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Abstract
Objective
To evaluate the association between long-term exposure to ambient air pollution and cognitive
decline in older adults residing in an urban area.

Methods
Data for this study were obtained from 2 prospective cohorts of residents in the northern
Manhattan area of New York City: the Washington Heights–Inwood Community Aging
Project (WHICAP) and the Northern Manhattan Study (NOMAS). Participants of both
cohorts received in-depth neuropsychological testing at enrollment and during follow-up.
In each cohort, we used inverse probability weighted linear mixed models to evaluate the
cross-sectional and longitudinal associations between markers of average residential am-
bient air pollution (nitrogen dioxide [NO2], fine particulate matter [PM2.5], and respirable
particulate matter [PM10]) levels in the year prior to enrollment and measures of global
and domain-specific cognition, adjusting for sociodemographic factors, temporal trends,
and censoring.

Results
Among 5,330 participants inWHICAP, an increase in NO2 was associated with a 0.22 SD lower
global cognitive score at enrollment (95% confidence interval [CI], −0.30, −0.14) and 0.06 SD
(95% CI, −0.08, −0.04) more rapid decline in cognitive scores between visits. Results were
similar for PM2.5 and PM10 and across functional cognitive domains. We found no evidence of
an association between pollution and cognitive function in NOMAS.

Conclusion
WHICAP participants living in areas with higher levels of ambient air pollutants have lower
cognitive scores at enrollment and more rapid rates of cognitive decline over time. In NOMAS,
a smaller cohort with fewer repeat measurements, we found no statistically significant associ-
ations. These results add to the evidence regarding the adverse effect of air pollution on
cognitive aging and brain health.
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Age-related cognitive decline is a growing public health con-
cern as increases in life expectancy and the aging of the
population are expected to substantially increase the preva-
lence of cognitive impairment and dementia.1,2 An estimated
47 million individuals live with dementia, with the global
prevalence expected to double every 20 years.3 Poor cognitive
function is a key cause of disability among older adults and can
have profound social, economic, and health implications.4

Global health care expenditures for cognitive impairment
reached $818 billion in 2015 and are expected to reach
a staggering $2 trillion by 2030.3 Risk of accelerated cognitive
decline increases with age, cerebrovascular disease, and the
presence of traditional cardiovascular risk factors, but these
factors do not fully account for risk of cognitive decline in the
population. Identification of novel risk factors, particularly
modifiable risk factors, is of great importance.

Air pollution, a ubiquitous environmental exposure, is a wide-
spread public health hazard, particularly in urban areas. Despite
noteworthy improvements in overall levels of ambient air
pollution in high-income countries over the last decade, more
than 124 million US residents live in areas that do not meet
the US Environmental Protection Agency (EPA) National

Ambient Air Quality Standards.5 Long-term exposure to am-
bient air pollution has been highlighted as a risk factor for
cognitive decline in addition to its association with other car-
diovascular and neurologic outcomes.6–11 The purpose of this
study was to examine the association between long-term ex-
posure to ambient residential air pollution and cognitive de-
cline among older adults in 2 multiethnic, urban cohorts within
the northern Manhattan neighborhood of New York City. We
hypothesized that individuals exposed to higher levels of air
pollution would have lower levels of cognitive function at
baseline and steeper trajectories of cognitive decline.

Methods
Data collection
Data for this study were obtained from 2 prospective,
community-based cohorts located in northern Manhattan,
New York City: the Washington Heights–Inwood Commu-
nity Aging Project (WHICAP) and the Northern Manhattan
Study (NOMAS) (figure 1).

WHICAP is a prospective, population-based study of aging and
dementia. Established in 3 recruitment waves, the first wave of

Glossary
CI = confidence interval; EPA = Environmental Protection Agency; IPCW = inverse probability of censoring weights; IQR =
interquartile range; MESA Air = Multi-Ethnic Study of Atherosclerosis and Air Pollution Study; NOMAS = Northern
Manhattan Study; PM2.5 = fine particulate matter less than 2.5 μm in diameter; PM10 = respirable particulate matter; SES =
socioeconomic status; WHICAP = Washington Heights–Inwood Community Aging Project.
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participants was recruited in 1992 from a random sample of
Medicare-eligible adults (age ≥65) residing in the neighbor-
hoods of Washington–Hamilton Heights and Inwood in
northern Manhattan. The second and third waves were
recruited from the same communities in 1999 and 2010, with
a goal to recruit a cohort of ethnically and educationally diverse
elderly without dementia. These cohorts were not randomly
identified, but chosen based on the following criteria: (1) the
final sample would be equally divided among Hispanic, non-
Hispanic black, and non-Hispanic white participants; (2) the
cohort would represent equal proportions of 65–74 and ≥75-
year-old participants; and (3) individuals would be excluded
if they had substantial cognitive problems, had been diag-
nosed with dementia, or did not speak English or Spanish. To
date, at least one neuropsychological battery has been collected
on 6,261 older adults. Participants are evaluated longitu-
dinally every 18–24 months, with a comprehensive neuro-
psychological battery, medical and neurologic examination, and
survey about health-related behaviors, medication, comorbid-
ities, and cardiovascular risk factors. While some participants
in this cohort had up to 13 neuropsychological examinations,
given the recruitment in waves over time, fewer than 10% of
participants had data available from more than 6 examinations.
To ensure model stability, we limited our analyses to data from
examinations 1–6. Detailed sampling strategies, recruitment
outcomes, and examination methodology have been discussed
previously.12

NOMAS is a prospective, population-based cohort study of
3,298 participants designed to measure cardiovascular risk
factors and outcomes in a multiethnic urban population.
Initial eligibility for the cohort included age ≥40 years,
permanent residency in one of the 5 zip codes representing
northern Manhattan, and no history of clinical stroke.
Detailed methods of recruitment, baseline evaluation, and
follow-up have been described previously.13 Initial study
recruitment occurred from 1993 to 2001 and participants
continue to be followed up annually by telephone. Dur-
ing annual follow-up between 2003 and 2008, participants
were invited to join a subcohort to receive neuro-
psychological testing and MRI scans if they met the fol-
lowing eligibility criteria at time of enrollment: free of
clinical stroke, free of clinically identified dementia, aged
≥50 years, and no contraindications to MRI. A total of
1,091 participants were enrolled from 2003 to 2008.
In addition, a sample of household members of NOMAS
participants (n = 199) were enrolled using the same eligi-
bility criteria from 2006 to 2008 in order to increase
sample size, creating a final subcohort sample without de-
mentia of 1,290. Those participating in this subcohort
underwent a standardized medical examination to ascertain
risk factor status, MRI, and detailed neuropsychological
examination at time of enrollment. NOMAS participants
received one follow-up neuropsychological testing after
5 years.

Figure 1 Residential location of cohort participants throughout northern Manhattan

NOMAS = Northern Manhattan Study; WHICAP = Washington Heights–Inwood Community Aging Project.
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The final analytical samples comprised individuals from each
cohort who (1) were free of dementia at baseline, (2) had at
least one neuropsychological examination at any point during
the study period, (3) had primary address in New York City,
allowing for measurement of exposure, and (4) had no missing
data for any of the confounding variables. These exclusion
criteria resulted in a total sample size of 5,330 individuals in the
WHICAP cohort and 1,093 in NOMAS (figure 2).

Standard protocol approvals, registrations,
and patient consents
All activities pertaining to NOMAS and WHICAP were ap-
proved by the institutional review board at Columbia Uni-
versity Medical Center. Written informed consent was
provided by each participant at enrollment.

Assessment of residential ambient
air pollution
Participants’ residential addresses at enrollment (taken as the
time of the first neuropsychological evaluation in each cohort)
were geocoded using Geosupport Batch Address Translator
Desktop Edition (NYC Department of City Planning, New
York, NY). We restricted analyses to those with primary
addresses in New York City.

Estimates of residential air pollution exposure in the calendar
year prior to enrollment at each geocoded address were
ascertained using regionalized universal kriging models for

nitrogen dioxide (NO2; ppb), fine particulate matter less than
2.5 μm in diameter (PM2.5; μg/m

3), and respirable particulate
matter (PM10; μg/m

3), as previously described.14,15 Meas-
urements of NO2, PM2.5, and PM10 were obtained from the
US EPA Air Quality System and annual average values were
used in a universal kriging regression framework to predict
concentrations at addresses without monitoring. Partial least
square methods were used to include geographic covariates
(roadway density, population density, urban land, agricultural
land, forests, bodies of water), land use, and roadway prox-
imity to improve predictions. The NO2 model incorporated
satellite data to improve predictions.15 We ran sensitivity
analyses in a subset of WHICAP participants enrolled after
2000 using air pollution models developed for the Multi-
Ethnic Study of Atherosclerosis and Air Pollution Study
(MESA Air).16 MESA Air pollution models utilized moni-
toring data from the US EPA Air Quality System, monitors
placed by MESA Air in the region, monitors maintained by
the New York City Community Air Survey at sites throughout
the New York City area, and at MESAAir participants’ homes,
which may lead to better spatial resolution in the small geo-
graphic area of northern Manhattan. All exposures were
obtained and analyzed as continuous variables and included in
models per interquartile range (IQR).

We calculated distance from participant residence to the
nearest major roadway as a secondary marker of long-term
exposure to traffic pollution. ArcGIS (version 10.3.1; ESRI,

Figure 2 Creation of Washington Heights–Inwood Community Aging Project (WHICAP) and Northern Manhattan Study
(NOMAS) analytical cohorts

NP = neuropsychological.
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Inc., Redlands, CA) was used to calculate the Euclidean dis-
tance from geocoded residence to nearest major roadway, de-
fined as US Census Features Class A1 (primary highway with
limited access) or A2 roadway (nationally and regionally im-
portant highways that do not have limited access), which in-
clude most federal and interstate highways and some larger
state and county highways. We modeled residential distance to
roadway as a log-transformed continuous variable (per IQR)
based on prior studies.17,18

Outcome ascertainment
Neuropsychological batteries used in WHICAP and NOMAS
were very similar; both were designed to capture key cognitive
domains in both English- and Spanish-speaking older adults
and developed to permit the calculation of domain-specific z
scores. A complete list of tests included in each cohort is
shown in table 1.

Cognitive function was calculated the same way in both
cohorts. Individual neuropsychological tests were first stan-
dardized into z scores using cohort-specific means and SDs at
baseline. We explored performance in global cognitive scores
constructed using the mean of the z scores of all available
neuropsychological tests. Subsequent analyses looked at per-
formance in 3 individual functional domains, previously iden-
tified through factor analyses performed previously in each of
the individual cohorts.12,19,20 Domain-specific scores were
expressed as the mean of the individual test z scores loading
into that domain. To enhance interpretability, the global cog-
nitive score and domain-specific scores were standard-normal
transformed using means and SDs at baseline such that results
reflect a change in outcome relative to the SD of each outcome.

Sociodemographic risk factors
In each cohort, age was self-reported at time of neuro-
psychological assessment. Race–ethnicity was collected
through self-identification using the format of the 2000 US

Census. All individuals were first asked to report their racial
group and then, in a second question, were asked whether
they were of Hispanic origin. For the purpose of analysis,
individuals were characterized into white non-Hispanic,
black non-Hispanic, Hispanic, and other. Education was
collected through self-report as total years of education
completed. A summary z score for socioeconomic status
(SES) was derived at the census tract level as a neighborhood
measure of wealth, education, and occupation.21 In WHI-
CAP analyses, a cohort indicator for wave was included in
the analysis to account for cohort and secular trends.

Statistical analysis
The WHICAP and NOMAS cohorts were analyzed sepa-
rately. Distributions of sociodemographic characteristics and
cardiovascular risk factors were calculated as mean (±SD) for
continuous variables and proportions (n [%]) for categorical
variables. Estimates of pollutant exposure are presented as
mean (IQR).

Stabilized inverse probability of censoring weights (IPCW)
accounted for possible selection bias due to nonrandom loss to
follow-up over time.22,23 To estimate the IPCW, we fit pooled
logistic models at each time point predicting the probability that
an individual remained in the study up until that time point. At
each time point, we regressed a binary indicator for censorship
on baseline pollutant levels as well as a series of available time-
invariant sociodemographic covariates (sex, race–ethnicity, ed-
ucation, and neighborhood socioeconomic status) and a set of
time-varying covariates that included age at the time of assess-
ment and cognitive function at previous visit. Stabilized weights
were calculated as the marginal probability of each individual’s
censorship status (yes or no) divided by the probability of
each individual’s censorship status conditional on the set of
time-invariant and time-varying covariates. Using this method,
individuals with a larger probability of being lost to follow-up
would be weighted more heavily in the final analysis. The use of

Table 1 Neuropsychological test batteries in the Northern Manhattan Study (NOMAS) and the Washington
Heights–Inwood Community Aging Project (WHICAP)

Cognitive function
domain NOMAS WHICAP

Global cognition score

Memory Modified California Verbal Learning Test Selective Reminding Test

Executive function (Color Trails 2–Color Trails 1), Controlled Oral Word Association Test

Odd Man Out, Digit Reordering Identities and Oddities; similarities subtest from the
Wechsler Adult Intelligence Scale

Language Boston Naming Test (15-item), Animal Naming

Comprehension subtest from the Boston Diagnostic
Aphasia Exam

Color Trails 2; Color Trails 1

Grooved Pegboard, Letter–Number Sequencing,
Symbol Digit Modalities
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IPCW results in a pseudopopulation in which the censorship is
marginally independent of treatment. IPCW were created sep-
arately within each cohort, and for each exposure and outcome
combination to create a series of pseudopopulations for analysis.

We used linear mixed models for repeated measures weighted
by the IPCW to study the relation of residential air pollution to
both baseline cognitive function and cognitive decline.24 Sep-
arate analyses were performed for each pollutant in relation to
both global cognitive scores and individual cognitive functional
domain scores. All models adjusted for pollutant, visit, visit
by pollutant interaction, and the series of sociodemographic
characteristics as described above (age, sex, race–ethnicity,
education, and neighborhood SES). The models, analyzed
using PROC MIXED procedures, fitted participants as a ran-
dom effect and used a compound symmetry covariance matrix.
We analyzed pollutant exposures as both continuous measures
and by quartile.

Analyses were performed using SAS version 9.4 (SAS In-
stitute Inc., Cary, NC).

Data availability
The data that support these findings are available with ap-
proved data request. Data procurement processes, study
protocol, and statistical analysis coding will be shared upon
request from the corresponding author of this study.

Results
WHICAP participants were predominately women (66%),
Hispanic, with a median age at enrollment of 75.2 (±6.46)
years and high prevalence of traditional cardiovascular risk
factors (table 2). Mean (IQR) annual estimates of ambient air
pollution were 31.9 (12.3) ppb NO2, 13.1 (4.8) μg/m

3 PM2.5,
and 20.9 (9.9) μg/m3 PM10. Characteristics of the NOMAS
population were similar, except that NOMAS participants
were slightly younger, with a median age of 70 years (±9.0),
had lower prevalence of cardiovascular disease, and weremore
likely to be of Hispanic ethnicity (table 2). Mean levels
of residential air pollutants were similar in the 2 cohorts,
but with less variability in pollution levels among NOMAS
vs WHICAP participants. Demographic characteristics of
the cohorts did not differ substantially across quantiles of
pollutants (table e-1, dryad-migration.cdlib.org/stash/share/
clJtz9D38gDCJx74LRTqtTjdLD6SQJxVYp1IvpKC7No).

In WHICAP, higher levels of residential ambient air pollu-
tion were associated with both global cognitive function at
baseline and more rapid rates of decline of global cognitive
function between visits. In fully adjusted models, a 1 IQR
increase in residential NO2 was predictive of a 0.22 SD (95%
confidence interval [CI], −0.30, −0.14) lower global cogni-
tive score at baseline and more rapid decline (−0.06 SD; 95%
CI −0.08, −0.04) in global cognitive function between bi-
ennial visits (table 3 and figure 3). Estimates for residential

particulate matter were similar. A 1 IQR increase in PM2.5

and PM10 was predictive of lower baseline global cognitive
scores and more rapid rates of decline in global cognitive
scores between visits (table 3). Results were similar across
individual cognitive domains (table 3) and when analyzed by

Table 2 Characteristics of study participants in the
Washington Heights–Inwood Community Aging
Project (WHICAP) and the Northern Manhattan
Study (NOMAS)

WHICAP
(n = 5,330)

NOMAS
(n = 1,093)

Sociodemographic characteristics,
Mean ± SD or n (%)

Age at baseline, y 75.2 ± 6.46 70.3 ± 9.00

Male sex 1,751 (32.9) 421 (38.5)

Race–ethnicity

White non-Hispanic 1,328 (24.9) 156 (14.3)

Black non-Hispanic 1,626 (30.5) 185 (16.9)

Hispanic 2,304 (43.2) 726 (66.4)

Other 72 (1.35) 26 (2.38)

Years of education 9.52 ± 4.86 9.59 ± 5.15

Neighborhood SES −2.84 ± 3.60 −3.21 ± 3.46

Recruitment

Wave 1 1,435 (26.9) 1,093 (100)

Wave 2 1,934 (36.3) —

Wave 3 1,961 (36.8) —

Cardiovascular risk factors

Smoking status

Current or former 2,213 (41.5) 575 (52.6)

Never 3,117 (58.5) 497 (45.5)

Hypertensiona 4,104 (77.0) 839 (76.8)

Diabetesb 1,451 (27.2) 287 (26.3)

Any cardiac disease 1,976 (36.6) 274 (25.1)

Pollutant exposures, Mean [IQR]

NO2, (ppb) 31.88 [12.32] 30.51 [3.16]

PM2.5, (μg/m
3) 13.07 [4.81] 13.88 [1.34]

PM10, (μg/m
3) 20.93 [9.90] 16.21 [5.37]

Continuous residential distance to
roadway, (m)

301.0 [277.6] 321.2 [278.1]

Abbreviations: IQR = interquartile range; NO2 = Nitrogen Dioxide; PM2.5 =
fine particulate matter less than 2.5 μm in diameter; PM10 = respirable
particulate matter; SES = socioeconomic status.
Values are mean ± SD or n (%).
a Systolic blood pressure >140 mm Hg, diastolic blood pressure >90 mm Hg
(based on the average of 2 measurements), physician diagnosis, or self-
report.
b Fasting blood glucose ≥126mg/dL, self-report, or insulin or hypoglycemic use.
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quartiles (table e-2, dryad-migration.cdlib.org/stash/share/
clJtz9D38gDCJx74LRTqtTjdLD6SQJxVYp1IvpKC7No).
Residential distance from roadway was not associated with
either baseline cognitive scores or change in cognition over
time (table e-3, dryad-migration.cdlib.org/stash/share/
clJtz9D38gDCJx74LRTqtTjdLD6SQJxVYp1IvpKC7No).
Sensitivity analyses using MESA Air models for exposure
estimates showed slight attenuation of the association between
NO2, and PM2.5 and global cognitive function, but not sub-
stantially (table e-4, dryad-migration.cdlib.org/stash/share/
clJtz9D38gDCJx74LRTqtTjdLD6SQJxVYp1IvpKC7No).

In contrast to the results seen in the WHICAP cohort, in
NOMAS, we found no significant associations between resi-
dential ambient air pollution and either cognitive function at
baseline or cognitive decline over time (table 4).

Discussion
We examined the associations between residential levels of
multiple air pollutants and cognitive function and decline in
2 racially and ethnically diverse urban cohorts in northern
Manhattan, with differing results. In WHICAP, we saw
a cross-sectional association between ambient air pollution
and cognitive functioning as well as evidence supporting the
hypothesis that higher levels of air pollutants lead to more
rapid cognitive decline over time. However, we did not find
evidence of these associations in the NOMAS cohort.

While the existing research generally supports the hypothesis
that there is an association between air pollution and cogni-
tion, previous studies have also reported mixed evidence.
Several large cohort studies have found statistically significant
cross-sectional associations between ambient air pollution
and cognitive function,8,25,26 but there is less evidence re-
garding a longitudinal association between air pollution and
within-person rates of cognitive decline over time. Higher
levels of long-term exposure to both PM2.5 and PM2.5–10 were
associated with faster rates of cognitive decline in the Nurses’
Health Study.27 Similarly, PM10 was analyzed longitudinally
over several time points among men and women enrolled in
the Cardiovascular Health Study, where a 10 μg/m3 increase
in PM10 was associated with −2.6 lower Mini-Mental State
Examination score and −1.1 point lower Digit Symbol Sub-
stitution Test score.28 In contrast, several studies done in
large, population-based cohorts did not find significant asso-
ciations between ambient air pollution and cognitive function
and decline, including recent studies done in the large UK
biobank database,6 the Reasons for Geographic and Racial
Differences in Stroke (REGARDS) cohort,29 and a study of
episodic memory in the longitudinal Betula study in northern
Sweden.30

While we found significant associations between residential air
pollution and cognitive function and decline in the WHICAP
cohort, these results were not consistent in the NOMAS co-
hort. This may have been due to several key characteristics
of the NOMAS cohort, beginning with selection into the

Table 3 Associations between residential ambient air pollution and baseline cognitive function and cognitive trajectories
in the Washington Heights–Inwood Community Aging Project (WHICAP) cohort

NO2 PM2.5 PM10

Difference
in cognitive
scoresa 95% CI

Difference
in cognitive
scoresa 95% CI

Difference
in cognitive
scoresa 95% CI

Baseline cognition

Global cognitive score −0.218 −0.299, −0.136 −0.109 −0.197, −0.021 −0.056 −0.108, −0.004

Memory domain −0.178 −0.276, −0.083 −0.101 −0.202, −0.0003 −0.091 −0.151, −0.031

Executive function
domain

−0.238 −0.321, −0.156 −0.099 −0.183, −0.014 −0.035 −0.088, 0.018

Language domain −0.237 −0.325, −0.150 −0.107 −0.198, −0.016 −0.112 −0.167, −0.056

Cognitive decline

Global cognitive score −0.062 −0.082, −0.041 −0.066 −0.085, −0.048 −0.030 −0.046, −0.014

Memory domain −0.029 −0.052, −0.005 −0.038 −0.137, −0.069 −0.007 −0.025, 0.011

Executive function
domain

0.003 −0.018, 0.024 −0.015 −0.034, −0.004 0.011 −0.005, 0.027

Language domain −0.030 −0.052, −0.008 −0.040 −0.060, −0.020 0.002 −0.015, 0.019

Abbreviations: CI = confidence interval; NO2 =NitrogenDioxide; PM2.5 = fine particulatematter less than 2.5μm indiameter; PM10 = respirable particulatematter.
All models adjusted for individual (age, education, sex, race/ethnicity), neighborhood sociodemographic variables (Census-based socioeconomic status z
score), and a cohort indicator to adjust for secular trends.
a β indicates SD change in cognitive score associated with an interquartile range change in pollutant. Cognitive decline defined in model as β estimate of
pollutant × visit.
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subcohort of individuals receiving neuropsychological testing.
The selection of individuals with no dementia, stroke, or
cardiac events from a preexisting cohort is likely inducing
substantial selection bias into our results, particularly the cross-
sectional estimates. In addition, the NOMAS cohort only has 2
time points from which to analyze cognitive change over time,
in contrast to 6 follow-up neuropsychological examinations in
WHICAP. A final key difference between the 2 cohorts is the
distribution of exposure. In an urban study area with limited
geographic extent such as northern Manhattan, there may have
been limited spatial variability in pollutant levels, particularly in
the NOMAS cohort, which had narrower IQRs across all
pollutants, despite mean levels being similar. However, the
urban study area is also a strength of both WHICAP and
NOMAS, since this is one of the few studies to focus primarily
on intraurban variation in measures of ambient air pollution,
eliminating many potential unmeasurable confounders that
may have existed in prior studies. In addition, although we
adjusted for neighborhood and individual-level measures of
SES in our analysis, we were unable to adjust for individual
income levels.

Our study found relatively consistent associations among
several measures of air pollution and cognitive function in the
WHICAP study. In several other studies, this relationship was
less consistent. A study of 1,496 adults living in the greater Los
Angeles area found no association between air pollutants and
a global cognitive score, although PM2.5 was associated with

lower verbal learning scores, and NO2 was inversely associ-
ated with logical memory.31 Similarly, analysis of the Heinz
Nixdorf Recall Study found significant associations between
PM2.5 and diagnosis of mild cognitive impairment, though
the study found no significant associations between PM10,
PM10–2.5, NOx, and NO2 and cognitive function.26 The 2
cohorts including in this analysis, WHICAP and NOMAS, are
located in a relatively small geographic area. It is possible that
the similarity across pollutant estimates is due to the fact that
these pollutants do not exist in isolation and these analyses are
likely measuring the effect a mixture of these pollutants is
having on cognitive function. Further studies should attempt
to differentiate the individual effects of each pollutant. In all
analyses, residential distance from roadway had nonsignificant
measures of effect. This may have been due to limited vari-
ability of the exposure measure or to the fact that in this
cohort, it is a nonspecific measure of air pollution.

While the magnitude of the observed associations in this study
may appear small, if these associations represent a causal ef-
fect, the implications for global public health would be pro-
nounced. Specifically, the association between NO2 and
the accelerated rate of cognition decline was comparable to
approximately 1 year of aging. With the global prevalence
of dementia expected to reach almost 90 million individ-
uals within the next 20 years,3 even a small reduction in am-
bient air pollution could have a substantial effect on cognitive
health.

Figure 3Associations between ambient air pollutants, baseline global cognition, and cognitive declinewith effects of age as
comparison

NO2 = Nitrogen Dioxide; PM2.5 = fine particulate matter less than 2.5 μm in diameter; PM10 = respirable particulate matter.
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As concern regarding the deleterious health effects of ambient
air pollution is growing, several biological mechanisms behind
the adverse effects on the brain and cerebral vasculature have
been proposed. A series of experimental animal studies indicate
that ambient particles may have their effect on the CNS either
through a systemic response via the circulatory system or in-
tranasally by direct translocation to the brain through the ol-
factory bulb.32–34 Once in the nervous system, pollutant
particles activate a series of systemic inflammatory pathways
leading to vascular inflammation,35–37 impaired microvascular
reactivity,38 and changes in cerebral hemodynamics.39 Further
evidence of these mechanisms comes from a series of studies
done in Mexico City, where strong histologic evidence of ce-
rebral microvascular damage, systemic inflammatory markers,
and brain pathology has been observed in autopsied brains of
dogs and children residing in high vs low pollutant areas.40,41

The current study adds to the growing scientific evidence
supporting the importance of air pollution in brain health of
older adults, although this analysis had several important
limitations.

The use of 2 long-term population-based cohorts may have
introduced several potential limitations. It is likely that se-
lection of participants in and out of the study could be biasing
the results. Selection bias may have occurred with the original
cohort enrollment, with individuals with lower cognitive
function never making it into the study. In addition, there is
the potential for informative censoring occurring throughout
the study, with participants unable to come back for follow-up

due to reduction in cognitive function. We attempted to ad-
dress bias due to informative censoring by weighting the
original cohorts using inverse probability of censoring
weights, created at each follow-up using a series of socio-
demographic factors, exposure levels, and cognitive function
scores. It is possible, however, that we were unable to capture
all potential sources of censoring with the data available. In
addition, inverse probability of censoring weights would not
account for bias due to differential enrollment or survival to
enrollment. However, any residual bias would likely bias our
estimates towards the null.

A key limitation of this study is that many of the physiologic
processes preceding cognitive decline have been found to
begin much earlier in life, and risk factors at midlife have
been shown to be more important for the process of accel-
erated cognitive decline.3,42 Assessing midlife risk factors is
not possible in these 2 cohorts, but the results from the
proposed study can be used to inform future studies that
look at a life course approach of environmental effects on
cognitive aging. We chose not to adjust for traditional car-
diovascular risk factors as confounders in our models. Am-
bient air pollution has been shown to be associated with
higher risk of risk factors such as hypertension,43 stroke,10,44

cardiovascular disease,11 and chronic obstructive pulmonary
disease,45 thus they are more likely to be mediators of this
association between air pollution and cognition. The asso-
ciation between air pollution and cognition is further com-
plicated by the high prevalence of multimorbidity in aging
populations.46

Table 4 Associations between residential ambient air pollution and baseline cognitive function and cognitive trajectories
in the Northern Manhattan Study cohort

NO2 PM2.5 PM10

Difference
in cognitive
scoresa 95% CI

Difference
in cognitive
scoresa 95% CI

Difference
in cognitive
scoresa 95% CI

Baseline cognition

Global cognitive score 0.032 −0.020, 0.083 0.045 −0.026, 0.116 0.001 −0.056, 0.058

Memory domain 0.047 −0.039, 0.133 0.043 −0.074, 0.161 0.025 −0.070, 0.120

Executive function domain 0.010 −0.075, 0.095 0.024 −0.093, 0.141 −0.013 −0.107, 0.081

Language domain 0.104 0.020, 0.187 0.113 −0.001, 0.228 0.063 −0.028, 0.155

Cognitive decline

Global cognitive score −0.004 −0.040, 0.032 −0.015 −0.065, 0.034 −0.019 −0.059, 0.022

Memory domain −0.028 −0.089, 0.030 −0.044 −0.125, 0.037 −0.039 −0.105, 0.028

Executive function domain 0.014 −0.043, 0.071 0.004 −0.075, 0.083 0.002 −0.062, 0.067

Language domain −0.034 −0.092, 0.023 −0.039 −0.119, 0.041 −0.051 −0.116, 0.014

Abbreviations: CI = confidence interval; NO2 =NitrogenDioxide; PM2.5 = fine particulatematter less than 2.5μm indiameter; PM10 = respirable particulatematter.
All models adjusted for individual (age, education, sex, race/ethnicity) and neighborhood sociodemographic variables (Census-based socioeconomic status z
score).
a β indicates SD change in cognitive score associated with an interquartile range change in pollutant. Cognitive decline defined in model as β estimate of
pollutant × visit.
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Individuals with chronic obstructive pulmonary disease and
other respiratory disorders have higher rates of comorbid
conditions including cardiovascular diseases, diabetes, stroke,
and asthma, which are known to be exacerbated by high levels
of air pollution.47 This offers an interesting opportunity for
future studies to assess these relationships.

The estimates of residential air pollution did not include data
on time spent in locations outside the home or measure
lifetime or occupational exposure. Levels of traffic-related air
pollutants have decreased by almost 70% in the United States
since the implementation of the Clean Air Act in 1970,5

therefore individuals may have been exposed to much higher
levels of pollution throughout their lives as compared as to
what was measured for the purpose of this study. In addition,
many of the participants grew up in other countries and may
have had different exposures to pollutants at younger ages.We
included a cohort and year indicator variable in all final
models to adjust for secular trends in decreasing levels of air
pollution, but there may be some residual bias. The majority
of participants were retired at the time of the study and there
are limited data on lifetime workplace pollution exposures.
Occupational exposures seem unlikely to be associated with
residential outdoor levels of air pollutants, and thus unlikely to
confound the analyses.

Practice effects, or improvements in neuropsychological test
performance due to repeated examinations, may also have
been a source of error in this analysis.48 However, because
these effects are not likely to be influenced by pollutant
measures, any bias caused by these effects would be towards
the null.

The use of 2 large, prospective cohorts, WHICAP and
NOMAS, for this study has provided a unique opportunity
to evaluate multidimensional data in a population of over
6,000 residents of northern Manhattan and there are several
key strengths to this study. Earlier studies have shown that
prevalence of cognitive decline and dementia vary by sex and
race–ethnic group; the prevalence of cognitive decline and
dementia is higher in women and non-Hispanic whites, while
older African Americans are twice as likely and Hispanics are
1.5 times as likely as older non-Hispanic whites to develop
incident dementia.49,50 It is important to have a racially and
ethnically diverse population of older adults that is not
limited by sex to be able to ascertain differences in higher risk
groups and also be able to generalize results to an aging
urban population. Another benefit of these 2 large cohorts
was the ability to analyze trajectories of cognitive decline
over time using well-validated neuropsychological tests,
a key limitation of many of the current studies of air pollu-
tion and cognition.

This study found that participants in the WHICAP study
living in areas of northern Manhattan with higher levels of
ambient air pollutants have lower cognitive scores at base-
line and more rapid rate of decline over time. In contrast, we

saw no significant associations in the NOMAS cohort.
These results add to the evidence base surrounding the role
of air pollution on accelerated cognitive aging and brain
health.

Study funding
Research reported in this publication was supported by
the National Heart, Lung, and Blood Institute of the NIH
under award number T32HL134625, the National Institute
of Environmental Health Sciences under award numbers
R01-ES020871 and P30-ES007033, the National Institute of
Aging under award R01-AG016206, and Environmental Pro-
tection Agency grants RD-831697 and RD-83830001. The
content is solely the responsibility of the authors and does
not necessarily represent the official views of the sponsoring
institutions.

Disclosure
The authors report no disclosures relevant to the manuscript.
Go to Neurology.org/N for full disclosures.

Publication history
Received by Neurology October 7, 2018. Accepted in final form
November 22, 2019.

Appendix Authors

Name Location Contribution

Erin R. Kulick,
PhD, MPH

Brown
University,
Providence, RI

Designed and conceptualized study,
analyzed the data, drafted the
manuscript for intellectual content

Gregory A.
Wellenius, ScD

Brown
University,
Providence, RI

Interpreted the data, revised the
manuscript for intellectual content

Amelia K.
Boehme, PhD,
MSPH

Columbia
University,
New York, NY

Interpreted the data, revised the
manuscript for intellectual content

Nina R. Joyce,
PhD

Brown
University,
Providence, RI

Assisted with data analysis, revised
the manuscript for intellectual
content

Nicole Schupf,
PhD

Columbia
University,
New York, NY

Interpreted the data, revised the
manuscript for intellectual content

Joel D.
Kaufman, MD,
MPH

University of
Washington,
Seattle

Major role in the acquisition of data,
revised the manuscript for
intellectual content

Richard
Mayeux, MD,
MSc

Columbia
University,
New York, NY

Major role in the acquisition of data,
revised the manuscript for
intellectual content

Ralph L. Sacco,
MD, MS

University of
Miami, FL

Major role in the acquisition of data,
revised the manuscript for
intellectual content

Jennifer J.
Manly, PhD

Columbia
University,
New York, NY

Interpreted the data, revised the
manuscript for intellectual content

Mitchell S.V.
Elkind,MD,MS

Columbia
University,
New York, NY

Interpreted the data, revised the
manuscript for intellectual content

Neurology.org/N Neurology | Volume 94, Number 17 | April 28, 2020 e1791

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000009314
http://neurology.org/n


References
1. Ferri CP, Prince M, Brayne C, et al. Global prevalence of dementia: a Delphi con-

sensus study. Lancet 2005;366:2112–2117.
2. Prince M, Bryce R, Albanese E, Wimo A, Ribeiro W, Ferri CP. The global prevalence

of dementia: a systematic review and metaanalysis. Alzheimers Dement 2013;9:
63–75.

3. Prince M, Wimo A, Guerchet M, Ali GC, Wu YT, Prina M. World Alzheimer Report
2015: the Global Impact of Dementia: An Analysis of Prevalence, Incidence, Cost and
Trends. London: Alzheimer’s Disease International; 2015.

4. Sosa-Ortiz AL, Acosta-Castillo I, Prince MJ. Epidemiology of dementias and Alz-
heimer’s disease. Arch Med Res 2012;43:600–608.

5. US Environmental Protection Agency. Our Nation’s Air Status and Trends through
2010. Research Triangle Park, NC: US Environmental Protection Agency; 2012.

6. Cullen B, Newby D, Lee D, et al. Cross-sectional and longitudinal analyses of outdoor
air pollution exposure and cognitive function in UK Biobank. Nat Sci Rep 2018;8:
12089.
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