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BACKGROUND: Olfactory impairment is increasingly common with older age, which may be in part explained by cumulative effects of exposure to
inhaled toxins. However, population-based studies investigating the relationship between air pollution and olfactory ability are scarce.

OBJECTIVES: We aimed to investigate associations between exposure to common air pollutants and longitudinal change in odor identification.

METHODS: Our study of 2,468 participants (mean age =72.3 y; 61.1% female), of which 1,774 participants (mean age =70.5 y; 61.9% female) had at
least two olfactory assessments over 12 y of follow-up from the Swedish National Study on Aging and Care in Kungsholmen (SNAC-K), Stockholm,
Sweden. Participants were free from cognitive impairment and neurodegenerative disease at baseline. Odor identification ability was assessed with
Sniffin’ Sticks. Change in olfactory performance was estimated with linear mixed models. Exposure to two major airborne pollutants [particulate mat-
ter with aerodynamic diameter <2.5 um (PM;s) and nitrogen oxides (NOy)] for the 5 y preceding baseline was assessed using spatiotemporal disper-
sion models for outdoor levels at residential addresses.

RESULTS: Participants showed significant decline in odor identification ability for each year in the study {B= —0.20 [95% confidence interval (CI):
—0.22, 0.18; p<0.001]}. After adjustment for all covariates, residents of third [f = —0.09 (95% CI: —0.14, —0.04; p <0.001)] and fourth [B= —0.07
(95% CI: —0.12, —0.02; p =0.005)] exposure quartiles of PM; 5 had faster rates of olfactory decline than residents from the first quartile. Similar results
were observed for the third [f = —0.05 (95% CI: —0.10, —0.01; p = 0.029)] and fourth [B= —0.07 (95% CI: —0.11, —0.02; p = 0.006) quartiles of NOy].

Discussion: Our results suggest an association between air pollution exposure and subsequent olfactory decline. We speculate that cumulative effects

of airborne pollutants on the olfactory system may be one underlying cause of olfactory impairment in aging. https://doi.org/10.1289/EHP9563

Introduction

Among sensory dysfunctions, loss in the sense of smell, olfaction,
is particularly pronounced in older age (Doty et al. 1984; Doty and
Kamath 2014). Olfactory deficits are associated with a number of
health conditions such as depressive symptoms (Croy et al. 2014;
Negoias et al. 2010) and frailty (Harita et al. 2019; Laudisio et al.
2019), as well as shorter survival (Devanand et al. 2015a; Ekstrom
et al. 2017; Pinto et al. 2014) and diminished quality of life
(Blomgvist et al. 2004). An important fact is that olfactory impair-
ment has exceptionally high prevalence rates among patients with
neurodegenerative diseases, such as Alzheimer disease (AD) and
Parkinson disease (PD; as reviewed by Doty 2012 and Sun et al.
2012) and may constitute one of the first noncognitive manifesta-
tions of an impending dementia (Devanand et al. 2015b; Stanciu
etal. 2014).

Given that the olfactory system is directly exposed to the outside
environment, it has been speculated that part of the olfactory loss
observed in older age may arise from cumulative damage of xenobi-
otics (Doty 2008; Pinto 2011). For example, an increased exposure to
air pollution may lead to olfactory loss, especially among middle-age
or older adults for whom xenobiotic exposure has accumulated over a
longer time (Doty and Kamath 2014). Sourcing mainly from traffic
exhaust and other fuel-burning operations, the smallest particulates
[particulate matter with aerodynamic diameter <2.5 um (PM;5)]
are among the most harmful forms of air pollution for human health.
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Ranking as the sixth leading risk factor for premature death globally,
they are associated with severe diseases, such as stroke, heart dis-
ease, chronic lung disease, lung cancer, and respiratory infections, at
levels that are commonly experienced by general populations across
the globe (State of Global Air 2020). Due to its small size, PM; 5 can
penetrate the brain via the olfactory route, where it is likely to cause
damage to the olfactory system (Calder6n-Garcidueiias et al. 2003).
Additional types of pervasive air pollutants that can enter the brain
via the olfactory system are different forms of nitrogen oxides (NOy;
Shusterman 2011). These gases are usually produced during com-
bustion of fuels in air, such as in car engines, and are therefore a sig-
nificant source of air pollution in urban areas with high motor
vehicle traffic (Olivier et al. 1998).

To date, we are aware of only two studies that have directly
examined the impact of air pollution on olfactory impairment in
the general population of older adults. Ajmani et al. (2016a) found
that exposure to fine PM; s, averaged over 3—12 months, was asso-
ciated with worse olfactory ability in a large sample of urban-
dwelling respondents. Similarly, another U.S. population-based
study found higher exposure to nitrogen dioxide (NO,) to be asso-
ciated with an increased risk for olfactory impairment among older
adults (Adams et al. 2016). A few other studies have examined
associations between air pollution and olfactory function using
indirect measures for pollutant exposure. For example, younger
adults living in Mexico City, where particulate concentrations are
substantially elevated, have been found to exhibit poorer olfactory
ability in comparison with residents of nearby cities with lower
pollution levels (Calderén-Garcidueiias et al. 2010; Hudson et al.
2006). Likewise, a study of older German women (ages 68-79 y)
found olfactory impairment to be associated with proximity to the
nearest busy roadway, a proxy for exposure to traffic-related pollu-
tants (Ranft et al. 2009). In sum, these previous—mainly ecologi-
cal, cross-sectional, or indirect—studies suggest that increased
airborne pollutant exposure may be associated with olfactory defi-
cits. An important fact is that cross-sectional variation in olfactory
ability between individuals does not equal intraindividual olfactory
loss. However, to the best of our knowledge, no previous study has
investigated the association between air pollution and longitudi-
nally measured olfactory change. To examine whether air pollution
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exposure may be linked to decline in olfactory ability in older age,
longitudinal population-based studies with repeated olfactory
measurements are needed.

We hypothesized higher exposure to common airborne pollu-
tants to be associated with a faster rate of decline in olfactory
identification ability. We tested this hypothesis using a well-
characterized population-based sample with spatially detailed
data of long-term exposure to air pollution (PM;s or NOy) and
repeated olfactory identification tests across 12 y of follow-up.

Methods

Data collection

Participants were from the Swedish National Study on Aging and
Care in Kungsholmen (SNAC-K), an ongoing longitudinal
population-based study on aging and health that started in 2001
(Lagergren et al. 2004). The original study population consisted
of 4,590 persons, randomly drawn from the population registry of
Kungsholmen, a central area of Stockholm, Sweden. Out of
these, 3,363 persons participated in the baseline examination
(2001-2003). The participants came from 11 prespecified age
cohorts: 60, 66, 72, 78, 81, 84, 87, 90, 93, 96, and 99 y and older.
The examination involved a social interview and assessment of
physical functioning (performed by nurses); a clinical assessment
of geriatric, neurological, and psychiatric information (performed
by physicians); and neuropsychological testing (performed by
psychologists). All parts of the SNAC-K project have been
approved by the Ethics Committee at Karolinska Institutet or by
the Regional Ethical Review Board in Stockholm, Sweden. All
participants provided written informed consent or, in cases where
the participants were severely cognitively impaired, the consent
was provided by their next of kin. Figure 1 presents an overview
of the design of the SNAC-K study.

Most participants (n =2,848) completed a neuropsychological
test battery (Laukka et al. 2013). We excluded participants who
had a diagnosis of dementia (n=122), schizophrenia (n=10),
Parkinson disease (n=21), or developmental disorder (n=1) at
baseline, as well as those with a Mini-Mental State Examination
(MMSE) score below 24, indicative of cognitive impairment
(n=25). Of the remaining participants, 2,475 completed the olfac-
tory testing (Ekstrom et al. 2020) at baseline. Seven participants
had missing data on environmental concentration, resulting in a
final sample of 2,468 participants; 1,774 participants had at least
one additional olfactory assessment during the 12-y follow-up, of
which 522 (29.4%) had participated in one, 898 (50.6%) in two,
268 (15.1%) in three, and 86 (4,8%) in four follow-up testing waves
[mean=1.95, standard deviation (SD=0.80)]. Their average
follow-up time was 9.23 y (SD=3.05). Loss of follow-up after
baseline concerned 694 individuals [age=75.1 (10.6); years of
education=11.2 y (4.1); baseline odor identification score = 10.6
(3.6); 59.1% female].

Comparisons with two-sample #-tests and chi-square tests
between the 1,774 participants with follow-up assessments and
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Figure 1. The SNAC-K study design.
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the 695 individuals who were lost to follow-up (of which 38.8%
had died) showed statistically significant group differences
regarding age, education, and baseline olfactory identification
performance (statistics presented in Supplementary Table S1).
The dropout group was older (mean=75.56, SD=10.53) than
the main sample (mean=70.98, SD=9.38), had fewer years of
education (mean=4.78, SD=1.82) than the main sample
(mean=15.22, SD=1.74) and lower odor identification scores
(mean=10.57, SD =3.59) than the main sample (mean=12.05,
SD =2.80). We found a similar sex distribution in participants
who were lost to follow-up (40.92% male/59.08% female) in
comparison with the main sample (38.22% male/61.78% female).
Likewise, we found similar average pollution concentrations for
the 5 y preceding baseline for PM; s (mean=28.37, SD =0.69)
and NOy (mean=33.51, SD=11.99) in comparison with the
concentrations of PM,s (mean=28.39, SD=0.73) and NO
(mean =33.50, SD = 11.98) that were found in the main sample.

Odor Identification Assessment

Odor identification ability was assessed with the Sniffin’ Sticks, a
well-established and norm-referenced olfactory test kit with high
test-retest reliability (Croy et al. 2015; Hummel et al. 1997). The
testing procedure is described in detail elsewhere (Ekstrom et al.
2020). In brief, participants were presented with 16 household
odors and instructed to freely identify the presented odor by pro-
viding a verbal descriptor. If they failed to provide a correct label,
they were presented with four written response alternatives from
which they were instructed to choose the label that best matched
the odor. In a few cases, items were skipped due to allergy to the
specific odor or test-leader mistakes (n=1 at baseline; n=3 at
first follow-up, n=2 at second follow-up, n= 10 at third follow-
up, and n=2 at fourth follow-up). Participants received a score
of 0.25, representing performance at chance level, for that item.
Participants received a score of 0 if they were unable to identify
an item because they could not perceive the presented odor. The
odor identification score was calculated as number of correctly
identified odors, with a performance range of 0 to 16. To mini-
mize retest effects across follow-up occasions, participants were
randomly assigned one of three test versions, with different pre-
sentation orders of the odors. At the next follow-up, the partici-
pant would receive a different version. Notably, the same odors
were used for each version, in different presentation orders.

Air Pollution Assessment

We used two different measures of air pollution. Local contribu-
tions of PM, 5 consisted of combustion particles from residential
wood burning and exhaust and wear particles from road traffic.
Nitrogen oxides (NOy) represented exhaust emissions from road
traffic. Pollutant levels at the participants’ residential addresses
were estimated with Gaussian dispersion modeling based on local
emission inventories described in detail elsewhere (Segersson
et al. 2017). Briefly, annual average air pollution levels from
local sources were calculated using emission inventories, consid-
ering both traffic and nontraffic sources, for the years 1990, 1995,
2000, 2005, and 2011. Annual average levels of PM; s and NOy
for the period 1990-2011 were obtained from linear interpolation
over the years between each model simulation. Annual long-
range pollutant contributions were added to the simulation of
locally generated PMj,s and NOy. These contributions were
based on measurements from a rural site located outside the cal-
culation domain (60 km northeast of Stockholm). To allow high
resolution in vicinity of roads, a quadtree receptor grid was used.
The size of the domain on which the model was based was
174 x236km?, covering the city cores with suburbs, many
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smaller villages, and some rural areas. The exposure and impact
assessment presented here is limited to the location covering the
residential addresses of the included SNAC-K participants, an
area the size of 391 hectares. Reliability measures of the disper-
sion model derived from yearly measurements at three sites
within the City of Stockholm (of which this district is part) were
high (#*-values of 0.86 for PM, 5 and 0.97 for NO,; Grande et al.
2020). Average particulate emissions from the 5 y preceding
baseline olfactory assessment (2001-2003) were calculated for
PM,s and NOy. Thus, for participants who were assessed in
2001, average concentration values from the years 1996 to 2000
were used. Similarly, we used average values from the years
1997 to 2001 for participants assessed in 2002, and so forth.

Demographic and Occupational Variables

Age, sex, and years of education were collected following stand-
ard protocols. Age was measured as years since birth and educa-
tion as years of formal schooling. We centered these variables on
their respective means. Participants longest held professional
occupation was obtained through self-reports and dichotomized
into manufacturing (“blue-collar”) or nonmanufacturing (“white-
collar”) work.

Cognition

The odor identification test involves matching olfactory input to
word labels. Performance in this test may therefore be affected by
cognitive ability in semantic memory (word knowledge). To con-
trol for the potential effects of semantic ability, we included a
Swedish vocabulary test, SRB1 (Dureman 1960), as a covariate.
Here, participants are presented with 30 words together with
5 additional words, and the task is to choose the correct synonym
in forced-choice format, similar to the format of the odor identifi-
cation test.

Health and Lifestyle Variables

Heart diseases and cerebrovascular diagnoses at baseline and dur-
ing follow-up were based on the clinical assessment, self-report,
medications lists, laboratory data, and information from the com-
puterized Stockholm inpatient and outpatient register (Calderén-
Larrafiaga et al. 2017). Cerebrovascular disease (ICD-10 160-
169) was dichotomized as 1 (yes) or O (no). Heart disease was
defined as a diagnosis of either atrial fibrillation (ICD-10 148),
heart failure (ICD-10 150), or ischemic heart disease (120-125)
and dichotomized as 1 (yes) if having at least one of these diag-
noses or 0 (no) if not. Diagnosis of diabetes type 1 or 2 was
obtained from medical history, use of diabetes drugs (ATC code
A10), diagnosis in the Stockholm inpatient register (ICD-10 code
Ell), or HbAlc>6.5% (48 mmol/mol; Marseglia et al. 2019).
Smoking was derived from self-reports at baseline and catego-
rized into former, current, or never smoked. Height and weight
were measured with light clothes and no shoes. Body mass index
(BMI) was calculated as weight (kilograms) divided by height
(meters) squared.

Statistical Analysis

All analysis were performed in STATA (version 14; Stata Corp.),
and the threshold for statistical significance was set at p <0.05.
We used linear mixed models to analyze olfactory level (base-
line) and rate of change as a function of particulate concentration.
We used unstructured variance-covariance matrices for all mod-
els. The random effects included random intercept and slope,
allowing for individual differences at baseline and across time. In
creating the estimates for the longitudinal trajectories, STATA
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also considers the hypothetical trajectories of the people who
dropped out of the study. The basic model was adjusted for age at
baseline, sex, and years of education. The covariates in the multi-
adjusted model were chosen a priori and based on the findings of
previous studies. In addition to age, sex, and education, we
included cognitive performance in vocabulary, professional back-
ground (blue vs. white collar), BMI, smoking, history of heart
disease, and cerebrovascular disease or diabetes at baseline
because these diseases have been shown to be related to olfactory
impairment or decline in aging (Ekstrom et al. 2020; Fluitman
et al. 2019; Lietzau et al. 2018; Schubert et al. 2015; Siegel et al.
2019). Potential effects of changes over time in the level of air
pollution during the years surrounding baseline were considered
by adjusting for year of baseline assessment, with 2001 as the ref-
erence category. We also included test versions of the odor iden-
tification test to certify that the results were not affected by
differences in presentation order of the odors. The analytical
equation of the linear mixed-effect models is:

Y;; = o+ B, Group; + B, Time;; + B; Group; X Time;;

+ By, covariate; + &,

where o is the intercept in the reference group; i [range 1,.. ., nj]
represents the ith subjects at jth (L,. . ., nj) measurement occasion;
h (range 1,.. ., ny) refers to the covariates; and g;; is the measure-
ment or sampling errors (modeled in the random effect part of the
mixed model).

First, we treated concentration of PM, s and NOy pollutants
as continuous variables. To test departure from linearity, we fur-
ther categorized average pollution emissions into quartiles with
increasing emission concentrations, each comprising 25% of the
total sample size. The first quartile was considered the reference
category, representing participants exposed to the lowest average
pollutant concentration of PM; 5 or NOy.

We performed sensitivity analyses in which the average con-
centrations of PM; s and NOy for 1 y (the year of baseline assess-
ment for each participant) were used as predictors of olfactory
change, instead of the average pollution concentration for the 5 y
preceding baseline. This approach allowed us to explore potential
effects of temporal variation in pollution concentration on our
results. Sensitivity analyses further considered the possibility that
our results may be influenced by individuals who already had a
severe olfactory dysfunction at baseline, as well as by those with
a history of cerebrovascular disease. For this purpose, we
repeated main analyses in subsamples free of @) anosmia (anos-
mia defined as an odor identification score of <6; Hummel et al.
2007; Seubert et al. 2017) (n=2,280) or b) history of cerebrovas-
cular disease (n =2,326) at baseline.

The potentially biasing effects of attrition were investigated in
follow-up multiadjusted mixed models by comparing the impact
that two extreme scenarios would have on our results. In a first
step, we gave all participants who had not participated in an addi-
tional olfactory assessment after baseline a score of 0 in the odor
identification test, assuming that they would have developed a
functionally absent sense of smell during follow-up. In a second
step, all participants with missing follow-up data received the
same odor identification score as at the baseline assessment,
assuming that there was no olfactory decline in this group.

We investigated the potential modifying effects of increasing
age and vascular diseases that developed during follow-up on the
association between air pollution and olfactory decline. For this
purpose, we added interaction terms between odor identification,
time in study and the potential modifiers to our multiadjusted
models. First, we added an interaction term between age, pollu-
tion quartile, and level and change of odor identification. Second,
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Table 1. Sample characteristics at baseline assessment (2001-2003) for the total sample (n =2,468) and by air pollutant quartiles of PM; 5 and NOx.
Participants are from the SNAC-K Study on Aging and Care in Kungsholmen, Stockholm, Sweden.

Total sample (n=2,468)

PM,; 5 quartiles

NOy quartiles

1st 2nd 3rd 4th 1st 2nd 3rd 4th
n n=617 n=617 n=617 n=617 n=617 n=617 n=617 n=617
Age (mean + SD) 2,468 72.3+9.9 704+94 722+9.8 73.5+10.3 729+10.0 69.7+9.2 72.6+9.8 73.8+10.0 73.1+10.2
Female/male (%) 2,468 61.0/39.0 55.6/44.4 62.9/37.1  61.4/38.6 64.2/35.8 56.1/43.9 61.8/38.3 62.6/37.4  63.7/36.3
Years of education 2,468 122+4.2 126 +4.1 124+44 120+42 119+4.1 12.7+42 122+43 12.1+44 11.9+4.0
(mean + SD)
Vocabulary (mean + SD) 2,448 22.8+5.1 232+48 22.8+52 229449 225453 234+46 22.7+53 23.0+5.0 224+53
Blue-collar/white-collar 2,465 20.1/79.8 16.4/83.6 19.5/80.6  21.2/78.4 23.3/76.5 14.9/85.1 20.9/78.9 20.4/79.4  24.2/75.7
profession (%)
BMI (mean + SD) 2,419 25.8+4.1 26.0+3.9 258+4.1 257+4.1 258+42 259+39 260+43 256+3.7 257+44
Smoking yes/no (%)
Currently 363 14.7/85.3 12.3/87.7 15.7/84.3  14.4/85.6 16.4/83.6  13.1/86.9 12.6/87.4 16.7/83.3  16.4/83.6
Ever 973 39.4/60.6 40.0/60.0 40.0/60.0  41.3/58.7 36.3/63.7 40.4/59.6 41.2/58.8 40.0/60.0  36.1/63.9
Never 1,118 45.3/54.7 47.5/52.5 43.8/56.2  42.9/57.1 46.5/53.5 46.4/53.6 45.1/549 43.1/56.9  46.7/53.3
Diabetes yes/no (%) 2,468 8.6/91.4 7.9/92.1  8.8/91.3 9.1/90.9 8.6/91.4 6.2/93.8 11.0/89.0 8.3/91.7 8.9/91.1
Heart disease yes/no (%) 2,468 20.8/79.2 19.9/80.1 19.8/80.2  20.8/79.3 22.7/77.3 16.2/83.8 22.2/77.8 22.5/77.5  22.2/77.8
Cerebrovascular disease 2,468 5.8/94.3 4.2/95.8  5.0/95.0 6.8/93.2 7.0/93.0 4.1/95.9  5.4/94.6 6.3/93.7 7.3/92.7
yes/no (%)
PM, 5 (mean =+ SD; pg/m?) 2,468 8.4+0.7 77+02 8.1+0.1 8.4+0.1 9.3+0.8 77+03 8.1+02 84402 9.2+0.8
NOy (mean =+ SD; pig/m?) 2,468 33.5+12.0 232437 298+3.0 33.7+3.1 473+152 225+3.1 29.6+15 34.1+14 479+14.8
Odor identification score 2,468 11.6+3.1 11.8+3.1 11.6+3.0 11.5+34 11.6+3.0 119+3.0 11.6+3.1 11.5+32 11.6+3.1

(mean + SD)

Note: Variables with missing values: Smoking n = 14; Occupational background n = 3. BMI, body mass index; NOy, nitrogen oxide; PM, s, particulate matter with aerodynamic diam-

eter less than or equal to 2.5 pm; SD, standard deviation.

we investigated whether there was as an interaction between
newly occurring diagnoses of cerebrovascular disease or heart
disease during follow-up. Given the decrease in traffic exhaust in
the Stockholm area during recent decades, we investigated the
extent of the decline of air pollution concentration from PM; s
and NOy between 1996 and 2003, a timespan encompassing base-
line for each participant and the 5 y preceding this assessment.

Results

Study Participants Characteristics

Participant characteristics for the total sample (n =2,468) are pre-
sented in Table 1. On average, participants were 72.3 y old
(SD =9.9; range 58.4-100.9 y), had completed 12.2 y of formal
education (SD=4.2), correctly identified 11.6 of 16 odors at
baseline (SD =3.1), and 61.0% were female.

Longitudinal Analysis of Olfactory Change as a Function of
Air Pollution

Participants declined on average 0.20 items [f= — 0.20 (95% CI:
—0.22, —0.18; p < 0.001)] on the odor identification task for each
year in the study.

Pollution concentration in our study sample averaged for the
5 y prior baseline ranged from 6.-12.4ug/m’ (mean=8.4;
SD=0.7) for PM, 5, and from 12.8-110.0 ug/m3 (mean=33.5;
SD=12.0) for NOy. The range of PM;s was 8.1-13.8 ug/m3
(mean=9.8; SD=0.7) in 1996 and 7.2-12.3 ug/m3 (mean=28.8;
SD=0.6) in 2003. The range of NOyx was 15.2-123.5 pg/m?
(mean=38.9; SD=14.3) in 1996 and 12.0-84.7 pg/m?
(mean=29.1; SD=9.7) in 2003. Analysis of temporal trends for
change in pollution concentration between the years 1996 and
2003 showed a statistically significant decrease for both PM; s
(t=315.7, p<0.001) and NOy (r=101.8, p<0.001) during this
period. On average, PM; s concentrations for our study population
decreased by 10.2%. For NOy, the decrease was 25.6%.

In a first step, we treated PM, s and NOy air pollution concen-
trations as continuous variables. In the multiadjusted model,
adjusting for version of the odor identification test at baseline,
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year of the baseline assessment, age, sex, education, vocabulary
performance, blue-collar profession, BMI, and smoking, we
found a statistically significant positive association between pol-
lutant concentration and olfactory identification at baseline, such
that higher pollution concentrations were associated with higher
olfactory baseline scores (Table 2). In contrast to these findings,
we found that higher air pollution concentration was associated
with faster rate of olfactory decline. The association was, how-
ever, not statistically significant for NOy and approached statisti-
cal significance for PM; s (Table 2).

In a second step, we used quartiles of PM; 5 and NOy air pollu-
tion as predictors of olfactory level and change (Oudin et al. 2016).
Table 1 summarizes participant characteristics by pollution quar-
tile. Regarding secular trends by quartile, we found that pollution
concentrations decreased the most in the fourth and thus highest air
pollution quartiles between 1996 and 2003. For PM, 5, concentra-
tions declined by 9.9%,9.5%, 10.2%, and 10.6% in the first, second,
third, and fourth quartiles, respectively. For NOy, decreases were
24%,34.4%, 39.2%, and 55.5%, respectively.

In multiadjusted mixed models, we found no significant asso-
ciation between air pollution and olfactory level at baseline, nei-
ther for quartiles of PM; 5 nor NOy (Table 2).

Regarding change, we found that belonging to the two highest
pollutant quartiles was associated with a significantly faster rate of
olfactory decline (Table 2). For PM; s, belonging to the third and
fourth concentration quartiles was associated with a faster decline in
odor identification change by —0.09 (95% CIL: —0.14, —0.04) and
—0.07 (95% CIL: —0.12, —0.02) points/y, respectively (Figure 2).
For NOy, belonging to the third and fourth concentration quar-
tiles was associated with a faster decline in odor identification
change by —0.05 (95% CI: —0.10, —0.01) and —0.07 (95% CI:
—0.11, —0.02) points/y, respectively (Figure 3). Multiadjusted
associations between pollution quartiles of PM; 5 or NOy and ol-
factory decline remained largely unchanged in analyses of partic-
ipants without anosmia or a history of cerebrovascular disease at
baseline (Table 3).

We found a significant interaction between age and NOy with
regard to olfactory change. Increasing age modified olfactory
decline in the fourth pollution concentration quartile of NOy
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Table 3. Results of multiadjusted linear mixed models on associations between air pollution in PM; s and NOy (5-y mean prior baseline assessment, quartiles)
and change (score/year) in odor identification in SNAC-K participants without anosmia at baseline (n =2,280) and in those without a history cerebrovascular

disease at baseline (n=2,362).

Participants without anosmia (n =2,280)

Participants without cerebrovascular disease (n =2,362)

Change B (95% CI) p-Value Change B (95% CI) p-Value

PM,; 5 quartiles

2nd —0.029 (-0.077, 0.020) 0.25 —0.021 (-0.069, 0.027) 0.39

3rd —0.100 (—0.149, —0.050) 0.000 —0.092 (-0.141, —0.043) 0.000

4th —0.067 (=0.116, —0.017) 0.008 —0.060 (-0.108, —0.011) 0.016
NOy quartiles

2nd —0.029 (-0.079, 0.020) 0.24 —0.025 (-0.083,0.013) 0.16

3rd —0.054 (-0.104, —0.005) 0.031 —0.051 (-0.100, —0.003) 0.039

4th —0.070 (=0.119, —0.021) 0.005 —0.062 (-0.110, —0.014) 0.011

Note: Adjusted for age, sex, education, odor test version at baseline, baseline assessment year,
vascular disease. BMI, body mass index; CI, confidence interval; NOy, nitrogen oxide; PM, s,

Sensitivity analysis in which we used average pollution con-
centrations from the year of baseline for each participant, instead
of the average of the 5 y preceding baseline, showed a similar
pattern of results, but with somewhat attenuated associations
(Table 5). To investigate the potential effects of attrition on our
results, we performed additional multiadjusted mixed models in
which all individuals with missing olfactory values at follow-up
(i.e., participants with a completed baseline assessment but no
additional olfactory assessment) were first given a score of zero
for the odor identification test at follow-up to assume the devel-
opment of a completely absent sense of smell. This approach
resulted in a pattern of results similar to that in the initial analy-
sis, but with somewhat larger associations between the third and
fourth quartiles of pollution concentration and olfactory decline
(Table 5). Imputing missing olfactory values at follow-up with
the same scores as those the participants received at baseline,
assuming no olfactory decline in this group, resulted in largely
the same results as in the main analysis (Table 5).

Discussion

In this population-based sample of older adults, we found exposure
to higher quartiles of outdoor air pollution to be associated with
faster decline in olfactory identification ability across follow-up, in
comparison with exposure to the lowest quartile. Individuals in the
two highest PM, 5 quartiles were estimated to follow a trajectory
leading to a lower score corresponding to 1 less identified odor
over the 12-y follow-up, in comparison with the lowest quartile.
The corresponding trajectories for NOy showed a similar pattern
but with smaller group differences. Notably, we observed associa-
tions between air pollution and olfactory decline at commonly

vocabulary, longest held occupation, BMI, smoking, diabetes, heart disease, and cerebro-
particulate matter with aerodynamic diameter less than or equal to 2.5 um.

occurring PM; 5 and NOy concentrations, the former being on av-
erage well below the current World Health Organization (WHO)
guideline of 10 pug/m? (WHO 2005). These longitudinal relation-
ships persisted after adjusting for important potential confounders,
including age, sex, education, occupational background, semantic
memory performance, smoking, BMI, and history of cerebrovas-
cular disease, heart disease, or diabetes.

Pathophysiological studies indicate that the olfactory system
may be especially susceptible to injury from inspired air, and
these findings have been corroborated by epidemiological stud-
ies based on proxies for pollution exposure estimations (as
reviewed by Ajmani et al. 2016b). However, population-based
studies with access to estimates of individual-level pollution
levels at residential addresses are scarce. To our knowledge, no
longitudinal study has so far examined associations between
pollutant exposure and olfactory function over time. A previous
cross-sectional population-based study found that residential
exposure to PM;s in home-dwelling U.S. adults age 57-85 y
was significantly associated with olfactory dysfunction (Ajmani
et al. 2016a). Likewise, Adams et al. (2016) found similar asso-
ciations between olfactory impairment and exposure to the
nitrogen oxide NO;. In contrast to these studies, we did not
observe a negative association between PM, 5 or NOy exposure
and baseline olfactory ability in our sample. However, in longi-
tudinal analyses, we found an association between the two high-
est quartiles of PM;,s and NOy and faster olfactory decline
trajectories. Importantly, excluding participants with anosmia at
baseline did not influence these findings, suggesting that the
association between air pollution and olfactory decline was not
driven by participants who already exhibited an olfactory dys-
function at the start of the study.

Table 4. Results of multiadjusted linear mixed models on associations between air pollution in PM; 5 and NOy (5-y mean prior baseline assessment, quartiles)
and change (score/year) in odor identification in interaction with age at baseline (continuous), development of a cerebrovascular disease during follow-up (yes/

no) and development of heart disease during follow-up (yes/no).

Change X Development of
cerebrovascular disease”

Change X Development of
heart disease”

Change x Age” B (95% CI) p-Value B (95% CI) p-Value B (95% CI) p-Value

PM; 5 quartiles

2nd 0.002 (=0.004, 0.007) 0.57 0.026 (=0.113, 0.165) 0.72 0.051 (-0.063, 0.165) 0.38

3rd —0.007 (—=0.006, —0.005) 0.82 0.040 (—0.098, 0.178) 0.57 0.058 (—0.055, 0.170) 0.31

4th —0.005 (-0.011, 0.001) 0.11 0.079 (—0.065, 0.223) 0.28 0.102 (-0.014, 0.218) 0.08
NOy quartiles

2nd —0.002 (—0.008, 0.004) 0.56 0.055 (-0.087, 0.197) 0.45 —0.020 (=0.135, 0.096) 0.74

3rd —0.006 (—=0.012, 0.000) 0.05 —0.019 (—0.158, 0.112) 0.79 —0.010 (=0.101, 0.120) 0.86

4th —0.006 (-0.012, —0.001) 0.03 0.019 (-0.128, 0.149) 0.88 0.063 (—0.052, 0.177) 0.28

Note: BMI, body mass index; CI, confidence interval; NOy, nitrogen oxide; PM; s, particulate matter with aerodynamic diameter less than or equal to 2.5 um.
“Adjusted for sex, education, odor test version at baseline, baseline assessment year, vocabulary, longest held occupation, BMI, smoking, diabetes, heart disease, and cerebrovascular

disease.

®Adjusted for age, sex, education, odor test version at baseline, baseline assessment year, vocabulary, longest held occupation, BMI, smoking, diabetes, heart disease, and cerebrovas-

cular disease.

Environmental Health Perspectives

027005-6

130(2) February 2022



Table 5. Results of multiadjusted linear mixed models on associations between air pollution in PM; s and NOy (1-y mean prior baseline assessment, quartiles)
and change (score/year) in odor identification in the total sample (n =2,468). Results of multiadjusted linear mixed models on associations between PM, 5 and
NOy (5-y mean prior to baseline assessment, quartiles) and change (score/year) in odor identification in the total sample with manually imputed missing values
for participants lost at follow-up (n=695) with a) a score of zero and b) the baseline score in odor identification for these participants.

Manual imputation of values for participants lost at follow-up (n=695)

1-y pollution exposure

Odor identification score imputed by zero

Odor identification score imputed by baseline value

Change Change Change
B (95% CI) p-Value B (95% CI) p-Value B (95% CI) p-Value

PM; 5 quartiles

2nd 0.003 (—0.445, 0.050) 0.91 —0.024 (-0.073, 0.025) 0.34 —0.027 (-0.074, 0.021) 0.26

3rd —0.049 (-0.098, —0.001)  0.046 —0.092 (-0.142, —0.042) 0.000 —0.090 (-0.138, —0.042) 0.000

4th —0.046 (—0.095, 0.002) 0.06 —0.064 (-0.114, —0.019) 0.012 —0.070 (-0.117, —0.022) 0.004
NOy quartiles

2nd —0.035 (—0.083, 0.014) 0.16 —0.034 (—0.084, 0.016) 0.18 —0.027 (-0.074, 0.021) 0.27

3rd —0.045 (—0.093, 0.003) 0.068 —0.052 (-0.102, —0.002) 0.040 —0.053 (=0.099, —0.004) 0.034

4th —-0.070 (-0.117, —0.022) ~ 0.004 —-0.070 (-0.119, —0.020) 0.006 —0.066 (-0.113, —0.019) 0.006

Note: Adjusted for age, sex, education, odor test version at baseline, baseline assessment year, vocabulary, longest held occupation, BMI, smoking, diabetes, heart disease, and cerebro-
vascular disease. BMI, body mass index; CI, confidence interval; NOy, nitrogen oxide; PM, 5, particulate matter with aerodynamic diameter less than or equal to 2.5 pm.

In addition to PM; s, we found exposure to another air pollu-
tant, NOy, to be linked to olfactory ability. Although research on
the effects of NOy and related ambient pollutants with the human
olfactory system is scarce, previous studies suggest an associa-
tion of NOy with brain health. For example, residing in the two
highest quartiles of NOy exposure has been linked to an increased
risk of dementia in two Swedish population-based studies involv-
ing pollutant concentrations comparable to those observed in our
study (Andersson et al. 2018; Oudin et al. 2016). Similarly, a
previous study on SNAC-K participants showed associations
between PM; s and NOy and a higher risk of dementia (Grande
et al. 2020). It should be noted that NOy in our study area is mod-
eled with road traffic as the primary source, which is why the
effects associated with NOy should be seen as effects of the com-
plex mixture of traffic-related pollutants, and most important, the
exhaust-related pollutants.

We did not find an association between air pollution and rate of
olfactory change when treating pollutant levels as continuous pre-
dictors. Similarly, our analyses based on quartiles of pollution ex-
posure did not suggest a statistically significant linear exposure—
response relationship between air pollution and change in olfactory
ability. This finding is in line with the results from a previous
cross-sectional study (Ajmani et al. 2016b) suggesting a nonlinear
relationship between pollution exposure and olfactory function. It
is conceivable that potential harmful effects of air pollution on the
olfactory system may emerge only after reaching a certain thresh-
old of exposure levels. Similar nonlinear associations have previ-
ously been obtained regarding pollution exposure from road traffic
and future dementia (Oudin et al. 2016). At this point, we cannot
offer a satisfactory explanation as to why effect sizes were some-
what stronger for the third quartile in comparison with the fourth
quartile of PM; 5. It is conceivable that our results were affected by
variations in indoor air quality, which is influenced by more factors
than outside concentrations of air pollution. The amount of air pol-
lution transported inside a dwelling depends significantly on the
ventilation and infiltration rate of the outdoor air as well as on
human behavior. In turn, these factors are influenced by outdoor air
pollution, and compensatory mechanisms are common in areas
subjected to high levels of exhaust (as reviewed by Leung 2015).
For example, individuals living near highly trafficked roads are
less likely to open their windows for a longer amount of time due to
disturbance from traffic noise (Leung 2015).

It is noteworthy that we found positive baseline associations
between pollutant exposure and olfactory performance when
treating air pollution as continuous predictors. The difference at
baseline could either result from chance or possibly be reflective
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of a variety of uncontrolled aspects related to for example overall
health and/or socioeconomic status of the participants in residen-
tial areas with higher pollution exposure. Although we tried to
control for the latter by including years of education and occupa-
tional background as covariates, we had no access to a more
direct measure of economic status, which may be related to resi-
dential address within the area of Kungsholmen. Whereas differ-
ent confounding factors may influence olfactory performance at
the starting point, the longitudinal associations constitute a stron-
ger indication of a possible causal link between pollution expo-
sure and olfactory function. One may also speculate that in
populations with comparatively low pollution exposure concen-
trations in combination with comparatively good health, long-
term associations between pollutant exposure and olfaction,
reflecting gradual and cumulative damage, are more likely to be
detected than cross-sectional associations. We found that older
age was related to accelerated olfactory decline trajectories for
higher concentration quartiles of NOy, but not for PM;s.
Conceivably, the olfactory system may be more vulnerable to
toxic insults in older age (Doty and Kamath 2014), whereas older
adults have also been subjected to longer time periods of accumu-
lation during their lifespans. The discrepancy between PM; s and
NOy may arise from the fact that NOy emissions, in contrast to
PM, s, have decreased substantially during the past 30 y in the
examined area (Segersson et al. 2017). Consequently, older
adults in our sample were exposed to significantly higher expo-
sure concentrations of NOy for longer time periods than were rel-
atively younger participants.

So far, the potential mechanisms behind associations of air pol-
lution and olfactory function are poorly understood, but both direct
and indirect pathways are possible. Olfactory neurons are situated
in the roof of the nasal cavity and directly exposed to the outside
environment (Doty 2003, 2009). As a result, ultrafine airborne pol-
lutants can bypass the blood—brain barrier via the olfactory nerves
(Block and Calderén-Garciduefias 2009; Lucchini et al. 2012;
Oberdorster et al. 2004). Animal data and postmortem studies indi-
cate that inhalation of these toxins can lead to cytotoxic and DNA
damage of the cells of the olfactory system already at its peripheral
stages (i.e., the olfactory epithelium) and that particles deposited in
the olfactory mucosa may translocate to the olfactory bulb, where
they can induce cytotoxic, inflammatory, and cell stress responses
(asreviewed by Ajmani et al. 2016b).

Alternatively, air pollution could affect the olfactory sys-
tem indirectly. Air pollution is an established risk factor for
cardiovascular conditions such as myocardial infarction (Peters
et al. 2001), heart failure (Shah et al. 2013), and atherosclerosis
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(Adar et al. 2013). At the same time, these conditions are over-
represented among individuals with olfactory dysfunction
(Palmquist et al. 2020; Schubert et al. 2011) and predictive of a
faster rate of olfactory decline (Ekstrom et al. 2020; Schubert
et al. 2015. A previous study based on SNAC-K participants
suggested that cerebrovascular and cardiovascular diseases
may modify the association between PM,s and cognitive
decline, such that these diseases may accelerate detrimental
effects of pollution on cognition (Grande et al. 2021). In con-
trast, in follow-up analyses, we did not find that incident cere-
brovascular or heart disease accelerated the rate of olfactory
decline as a function of pollution exposure. More research is
needed before conclusions on potential mechanisms based on
vascular pathways can be drawn.

A main strength of our study concerns the longitudinal nature
of our data, allowing for inferences about associations between
ambient pollution and long-term changes in olfactory function.
Previous studies on associations between air pollution and olfac-
tion have used cross-sectional measurements of olfactory ability.
However, olfactory function measured over multiple times in the
same individuals is likely a more valid measure of olfactory loss
than comparisons between individuals. Attrition is an inevitable
concern in longitudinal research, and we found that participants
with a comparatively better sense of smell at baseline were more
likely to remain in the study to undergo subsequent olfactory test-
ing. However, follow-up analyses suggested that this selective
dropout was unlikely to affect our results. First, we did not find
any evidence for attrition being associated with pollutant quar-
tiles. Second, the rate of olfactory decline and its associations
with PM; s and NOy exposures remained largely unchanged by
modeling olfactory values that represented either the develop-
ment of an absent sense of smell or no olfactory change during
follow-up in the group with only one olfactory assessment.

Another main strength concerns our use of dispersion models
of PM, s and NOy, enabling participant-specific estimations of
exposure levels at residential address. Although we did not have
access to dense exposure measurements within our district, reli-
ability of the dispersion model for obtaining pollution levels at
individual addresses in the city of Stockholm has previously been
shown to be high (Segersson et al. 2017).

Although the dispersion model from which pollution concen-
trations for residential addresses were derived was based on a large
area, covering central and rural regions within the Stockholm
county, our study population was from a small residential district
within Stockholm city, with comparatively good air quality.
Owing to increasingly strict control of ambient air pollution in
recent decades, even the higher pollution levels observed in our
study are below current WHO guidelines. Although exposure gra-
dients in small-area studies may be smaller than in studies that
compare participants over a larger area, they are not necessarily
less valid and are certainly quite relevant for evaluating health
effects from very local air pollution, e.g., from traffic. In addition,
small-area studies may also have some advantages over studies
performed over larger regions. For example, variation between
participants regarding potentially confounding variables is typi-
cally small, or at least smaller than in studies that compare partici-
pants over a large geographical area. However, it is likely that our
results were affected by the comparatively small range of PM; s
and NOy at the residential addresses of our participants, such as
that the magnitude of the association between air pollution and ol-
factory loss may be underestimated in our study. Importantly, the
fact that we found an association between air pollution and olfac-
tory decline at these low concentration levels of exhaust stresses
the importance of further assessments of longitudinal olfactory
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change in population-based participants subjected to higher con-
trasts of exposure.

As a result of targeted actions to reduce exhaust in particu-
larly affected areas during recent decades (Segersson et al. 2017),
we observed that pollution concentrations significantly declined
in our sample for the 5 y before the olfactory baseline assess-
ment. An important finding was that this decrease was most pro-
nounced in the two highest pollution quartiles of PM, 5 and NOy,
for which significant associations with olfactory decline were
obtained. Follow-up analyses showed attenuated associations
between pollution concentrations and olfactory decline when we
considered pollution exposure from the baseline year only (when
pollution rates were lower), instead of exposure concentrations
averaged over the 5 y preceding baseline. Thus, the obtained
associations between air pollutants and olfactory decline were
likely a result of not only spatial but also temporal variation in air
pollution concentrations.

The slope of olfactory decline observed in our study was of a
relatively small magnitude, which may in part explain why also
its association with air pollution quartiles was relatively weak in
effect size. Indeed, average olfactory decline trajectories in nor-
mal aging are likely to be subtle, with small changes occurring
over the course of several years (Doty and Kamath 2014). It is
possible that the assessment of olfactory sensitivity may have
added information in terms of these subtle changes in smell func-
tion. However, olfactory identification has several advantages
over sensitivity in the current research setting. Odor identification
is the most commonly selected method in population-based stud-
ies and has also been used in most research on the relationship
between air pollution and olfaction (as reviewed by Ajmani et al.
2016a), which increases comparability of our results to other
studies. Odor identification is also easy to assess, reducing selec-
tive dropout from the olfactory test in longitudinal studies. In
comparison with identification, olfactory sensitivity is typically
operationalized based on perception thresholds for one odorant
only. However, even among persons with a normal sense of
smell, sensitivity to monomolecular odorants varies greatly, and
an individual can be insensitive to one odorant while having a
normal perception of another (Bremner et al. 2003; Keller et al.
2012). Given that the odor identification task includes 16 com-
mon household odors, it enables assessment of olfactory decline
that may have adverse effects for the daily life of the individual.

Longitudinal studies on cognitive decline suggest that associa-
tions with potential predictors of age-related change are generally
small and difficult to detect (Ritchie et al. 2016). Although longitu-
dinal studies on predictors of olfactory decline are sparse, similar
small effect sizes have been observed regarding olfactory loss
(Ekstrom et al. 2020; Schubert et al. 2015). Previous research sug-
gests that olfactory decline in the adult population is mainly driven
by either aging or neurodegenerative processes (as reviewed in
Olofsson et al. 2021). Apart from these two major factors, interin-
dividual characteristics related to demographics, lifestyle, health,
and genetic factors likely play a role. Independently, each of
these factors may marginally contribute to the damage of the ol-
factory system. It is therefore not surprising that our results sug-
gest a contribution of environmental air pollution, with effect
sizes that are weak but similar in magnitude to those previously
observed. In addition, the relatively weak effect sizes obtained in
our study may be explained by the comparatively low and declin-
ing pollution concentrations in the Stockholm region. Whereas
the low exposure concentrations in this study decrease generaliz-
ability of our findings, our results also suggest that airborne pol-
lution is associated with long-term damage to the olfactory
system at comparatively low pollution levels.
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Conclusion

We found exposure to airborne PM; s and NOy particulates to be
associated with a faster rate of decline in olfactory identification
ability in older adults. Our results suggest that cumulative effects
of airborne pollutants on the olfactory system may contribute to
olfactory loss in aging, even at comparatively low levels of pollu-
tion exposure.
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