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The interrelationships among long-term ambient air pollution exposure, emotional distress and
cognitive decline in older adulthood remain unclear. Long-term exposure may impact cognitive
performance and subsequently impact emotional health. Conversely, exposure may initially be
associated with emotional distress followed by declines in cognitive performance. Here we tested
the inter-relationship between global cognitive ability, emotional distress, and exposure to PM, g
(particulate matter with aerodynamic diameter <2.5 um) and NO, (nitrogen dioxide) in 6,118 older
women (aged 70.6 + 3.8 years) from the Women’s Health Initiative Memory Study. Annual
exposure to PM s (interquartile range [IQR] = 3.37 ug/m3) and NO, (IQR=9.00ppb) was
estimated at the participant’s residence using regionalized national universal kriging models and
averaged over the 3-year period before the baseline assessment. Using structural equation
mediation models, a latent factor capturing emotional distress was constructed using item-level
data from the 6-item Center for Epidemiological Studies Depression Scale and the Short Form
Health Survey Emotional Well-Being scale at baseline and one-year follow-up. Trajectories of
global cognitive performance, assessed by the Modified-Mini Mental State Examination (3MS)
annually up to 12 years, were estimated. All effects reported were adjusted for important
confounders. Increases in PMy 5 (B =—.144 per IQR; 95% CI = -.261; —.028) and NO, (B=-.157
per IQR; 95% CI = -.291; —.022) were associated with lower initial 3MS performance. Lower
3MS performance was associated with increased emotional distress (=-.008; 95% CI = —.015;
-.002) over the subsequent year. Significant indirect effect of both exposures on increases in
emotional distress mediated by exposure effects on worse global cognitive performance were
present. No statistically significant indirect associations were found between exposures and 3MS
trajectories putatively mediated by baseline emotional distress. Our study findings support
cognitive aging processes as a mediator of the association between PM> 5 and NO, exposure and
emotional distress in later-life.

Keywords
Air pollution; cognition; emotional distress; aging

Introduction

Emotional distress and cognitive decline are both common in later life (Reynolds et al.,
2015; Wimo et al., 2017), disproportionally affect women (Snyder et al., 2016), and
adversely impact the health and well-being of older people and their caregivers (Mohamed et
al., 2010). Long-term exposure to ambient fine particulate matter (PM> 5; particulate matter
with aerodynamic diameter <2.5 pm) and gaseous air pollutants, such as NO, (nitrogen
dioxide) have been identified as environmental risk factors for depressive symptoms,
emotional distress, cognitive decline, and dementia in older adulthood (Cacciottolo et al.,
2017; Peters et al., 2019; Petkus et al., 2019).

Emotional distress and cognitive decline commonly co-occur in later life, as individuals with
a past history of depression are at a higher risk for cognitive decline and dementia (Byers
and Yaffe, 2011). Conversely, late-life emotional distress may be a prodromal symptom of
dementia (Singh-Manoux et al., 2017). It is important to examine how air pollution affects
the inter-relation between emotional distress and cognitive functioning, because long-term

Environ Pollut. Author manuscript; available in PMC 2022 February 15.
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exposure to air pollutants may contribute to neurotoxicological changes in the brain, such as
neuroinflammation, oxidative stress, cerebral vascular damage and neurodegeneration (Bejot
et al., 2018; Block and Calderon-Garciduenas, 2009), all implicated in the neurobiological
underpinnings of both emotional distress (van Agtmaal et al., 2017) and cognitive decline in
later-life. Research on the complex associations among air pollution, global cognitive
performance, and emotional distress may contribute to better understanding of the interplay
between these phenotypes affected by exposures and help identify individuals at high risk
for cognitive decline and emotional distress who can be targeted for preventative
interventions.

The temporal relationships between air pollution exposure, changes in cognition, and
emotional distress remains unclear. Specifically, it is unclear whether emotional distress
precedes changes in cognitive performance or vice versa. Our recent work examining the
longitudinal associations among ambient air pollution, depressive symptoms and episodic
memory suggests that air pollution-related memory decline may precede increases in
emotional distress (Petkus et al., 2020). Specifically, we found that exposure to PM, 5 was
associated with episodic memory declines, which was then associated with subsequent
increases in depressive symptoms. However, we only examined single domain-specific
performance of episodic memory, and did not study the global cognitive abilities, which
represent a common dimension of the cognitive aging processes and account for a greater
variance in the between-individual differences in cognitive decline (Tucker-Drob, 2011).
Additionally, our prior work only included data on depressive symptoms, missing other
aspects of emotional well-being, such as symptoms of anxiety. Anxiety symptoms are more
common than depressive symptoms in later-life and are implicated with negative health
consequences (Wolitzky-Taylor et al., 2010). It is important to examine exposure in relation
to a broader range of symptoms of emotional distress given emerging research highlighting
commonalities between depression and anxiety (Brown and Barlow, 2009; Sauer-Zavala et
al., 2017) and conceptualization and push for transdiagnostic treatment (Barlow et al., 2017;
Sauer-Zavala et al., 2017). Our previous work was further limited by only studying PM 5,
while the associations between other air pollution exposures, such as NO,, and increased
risks for depressive symptoms (Lim et al., 2012) or dementia risk have been reported
separately in different populations (Chen et al., 2017; Oudin et al., 2016). To the best of our
knowledge, no studies have examined how air pollution exposure affects the interrelation
between emotional distress and global cognitive performance in later-life.

In this longitudinal study of older women, we examined the association between PM, 5 and
NO, exposures with the longitudinal interrelationships between emotional distress and
global cognitive performance. Based off our previous findings (Petkus et al., 2020) we
hypothesize that global cognitive performance will mediate associations between exposure
and increases in emotional distress.

Materials and Methods

Study design and population

We conducted a longitudinal study that included 6,118 community-dwelling women enrolled
in the Women’s Health Initiative (WHI) Memory Study (WHIMS) (Shumaker et al., 1998).

Environ Pollut. Author manuscript; available in PMC 2022 February 15.
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WHIMS participants were postmenopausal women (N=7,479) aged 65 or older across 48
states and free of dementia as determined by standardized study protocols, described
elsewhere (Shumaker et al., 2004; Shumaker et al., 2003). The WHIMS was an ancillary
study to the Hormonal Treatment arms of WHI Clinical Trial (WHI-CT; N = 68,132) (WHI
Study Group; 1998). At the WHI-CT screening visits, which we refer to as the WHI
baseline, all women completed assessments of emotional distress. A second assessment of
emotional distress was administered approximately one-year after the baseline. The in-
person assessment of global cognitive performance started at the WHIMS inception in
1996-1999 and continued annually thereafter until the clinic visits stopped in 2008. On
average the cognitive assessment occurred 42.2 days (SD = 36.8; range = —30 to 408) after
the baseline assessment of emotional distress. The one-year follow-up of emotional distress
occurred on average 415.5 (SD = 46.3; range = 231 to 784) days after the WHI baseline. To
better define the temporality while testing the global cognitive performance as a mediator of
change in emaotional distress, we excluded 100 women who were administered the one-year
follow-up of emotional distress within six months of the initial WHIMS assessment of
global performance. The analytic subpopulation consisted of 6,118 women who completed
the WHI baseline and one-year follow-up, had air pollution exposure data, met
aforementioned inclusion criteria for temporality of assessments, and had no missing
covariate data. See Figure 1 panel A for a flowchart of study participation and panel B for a
timeline of assessments.

Assessment of emotional distress

Emotional distress was characterized using the item-level data. To more broadly define
emotional distress in late life, we combined data from the modified 6-item Center for
Epidemiological Studies Depression Scale (CES-D) (Radloff, 1977) and the emotional well-
being scale from the Short Form Health Survey-36 (SF-36) (Ware and Sherbourne, 1992).
The CES-D and SF-36 were administered at the WHI baseline and the one-year follow-up
assessment. We chose to combine these measures in order to capture multiple components of
emotional distress such as anxiety, which were assessed in two items of the SF-36 scale. The
modified CES-D consisted of six of the standard 20 items, each rated on a 4-point Likert-
type scale. The emotional well-being scale from the SF-36 consisted of 5 items rated on a 6-
point Likert-type scale. All of the items loaded onto a single latent factor of emotional
distress which was utilized in all analyses related to the main study hypotheses.

To establish the psychometric appropriateness of combining these items and that these
combined items captured a unidimensional construct of emotional distress, we first
examined the factor structure of these items using exploratory factor analytic methods in
randomly selected comparison sample of 6,118 women from the WHI-CT participants not
enrolled in WHIMS. Propensity score matching (Ho et al., 2011) was utilized to select
women who were comparable to the WHIMS analytic sample on age, region of residence,
and education. As compared to the WHIMS analytic sample, the selected comparison
sample had similar proportions of White (non-Hispanic), African American, and Hispanic,
but there were slightly more women who self-identified as having an “other” racial
background. Characteristics of the comparison sample are provided in supplemental eTable
1.

Environ Pollut. Author manuscript; available in PMC 2022 February 15.
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A description of each item with item-response frequencies was provided in eTable 2. To
examine the dimensionality of the latent construct of emotional distress, an exploratory
factor analysis (EFA) was first run with the WHI-CT comparison sample, followed by a
confirmatory factor analysis (CFA) with the WHIMS analytic sample (see eMethods for
more details). Results from the EFA and CFA both demonstrate the unidimensional nature of
our latent construct, supporting our decision to combine these items onto a single latent
factor (see eFigure 2-3 and eTables 3-5). The latent emotional distress factor at baseline was
constrained to have a mean of zero and a variance of 1.0 (see eFigure 4 for diagram of the
emotional distress factor with all indicators). The distribution of the latent emotional distress
factors at baseline and one-year follow-up are presented in panel A and B in eFigure 5.

Assessment of global cognitive performance

The Modified-Mini Mental State Examination (3MS) (Teng and Chui, 1987) was
administered to assess global cognitive performance. The 3MS consists of 15 items that
capture multiple cognitive abilities (scored 0-100), with higher scores reflecting better
global cognitive ability. The 3MS contains four additional items compared to the original
Mini Mental State Examination (MMS), some changes in the item content, and order of
administration. The 3MS contains more specific test administration instructions which are
designed to increase the standardization of the test. The 3MS has a larger range of possible
scores (0-100) and less of a ceiling effect that is commonly seen in the MMSE (see panel C
of eFigure 5 for distribution of 3MS scores at baseline). The 3MS was administered at the
initial WHIMS assessment and during annual in-person clinic visits. On average women
completed 8.23 (SD=2.58) times of 3MS assessments over follow-up period.

Assessment of ambient PM, 5 and NO»

Participants’ addresses were collected at the initial WHI assessment and geocoded using
standardized procedures (Whitsel et al., 2004). Annual averages of PM, 5 and NO»
concentrations at each residence were estimated using regionalized universal kriging models.
The model is based on US Environmental Protection Agency (EPA) monitoring data and
incorporates a partial least-squares regression of geographic covariates and has been
validated in past research (Bergen et al., 2013; Sampson et al., 2013; Young et al., 2016).
Over 600 geographic covariates were used to estimate exposure including distances to roads,
population density, and vegetation in the vicinity. The cross-validated R, for the models was
0.88 for PM, 5 and 0.84 for NO,. Our air pollution estimates accounted for residential
mobility during the 3-year period. The main interest in this study was the effect of long-term
exposure; therefore, we utilized the average annual estimates of exposure for the 3-years
prior to the initial WHI assessment. An illustration of the study area, approximate participant
locations, and estimated exposures are presented in Figure 2 (PM> s5) and Figure 3 (NOy).

Covariate data

A structured questionnaire was administered at WHI baseline to gather information on the
time-independent covariates. Participants self-reported demographics (age, race/ethnicity),
geographic region of residence (Northeast, South, Midwest, and West), socioeconomic status
(education; family income), employment status, and lifestyle factors (smoking; alcohol use;
physical activities). Clinical characteristics were also self-reported, including history of

Environ Pollut. Author manuscript; available in PMC 2022 February 15.
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postmenopausal hormone treatment, history of cardiovascular disease (including previous
coronary heart, stroke, or transient ischemic attack), hypertension (defined as elevated blood
pressure or use of antihypertensive medication), and diabetes mellitus (defined as physician
diagnosis plus oral medications, or insulin therapy). Data on histories of depression (Robins
et al., 1981) and census track-level neighborhood socioeconomic characteristics (nNSES)
capturing multiple domains of wealth in the neighborhood including: median household
income, owner-occupied housing units, percent of households with interest, dividends or
rent income, education, and occupation were collected using standard methods (Qi et al.,
2012) (see eMethods).

Statistical Analysis

Bivariate models to examine associations between 3-year average exposures
and the inter-relation of global cognitive function and emotion distress—
Bivariate structural equation models (SEMs) for multiple-indicator latent change scores
(LCS) (Kievit et al., 2018) were constructed to examine the associations between exposure
and emotional distress, including the baseline measure and one-year change of the latent
factor (defined by multiple item-level indicators; see eMethods). The bivariate LCS also
assessed whether initial 3MS performance mediated the putative association between
exposures and changes in emotional distress (bivariate LCS is depicted in the panel A of
Figure 4). In the multiple-indicator LCS SEM, the CES-D and SF-36 items all loaded onto a
latent factor of emotional distress at each assessment. The direct exposure effects on
baseline emotional distress (Bexposure on distress) @1d 0N one-year change in emotional distress
(Bexposure on Yadistress) Were estimated, as illustrated in panel A of Figure 4. The initial 3MS
score was included as a manifest variable in the LCS model and exposure effects on initial
3MS (Bexposure on 3ms) and effects of 3MS on one-year change in emotional distress

(B3ms on Yadistress) Were estimated. The indirect effect, defined as the extent to which initial
3MS score mediated the exposure effect on one-year change in emotional distress, was
estimated by multiplying two SEM paths: (a) the exposure effect on initial 3MS score
(Bexposure on baseline 3ms); and (b) initial 3MS score effect on one-year change in emotional
distress (Bams on Adistress)- The resulting effect estimates were adjusted for all demographic,
lifestyle, region of residence, and clinical covariates. Asymmetric confidence intervals were
calculated via Monte Carlo simulation with 10,000 replications using the MCMED macro
(Hayes, 2018) to determine significance of the indirect effects estimated in the bivariate
SEMs. Separate models were constructed for PM5 5 and NO,.

Multilevel parallel-process SEMs (Cheong et al., 2003) were constructed to examine
whether baseline emotional distress mediated any effect of exposure on linear and quadratic
changes in 3MS performance over the WHIMS study period. Individual-specific trajectories
in the 3MS over the study period were estimated using years across the assessments as the
timescale with the initial 3MS administration date designated as the time zero. A random
intercept (representing estimated initial 3MS performance for each individual), a random
linear slope (estimating individual-specific annual linear changes over the follow-up), and a
random quadratic slope (estimating individual-specific annual quadratic changes) were
estimated in the within-individual portion of the multilevel SEM, while accounting for a
practice effect. To assess associations between exposure and 3MS trajectories, these

Environ Pollut. Author manuscript; available in PMC 2022 February 15.
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individual-specific parameters were then entered into the between-individual portion of the
multilevel SEM, as depicted in the panel B of Figure 4. We estimated the direct exposure
effects on initial 3MS (Bexposure on 3ms), annual linear (Bexposure on linear A3Ms), and annual
quadratic (Bexposure on quadratic A3Ms) change. Baseline emotional distress, the putative
mediator, was also included in the between-individual portion of the multilevel SEM. The
indirect effect of exposure on trajectories of 3MS was estimated by multiplying two SEM
paths: (a) the exposure effect on baseline emotional distress (Bexposure on distress); and (b) the
effect of baseline emotional distress on linear (Bgistress on linear A3ms) O the quadratic
(Bdistress on quadratic A3ms) changes in 3MS. All models included statistical adjustment of the
same covariates described above with separate models for each exposure.

We chose the structural equation mediation models with the product of coefficients
approach, as this approach generally has superior performance compared to other
approaches. Compared to the traditional Baron and Kenny approach to mediation, the SEM
approach generally has higher statistical power to examine mediation (Mackinnon et al.,
2002; Fritz & Mackinnon, 2007). The SEM approach also allows for examination of
mediation with latent factors in a single statistical model which cannot be done in either the
traditional Baron and Kenny or the ordinary least square regression approach with the Sobel
test. We also chose the product of coefficients approach in a SEM framework, as it is easier
to incorporate latent factors into these models.

We conducted the first set of supplemental mediation analyses to examine whether one-year
change in emotional distress mediated associations between exposure and 3MS changes
characterized by different temporal structure. The second set of supplemental analyses was
conducted to further examine whether the observed exposure effects on changes in
emotional distress, with the hypothesized mediation by baseline 3MS, persisted after further
adjusting for other possible mediation paths with the indirect effects involving baseline
emotional distress (depicted in eFigure 7). Furthermore, we conducted a series of sensitivity
analyses to examine the robustness of our study findings (see eMethods). Sensitivity
analyses were conducted to: (1) ensure we were not overfitting covariate structure in SEM,
(2) ensure the temporality between exposure mediator, and outcome, (3) explore whether
any observed associations could reflect underlying dementia risk, (4) explore confounding
by depression before late-life, (5) explore whether findings could be explained by stroke
risk, (6) examine the potential confounding by nSES, (7) ensure hormone treatment
assignment did not confound our results, and (8) examined the consistency of our results if
emotional distress was measured by only the 6-item CESD or only the 5-item SF-36
emotional well-being scale. All analyses were performed using MPLUS version 8 (Muthén
and Muthén, 1998-2018) via the MPLUS automation package (Hallquist and Wiley, 2018)
in R version 3.5.1. Robust maximum likelihood estimator was utilized to account for the
deviations from non-normality.

Table 1 compares the distribution of the 3-year average exposures to PM, 5 and NO, prior to
the WHI assessment, stratified by population characteristics. Women who self-identified as
African American or reported an annual household income of less than 9,999 dollars, were

Environ Pollut. Author manuscript; available in PMC 2022 February 15.
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exposed to higher levels of both PM5 5 and NO, compared to Caucasian women and women
reporting incomes between 10,000-74,999 dollars. Women residing in the south were
exposed to higher levels of PM, 5 compared to other regions, while women residing in the
northeast and west were exposed to higher levels of NO, compared to other regions. Women
exposed to higher levels of PM, 5 were more likely to have hypercholesterolemia while
women exposed to more NO, were more likely to have diabetes.

The results of the EFA and CFA support the unidimensional nature of the items from the
CES-D and SF-36 (eTables 4-5). In CFA with the analytic sample, all items were significant
contributors (over the recommended cutoff of .30) of the latent factor of emotional distress.
Items related to depressed mood (factor loading A=.87) had the highest loading and two
anxiety-related items also loaded onto the factor with moderate strengths (A = .59 to .72),
while the items related to restless sleep had the lowest loading (A=.37).

The results of bivariate SEMs examining the indirect effects of PM, 5 and NO5 on changes
in emotional distress are presented in Table 2. The total effects of NO, (= -.025; 95%
Confidence Interval [CI] = —.054; .005) and PM, 5 (B=—.014; 95% CI = -.046; .019) on
changes in emational distress were not significant. Residing in areas with higher levels of
NO, and PM, 5 was associated with lower initial 3MS performance. As compared with the
effect of age on 3MS at the WHIMS baseline (Bage = =128, 95% CI = -.152, -.104), the
magnitude of effect estimates for PM, 5 or NO, exposure (per inter-quartile increment) was
slightly more than being one-year older at the WHIMS baseline. Higher NO, exposure was
also associated with more emotional distress at baseline (elevated by .056 standard
deviations, per inter-quartile increment of 9.00 ppb), equivalent to half the effect of having
high blood pressure (Bhypertension =-106, 95% CI = .048, .165). In contrast, PM, 5 exposure
was not associated with baseline emotional distress. There was a statistically significant
negative effect of baseline 3MS on change of emotional distress (Bams on Yadistress= —-008),
indicating that older women with lower global cognitive function at baseline tended to report
increased emotional distress over the following year. Consequently, there were statistically
significant indirect effects of both PM, 5 and NO» on increased emaotional distress mediated
by lower performance in baseline 3MS. These significant indirect effects of .001 mean that
an IQR increase in exposure was associated with an increase in .001 standard deviations of
emotional distress mediated by global cognitive performance. Applying recently published
guidelines for effect size interpretation, this observed effect size is considered small yet
potentially consequential (Funder & Ozer, 2019). Furthermore, studies show that modest
increases in emotional distress may have important subsequent clinical outcomes (Ezzati et
al. 2019).

In Table 3, we presented the results of multilevel parallel-process SEMs, examining the
indirect effect of exposures on longitudinal changes in 3MS with hypothesized mediation by
emotional distress at baseline. There were no significant total effects of NO, or PM, 5 on
either linear or quadratic changes in 3MS scores. Emotional distress at baseline was
positively associated with NO, exposure, but not with PM, 5 There were no significant
associations between baseline emotional distress and linear (Bgistress on linear A3Ms) OF
quadratic changes (Bgistress on quadratic A3ms) in the 3MS. Consequently, there were no
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statistically significant indirect effects of either PM, 5 or NO, exposure on changes in 3MS
putatively mediated by baseline emotional distress.

In the supplemental analyses considering the change of emaotional health as the putative
mediator (eTable 6), we found no direct associations between exposures and the observed
one-year change in the latent construct of emotional distress, which did not mediate any
hypothesized indirect effects on change in 3MS. In another set of supplemental analyses
only using the baseline data (eTable 7), we found empirical evidence supporting the cross-
sectional mediation by lower performance in 3MS, leading to statistically significant indirect
effects of both exposures on baseline emotional distress. However, after accounting for the
alternative paths involving the exposure effects on baseline emotional distress including the
above- mentioned cross-sectional mediation (eFigure 8), the observed indirect exposure
effects changes in emotional distress mediated by baseline 3MS remained statistically
significant (eTable 8) with no notable differences from the results of our main analyses
(Table 2).

Results of sensitivity analyses also support the robustness of our findings. Regressing linear
and quadratic changes in 3MS on only covariates that were significantly predictive of
changes during the follow-up (age at WHIMS, geographic region of residence, education,
employment status, alcohol use, hypertension, and diabetes) did not have any notable
impacts on the results (eTable 9). After excluding initial 3MS data points that occurred
before the assessment of baseline emotional distress, we still found no evidence supporting
any observed exposure effect on baseline emotional distress (Bexposure on distress) t0 Possibly
mediate the air pollution effects on 3MS trajectories (eTable 10). When excluding women
who developed dementia by 2010, the associations between PM, 5 exposure and baseline
3MS performance was greatly attenuated and no longer statistically significant (eTable 11).
The observed adverse effect of NO5 on baseline 3MS was modestly attenuated but remained
statistically significant. The observed positive association between NO, and baseline
emotional distress, however, was largely unchanged in older women who remained
cognitively intact until 2010. The indirect association between PM, 5 exposure and changes
in emotional distress mediated by baseline 3MS was no longer statistically significant
(eTable 11). In contrast, excluding women with incident dementia resulted in mild
attenuation of the indirect exposure effect-associated paths (Bexposure on 3Ms:

B3Mms on Yadistress), Which remained statistically significant, although the estimate did not
reach statistical significance for the indirect association between NO, exposure and changes
in emotional distress mediated by 3MS. Among older women with no self-reported
depression before late-life, the observed associations (PM5 5-baseline 3MS; and NO,-
baseline 3MS) were slightly attenuated, but all remained statistically significant (eTable 12).
The effect of NO, on baseline emotional distress was also slightly attenuated and no longer
statistically significant. Excluding older women with prior depression did not diminish the
estimated indirect exposure effects on changes in emotional distress mediated by baseline
3MS (eTable 12). Excluding women with prevalent or incident stroke until 2010 did not
diminish the estimated indirect exposure effects on changes in emotional distress mediated
by baseline 3MS (eTable 13). When we further adjust for neighborhood socioeconomic
characteristics (eTable 14) and hormone assignment (eTable 15), the results were largely
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unchanged. Lastly, results were largely unchanged if we measured emational distress when
we examine the 6-item CESD (eTable 16) or 5-item SF-36 (eTable 17) separately.

Discussion

In a geographically diverse cohort of women aged 65 or older, long-term exposures to
ambient PM» 5 and NO, estimated at participants’ addresses were directly associated with
lower global cognitive performance at baseline, which was associated with increases in
emotional distress. We also found that NO, exposure, but not PM> 5, was directly associated
with greater emotional distress at baseline, which however did not lead to any significant
indirect effects on the observed trajectories of global cognitive function. There were no
direct associations between either PM, 5 or NO, exposure with the longitudinal increase in
emotional distress or change in global cognitive performance. These results were not
confounded by socio-demographic factors (age; geographic region; race/ethnicity;
education; income), lifestyle (smoking; alcohol; physical activity), employment status or
clinical characteristics (diabetes; high cholesterol; hypertension; cardiovascular diseases;
hormone therapy). Our findings do not support emotional distress as a neuropsychological
mediator of the association between exposures and declining global cognitive performance.
Taken together, these results further advance our understanding of the interrelationship of
global cognitive ability and emotional distress with air pollution exposure.

Our study provides supporting evidence for indirect adverse associations between exposure
to PM> 5 and NO, on increased emotional distress that are mediated by exposure-associated
declines in global cognitive performance. Only one epidemiologic study had examined
whether the putative adverse effect of air pollution on mental health is mediated by cognitive
ability (Ren et al., 2019). Analyzing cross-sectional data from the China Family Panel
Survey, Ren et al. found that exposure to PM, 5 was associated with depressive symptoms,
and the reported association was partially mediated by a composite cognitive score
consisting of word recall, digit span, word reading, and math ability. Several major
methodological limitations of the Ren et al. were addressed in the current study. Using the
longitudinal study design, we correctly specified the temporality between repeated
neuropsychological assessments, which further allow us to examine the bidirectional
associations between cognitive abilities and mental health. Lastly, we examined two
measures of air pollutants (PM, s and NO») using well-validated spatiotemporal models. In
the current study using SEM, we statistically adjusted for the influences of multiple
covariates, and the indirect adverse effect on change in emotional distress mediated by
baseline 3MS was found with both long-term exposure to PM2.5 and NO2 (Table 2).

Our study results support the association between cognitive aging and neurotoxic effects of
late-life exposure to ambient air pollution. Given the carefully monitored WHIMS clinical
data on incident dementia (Shumaker et al., 1998), we were able to restrict the bivariate
SEMs to older women who remained cognitively intact throughout the follow-up until 2010.
Results of these supplemental analyses (eTable 11) suggest that the observed indirect PM; g
effect on increased emotional distress mediated by baseline 3MS was attenuated and no
longer statistically significant after excluding women who subsequently developed dementia.
The attenuation of this indirect effect suggests that the observed indirect PM 5 effect on
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increased emotional distress, mediated by baseline global cognitive performance, might
coincide with the neuropathological processes underlying dementia. We could not however,
rule out other neuropathological processes that may contribute to the observed indirect NO»
effect, since both the estimated adverse exposure effect on 3MS (Bexposure on baseline 3ms) and
the negative association between baseline 3MS and one-year change in emotional distress
(B3ms on Adistress) rfemained statistically significant. Observed associations after excluding
older women with stroke (eTable 13) suggest that cerebrovascular damage may not have
major contributions to the adverse effects on emotional health and cognitive aging affected
by neurotoxicity of air pollution exposure in late life. Findings of the current study expand
our earlier report that PM> 5 exposure may initially impact memory function and
subsequently lead to depressive symptoms (Petkus et al., 2020). In addition to our previous
report of associations restricted to episodic memory, our current findings also provide
evidence that exposures impact global cognitive ability. In the current report, we showed that
in addition to PM> 5, NO5 exposure was associated with lower global cognitive ability which
subsequently is associated with emotional distress. One interpretation of these findings is
that long-term exposure to air pollution may negatively impact cognitive performance, and
the emotional reaction and psychosocial consequences of lower cognitive performance may
contribute to increased emotional distress. The observed indirect effect also suggests that air
pollution neurotoxicity may perpetuate some underlying brain aging processes, causing
damage to brain regions and neural networks essential to maintain episodic memory and
emotional health in late life. The latter is supported by the theoretic basis for cognitive
control of emotion (Lantrip and Huang, 2017) in older adults and also consistent with recent
epidemiological and clinical data (Singh-Manoux et al., 2017) suggesting late-life depressive
symptoms as the neuropsychiatric manifestation of dementia.

Our data do not support emotional health as the neuropsychological mediator of global
cognitive aging accelerated by air pollution exposure. We observed significant effects of
PM, 5 and NO» exposure on level of 3MS performance but not linear or quadratic change
over time. The exposure effect on level of global cognitive performance, but not change,
may possibly be due to measurement limitations of the 3MS and minimal observed decline
in the 3MS over time. In the bivariate SEMs, we found no statistically significant indirect
effects of either PM5 5 or NO, exposure on annual 3MS trajectories (linear change;
quadratic changes), regardless of whether the mediator was defined by the baseline measure
(Table 3) or change of emotional distress (eTable 6). Similar lack of significant indirect
exposure effects on global cognitive decline was also found in two sets of sensitivity
analyses, one based on a simplified SEM only with statistical adjustment for covariates that
were significantly associated with 3MS decline during the follow-up (eTable 9) and the other
excluding the cognitive measures taken before the initial assessment of emotional distress to
better align the temporal relation between the defined mediator and 3MS trajectories (eTable
10). Two published studies attempted to test the hypothesis for the mediation role of
emotional health in later life accelerated by air pollution exposure. Tallon et al. (Tallon et al.,
2017) found that exposures to PM, 5 and NO», were associated with worse global cognitive
performance and that depressive symptoms partially mediated these associations. However,
limited by only two repeated measures, Tallon et al. were unable to examine the change in
either the hypothesized mediator or the cognitive outcome, and their reported direct
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exposure effect was cross-sectional in nature. Using data from the Women’s Health Initiative
Study of Cognitive Aging (Petkus et al., 2020), we applied the longitudinal dual-change
score SEM models and showed that there was no significant indirect effect of PM; g
exposure on episodic memory decline putatively mediated by depressive symptoms.
Collectively, these epidemiological data suggest that change in emotional distress in late life,
including the aggravation of depressive symptoms, is not the primary manifestation of PM, 5
neurotoxicity.

Our study adds several important insights to the emerging field of environmental
neurosciences of air pollution neurotoxicity on emotional and cognitive aging. We not only
corroborate some observations in the extant literature, but also suggest new evidence for the
heterogeneity of exposure effect in late life. First, neither PM5 5 nor NO, exposure was
directly associated with increased emotional distress at one-year follow-up (Table 2). This
lack of direct association was consistent with three other reports (Kioumourtzoglou et al.,
2017; Pun et al., 2017; Zhang et al., 2019) that studied long-term PM, 5 exposures and
included longitudinal data on CES-D with two repeated measures to assess depressive
symptoms or define depression in adults, all showing no statistically significant associations.
The scenario of a significant indirect effect, in the absence of a significant total effect or
direct effect, is also common and called indirect-only mediation (Zhao, Lynch, & Chen,
2010). An explanation for the pattern of findings we observed is that there may be several
unmodeled indirect effects of exposure on changes in emotional distress, some of which are
in the opposite direct. These unmodeled indirect effects end up canceling each other out,
resulting in a total effect of exposure that is not statistically significant in the presence of
significant indirect pathways. We do have evidence of an additional indirect effect of
exposure on change in emotional distress that is in the opposite direction. Exposure to both
NO, and PM, 5 were associated with higher baseline emotional distress. Due to regression
to the mean, women who reported higher emotional distress at baseline tend to report lower
depressive symptoms at follow-up. Therefore, a second indirect effect is likely present in
that exposure may be indirectly associated with declines in emotional distress at follow-up
mediated by exposure effects on baseline depressive symptoms. This negative indirect
exposure effect on increases in emotional distress is likely to suppress the total exposure
effect of exposure on emotional distress. Another potential biological explanation of the
significant indirect effect, in the absence of a total effect, is that air pollution is primarily
associated with increases in emotional distress via negative impacts on cognitive
performance. Again, suggesting that neurotoxic effects of exposure may contribute first to
worse cognitive ability, followed by increased emotional distress. Specific biological
responses of long-term exposure to air pollution that are implicated with both emotional
distress and worse cognitive performance include neuroinflammation (Block & Calderon-
Garciduenas, 2009), atrophy to the prefrontal cortex (Gale et al., 2020), and cerebrovascular
disease (Bourdrel et al., 2017). Second, although both exposures had direct associations with
lower 3MS, which might then mediate the indirect association with greater emotional
distress (Table 3), results from our supplemental analyses (eTable 11) suggest that the
neuropathological processes underlying dementia risk may play a more significant role in
these associations with PM, 5, but less so for NO, exposure effects. Third, while there were
indirect effects of both exposures on increased emotional distress at baseline (eTable 7) and

Environ Pollut. Author manuscript; available in PMC 2022 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Petkus et al.

Page 13

one-year follow-up (Table 2), only NO, exposure had a direct positive association with
emotional distress at baseline. Fourth, the direct positive association between NO, exposure
and baseline emotional distress was only partly explained by the neuropathological
processes underlying dementia risk (eTable 11), and not confounded by prior depression
(eTable 12). The consistency in various estimates of direct and indirect exposure effects on
emotional distress speaks to the need for studying the neural underpinnings of air pollution
neurotoxicity in late life, which may involve networks for general cognitive processes and
emotion regulation (Ochsner et al., 2012; Oner, 2018). The prefrontal cortex is an important
brain structure that may be vulnerable to the negative impact of air pollution and implicated
in emotional regulation and cognitive performance in later life. Future studies should
examine the role of the prefrontal cortex as a possible structural mediator of the association
between air pollution exposure and emotional distress in later life.

We recognize several limitations of our study. First, although the national spatiotemporal
models to estimate annual PM> 5 and NO, exposure were statistically cross-validated, the
resulting exposure estimates were still subject to measurement errors. Second, emaotional
distress was only measured at two time points which prevented the examination of
trajectories of emotional distress via multilevel SEM. Third, we only focused on two
measures of outdoor air pollution and did not investigate other sources (e.g., indoor or
occupational) of exposures or their possible interactions. Lastly, our findings on women
participating in the WHI clinical trials may not be generalizable to men and or other women
from the same geographic areas.

Conclusions

Our study provides epidemiologic evidence that long-term PM, 5 and NO, exposure in late-
life may impact cognitive and emotional health. Exposure was indirectly associated with
increases in emotional distress through lower global cognitive performance. Our data did not
support emotional distress as the neuropsychological mediator of PM; 5 and NO, exposure
related declines on global cognitive performance. Increases in emotional distress may result
indirectly from lower global cognitive performance associated with late-life exposure to
ambient air pollutants.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. We examined exposure to air pollution with emotional and cognitive health.
. Women with higher PM5 5 and NO, exposure had worse baseline cognitive
performance.
. Women with worse cognitive performance had increases in emotional
distress.
. Cognitive ability mediated pollutant effects on increases in emotional distress.
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Fig. 1.

Panel A depicts the flowchart of study participation while panel B illustrates the timeline of
study assessments.
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Fig. 2.

Map of WHIMS participants approximate locations with estimated average annual PM, g
exposure for the 3-years prior to the study baseline.
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WHI WHIMS Participants and NO2 Exposures
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Fig. 3.
Map of WHIMS participants approximate locations with estimated average annual NO,
exposure for the 3-years prior to the study baseline.
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Panel A:
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Fig. 4.

Dgpiction of the bivariate structural equation models estimating the indirect effect of 3-year
average PM, 5 or NO, exposure on change in emotional distress (Panel A) and global
cognitive performance (Panel B).

Exposure = Estimate of the average annual particulate matter (PM. 5) or nitrogen dioxide
(NOy) for the three-years prior to the WHI baseline. Baseline emotional distress = Latent
variable consisting of the 6-items from the Center for Epidemiological Studies Depression
Scale and the 5-items from the Short Form Health Survey-36 Emotional Well-Being
subscale measured at the WHI study baseline. Change in emotional distress = Latent
variable consisting of total change in the latent emotional distress variable from WHI
baseline to the one-year follow-up. 1 /year difference = The individual-specific reciprocal of
the difference in years between the WHI baseline and the one-year follow-up. One-year
change emotional distress = Latent variable estimating total change in emotional distress
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over a one-year period. Baseline 3MS = Individual-specific estimate of initial performance
on the Modified Mini Mental State examination (3MS) derived from the within-portion of
the multilevel structural equation model. Linear change 3MS = Individual-specific estimate
of annual linear change on the Modified Mini Mental State examination (3MS) derived from
the within-portion of the multilevel structural equation model. Quadratic change 3MS =
Individual-specific estimate of annual quadratic change on the Modified Mini Mental State
examination (3MS) derived from the within-portion of the multilevel structural equation
model. Covariates = vector of covariates including: age at WHIMS baseline, race/ethnicity,
geographic region of residence, education, household income, employment status, lifestyle
factors (smoking, alcohol use, physical activities) and clinical characteristics (use of
hormone treatment; hypercholesterolemia, hypertension, diabetes, and history of
cardiovascular disease).
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Table 1.

Comparison of Estimated PM5 5 and NO, Exposures by Population Characteristics at Baseline (N = 6,118).

Distribution of 3-year averagea Distribution of 3-year averagea
PM, 5 exposure(ug/m3) NO, exposure (ppb)

Population Characteristics N Mean +SD (25, Median, 75t") pb Mean +SD (25, Median, 75t pb

Overall 6118 135+2.70 (11.8,13.6,15.2) 16.1 +6.90 (10.9,15.6,19.9)

Region of Residence <.01 <.01
Northeast 1729 13.5+1.99 (12.0,13.4,14.6) 176 +7.17 (12.3,16.6,21.4)

South 1237 14.0+2.16 (12.5,14.3,15.6) 13.8 +6.45 (8.4,12.8,18.0)
Midwest 1486 13.6+2.18 (12.2,13.5,15.2) 143 %471 (10.4,14.4,17.9)
West 1666 13.3+3.84 (10.4,13.2,15.5) 17.8 +7.66 (12.6,17.3,21.4)

Race/Ethnicity <.01 <.01
African-American 365 154 +£213 (14.2,15.4,16.4) 21.3+7.66 (15.9,21.0,25.9)

Hispanic White 131 13.9+3.09 (11.8,13.0,15.6) 20.3 +8.54 (15.1,17.4,24.1)
Non-Hispanic White 5469 13.4+2.66 (11.7,13.4,15.0) 15.5 +6.53 (10.6,15.1,19.3)
Other or Missing 153 148 £3.28 (12.9,14.6,16.3) 20.1+£8.27 (14.6,18.9,26.0)

Education .20 <.01
Less than high school 419  13.7+271 (11.9,13.8,15.4) 16.2 +7.39 (10.4,15.8,20.1)

High school 1337 135+254 (11.8,13.4,15.2) 155+6.41 (10.8,15.1,19.2)
More than high school 4362 13.6+2.75 (11.9,13.6,15.2) 16.2 +6.99 (10.9,15.8,20.0)

Employment .24 .09
Currently working 759 13.7£2.65 (12.0,13.6,15.2) 16.4 £6.91 (11.2,16.3,20.0)

Not working 546  13.6+274 (12.1,13.6,15.4) 15.6 + 6.69 (10.5,15.0,19.1)
Retired 4813 135271 (11.8,13.5,15.2) 16.1 +6.92 (10.9,15.6,19.9)

Income (in USD) .01 <.01
<9,999 313 13.9+%282 (11.9,14.1,15.8) 17.3 +7.56 (11.4,17.4,21.2)
10,000-34,999 2953 13.4+273 (11.7,13.4,15.1) 15.6 +6.78 (10.3,15.2,19.4)
35,000-49,999 1193 13.6+2.71 (11.9,13.6,15.2) 16.0 + 6.84 (10.9,15.4,19.9)
50,000-74,999 833 13.7%265 (12.2,13.8,15.3) 16.7 £ 6.98 (11.8,16.1,20.2)

75,000 or more 471  13.9+%259 (12.3,13.9,15.3) 17.1+7.07 (11.8,16.3,20.9)
Don’t know 355 135+251 (12.0,13.5,15.2) 16.4 £ 6.69 (11.6,15.7,20.3)

Lifestyle

Smoking status .64 <.01
Never smoked 3266 13.6+2.70 (11.9,13.5,15.2) 15.7£6.77 (10.6,15.2,19.5)

Past smoker 2436 135270 (11.8,13.6,15.2) 16.4 + 6.99 (11.2,16.1,20.2)
Current Smoker 416  13.6+274 (11.9,13.6,15.3) 16.7 £ 7.24 (11.6,16.1,20.7)

Alcohol use <.01 <.01
Non-drinker 774 13.8+%273 (12.1,13.8,15.5) 15.0 +7.46 (9.2,13.7,18.8)

Past drinker 1178 13.6+2.78 (11.8,13.6,15.5) 16.1 +6.90 (11.0,15.6,20.0)
Less than 1 drink per day 3417 135%2.67 (11.8,13.5,15.1) 16.3£6.83 (11.3,16.0,20.1)
More than 1 drink per day 749 13.3+2.66 (11.8,13.5,14.9) 15.9 + 6.52 (11.1,15.7,19.5)
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Distribution of 3-year averagea Distribution of 3-year averagea
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PM, 5 exposure(pg/m?3) NO, exposure (ppb)
Population Characteristics N  Mean+SD (251 Median, 75) pP  Mean+SD (25t Median, 75t) pb
Moderate or strenuous activities = 20
minutes .01 .55
No activity 3536 13.6 +2.69 (11.9,13.6,15.3) 16.1 +6.92 (10.9,15.8,20.0)
Some activity 309 13.8+258 (12.1,13.8,15.3) 16.4 +6.79 (10.9,16.6,20.0)
2-4 episodes/week 1215 13.4+2.78 (11.7,13.3,15.2) 16.0+7.10 (10.8,15.2,19.9)
>4 episodes/week 1058 13.3+2.69 (11.6,13.4,15.0) 15.8 + 6.63 (10.9,15.3,19.5)
Physical Health
Hypertension .33 A1
No 3730 135272 (11.8,13.5,15.2) 15.9 +6.88 (10.7,15.6,19.8)
Yes 2388 13.6+2.68 (11.9,13.7,15.3) 16.2 £6.93 (11.1,15.7,20.1)
Treated hypercholesterolemia .01 .09
No 5040 135+271 (11.8,13.5,15.2) 16.0 + 6.85 (10.8,15.6,19.8)
Yes 1078 13.7+2.65 (11.9,13.7,15.3) 164 +7.14 (11.2,15.7,20.2)
Diabetes Mellitus .27 .05
No 5729 135+271 (11.8,13.5,15.2) 16.0 + 6.89 (10.8,15.5,19.8)
Yes 389 13.9+2.60 (11.9,13.9,15.4) 16.7 +7.00 (11.5,16.3,20.3)
Cardiovascular disease 48 .65
No 5061 13.6+2.70 (11.9,13.5,15.2) 16.1 + 6.87 (10.9,15.5,19.9)
Yes 1057 135%2.72 (11.7,13.6,15.2) 16.0 £ 7.04 (10.5,15.9,19.8)
Prior hormone therapy 15 41
No 3312 136249 (12.0,13.6,15.1) 16.1 +6.83 (10.9,15.7,19.9)
Yes 2806 135+2.93  (11.6,13.52,15.3) 16.0 +6.98 (10.8,15.5,19.8)

Note:

a, . N . . I . -
3-year average of the annual exposure estimated each participant’s location using the regionalized universal kriging approach

b . .
p values estimated from ANOVA F-tests or t-tests comparing the mean exposures.
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Table 2.

Bivariate Associations between Air Pollution Exposures and Change in Emotional Distress Mediated by
Global Cognitive Function from the Women’s Health Initiative Memory Study (N = 6,118).

Effect Estimates for 3-year average exposures before the baseline®

PM, s NO,°

Outcome d (95% ClI) d (95% ClI)

Estimates? of Direct Effect

Exposure effect on change in emotional distress -.026 (-.056, .004) -.015 (-.047, .018)
(Bexposure on YAdistress)

Estimates? of Indirect Effects and Associated Paths

Exposure effects on baseline emotional distress (Bexposure on distress) .013 (-.023, .049) .056 (.016, .096)
Exposure effects on baseline 3MS (Bexposure on baseline 3ms) -.144 (-.261, -.028) -.157 (=291, -.022)
Effects of baseline 3MS on change in emotional distress -.008 (-.015, -.002) -.008 (-.015, -.002)
(Bawms on yadistress)
[Ijr;dl;;escetliiép;:/tllsre(g:s:stu?erl:;\jg%eégajgzz:i?ez\:)dlstress mediated .001 (001, .003)9 .001 (001, '004)5
Total exposure effect on changes in emotional distress -.014 (-.046, .019) -.025 (-.054, .005)

Note: 3MS = Modified Mini Mental State Examination; Emotional distress = latent emotional distress factor consisting of the 6-items of the Center
for Epidemiological Studies Depression Scale and the 5-items of the Short Form Health Survey-36 emotional limitation subscale

a . . Lo - . . . . .
All effect estimates were derived from the bivariate multiple-indicator LCS mediation structural equation model as depicted in panel A of Figure
2.

bPM2_5 estimates represent the average annual exposure (per interquartile range of 3.37 pg/m3)f0r the 3-years prior to the WHI baseline
assessment.

c . . - . .
NO2 estimates represent the average annual exposure (per interquartile range of 9.00 ppb) for the 3-years prior to the WHI baseline assessment.

All reported effect estimates are adjusted for age at WHIMS baseline, race/ethnicity, geographic region of residence, education, household
income, employment status, lifestyle factors (smoking, alcohol use, physical activities) and clinical characteristics (use of hormone treatment;
hypercholesterolemia, hypertension, diabetes, and history of cardiovascular disease).

e . ) . - . . . .
Asymmetric 95% confidence interval for indirect effect estimated via Monte Carlo simulation.

Bolded estimates denote PM2 5 or NO?2 effects that are statistically significant at p<.05.
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Table 3.

Bivariate Associations between Air Pollution Exposures and Change in Global Cognitive Performance
Mediated by Baseline Emotional Distress from the Women’s Health Initiative Memory Study (N = 6,118)

Effect Estimates for 3-year average exposures before the baseline®

PM, s NO,°

Outcome ﬁd (95% ClI) I3d (95% ClI)
Estimates® of Direct Effects

Effect of exposure on annual linear changes in 3MS .029 (-.061, .120) -.037 (-.155, .081)
(Bexposure on linear A3MS)

Effect of exposure on annual quadratic changes in 3MS -.101 (-.213,.010) .038 (-.090, .145)
(ﬁexposure on quadratic ABMS)
Estimates? of Indirect Effects and Associated Paths

Effects of exposure on baseline emotional distress .016 (-.020, .053) .058 (.018, .098)
(ﬁexposure on distress)

Effects of baseline emotional distress on annual linear changes in .029 (-.061, .120) .032 (-.059, .123)
3MS (ﬁdislress on linear A3MS)

Effects of baseline emotional distress on annual quadratic -.040 (-.139, .059) -.042 (-.142, .057)

changes in 3MS (Byistress on quadratic A3MS)
Indirect effect of exposure on linear changes in 3MS .0005 (-.002, .004)6’ .002 (-.004, .008)3
(ﬁexposure on distress * ﬁdistress on linear ASMS)
Indirect eﬁest of exposure on quadratlc changes in 3MS -.0006 (-.005, .002)6’ -.0013 (-.001, .004)6'
(5exposure on distress * ﬁexposure on quadratic ASMS)
Total exposure effect on linear changes in 3MS .030 (-.062, .121) -.035 (-.155, .081)
Total exposure effect on quadratic changes in 3MS -.101 (-.214, .011) .037 (-.089, .144)

Note: 3MS = Modified Mini Mental State Examination; Emotional distress = latent variable consisting of the 6-items of the Center for
Epidemiological Studies Depression Scale and the 5-items of the Short Form Health Survey-36 emotional limitation subscale.

a . . Lo . ’ . . .
All effect estimates were derived from the bivariate multilevel parallel process structural equation model as depicted in panel B of Figure 2. The

baseline emotional distress latent factor was scaled on a z-score metric.

bPM2.5 estimates represent the average annual exposure (per interquartile range of 3.37 ug/m?’) for the 3-years prior to the WHI baseline

assessment.

c . . . . .
NO2 estimates represent the average annual exposure (per interquartile range of 9.00 ppb) for the 3-years prior to the WHI baseline assessment.

All reported effect estimates on baseline emotional distress, annual linear and quadratic changes were adjusted for age at WHIMS baseline, race/
ethnicity, geographic region of residence, education, household income, employment status, lifestyle factors (smoking, alcohol use, physical
activities) and clinical characteristics (use of hormone treatment; hypercholesterolemia, hypertension, diabetes, and history of cardiovascular

disease).

Effect estimates on annual linear and quadratic changes on the 3MS are adjusted for region of residence, race/ethnicity, employment status, age,

alcohol use, diabetes, and hypertension.

e . ) . . . . . .
Asymmetric 95% confidence interval for indirect effect estimated via Monte Carlo simulation.

Bolded estimates denote PM2 5 or NO32 effects that are statistically significant at p<.05.
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