ratio).

Cut-off of 0.8 for women and 1.0 for men.

present consumers, previous consumers, and non-
consumers at baseline. Smoking was categorized into
present smokers, previous smokers, and non-smokers
at baseline. Body mass index (BMI, kg/m?) was in a
previous study associated with inflammatory effects
associated with traffic pollution [18], and BMI was
in another study associated with cognitive decline in
women in the Betula cohort [19]. We therefore chose
to include BMI as a potential confounding variable in
the statistical analysis. Following the National Health
Institute standards from 1985 [20], the BMI cut-offs
between normal weight and overweight were 23.8 for
women and 25.0 for men. We also considered waist-
hip-ratio (WHR) as a potential confounding variable

with a cutoff of >0.8 for women and > 1.0 for men
[21]. Physical activity was assessed from interview
data based on the participants’ answer to the follow-
ing question: “Did you during the last three months
do any sports, exercises or strolling”. The follow-
ing alternatives were given: “never”, “occasionally”,
“a few times per month”, “weekly”, and “daily” and
used as a five-category variable in the analyses. Dia-
betes [22], stroke [23], and hypertension [24] are
all potential risk factors for dementia, and may be
intermediate factors on the causal pathway between
air pollution exposure and dementia. Based on our
previous results we decided not to consider them as
potential confounders in the present study [5].
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Air pollution exposure

We used baseline annual mean levels of nitrogen
oxides (NOy), as a marker of long-term exposure to
traffic-related air pollution, similar to what we have
done before in the Betula study [5]. NOx is created
by combustion and is often used as a marker for
traffic-related air pollution in our study area since
NOy is highly correlated to fine particulate matter
from vehicle exhaust [6]. We used a Land Use Regres-
sion (LUR)-model to estimate the concentration at the
residence of each study person. To create the LUR-
model, NOx (and NO;) were measured at 36 sites
throughout the city of Umea. The measurements took
place during four weeks between November 2009 and
June 2010. The LUR model explained 76% (adjusted
r2=0.76) of the measured NOy variation and the
spatial resolution was 50 m x 50 m. The LUR model
is well-validated and has for example been used in
the Umea part of the ESCAPE project [25-27]. The
NOy concentration estimates for 2009-2010, were
divided into quartiles. Annual mean exposure of NOx
exposure was <9 pg/m> for the lowest quartile, 19
to <17 wg/m> for the second quartile, 17 wg/m> to
<26 wg/m? for the third quartile, and>26 p.g/m?> for
the fourth (highest) quartile. Using data from the
Swedish population register, the address of residency
for each participant at baseline (1993-1995) was
geocoded. This way every participant was assigned
to a square in the grid. The NOx-concentration at the
grid square of the participants’ baseline residence was
used as marker of exposure.

Statistical methods

We used Cox proportional hazard models to calcu-
late hazard ratios (HR) and 95% confidence intervals
(CI) for dementia incidence (AD+VaD or AD only).
Participants were censored at the end of the study
period (2010), or the time of death, dementia onset,
or loss to follow-up (either due to moving outside the
catchment area or did not consent for evaluation of
the medical records). We used complete-case anal-
ysis, where all subjects included have non-missing
values on outcome (dementia status), exposure (base-
line NOx), confounder(s), and APOE &4. The final
models were adjusted only for baseline age, as a cat-
egorical variable since all other potential confounders
did not have any substantial (<10%) influence on
the estimated HRs. Data on exposure, incidence of
AD and VaD, APOE &4 status, as well as the rel-
evant confounding factors were obtained for 1567

participants. Education, physical activity, smoking,
sex, BMI (body mass index), WHR (waist-hip-ratio),
and alcohol consumption were additionally adjusted
for, simultaneously, in supplementary analysis. Data
were further stratified on APOE &4 (carrier of at least
one allele or none). In the non-stratified analysis, we
adjusted for APOE &4 (as the influence on the esti-
mates was > 10%). We also tested effect modification
statistically by including interaction terms of NOy
(linear variable) and APOE &4 into the models. We
also ran all analyses separately for men and women.
The statistical analyses were carried out with SAS
version 9.4. The research was done in accordance
with the ethical standards of the Helsinki Declara-
tion of 1975. The study was approved by the regional
ethical review board in Umea Dnr: 2012-12-31M.

RESULTS

Descriptive data of the variables in association
with residential air pollution (NOy) concentrations
are shown in Table 1. The presence of AD and VaD
were higher in the highest quartile of NOy than in the
lowest quartile. Table 1 also display differences with
respect to age distributions and APOE &4 frequency
across exposure quartiles. The other covariates were
quite evenly distributed across exposure quartiles.

Comparing the fourth quartile of annual expo-
sure to NOy to the first quartile, data indicate an
association between total dementia (AD+VaD) and
residential concentrations of annual NOy (Table 2).
We found no clear evidence for effect modification
by APOE €4 on this association. For example, the
HR for total dementia in the fourth quartile of NOx
compared to the first quartile was 1.40 (0.90-2.17)
for APOE &4 non-carriers and 1.44 (0.84-2.47) for
APOE &4 carriers. The p-value for effect modifi-
cation by APOE &4 and the linear NOy-variable
was > 0.3 for total dementia. The pattern was simi-
lar when analyzing only AD cases (excluding VaD).
The HRs for AD stratified by APOE &4 were 1.72
(0.94-3.15) for non-carriers and 1.41 (0.75-2.66) for
carriers. The point estimates thus suggest a some-
what stronger association in APOE &4 non-carriers
than in APOE &4 carriers. However, the p-value for
interaction was >0.30 also here.

In the analyses that were not stratified for APOE
€4, the HR for AD in association with the fourth
compared to the first quartile was 1.53 (95% CI:
0.99-2.36), compared to the AD+VaD HR of 1.41
(1.01-1.98). Furthermore, sex did not modify the
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Table 2
Adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) for total dementia (Vascular dementia or Dementia of the Alzheimer’s type)
and for Dementia of the Alzheimer’s type in association with baseline annual NOy concentration from Cox proportional hazards models.
Number of cases (n) and total number of participants (N), stratified by APOE &4

Whole cohort APOE €4
No Yes
NOy n (N) HR' 95%CI n(N) HR> 95%CI n(N) HR> 95%CI
Vascular dementia or  Quartile 13 55 (416) 1 35 (304) 1 20 (112) 1
Dementia of the Quartile 23 65 (443) 1.11 0.77-1.59 32(332) 091 0.56-147 33(111) 1.44 0.82-2.53
Alzheimer’s type Quartile 33 90 (429) 1.52 1.08-2.12 54(303) 1.48 0.97-2.27 36(126) 1.49 0.86-2.59
Quartile 43 92 (421) 141 1.01-198 48(287) 1.40 0.90-2.17 44 (134) 1.44 0.84-2.47
Linear® 1.03 (0.97-1.10) 1.03  0.96-1.12 1.02 0.92-1.14
Dementia of the Quartile 13 32(393) 1 17 (286) 1 15 (107) 1
Alzheimer’s type Quartile 23 43 (421) 1.25 0.79-198 17(317) 1.04 0.53-2.05 26(104) 1.51 0.80-2.87
Quartile 33 59 (398) 1.72  1.12-2.65 31(280) 1.79 0.99-3.24 28(118) 1.61 0.86-3.01
Quartile 4° 57 (386) 1.53 0.99-2.36 28(267) 1.72 0.94-3.15 29(119) 1.41 0.75-2.66
Linear® 1.04 0.96-1.13 1.06 0.96-1.17 1.01 0.89-1.14

"Models adjusted for baseline age (categorical variable) and APOE &4. 2Models adjusted for baseline age (categorical variable). Complete-
case analysis, where subjects included all have non-missing values on outcome (dementia status), exposure (baseline NOx), age and APOE
e4.3Quartile 1 : 4.8-9 wg/m?, Quartile 2: >9-17 pg/m>, Quartile 3: >17-26 pg/m>, Quartile 4: >26 wg/m>. *Per 10 pg/m? increase in NOy.

effect (data not shown). Additional analyses show
that the results were only marginally affected by
choice of confounding variables (Supplementary
Table 1).

DISCUSSION

There was (an expected) association between air
pollution and dementia incidence; however, there was
no clear support for a modifying effect of the APOE
&4 allele. Our findings suggest that adverse effects
of air pollution on dementia incidence is not limited
to, or stronger in, APOE &4 carriers than in the total
population, at least not in our study population.

The results are somewhat in contrast with two
previous studies where the association between long-
term exposure and cognitive impairment/risk for
all-cause dementia was stronger in APOE &4 carri-
ers than in non-carriers [9, 10]. In the first study,
from Germany, different markers of air pollution were
cross-sectionally associated with cognitive impair-
ment in the visuospatial domain, and an association
was observed only in participants carrying the APOE
g4 allele. The other study, from the US, showed that
residing in places with high levels of PM; 5 increased
the risks for all-cause dementia and that the effects
were stronger in APOE g4/4 carriers [10]. However,
our study differs from these two studies in several
important respects. For example, our study was on
both sexes whereas in the other two studies only
women were included. We do not consider this a
plausible explanation for the differences in findings,

however, since our results were similar for men and
women in stratified analyses. Furthermore, the out-
comes differed; especially with the German study
where the outcome was cognitive impairment in the
visuospatial domain. The outcome in the US study
was all-cause dementia, whereas our data allowed for
separate analysis of VaD and AD, and we excluded
other subtypes of dementia from the analysis. In our
data, VaD and AD were the dominating causes of
dementia (around 90%), and the results for VaD and
AD were similar, but we do not know the distribution
of dementia types in the US study. Another major dif-
ference between the present study and the two other
studies, which may be a possible explanation for the
differences in findings, is that the levels of air pollu-
tion are substantially lower in our study than in the
other two studies. In the study from the US, partici-
pants with a 3-year average exposure were classified
as ‘high’ if exceeding PM, 5 (>12 pgm™). In the
German study, the mean annual PM> 5 levels were
33.3 pgm™> at baseline (1995) and 17.4 pgm™ in
2007. As a comparison, in Umea municipality, the
annual mean PM; s-levels have been below 8 p,gm_3
even in the most polluted street, at least since 2007
when the measurements started. We cannot study
effect modification of APOE &4 at higher levels of air
pollution in our study area. Thus, we cannot rule out
that APOE €4 would modify the association between
air pollution and dementia at higher levels of air pol-
lution in our study population.

There are both strengths and weaknesses of the
present study. The present study has a major strength
in its longitudinal design and the high-quality data
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on a well-characterized study population represented
by both sexes and a certain variation in age (55-85
years). For example, the high validity of diagnosis
made it possible to stratify data on type of demen-
tia and the rich dataset made it possible to account
for a number of potential confounders. The exposure
assessment model (of NOy) had a high spatial reso-
Iution and validity, which also is a major strength.
We have previously observed that the association
between NOy and dementia incidence in the Betula
study can be generalized to that between dementia
and PM, 5 from vehicle exhaust [6].

Exposure misclassification must be discussed in
all epidemiological studies on long-term exposure
to air pollution. We used exposure data from 2009
and assumed that contrasts in exposure would be
similar back in time over the follow-up period (the
first recruitments took place in 1988-1990). Further-
more, exposure was modeled at the home address and
other sources of exposure such as exposure at work
or indoor exposure were not considered. Although
these are obvious sources of exposure misclassifica-
tion in many epidemiological studies of air pollution
health effects, for example in the ESCAPE project
[25, 26], furthermore we know from a previous study
in the study area that residential mobility does not
seem to cause major differential misclassification
[28]. Also, exposure misclassification would have to
differ between APOE &4 carriers and non-carriers to
cause bias in the present study. Exposure misclas-
sification may thus have reduced precision in our
estimates, but the point estimates do not suggest that
the association between air pollution and dementia
would be stronger in APOE &4 carriers than in non-
carriers. Therefore, we do not consider low precision
to be a plausible explanation for the (lack of) findings
in the present study.

It should also be mentioned that the results are to
some extent inconsistent. For example, we only saw a
statistically significant association in the higher quar-
tiles 3 and 4 with AD and VaD combined, and only
in the third quartile for AD only. Furthermore, the
effect estimates were slightly lower in quartile 3 than
in quartile 4 (Table 2), which could possibly depend
on other sources of exposure, such as exposure to
wood-smoke from small-scale residential heating.

We used annual levels of NOy at the residential
address as a marker for long-term exposure to air
pollution. This is generally a good marker for traffic-
related air pollution, but other sources of air pollution
could have yielded different results. In the studied
area, the median level of annual NOx was 17 Mg/m3,

which is considered rather low in an international
perspective. It cannot be ruled out that higher lev-
els of air pollution would have impact on the results.
Our results may therefore not be generalizable across
settings with different levels of air pollution. Simi-
larly, the generalizability may depend on the APOE
&4 allele distribution, which is known to vary across
populations and be particularly high in Northern
Scandinavian populations [29].

In conclusion, we observed no clear evidence for
effect modification by APOE &4 on the associa-
tion between exposure to air pollution and dementia
incidence. Our results are in contrast with those
of two pioneering studies, where the results sug-
gest a stronger effect of air pollution on cognitive
impairment/all-cause dementia in APOE &4 carri-
ers than in non-carriers. The role of APOE &4 in
the association between exposure to air pollution
and cognitive impairment/dementia thus needs to be
further investigated. Our study was undertaken in a
low exposure area, and the possibility that APOE &4
may modify the association between air pollution and
dementia only at higher levels of air pollution should
be addressed in future studies.
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