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Abstract

Background

Late-life exposure to ambient air pollution is a modifiable risk factor for dementia, but epide-
miological studies have shown inconsistent evidence for cognitive decline. Air quality (AQ)
improvement has been associated with improved cardiopulmonary health and decreased
mortality, but to the best of our knowledge, no studies have examined the association with
cognitive function. We examined whether AQ improvement was associated with slower rate
of cognitive decline in older women aged 74 to 92 years.

Methods and findings

We studied a cohort of 2,232 women residing in the 48 contiguous US states that were
recruited from more than 40 study sites located in 24 states and Washington, DC from the
Women'’s Health Initiative (WHI) Memory Study (WHIMS)-Epidemiology of Cognitive Health
Outcomes (WHIMS-ECHO) study. They were predominantly non-Hispanic White women
and were dementia free at baseline in 2008 to 2012. Measures of annual (2008 to 2018)
cognitive function included the modified Telephone Interview for Cognitive Status (TICSm)
and the telephone-based California Verbal Learning Test (CVLT). We used regionalized uni-
versal kriging models to estimate annual concentrations (1996 to 2012) of fine particulate
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matter (PM. s) and nitrogen dioxide (NO,) at residential locations. Estimates were aggre-
gated to the 3-year average immediately preceding (recent exposure) and 10 years prior to
(remote exposure) WHIMS-ECHO enroliment. Individual-level improved AQ was calculated
as the reduction from remote to recent exposures. Linear mixed effect models were used to
examine the associations between improved AQ and the rates of cognitive declines in
TICSm and CVLT trajectories, adjusting for sociodemographic (age; geographic region;
race/ethnicity; education; income; and employment), lifestyle (physical activity; smoking;
and alcohol), and clinical characteristics (prior hormone use; hormone therapy assignment;
depression; cardiovascular disease (CVD); hypercholesterolemia; hypertension; diabetes;
and body mass index [BMI]). For both PM, s and NO,, AQ improved significantly over the 10
years before WHIMS-ECHO enroliment. During a median of 6.2 (interquartile range [IQR] =
5.0) years of follow-up, declines in both general cognitive status (B = —0.42/year, 95% ClI:
-0.44, -0.40) and episodic memory (8 = —0.59/year, 95% Cl: —0.64, —0.54) were observed.
Greater AQ improvement was associated with slower decline in TICSM (Bpwmz simprovement =
0.026 per year for improved PM, 5 by each IQR = 1.79 ug/m? reduction, 95% ClI: 0.001,
0.05; Bnozimprovement = 0.034 per year for improved NO, by each IQR = 3.92 parts per billion
[ppb] reduction, 95% CI: 0.01, 0.06) and CVLT (Bpmz.5 improvement = 0.070 per year for
improved PM, 5 by each IQR = 1.79 pg/m?® reduction, 95% CI: 0.02, 0.12; Bnozimprovement =
0.060 per year for improved NO, by each IQR = 3.97 ppb reduction, 95% CI: 0.005, 0.12)
after adjusting for covariates. The respective associations with TICSm and CVLT were
equivalent to the slower decline rate found with 0.9 to 1.2 and1.4 to 1.6 years of younger
age and did not significantly differ by age, region, education, Apolipoprotein E (ApoE) e4
genotypes, or cardiovascular risk factors. The main limitations of this study include mea-
surement error in exposure estimates, potential unmeasured confounding, and limited
generalizability.

Conclusions

In this study, we found that greater improvement in long-term AQ in late life was associated
with slower cognitive declines in older women. This novel observation strengthens the epi-
demiologic evidence of an association between air pollution and cognitive aging.

Author summary

Why was this study done?

« Although studies have shown that late-life exposure to outdoor air pollution is a modifi-
able risk factor for dementia, the epidemiological evidence for cognitive decline has
been inconsistent.

o Epidemiological studies have demonstrated that improved air quality (AQ) may
decrease mortality and improve respiratory health, strengthening the evidence of a rela-
tionship between ambient air pollution and these health outcomes.

« To our knowledge, no previous studies have examined the potential benefit of slowing
cognitive aging by AQ improvement.
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What did the researchers do and find?

o Using a US cohort of 2,232 older women followed up to 20 years, we explored whether
women living in locations with greater AQ improvement had slower decline in their
cognitive function.

+ AQ improvement was defined as the difference in air pollution levels over 2 time points
that were 10 years apart.

o Living in locations with greater AQ improvement was associated with slower cognitive
declines in older women, equivalent to women who were 0.9 to 1.6 years younger.

« The associations were similar across age groups, geographic region, education, Apolipo-
protein E (ApoE) e4 genotypes, and cardiovascular risk factors.

What do these findings mean?

o These findings strengthen the contribution of outdoor air pollution on cognitive aging.
o These results highlight the potential benefits of reducing outdoor air pollution levels.

« Key study limitations include measurement error in exposure estimates, potential
unmeasured confounders, and limited generalizability.

Introduction

A growing body of epidemiological evidence supports late-life exposure to ambient air pollut-
ants as an important modifiable risk factor for dementia [1]. These human data converge with
neurotoxicological studies that demonstrate increased early markers of neurodegenerative dis-
ease (accumulation of amyloid-f and phosphorylation of tau), changes in hippocampal neuro-
nal morphology, and increased cognitive deficits in animals with inhaled exposures to
particles [2-8]. Neuroimaging studies in humans have also reported associations between
increased fine particulate matter (PM, 5; aerodynamic diameter <2.5 pm) and nitrogen diox-
ide (NO,) and smaller brain volumes in gray matter [9-16], including areas vulnerable to Alz-
heimer disease (AD) neuropathologies [17,18]. Despite the suggestive evidence for a possible
continuum of air pollution neurotoxicity on brain aging processes [19], the reported associa-
tions between exposures and cognitive decline have been mixed [20].

Since National Ambient Air Quality Standards were first put into effect 50 years ago, signif-
icant reductions in air pollution levels have been seen throughout the US [21]. During the
period of 2000 to 2010, annual averages of PM, 5 and NO, decreased by 27% and 35%, respec-
tively [22]. Long-term reduction in the ambient levels of these air pollutants have been linked
with increased life expectancy [23], reduced mortality [24], and improved respiratory health
(lung function growth, decreased bronchitic symptoms, and lower asthma incidence) [25-27].

Decreasing air pollution levels across the nation provide the ideal environmental context
for a quasi-experimental approach [28] to studying the potential benefits of improved air qual-
ity (AQ) on maintaining brain health of older people. To the best of our knowledge, no previ-
ous studies have explored whether AQ improvement may be associated with cognitive
function. We leveraged a nationwide cohort of community-dwelling older women with

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003893  February 3, 2022 3/24


https://doi.org/10.1371/journal.pmed.1003893

PLOS MEDICINE

Improved air quality and slower cognitive decline

individual-level air pollution exposure estimates (1996 to 2012) and annual assessments of
late-life cognitive function (2008 to 2018). We hypothesized that improved AQ, as indicated
by reductions in PM, 5 and NO,, was associated with slower rate of cognitive decline in older
women. We further explored whether the putative associations might differ by age, region,
education, Apolipoprotein E (ApoE) e4 genotype, and cardiovascular risk factors.

Methods
Study design and population

We conducted a longitudinal study on a geographically diverse cohort of community-dwelling
older women (N = 2,880; aged 74 to 92 years) enrolled in the Women’s Health Initiative
(WHI) Memory Study (WHIMS)-Epidemiology of Cognitive Health Outcomes (WHIMS-E-
CHO) study. WHIMS-ECHO began in 2008 as an extension study of WHIMS [29]—an ancil-
lary study to the Women’s Health Initiative hormone therapy (WHI-HT) trials (1993 to 2004).
WHIMS participants (N = 7,479) were community-dwelling postmenopausal women without
dementia (aged >65 years) who resided in the 48 contiguous US states and were recruited
from more than 40 study sites located in 24 states and Washington, DC. WHIMS-ECHO par-
ticipants received annual neuropsychological assessments via centralized telephone-adminis-
tered cognitive interviews conducted by trained and certified staff. The analyses were
restricted to women without prevalent dementia at WHIMS-ECHO enrollment and with fol-
low-up visits and complete data on AQ measures and relevant covariates.

Our study did not employ a prospective protocol. Analyses were first planned and per-
formed in April 2020, and before the submission, the completed manuscript was revised by 2
anonymous reviewers assigned by the WHI Publications and Presentations Committee. Dur-
ing the peer review process, we added a partially adjusted model in our main analyses and ad
hoc analyses to explore the potential impact of nonlinear cognitive trajectory and nonlinear
AQ improvement effects on cognitive trajectory slope. The Institutional Review Board at the
University of Southern California reviewed and approved all study protocols. Written
informed consent was obtained from all participants as part of WHI-HT, WHIMS, and
WHIMS-ECHO studies. This study is reported as per the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) guideline (S1 Checklist).

Measures of general cognitive status and episodic memory

General cognitive status was assessed with modified Telephone Interview for Cognitive Status
(TICSm), which is a widely used screening tool for cognitive impairment in older adults [30].
The TICSm includes 16 cognitive test items from different cognitive function domains, includ-
ing recall of a list of words, generating a list of nouns as quickly as possible, naming common
items, and counting backwards. The TICSm score (0 to 50) was defined as the total number of
correct responses, with test items with multiple parts contributing a corresponding number of
points and higher scores indicating better cognitive functioning. Episodic memory, one of the
most sensitive cognitive indicators for early detection of AD [31], was assessed by the tele-
phone-based California Verbal Learning Test (CVLT) [32]. Participants were read a 16-item
list of words from 4 semantically related categories and were instructed to immediately repeat
back as many words as could be remembered. We used the modified version of the CVLT with
3 immediate free recall trials. The CVLT score was defined as the total number of correct
responses across 3 learning trials (ranged from 0 to 48), with higher scores representing better
performance. In the present study, we used all longitudinal data collected from telephone-
based assessments until June 2018 [29].
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Estimation of air pollution exposure

Participants’ residential addresses were prospectively collected at each WHI assessment since
its inception in 1993, updated at least biannually, and then geocoded using standardized pro-
cedures [33]. The exact date of address change was used in analyses when available; otherwise,
the date when the change in residence was ascertained was used. We used validated regional-
ized national universal kriging models with partial least squares regression of geographic
covariates and US Environmental Protection Agency (EPA) monitoring data to estimate
annual mean concentrations of PM, 5 (in pug/m’) and NO, (in parts per billion [ppb]; a proxy
of traffic-related air pollutants) at each of these residential addresses. Over 300 geographic
covariates covering land use, vegetative index, proximity to features, etc., were used in the his-
torical models for pre-1999 PM, 5 estimation or in the national models for post-1999 PM, 5
estimation (average cross-validation R* = 0.88) [34,35]. Over 400 geographic covariates repre-
senting proximity and buffer measures as well as satellite-derived NO, data were used to esti-
mate NO, (average cross-validation R?=0.85) [36]. These annual estimates were then
aggregated to the 3-year average at the WHIMS-ECHO enrollment (referred to as recent expo-
sure) and the corresponding 3-year average 10 years earlier (referred to as remote exposure),
accounting for residential mobility within each 3-year time window. The individual-level mea-
sure of long-term AQ improvement over the 10-year period was defined as the reduction from
remote to recent exposures (Fig 1). We focused on AQ improvement over the 10 years prior to
recruitment in order to avoid methodological concerns on the temporality between the
defined period of AQ improvement and the concurrently observed slower cognitive decline
during the follow-up.

Covariate data

Participants completed structured questionnaires at WHI inception to provide information on
demographics (geographic region where participants resided, age, and race/ethnicity [non-His-
panic Black, non-Hispanic White, or others including Hispanic/Latino and missing]), socioeco-
nomic factors (education, family income, and employment status), and lifestyle factors
(smoking status, alcohol intake, and physical activity). Clinical characteristics included body
mass index (BMI; calculated from measured height and weight), self-reported use of any post-
menopausal hormone treatment, depressive symptoms (assessed using the Center for Epidemi-
ologic Studies Depression Scale short form), and self-reported histories of cardiovascular
diseases (CVDs; e.g., heart problems, problems with blood circulation, or blood clots), hyper-
cholesterolemia, hypertension, and diabetes mellitus. Good reliability and validity of both the
self-reported medical histories and the physical measures have been documented [37-39]. Life-
style factors and clinical covariates (BMI; blood pressure; and incident CVD events) were also
updated before the WHIMS-ECHO enrollment. Socioeconomic characteristics of residential
neighborhoods were characterized using US Census tract-level residential data and estimated at
both WHI inception and WHIMS-ECHO enrollment [40]. ApoE e4 genotype data were
obtained for a subset of women (n = 1,611). Details on covariates are available in S1-S5 Texts.

Statistical analyses

We used linear mixed effect models to examine whether AQ improvement before WHIMS-E-
CHO enrollment was associated with average decline rates in the TICSm and CVLT trajecto-
ries during the follow-up. Each model included a product term of time and AQ improvement,
with years since WHIMS-ECHO enrollment used as the timescale (S6 Text). To account for
selective attrition over the WHIMS-ECHO follow-up, models were adjusted for time-varying
propensity scores (S7 Text). Potential confounders included demographic variables,
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(A) Flow chart of study population

(B) Demonstration of study timeline®
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to WHIMS-ECHO
enrollment
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WHIMS-ECHO
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|———Exclude——p» (n=82)
A 4
Dementia-free
N=2798
No follow-up visit
) Exclude——p> (n=264)
Have at least 2
TICSm measures have less than two CVLT measures
N=2534 Exclude—3» (266 no CVLT + 321 one CVLT only)
\ 4 (n=587)
Have at least 2
missing air quality 1 CVLT measures
measures (n=82) Bicluge N=1947
A 4 ) missing air quality
N=2452 v Bl measures (n=58)
. N=1889
missing relevant
covi\nates ' €——Exclude: e e
[5220) v Exclude——> covariates
Final v =i
analytic sample F'inal
for TICSm outcome analytic sample
N=2232 for CVLT outcome
N=1721

Recent Exposure
Time Window

Cognitive Assessment Time Window L

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
>

Remote Exposure: 3-year average of
annual air pollution estimates at 10 years
prior to the WHIMS-ECHO enrollment,
e.g., average over 1996 to 1998

Recent Exposure: 3-year average of annual
air pollution estimates at the WHIMS-ECHO
enrollment, e.g., average over 2006 to 2008

Fig 1. Flowchart of study population and demonstration of study timeline. (A) Flowchart of study population. (B) Demonstration of study timeline.”

“The exposure time windows may vary slightly depending on each individual’'s WHIMS-ECHO enrollment time. CVLT, California Verbal Learning Test;
TICSm, modified Telephone Interview for Cognitive Status; WHI-CT (HT), Women’s Health Initiative-Clinical Trial (Hormone Therapy);
WHIMS-ECHO, Women’s Health Initiative Memory Study-Epidemiology of Cognitive Health Outcomes.

https://doi.org/10.1371/journal.pmed.1003893.9001

individual- and neighborhood-level socioeconomic characteristics, lifestyle factors, and clini-
cal characteristics at the WHI inception. A random effect for the WHI clinic sites (n = 39, S1
Fig) and an indicator of WHIMS-ECHO enrollment year were also included in all models to
control for spatial confounding and temporal trends, respectively.

Sensitivity analyses were conducted to evaluate the robustness of our findings. First, to
address possible residual confounding due to temporal misspecification of potential

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003893  February 3, 2022

6/24


https://doi.org/10.1371/journal.pmed.1003893.g001
https://doi.org/10.1371/journal.pmed.1003893

PLOS MEDICINE

Improved air quality and slower cognitive decline

confounders (lifestyle factors, neighborhood socioeconomic characteristics, and clinical attri-
butes), we re-fitted the linear mixed effects models with adjustment of either the measures
updated before WHIMS-ECHO enrollment or the changes in these relevant covariates since
WHI inception. Second, we applied multiple imputation to address missing data on AQ mea-
sures or covariates (S8 Text). Third, to examine whether our findings could be explained by
regression to the mean in AQ measures, we further adjusted for recent or remote exposures.
Fourth, to explore whether our findings could be explained by cerebrovascular risk, we excluded
women with prevalent or incident stroke during the WHIMS-ECHO follow-up. Fifth, we
excluded incident dementia cases to further explore whether any observed associations with AQ
improvement could be explained by underlying dementia risk (S9 Text). Sixth, we conducted
additional analyses with interactions between the measures of AQ improvement and a quadratic
term of follow-up year in the adjusted models to examine whether AQ improvement was associ-
ated with nonlinear changes in cognitive function. We then evaluated whether the associations
between AQ improvement and linear trajectory slopes were sensitive to incorporating the non-
linear changes of cognitive function in the analyses with a quadratic term of follow-up year.
Finally, we assessed the nonlinear AQ improvement effect on cognitive trajectory slope by
examining the interaction between a quadratic term of AQ improvement and follow-up year.

We also explored whether the putative slower cognitive decline associated with improved
AQ might differ by age, education, geographical region, ApoE e4 genotypes, and cardiovascu-
lar risk factors, using a product term of the AQ improvement indicator, follow-up time, and
each potential effect modifier.

All statistical analyses were performed using R version 3.6.2 and SAS 9.4 for Windows. All
tests were interpreted at the 0.05 significance level using a 2-sided alternative hypothesis.

Results

We excluded 346 women with prevalent dementia at WHIMS-ECHO enrollment or without
follow-up visits, resulting in a sample of 2,534 women with at least 2 modified TICSm mea-
sures of general cognitive status (Fig 1). For the analyses on episodic memory decline, we fur-
ther excluded 587 women without repeated measures of episodic memory assessed by CVLT.
For both sets of analyses, we also excluded women with missing data on AQ measures or rele-
vant covariates. This resulted in a final analytic sample of 2,232 women for the analyses on
general cognitive status assessed by TICSm, a subset of which (n = 1,721) was used for the anal-
yses on episodic memory assessed by CVLT (Fig 1).

Compared to the women excluded due to missing AQ measures or relevant covariates (Fig
1), women included in our analyses were younger with higher socioeconomic status and more
likely to reside in the Northeast, self-identify as non-Hispanic White, and drink alcohol and
have ApoE e4 genotype (Table 1). Compared to those excluded due to not having repeated
CVLT measures (Fig 1), women with repeated CVLT measures were more likely to be youn-
ger, have higher education and income, and currently drink alcohol, but less likely to report
having hypertension and carry the ApoE e4 genotype (S1 Table). Mean AQ improved signifi-
cantly with reduced ambient levels for both PM, 5 (Mean + SD: 13.3 + 2.7 to 10.6 + 2.0 pg/m’;
p < 0.001) and NO, (15.7 £ 7.2 to 10.4 £ 4.9 ppb; p < 0.001) over the 10 years before WHIM-
S-ECHO enrollment. Women residing in locations with initially high ambient air pollutants
tended to experience greater AQ improvement for both PM, 5 (correlation = 0.67; p < 0.001)
and NO, (correlation = 0.80; p < 0.001) (S2 Table). Overall, non-Hispanic White women
experienced less AQ improvement, while women who were older than 80, reported higher
income, or resided in the Northeast and West experienced greater reductions in ambient
PM, s and NO,, as compared to their counterparts (Table 2). Women with ApoE e4 genotype
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Table 1. Distribution of population characteristics in the WHIMS-ECHO cohort, stratified by women included versus excluded.

Analytic sample for TICSm analyses

Analytic sample for CVLT analyses

Characteristics Study sample Included Excluded P Study sample Included Excluded »°
(N =2,534) (N =2,232) (N=302)" (N =1,947)* (N=1,721) (N =226)"
Region <0.001 <0.001
Northeast 773 (30.5%) 718 (32.2%) 55 (18.2%) 593 (30.5%) 551 (32.0%) 42 (18.6%)
South 540 (21.3%) 443 (19.8%) 97 (32.1%) 402 (20.6%) 329 (19.1%) 73 (32.3%)
Midwest 618 (24.4%) 549 (24.6%) 69 (22.8%) 482 (24.8%) 428 (24.9%) 54 (23.9%)
West 603 (23.8%) 522 (23.4%) 81 (26.8%) 470 (24.1%) 413 (24.0%) 57 (25.2%)
Age 0.04 0.02
<80 years 979 (38.6%) 879 (39.4%) 100 (33.1%) 808 (41.5%) 731 (42.5%) 77 (34.1%)
>80 years 1,555 (61.4%) 1,353 (60.6%) 202 (66.9%) 1,139 (58.5%) 990 (57.5%) 149 (65.9%)
Ethnicity <0.001 <0.001
Black (not Hispanic) 160 (6.3%) 116 (5.2%) 44 (14.6%) 120 (6.2%) 86 (5.0%) 34 (15.0%)
White (not Hispanic) 2,262 (89.3%) 2,042 (91.5%) 220 (72.8%) 1,742 (89.5%) 1,576 (91.6%) 166 (73.5%)
Other or missing 112 (4.4%) 74 (3.3%) 38 (12.6%) 85 (4.4%) 59 (3.4%) 26 (11.5%)
Education 0.03 0.02
<High school or GED 660 (26.1%) 564 (25.3%) 96 (32.2%) 476 (24.5%) 406 (23.6%) 70 (31.6%)
>High school but <4 years of 975 (38.5%) 864 (38.7%) 111 (37.2%) 733 (37.7%) 651 (37.8%) 82 (36.9%)
college
>4 years of college 895 (35.4%) 804 (36.0%) 91 (30.5%) 734 (37.8%) 664 (38.6%) 70 (31.5%)
Employment 0.69 0.72
Currently working 388 (15.4%) 348 (15.6%) 40 (13.7%) 310 (16.0%) 279 (16.2%) 31 (14.1%)
Not working 238 (9.4%) 210 (9.4%) 28 (9.6%) 188 (9.7%) 166 (9.6%) 22 (10.0%)
Retired 1,899 (75.2%) 1,674 (75.0%) 225 (76.8%) 1,443 (74.3%) 1,276 (74.1%) 167 (75.9%)
Income (US$) 0.03 0.02
<9,999 94 (3.7%) 74 (3.3%) 20 (6.6%) 67 (3.4%) 52 (3.0%) 15 (6.6%)
10,000 to 34,999 1,140 (45.0%) 1,000 (44.8%) | 140 (46.4%) 849 (43.6%) 742 (43.1%) 107 (47.3%)
35,000 to 74,999 927 (36.6%) 824 (36.9%) 103 (34.1%) 741 (38.1%) 663 (38.5%) 78 (34.5%)
75,000 or more 242 (9.6%) 220 (9.9%) 22 (7.3%) 204 (10.5%) 186 (10.8%) 18 (8.0%)
Do not know 131 (5.2%) 114 (5.1%) 17 (5.6%) 86 (4.4%) 78 (4.5%) 8(3.5%)
Smoking status 0.38 0.23
Never smoked 1,396 (55.6%) 1,239 (55.5%) 157 (55.9%) 1,074 (55.7%) 954 (55.4%) 120 (57.7%)
Past smoker 996 (39.6%) 890 (39.9%) 106 (37.7%) 763 (39.6%) 689 (40.0%) 74 (35.6%)
Current smoker 121 (4.8%) 103 (4.6%) 8(6.4%) 92 (4.8%) 78 (4.5%) 14 (6.7%)
Alcohol use 0.004 0.002
Nondrinker 307 (12.2%) 261 (11.7%) 46 (16.0%) 227 (11.7%) 191 (11.1%) 36 (16.7%)
Past drinker 436 (17.3%) 372 (16.7%) 64 (22.3%) 313 (16.2%) 266 (15.5%) 47 (21.8%)
<1 drink per day 1,466 (58.2%) 1,315 (58.9%) | 151 (52.6%) 1,150 (59.4%) 1,036 (60.2%) | 114 (52.8%)
>1 drink per day 310 (12.3%) 284 (12.7%) 26 (9.1%) 247 (12.8%) 228 (13.2%) 19 (8.8%)
Moderate or strenuous physical 0.25 0.17
activities >20 minutes
No activity 1,387 (54.8%) 1,207 (54.1%) 180 (60.0%) 1,053 (54.1%) 917 (53.3%) 136 (60.7%)
Some activity 138 (5.5%) 124 (5.6%) 14 (4.7%) 102 (5.2%) 91 (5.3%) 11 (4.9%)
2 to 4 episodes/week 534 (21.1%) 481 (21.6%) 53 (17.7%) 413 (21.2%) 376 (21.8%) 37 (16.5%)
>4 episodes/week 473 (18.7%) 420 (18.8%) 53 (17.7%) 377 (19.4%) 337 (19.6%) 40 (17.9%)
BMI (kg/m?) 0.36 0.67
<25 701 (27.8%) 619 (27.7%) 82 (28.3%) 538 (27.7%) 476 (27.7%) 62 (28.4%)
25t029 931 (36.9%) 815 (36.5%) 116 (40.0%) 718 (37.0%) 633 (36.8%) 85 (39.0%)
>30 890 (35.3%) 798 (35.8%) 92 (31.7%) 683 (35.2%) 612 (35.6%) 71 (32.6%)
(Continued)
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Table 1. (Continued)

Analytic sample for TICSm analyses Analytic sample for CVLT analyses
Characteristics Study sample Included Excluded i Study sample Included Excluded »°
(N =2,534)" (N =2,232) (N=302)* (N=1,947)* (N=1,721) (N =226)"
Hypertension 0.96 0.56
No 1,646 (65.5%) 1,461 (65.5%) | 185 (65.6%) 1,289 (66.7%) 1,152 (66.9%) | 137 (64.9%)
Yes 868 (34.5%) 771 (34.5%) 97 (34.4%) 643 (33.3%) 569 (33.1%) 74 (35.1%)
Hypercholesterolemia 0.06 0.10
No 2,063 (82.6%) 1,855 (83.1%) | 208 (78.5%) 1,595 (83.1%) 1,438 (83.6%) | 157 (78.9%)
Yes 434 (17.4%) 377 (16.9%) 57 (21.5%) 325 (16.9%) 283 (16.4%) 42 (21.1%)
Diabetes 0.41 0.12
No 2,433 (96.1%) 2,143 (96.0%) 290 (97.0%) 1,876 (96.4%) 1,655 (96.2%) 221 (98.2%)
Yes 98 (3.9%) 89 (4.0%) 9 (3.0%) 70 (3.6%) 66 (3.8%) 4 (1.8%)
CVD history 0.25 0.30
No 2,143 (85.7%) 1,907 (85.4%) 236 (88.1%) 1,652 (86.0%) 1,476 (85.8%) 176 (88.4%)
Yes 357 (14.3%) 325 (14.6%) 32 (11.9%) 268 (14.0%) 245 (14.2%) 23 (11.6%)
Any prior postmenopausal 0.31 0.51
hormone treatment
No 1,373 (54.2%) 1,218 (54.6%) 155 (51.5%) 1,052 (54.1%) 935 (54.3%) 117 (52.0%)
Yes 1,160 (45.8%) 1,014 (45.4%) 146 (48.5%) 894 (45.9%) 786 (45.7%) 108 (48.0%)
WHI hormone therapy assignment 0.75 0.94
CEE alone placebo 459 (18.1%) 400 (17.9%) 59 (19.5%) 346 (17.8%) 306 (17.8%) 40 (17.7%)
CEE alone 461 (18.2%) 403 (18.1%) 58 (19.2%) 345 (17.7%) 302 (17.5%) 43 (19.0%)
CEE+MPA placebo 832 (32.8%) 733 (32.8%) 99 (32.8%) 654 (33.6%) 578 (33.6%) 76 (33.6%)
CEE+MPA 782 (30.9%) 696 (31.2%) 86 (28.5%) 602 (30.9%) 535 (31.1%) 67 (29.6%)
ApoE* 0.06 0.04
e2/2+€2/3+e3/3 1,382 (77.5%) 1,239 (76.9%) | 143 (83.1%) 1,097 (79.3%) 984 (78.5%) 113 (86.3%)
e2/4+e3/4+ed/4 401 (22.5%) 372 (23.1%) 29 (16.9%) 287 (20.7%) 269 (21.5%) 18 (13.7%)

*Numbers in the samples may not add up to total due to missing data.

Pp-Values were calculated using chi-squared tests.

“Numbers in the samples with ApoE genotyping did not add up to the total due to missing data.

ApoE, Apolipoprotein E; BMI, body mass index; CEE, conjugated equine estrogens; CVD, cardiovascular disease; CVLT, California Verbal Learning Test; GED, general

educational development; MPA, medroxyprogesterone acetate; NO,, nitrogen dioxide; PM, 5, fine particulate matter; SD, standard deviation; TICSm, modified

Telephone Interview for Cognitive Status; WHI, Women’s Health Initiative; WHIMS-ECHO, Women’s Health Initiative Memory Study-Epidemiology of Cognitive

Health Outcomes.

https://doi.org/10.1371/journal.pmed.1003893.t001

experienced less reduction in ambient PM, s, while nondrinkers experienced less reduction in
ambient NO,, as compared to their counterparts (Table 2).

During a median 6.2 (interquartile range [IQR] = 5) years of follow-up, women had a
median 7 (IQR = 5) interviews for TICSm tests and 6 (IQR = 3) interviews for CVLT tests. The
means of the cognitive test scores did not differ much over the visits (S3 Table), while signifi-
cant cognitive declines (TICSm slope = —0.42/year; 95% CI: —0.44, —0.40; CVLT slope = —0.59/
year; 95% CI: —0.64, —0.54) were observed (Fig 2). Non-Hispanic Black women or women
older than 80 had lower mean cognitive scores at baseline for both TICSm and CVLT (S4
Table). Women residing in the Midwest and who had higher education or income, were cur-
rently employed, currently drinking alcohol, did not have hypertension, and did not carry the
ApoE e4 genotype had higher mean cognitive scores on both TICSm and CVLT at baseline,
compared to their counterparts (S4 Table). The distributions of cognitive scores at the last visit
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Table 2. Distribution of AQ measures by population characteristics in the WHIMS-ECHO cohort, 1998 to 2018.

Analytic sample for TICSm analyses

Analytic sample for CVLT analyses

AQ improvement in

AQ improvement in

AQ improvement in

AQ improvement in

PM, 5 (ug/m*)* NO, (ppb)* PM, 5 (ug/m*)* NO, (ppb)*

Population characteristics N | Mean + SD pb Mean + SD pb N | Mean + SD pb Mean + SD pb
Overall 2,232 | 2.73+£1.63 527 £3.46 1,721 | 2.78 £ 1.68 5.34 £3.49
Region <0.001 <0.001 <0.001 <0.001

Northeast 718 | 3.01 £0.95 5.72 +3.26 551 | 3.02+0.92 5.73 +£3.23

South 443 | 2.50 £1.28 4.92 + 3.08 329 | 2.54+1.26 5.02 +3.08

Midwest 549 | 2.15+£1.22 4.36 £2.32 428 | 2.12+1.21 4.36 £2.25

West 522 | 3.18 £2.55 5.89 + 4.60 413 | 3.35+2.63 6.08 +4.73
Age 0.009 0.004 0.002 0.002

<80 years 879 | 2.62 +1.50 5.00 £ 3.23 731 | 2.64 +1.54 5.03 £3.32

>80 years 1,353 | 2.81+1.71 5.44 + 3.58 990 | 2.89 +1.76 5.56 + 3.60
Ethnicity <0.001 <0.001 <0.001 <0.001

Black (not Hispanic) 116 | 3.28+1.39 6.84 +2.67 86 3.49 £ 1.31 6.91 £ 2.64

White (not Hispanic) 2,042 | 2.68 +£1.63 5.13 +£3.47 1,576 | 2.72 £ 1.67 521+3.51

Other 74 3.42 +1.84 6.42 + 3.30 59 3.51+1.94 6.46 £ 3.39
Education 0.04 0.09 0.06 0.48

<High school or GED 564 | 2.64+1.49 5.08 £3.22 406 | 2.65+1.51 5.17 £3.32

>High school but <4 years of college 864 | 2.69 £1.77 5.19 +3.62 651 | 2.75+1.82 5.34 +3.74

>4 years of college 804 | 2.85+1.57 547 +3.43 664 | 2.89 +1.63 5.44 +3.35
Employment 0.81 0.33 0.84 0.49

Currently working 348 | 2.78 £1.63 5.51 £ 3.52 279 | 2.81+1.68 5.57 £3.62

Not working 210 | 2.76 £ 1.69 5.13 + 3.64 166 | 2.84+1.76 532 +3.77

Retired 1,674 | 2.72 +£1.63 523 +3.42 1,276 | 2.77 £ 1.67 529+343
Income (USS$) 0.01 0.04 0.04 0.03

<9,999 74 2.73+£1.98 5.02 +£3.93 52 2.72+2.10 5.00 £ 3.97

10,000 to 34,999 1,000 | 2.64 = 1.66 5.18 £ 3.54 742 | 2.73+1.70 5.30 £ 3.50

35,000 to 74,999 824 | 2.78 £1.55 522+3.24 663 | 2.79+1.61 5.21+3.37

75,000 or more 220 | 3.07+1.73 595+ 3.88 186 | 3.10+1.76 6.10 £3.91

Do not know 114 | 2.55+1.43 5.11 £+ 2.88 78 2.48 £ 1.36 5.17 £2.80
Smoking status 0.98 0.66 0.80 0.67

Never smoked 1,239 | 2.74 £ 1.67 5.27 +3.38 954 | 2.80+1.71 5.38 +3.44

Past smoker 890 | 2.73+1.59 523 £ 3.56 689 | 2.75+1.65 525+ 3.57

Current smoker 103 | 2.76 + 1.54 5.55+3.52 78 2.83 £ 1.56 5.52+3.42
Alcohol use 0.48 <0.001 0.54 0.006

Nondrinker 261 | 2.59+1.72 4.60 = 3.18 191 | 2.62+1.78 4.63 + 3.30

Past drinker 372 | 2.75+1.67 537 +£3.78 266 | 2.85+1.71 5.52+3.92

<1 drink per day 1,315 | 2.76 £ 1.60 5.46 £ 3.41 1,036 | 2.79 + 1.65 549 £3.43

>1 drink per day 284 | 2.71 +£1.67 4.85 + 3.36 228 | 2.79 £1.67 5.02 £3.35
Moderate or strenuous physical activities >20 minutes 0.82 0.25 0.74 0.21

No activity 1,207 | 2.71 £1.63 528 £3.41 917 | 2.78 £1.68 5.42 £ 3.51

Some activity 124 | 276 +1.24 5.56 £ 3.18 91 2.75+1.23 5.58 £3.16

2 to 4 episodes/week 481 | 2.79£1.68 5.38 +3.54 376 | 2.85+1.74 5.40 £ 3.51

>4 episodes/week 420 | 2.72+1.69 4.99 £ 3.56 337 | 2.72+£1.70 4.98 £ 3.51
BMI (kg/m?) 0.43 0.48 0.91 0.09

<25 619 | 2.80 +1.64 5.19 £ 3.37 476 | 2.81+1.70 5.10 £ 3.34

25t029 815 | 2.74+1.64 521 +3.25 633 | 2.76 £ 1.68 5.30 £3.29

(Continued)
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Table 2. (Continued)

Analytic sample for TICSm analyses Analytic sample for CVLT analyses
AQ improvement in | AQ improvement in AQ improvement in | AQ improvement in
PM, 5 (ug/m*)* NO, (ppb)* PM, 5 (ug/m*)* NO, (ppb)*
Population characteristics N | Mean + SD pb Mean * SD pb N | Mean + SD pb Mean * SD pb
>30 798 | 2.68 £1.62 5.38 £3.72 612 | 2.78 £ 1.66 5.56 + 3.79
Hypertension 0.82 0.52 0.63 0.31
No 1,461 | 2.73 £ 1.65 523 +3.52 1,152 | 2.77 £ 1.71 528 +£3.54
Yes 771 | 2.75+1.60 5.33+£3.33 569 | 2.81+1.61 5.46 + 3.38
Hypercholesterolemia 0.12 0.97 0.44 0.97
No 1,855 | 2.71 £ 1.65 5.26 + 3.53 1,438 | 2.77 £ 1.70 5.34+3.57
Yes 377 | 2.85%1.56 527 £ 3.04 283 | 2.85+1.56 5.34 £+ 3.09
Diabetes 0.27 0.42 0.07 0.11
No 2,143 | 2.73 £ 1.64 5.25+3.47 1,655 | 2.77 £ 1.68 5.31 £3.50
Yes 89 | 2.92+1.50 5.56 +3.16 66 | 3.15+1.48 6.02 +3.28
CVD history 0.95 0.94 0.95 0.83
No 1,907 | 2.74 £ 1.65 5.27 £3.52 1,476 | 2.78 £ 1.70 5.34+3.58
Yes 325 | 2.73+£1.53 5.25+3.04 245 | 2.78 £1.52 5.29+2.94
Any prior postmenopausal hormone treatment 0.84 0.22 0.90 0.29
No 1,218 | 2.73 +1.44 5.35+3.31 935 | 2.79+1.47 5.42 +3.29
Yes 1,014 | 2.74+1.84 5.17 £ 3.62 786 | 2.78 £1.90 524 +3.72
'WHI hormone therapy assignment 0.13 0.02 0.03 0.09
CEE alone placebo 400 | 2.81+1.74 5.24 +3.33 306 | 2.89+1.84 5.35+3.43
CEE alone 403 | 2.57 £ 1.65 4.80 +3.30 302 | 2.53+1.69 4.88 + 3.37
CEE+MPA placebo 733 | 2.77 £ 1.55 5.45 +3.53 578 | 2.84+1.58 5.47 +3.46
CEE+MPA 696 | 2.75+ 1.64 5.35+3.52 535 | 2.79 £ 1.66 5.44 + 3.61
ApoE 0.01 0.92 0.047 0.87
e2/2+e2/3+e3/3 1,239 | 2.81£1.55 5.33 £3.46 984 | 2.82+1.58 5.39+3.45
e2/4+e3/4+e4/4 372 | 2.56 £1.77 5.31 £3.63 269 | 2.59+1.88 5.35+3.73

"Recent exposures were the 3-year average exposures estimated at the WHIMS-ECHO enrollment. Remote exposures were the 3-year average exposures estimated 10
years before the WHIMS-ECHO enrollment. AQ improvement was defined as reduction from the remote to recent exposures over the 10-year period.

®p-Values were calculated using ANOVA F-tests for mean exposures.

ApoE, Apolipoprotein E; AQ, air quality; BMI, body mass index; CEE, conjugated equine estrogens; CVD, cardiovascular disease; CVLT, California Verbal Learning
Test; GED, general educational development; MPA, medroxyprogesterone acetate; NO,, nitrogen dioxide; PM, 5, fine particulate matter; ppb, parts per billion; SD,
standard deviation; TICSm, modified Telephone Interview for Cognitive Status; WHI, Women’s Health Initiative; WHIMS-ECHO, Women’s Health Initiative Memory
Study-Epidemiology of Cognitive Health Outcomes.

https://doi.org/10.1371/journal.pmed.1003893.t002

were similar across these population characteristics, except that some differences were no lon-
ger significant (S4 Table).

Residing in locations with greater AQ improvement was associated with slower rates of
decline in both general cognitive status and episodic memory (Table 3). Based on fully
adjusted models (Table 3, Model III), each IQR increment of improved AQ in PM, ;s and NO,
(IQRppa25 = 1.79 pg/m3 for both analytic samples; IQRyo, = 3.92 ppb for TICSm and 3.97 ppb
for CVLT analyses) was associated with diminished cognitive declines over time by 0.026 to
0.034/year in TICSm (PM, s: (B = 0.026/year, 95% CI: 0.001, 0.05; NO,: B = 0.034/year; 95%
CI: 0.01, 0.06) and by 0.060 to 0.070/year in CVLT (PM, s: = 0.070/year, 95% CI: 0.02, 0.12;
NO,: B = 0.060/year; 95% CI: 0.005, 0.12). These putative benefits suggested by the respective
associations with TICSm and CVLT were equivalent to slower cognitive declines in women
who were 0.9 to 1.2 years and 1.4 to 1.6 years younger at WHIMS-ECHO enrollment.
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(A) Associations on general cognitive ability decline (N=2232)
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Fig 2. Estimated cognitive trajectory over time with different levels of AQ improvement in WHIMS-ECHO cohort. (A) Associations on general cognitive ability
decline (N = 2,232). (B) Associations on episodic memory decline (N = 1,721). Estimated TICSm score (panel A) or CVLT score (panel B) change over time for low (25th
percentile), median, and high (75th percentile) level of AQ improvement in PM, 5 or NO, in the WHIMS-ECHO cohort. The estimated TICSm scores or CVLT scores
were calculated using parameter estimates derived from Model III of Table 3, which were adjusted for spatial random effect, WHIMS-ECHO enrollment year, age, follow-
up year, age interaction with follow-up year, time-varying propensity scores, demographic variables (geographic region and race/ethnicity), socioeconomic factors
(education, income, and employment status) and neighborhood characteristics, lifestyle factors (smoking, drinking, and physical activities), prior hormone use, hormone
therapy assignment, cardiovascular risk factors (hypertension, diabetes, and hypercholesterolemia), depression, BMI, and CVD histories. AQ, air quality; BMI, body mass
index; CVD, cardiovascular disease; CVLT, California Verbal Learning Test; NO,, nitrogen dioxide; PM, s, fine particulate matter; TICSm, modified Telephone Interview
for Cognitive Status; WHIMS-ECHO, Women’s Health Initiative Memory Study-Epidemiology of Cognitive Health Outcomes.

https://doi.org/10.1371/journal.pmed.1003893.9002
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Table 3. Summary of the associations between AQ improvement and cognitive declines in the WHIMS-ECHO cohort.

(A) Associations with declines in general cognitive ability (N = 2,232)

AQ improvement in PM, 5° AQ improvement in NO,"

Models i 95% CI o i 95% CI P
Model 1¢ 0.026 0.001, 0.05 0.04 0.034 0.01, 0.06 0.006
Model I1¢ 0.026 0.002, 0.05 0.04 0.034 0.01, 0.06 0.005
Model 111 0.026 0.001, 0.05 0.04 0.034 0.01, 0.06 0.005

(B) Associations with declines in episodic memory (N = 1,721)
AQ improvement in PM, 5* AQ improvement in NO,"

Models 1N 95% CI P° [N 95% CI P°
Model 14 0.072 0.02,0.13 0.01 0.059 0.004, 0.11 0.03
Model I1¢ 0.071 0.02,0.13 0.01 0.060 0.006, 0.12 0.03
Model IIIf 0.070 0.02,0.12 0.01 0.060 0.005, 0.12 0.03

"Recent exposures were the 3-year average exposures estimated at the WHIMS-ECHO enrollment. Remote exposures were the 3-year average exposures estimated 10
years before the WHIMS-ECHO enrollment. AQ improvement was defined as reduction from the remote to recent exposures over the 10-year period.

bB (95% CI) = regression coefficient (95% CI) estimating the increase in TICSm score or CVLT score per year for each IQR increase of AQ improvement (IQRpy 5 =
1.79 pg/m® for both analytic samples; IQRno, = 3.92 ppb for TICSm analytic sample and 3.97 ppb for CVLT analytic sample). Positive coefficients represent slower
decline associated with greater AQ improvement.

“p-Values were calculated using Wald ¢ tests.

9Model I: adjusted for spatial random effect, WHIMS-ECHO enrollment year, age, follow-up year, age interaction with follow-up year, and time-varying propensity
scores.

“Model II: adjusted for those in Model I, as well as demographic variables (geographic region and race/ethnicity), socioeconomic factors (education, income, and
employment status) and neighborhood socioeconomic characteristics, and lifestyle factors (smoking, drinking, and physical activities).

‘Model III: adjusted for those in Model II, as well as prior hormone use, hormone therapy assignment, cardiovascular risk factors (hypertension, diabetes, and
hypercholesterolemia), depression, BMI, and CVD histories.

AQ, air quality; BMI, body mass index; CVD, cardiovascular disease; CVLT, California Verbal Learning Test; IQR, interquartile range; NO,, nitrogen dioxide; PM, s,
fine particulate matter; TICSm, modified Telephone Interview for Cognitive Status; WHIMS-ECHO, Women’s Health Initiative Memory Study-Epidemiology of

Cognitive Health Outcomes.

https://doi.org/10.1371/journal.pmed.1003893.t003

The associations between greater AQ improvement and slower cognitive declines remained
robust in sensitivity analyses adjusting for potential confounders updated prior to the WHIM-
S-ECHO enrollment or temporal changes in relevant covariates from WHI inception (S5
Table). Using multiple imputation to include women with missing air pollution and covariate
data, the associations were slightly attenuated, but remained statistically significant (S6 Table).
The associations between greater AQ improvement and slower cognitive declines were
strengthened in models further adjusting for recent or remote exposures (S7 Table). The
results were largely unchanged after excluding prevalent or incident stroke cases (S8 Table).
Excluding incident dementia cases (1 = 398) resulted in a 41% to 81% reduction in the strength
of the associations with slower declines in general cognitive status, which were no longer sig-
nificant. For episodic memory decline, there was a 17% to 22% reduction in effect estimates,
which remained statistically significant (S8 Table).

We did not find significant associations between AQ improvement and quadratic change
in cognitive function (all p-values > 0.10, S9 Table). With the quadratic term of follow-up year
included in models, the associations between AQ improvement and TICSm trajectory slope
were similar to the estimates in the main analyses, while the estimated associations with CVLT
trajectory slopes were slightly attenuated for both PM, sand NO, improvement (S10 Table).
Except for some evidence supporting the quadratic term for PM, s improvement on TICSm
trajectory slope (p = 0.04 for the interaction between the quadratic term of PM, s improvement
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and follow-up year, S11 Table), the overall results did not suggest nonlinear effects of AQ
improvement on cognitive trajectory slopes (S11 Table).

We found no statistical evidence to suggest that the observed associations substantially dif-
tered by age, education, geographic region, ApoE e4 genotypes, or common cardiovascular
risk factors after adjusting for multiple comparisons (false discovery rate corrected p-
values > 0.05 for all tests, Figs 3 and 4).

Discussion

In this geographically diverse cohort of community-dwelling older women with up to 20 years
of follow-up, we found that living in locations with 10-year improvements in ambient AQ in
late life was associated with slower cognitive declines. The estimated associations, equivalent
to slower declines in general cognitive status observed in women 0.9 to 1.2 years younger or in
episodic memory observed in women 1.4 to 1.6 years younger, remained after adjusting for
sociodemographics (age; geographic region; race/ethnicity; education; income; employment
status; and neighborhood socioeconomic characteristics), lifestyle factors (smoking; alcohol;
and physical activity), or clinical characteristics (BMI; depressive symptoms; diabetes; hyper-
cholesterolemia; hypertension; CVD; and hormone therapy). The findings were robust in our
sensitivity analyses accounting for various sources of spatiotemporal confounding and were
largely unchanged after excluding women with prevalent or incident stroke. Excluding inci-
dent dementia cases greatly reduced the associations with slower declines in general cognitive
status, but the associations with slower decline in episodic memory were modestly attenuated
and remained statistically significant. There was no strong evidence that the slower declines in
cognition associated with improved AQ differed by age, education, geographic region, APoE
e4 genotype, or cardiovascular risk factors. To the best of our knowledge, this study provides
the first epidemiologic evidence supporting the potential benefit of improved AQ on slowing
cognitive aging.

To the best of our knowledge, our study adds novel epidemiologic data strengthening the
evidence between late-life exposure to ambient air pollution and cognitive decline. Evidence
from epidemiological and neurotoxicological studies point to a possible continuum of air pol-
lution neurotoxicity on brain aging. Within the WHIMS suite of studies, we have found that
PM, s is associated with progression of gray matter atrophy in brain areas vulnerable to AD
[18,41], episodic memory decline [41,42], and increased risk of clinically significant cognitive
impairment [43], demonstrating this continuum in older women. In the ALzheimer and FAm-
ilies cohort, investigators also found that higher exposure to PM was associated with lower cor-
tical thickness in brain regions linked to AD in middle-aged men and women [17]. However,
longitudinal epidemiological studies investigating the associations of cognitive declines with
PM, 5 and NO, have produced mixed results, including no associations [44-49], significant
adverse effects [41,42,50-52], and significant positive associations (suggesting that PM, 5
improved cognition function) [53]. In the present study, we found that improved AQ was sig-
nificantly associated with slower declines in both general cognitive status and episodic mem-
ory. Although these findings alone do not prove causality, using a quasi-experimental design,
our novel findings along with other supportive evidence from human studies and animal mod-
els strengthen the evidence of late-life exposure to ambient air pollution in its contribution to
the progression of cognitive aging.

Our study findings have several important public health implications. First, we found that
slower cognitive decline was associated with long-term reduction in ambient PM, 5 and NO,
levels. In the Children’s Health Study, investigators also showed that the benefits of AQ
improvement in both PM, 5 and NO, was associated with improved respiratory health [25-
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Subgroup N PM2.5: Beta(95% Cl), interaction p NO2: Beta(95% Cl), interaction p

All women 2232 | 0.03 (0.00, 0.05) = 0.03 (0.01,0.06)

Age 023 0.15
<80 years old 879 e 0.04 (0.01, 0.08) = 0.05 (0.02, 0.09)
> 80 years old 1353 H— 0.01 (-.02, 0.04) b= 0.02 (-.01, 0.05)

Education 0.08 0.35
< high school or GED 564 — 0.08 (0.03, 0.14) — 0.07 (0.01,0.12)
> high school but < 4y of college 864 |--—| 0.02 (-.02, 0.06) —-—| 0.04 (-.00, 0.07)

2 4y of college 804 e 0.00 (-.04, 0.04) = 0.02 (-.02, 0.06)

Region 0.83 0.41

Northeast 718 —— 0.00 (-.06, 0.07) b= 0.03 (-.01,0.07)
South 443 —— 0.03 (-.04,0.11) —— -.00 (-.06, 0.06)
Midwest 549 h— 0.05 (-.02,0.11) — 0.08 (0.00, 0.15)

West 522 b= 0.02 (-.01, 0.05) —— 0.04 (0.00, 0.08)

Body Mass Index 0.41 0.78
<25 619 | — 0.03 (-.02,0.07) f—— 0.04 (-.01,0.09)
25.29 815 — 0.04 (0.00, 0.08) H=— 0.02 (-.02, 0.06)
230 798 - 0.00 (-.04, 0.05) = 0.04 (0.00, 0.08)

Diabetes 0.82 0.03
No 2143 = 0.03 (0.00, 0.05) = 0.04 (0.02,0.07)

Yes 89 e 0.01 (-.15,0.16) b—— -11(-24,0.02)

Hypercholesterolemia 0.72 0.50
No 1855 ——] 0.02 (-.00, 0.05) . 0.04 (0.01,0.06)

Yes 377 H— 0.04 (-.03,0.10) —— 0.01 (-.06, 0.08)

Hypertension 0.83 0.01
No 1461 —] 0.03 (-.00, 0.06) = 0.05 (0.03, 0.08)

Yes 771 | 0.02 (-.02,0.07) | -01 (-.06, 0.03)

CVD history 0.20 0.69
No 1907 = 0.03 (0.01, 0.06) = 0.04 (0.01,0.06)

Yes 325 —— -.02 (-.09, 0.05) —— 0.02 (-.06,0.10)

ApoE 0.28 024
£2/2+£2/3+¢3/3 1239 - 0.00 (-.03, 0.04) = 0.02 (-.01, 0.05)
£2/4+£3/4+¢4/4 372 H— 0.04 (-.02,0.10) —— 0.06 (0.00, 0.12)

T T T T T T T
-02 -01 00 01 02 -02 -01 00 0.1 02

Fig 3. Estimated associations® between AQ improvement® and cognitive ability decline’, stratified by population characteristics. The bars and whisker
represent the regression coefficient beta and corresponding 95% Cls. *Association was represented by beta, the regression coefficient estimating the increase in
TICSm score per year for each IQR increase of AQ improvement (IQRpp25 = 1.79 pg/ m’; IQRyo, = 3.92 ppb), adjusting for spatial random effect, WHIMS-ECHO
enrollment year, age, follow-up year, age interaction with follow-up year, time-varying propensity scores, demographic variables (geographic region and race/
ethnicity), socioeconomic factors (education, income, and employment status) and neighborhood characteristics, lifestyle factors (smoking, drinking, and physical
activities), prior hormone use, hormone therapy assignment, cardiovascular risk factors (hypertension, diabetes, and hypercholesterolemia), depression, BMI, and
CVD histories. "Recent exposures were the 3-year average exposures estimated at the WHIMS-ECHO enrollment. Remote exposures were the 3-year average
exposures estimated 10 years before the WHIMS-ECHO enrollment. AQ improvement was defined by reduction from remote to recent exposures over the 10-year
period. “p-Value was calculated using Wald t test for the interaction between AQ improvement and each subgroup unadjusted for multiple comparison. After
controlling for multiple comparison using Benjamini-Hochberg approach, false discovery rate corrected p-values > 0.05 for all interaction tests. ApoE,
Apolipoprotein E; AQ, air quality; BMI, body mass index; CVD, cardiovascular disease; GED, general educational development; IQR, interquartile range; NO,,
nitrogen dioxide; PM, s, fine particulate matter; ppb, parts per billion; TICSm, modified Telephone Interview for Cognitive Status; WHIMS-ECHO, Women’s
Health Initiative Memory Study-Epidemiology of Cognitive Health Outcomes.

https://doi.org/10.1371/journal.pmed.1003893.g003

27]. These findings may imply that the observed health benefits of AQ improvement are due
to the overall reduced ambient air pollution levels, rather than driven by specific control pro-
grams to mitigate either PM, 5 or NO, in the US. Second, although the Clean Air Act mandates
that the EPA sets AQ standards that provide a safe margin for susceptible populations [54],
our analyses (Fig 3) revealed similar associations comparing subgroups of older women. This
observation suggests the resulting benefit of slower cognitive decline associated with AQ
improvement in late life may be universal in older women, including those already at greater
risk for cognitive decline (e.g., women with high-risk cardiovascular profiles; ApoE e4
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Subgroup N PM2.5: Beta(95% Cl), interaction p NO2: Beta(95% Cl), interaction p
All women 1721 = 0.07 (0.02, 0.12) | 0.06 (0.01,0.12)
Age 0.81 059
< 80 years old 731 ——] 0.08 (-01,0.16) [—— 0.08 (-.01,0.16)
> 80 years old 990 ——] 0.06 (-.00, 0.13) b— 0.05 (-.03,0.12)
Education 0.33 0.71
< high school or GED 406 H—— 0.10 (-.03,0.23) F— 0.08 (-.04, 0.20)
> high school but < 4y of college 651 H— 0.02 (-.06,0.11) = 0.04 (-.04,0.12)
2 4y of college 664 = 0.11 (0.02, 0.19) f—— 0.08 (-.01,0.18)
Region 0.82 0.92
Northeast 551 H— 0.12 (-.05, 0.29) — 0.04 (-.06, 0.14)
South 329 H———— 0.11 (-.06,0.28) —— 0.03 (-.12,0.17)
Midwest 428 —— 0.07 (-.08,0.21) — 0.10 (-.07,0.27)
West 413 = 0.05 (-.02,0.12) H—— 0.06 (-.02, 0.15)
Body Mass Index 0.01 0.75
<25 476 H=— 0.04 (-.06,0.14) —— 0.04 (-.07,0.14)
25.29 633 = 0.16 (0.08, 0.25) H—— 0.06 (-.04,0.15)
230 612 = -02 (-11,0.07) —— 0.09 (0.00,0.17)
Diabetes 0.31 0.70
No 1655 = 0.07 (0.01,0.12) ] 0.06 (0.01, 0.12)
Yes 66 ————=———] o025(.10,061) | | -00(-32,032)
Hypercholesterolemia 0.10 0.66
No 1438 ! 0.09 (0.03, 0.15) 0.06 (0.01,0.12)
Yes 283 —— -03(-17,0.10) b 0.03 (-.13,0.18)
Hypertension 0.77 0.42
No 1152 = 0.08 (0.01, 0.14) —— 0.07 (0.01,0.14)
Yes 569 H—=— 0.06 (-.04, 0.16) —— 0.02 (-.08,0.13)
CVD history 0.19 053
No 1476 = 0.08 (0.03, 0.14) ——] 0.05 (-.00, 0.11)
Yes 245 —— -03(-18,0.13) +——=—— 0.11(-06,029
ApoE 0.28 0.05
£2/2+62/3+¢3/3 984 ——] 0.07 (0.00, 0.15) — 0.01 (-.06, 0.08)
£2/4+e3/4+ca/4 269 — 0.15 (0.03, 0.28) f——— 016003029
1 I I 1 I
-0.3 0.0 0.3 06 -0.3 0.0 0.3

Fig 4. Estimated associations® between AQ improvement® and episodic memory decline®, stratified by population characteristics. The bars and whisker
represent the regression coefficient beta and corresponding 95% Cls. “Association was represented by beta, the regression coefficient estimating the increase in
CVLT score per year for each IQR increase of AQ improvement (IQRpp25 = 1.79 pg/ m®; IQRyo, = 3.97 ppb), adjusting for spatial random effect, WHIMS-ECHO
enrollment year, age, follow-up year, age interaction with follow-up year, time-varying propensity scores, demographic variables (geographic region and race/
ethnicity), socioeconomic factors (education, income, and employment status) and neighborhood characteristics, lifestyle factors (smoking, drinking, and physical
activities), prior hormone use, hormone therapy assignment, cardiovascular risk factors (hypertension, diabetes, and hypercholesterolemia), depression, BMI, and
CVD histories. "Recent exposures were the 3-year average exposures estimated at the WHIMS-ECHO enrollment. Remote exposures were the 3-year average
exposures estimated 10 years before the WHIMS-ECHO enrollment. AQ improvement was defined by reduction from remote to recent exposures over the 10-year
period. “p-Value was calculated using Wald t test for the interaction between AQ improvement and each subgroup unadjusted for multiple comparison. After
controlling for multiple comparison using Benjamini-Hochberg approach, false discovery rate corrected p-values > 0.05 for all interaction tests. ApoE,
Apolipoprotein E; AQ, air quality; BMI, body mass index; CVD, cardiovascular disease; CVLT, California Verbal Learning Test; GED, general educational
development; IQR, interquartile range; NO,, nitrogen dioxide; PM, s, fine particulate matter; WHIMS-ECHO, Women’s Health Initiative Memory Study-
Epidemiology of Cognitive Health Outcomes.

https://doi.org/10.1371/journal.pmed.1003893.g004

carriers). Third, the EPA’s projection that the AQ and health benefits achieved as a result of
the Clean Air Act Amendments of 1990 are valued at approximately US$2 trillion in 2020 [55]
was likely underestimated as it did not include the assessment of brain health, which costs the
US economy US$159 to US$215 billion [56]. Fourth, our findings call for future studies to
determine whether risk reductions may still be seen with improvements at lower-exposure lev-
els. Increased dementia risks associated with low-level exposures had been reported in Sweden
and Canada (range of mean PM, 5: 7.6 to 10.4 pg/m’; range of mean NO,: 12.1 to 16.2 ppb)
[57-60]. In a subset of WHIMS participants, we previously found that exposure to late-life
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PM, 5 at levels below the current EPA regulatory standard of 12 pg/m® was associated with
gray matter atrophy in brain areas vulnerable to AD [18]. Therefore, it is imperative to know
whether further improvement in low-exposure air pollution levels already in compliance with
the current standard still translate to slower cognitive decline. Last, our findings may provide
the impetus for future research to consider how AQ improvement could potentially benefit
brain development, as studies have found that higher levels of air pollution may hinder cogni-
tive development in children [61,62].

The underlying neurobiological processes driving the observed slower cognitive declines
associated with improved AQ are unclear. In our sensitivity analyses excluding women with
stroke, the slower cognitive declines with improved AQ were largely unchanged, suggesting
that reducing clinical stroke in late life may not make significant contributions to the observed
associations. Neuroimaging studies have not shown consistent associations between air pollu-
tion and MRI-based measurements of subclinical cerebrovascular disease [9,11,63-65]. By
contrast, excluding dementia cases resulted in a substantial attenuation in the estimated associ-
ations with TICSm declines, suggesting that the putative benefit of AQ improvement on slow-
ing declines in general cognitive status may be operating by slowing the neuropathological
processes near the clinical stage. On the other hand, there was a modest attenuation in the esti-
mated associations with CVLT declines after excluding dementia cases, suggesting the
observed associations of slower episodic memory decline with AQ improvement were only
partly explained by the underlying neuropathological processes leading to clinical dementia.
The remaining association observed among women without dementia implied the possibility
of neuroprotective mechanisms underlying the putative benefits on brain health associated
with improved AQ. Put together, these results point to the possibility that AQ improvement
may benefit the continuum of pathological brain aging. Longitudinal studies with high-quality
data on PET scan and fluid-based biomarkers are needed to better understand the underlying
neuropathological processes amendable to improved AQ in late life, such as preserving brain
volume or maintaining function of neural networks.

We acknowledge several study limitations. First, cognition was assessed using telephone-
based interviews rather than the “gold standard” method of face-to-face administration. How-
ever, telephone-based cognitive assessment has been shown to be both reliable and valid and
may improve study validity by increasing retention and data completeness [66]. Second, we
estimated the ambient levels of air pollution at residential locations and detailed information
on time-activity patterns were not available. However, the use of individual-level estimates of
reduced exposures to ambient air pollutants is appropriate for studying the public health bene-
fits [23,25-27] since these pollutants are regulated by the EPA. Third, the errors in predicting
the air pollution estimates may have varied throughout the 10-year period and may have con-
tributed uncertainty to our analyses. Fourth, we could not completely rule out unmeasured
confounding by other environmental factors (e.g., noise and green space) with longitudinal
changes that may be concurrent with improved AQ. However, noise levels have been increas-
ing [67], and green space has been decreasing over time due to increasing urbanization [68],
so it is unlikely they would contribute to the health benefits of long-term AQ improvement.
Fifth, regression to the mean may be a concern due to measuring changes in AQ across only 2
time periods, which may have attenuated the estimated associations between AQ improvement
and cognitive decline, as suggested by the results of our sensitivity analyses further adjusting
for either recent or remote exposures (S7 Table). Sixth, because our study sample came from a
nonrandom selective process (Fig 1), we could not completely rule out the possibility of selec-
tion biases. Last, our findings cannot be generalizable to men or younger women.

Our study had several major methodological strengths. First, the geographic diversity cou-
pled with the extended longitudinal follow-up provided an ideal environmental context to
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explore the health benefits of AQ improvement across the US. Second, the estimated benefits
were based on within-cohort comparisons, instead of cross-cohort comparisons done in previ-
ous studies [25-27], greatly reducing possible confounding stemming from between-cohort
differences [69]. Third, using individual-level estimates of ambient air pollution to define
improved AQ further reduces the spatial confounding arising from using county-/city-/com-
munity-level estimates as was done in previous studies [23-27]. Last, our analyses also
accounted for different sources of spatiotemporal confounding, such as adjustment of WHIM-
S-ECHO enrollment year, including a random effect of clinic centers, and further adjusting
for temporal changes in relevant covariates that may correlate with AQ improvement.

In conclusion, we found that long-term AQ improvement during late life was robustly asso-
ciated with slower rates of cognitive declines among older women. The associations were simi-
lar for both PM, 5 and NO, and did not differ by age, geographic region, education, or
cardiovascular risk factors. Future studies are needed to improve our understanding on the
underlying neuropathological processes that may be amendable by reducing exposure to late-
life ambient air pollution.
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