
 
 

Effects of Traffic-Related Air Pollution on Cognitive Function, Dementia Risk  
and Brain MRI Findings in the Cardiovascular Health Study 

 
 
 

Erin O’Brien Semmens 
  

 
 

 
 

 
A dissertation 

submitted in partial fulfillment of the 
requirements for the degree of 

 
 

 
Doctor of Philosophy 

 
 
 
 
 
 

University of Washington 
 

2012 
 
 
 
 

Reading Committee: 
 

Joel D. Kaufman, Chair 
 

W.T. Longstreth 
 

Adam A. Szpiro 
 

 
 
 
 
 

Program Authorized to Offer Degree: 
 

Epidemiology – Public Health 
 



 
University of Washington 

 
 
 

Abstract 
 

 
Effects of Traffic-Related Air Pollution on Cognitive Function, Dementia Risk  

and Brain MRI Findings in the Cardiovascular Health Study 
 

 
Erin O’Brien Semmens 

 
 

Chair of the Supervisory Committee: 
Professor Joel D. Kaufman 

Departments of Environmental and Occupational Health Sciences,  
Epidemiology and Internal Medicine 

!
!
!

Consistent and compelling links between long-term air pollutant exposure and 

respiratory and cardiovascular disease have been established.  Far less is known regarding the 

impact of air pollution on the brain.  Using residence-specific estimates of long-term air pollutant 

exposure based on regulatory monitors, we investigated the effects of particulate matter < 10 

µm in diameter (PM10) and nitrogen dioxide (NO2) on cognitive decline, dementia risk and brain 

MRI-detected findings in the Cardiovascular Health Study (CHS), a large cohort of older adults 

residing in three communities in the U.S.  Both pollutants were associated with significantly 

steeper cognitive decline, assessed by the Modified Mini-Mental State Examination and the 

Digit Symbol Substitution Test in linear regression analyses with generalized estimating 

equations.  In logistic and Cox regression analyses, neither air pollutant was linked significantly 

to higher risk of prevalent or incident dementia or Alzheimer’s disease.  However, a 10 µg/m3 

elevation in estimated long-term PM10 exposure was associated with 2.45-fold increase in odds 

of prevalent vascular dementia (95% CI: 1.23, 4.86).  The same elevation in PM10 exposure was 

associated with a 0.14-unit worse white matter grade (95% CI: 0.01, 0.27), and a 10 ppb 



increase in NO2 exposure was associated with a 0.37-unit worse white matter grade (95% CI: 

0.14, 0.61).  Worsening white matter between MRIs and MRI-detected infarcts were not 

significantly associated with PM10 or NO2 exposure.  In summary, we found significant 

associations between estimated long-term exposure to air pollutants and faster rates of 

cognitive decline, elevated risk of vascular dementia (VaD) and higher white matter grade on 

brain MRI.  Our findings add to the existing strong rationale for limiting exposure to air 

pollutants.  
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CHAPTER I. 

Introduction 
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Health Effects of Air Pollution 

Decades of research have shown that air pollution, an environmental exposure to which 

nearly all people are exposed, is an important contributor to morbidity and mortality worldwide, 

with consistent links between long-term air pollution exposure and respiratory and 

cardiovascular disease observed in several large cohorts.1-5  Acute6 and chronic7 fine particulate 

matter (PM2.5: PM less than 2.5 µm in diameter) exposures also have been associated with 

elevated risk of stroke, providing evidence that air pollution affects the vasculature of the brain 

as well.  Exposures generated from traffic, in particular, have been implicated in these health 

effects8 with numerous studies demonstrating subclinical and clinical vascular effects associated 

with living near major roadways9-11 and elevated PM2.5 exposure.7,12 

 

The Brain as a Target of Air Pollution 

Over the past decade, evidence has begun to accumulate describing the impact of air 

pollution on the brain.  In some of the earliest work exploring the potential contribution of air 

pollution to neurodegeneration in humans, in autopsied brain tissues, Calderón-Garcidueñas 

and colleagues observed a significantly greater accumulation of beta-amyloid 42, a peptide 

associated with amyloid plaques, a pathological hallmark of AD, and elevated expression of 

various markers of neuroinflammation including cyclooxygenase-2 (COX2) and interleukin-1! 

(IL-1!) comparing residents of the heavily-polluted Mexico City to those residing in cities with 

low pollution.13  In another study, children residing in Mexico City exhibited deficits in several 

measures of cognitive performance relative to children residing in a different less-polluted city 

and were more likely to have brain MRI-detected white matter lesions.14  In Quanzhou, China, 
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children attending a school in an area with high concentrations of traffic-related pollutants 

scored significantly lower on neurobehavioral tests than children attending a school in a less 

polluted area.15  

Black carbon,16,17 ozone,18 proximity to traffic,19 and an index of ambient air pollution20 all 

have been linked cross-sectionally to poorer cognitive function in large epidemiologic studies in 

children, men and women and older adults.  More recently, in the first study of the longitudinal 

effects of air pollution on cognitive decline, Weuve and colleagues found cognitive decline 

equivalent to two years of aging associated with 10 µg/m3 elevations in estimated long-term fine 

and coarse PM exposure in a large cohort of older women.21  Taken together, these studies 

suggest that air pollution affects not only respiratory and cardiovascular health but that of the 

brain, a finding of considerable public health importance in an aging population.22  

 

Hypothesized Mechanisms 

The impact of air pollution on the brain may be mediated by cardiovascular disease.  

Neurodegenerative and cardiovascular diseases share similar risk factors and often are 

comorbid conditions.23  Underlying vascular pathologies often are present in neurodegenerative 

diseases, suggesting that, in addition to the cardiovascular system, the central nervous system 

also may be adversely affected by air pollution.  Vascular dementia (VaD), a heterogeneous 

disorder caused by vascular disease, is the second most common form of dementia after 

Alzheimer’s disease (AD), making up approximately 10-20% of all diagnosed dementias.24,25  In 

addition, vascular characteristics, specifically the integrity of the vessels of the brain and the 

presence of cerebral infarcts,26 may be important in the development of other forms of 

dementia, with vascular disease being present in 20-40% of cases of AD at autopsy.27   
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Air pollution may influence the brain downstream of cardiovascular disease.  In addition, 

the brain is likely sensitive to the same systemic inflammatory and oxidative stress responses 

hypothesized to mediate demonstrated relationships between air pollution and increased 

vascular tone,28 left ventricular mass11 and systolic blood pressure,29 a strong risk factor for 

VaD. The brain has high metabolic requirements and relatively low concentrations of antioxidant 

enzymes, making it particularly vulnerable to inflammation and oxidative stress.30  Other 

potentially relevant pathways by which air pollution may affect the brain include translocation of 

ultrafine and fine particles directly from the lungs to other parts of the body through the blood or 

lymph31 and transport directly from the nose to brain through deposition in the nasal mucosa 

and translocation along the olfactory nerve.32  Studies in animals have demonstrated neurotoxic 

effects of air pollutant exposure, specifically those of particulate matter, diesel exhaust and 

ozone.33-39  

 

The Cardiovascular Health Study as a Setting to Investigate the Impact of Air 
Pollution on the Brain  

With 10 years of extensive annual clinical examinations to assess risk factors and 

annual telephone contacts initiating hospitalizations and cardiovascular events ascertainment, 

the Cardiovascular Health Study (CHS) provides tremendous resources for studying 

cardiovascular disease, stroke and aging in older adults.  The CHS has contributed substantially 

to clinical knowledge regarding conventional as well as new and potentially modifiable risk 

factors for subclinical and clinical cardio- and cerebrovascular disease. 

 CHS investigators have been at the forefront of the investigation of risk factors for 

cognitive decline, dementia, and cerebrovascular disease in the elderly.40-46  Researchers have 

characterized the prevalence and incidence of dementia in CHS as well as the frequency of 
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different dementia subtypes,47 each of which may have its own risk profile.  This has enabled 

the investigation of the relationship between cardiovascular disease and dementia as well as 

identification of, and adjustment for, lifestyle,48 socioeconomic,49 medication use50-52 and 

genetic51,53 risk factors not only for dementia but also for more subtle cognitive decline in the 

elderly.  In addition, CHS has performed brain magnetic resonance imaging (MRI) on two 

occasions,54 allowing investigators to evaluate risk factors for white matter findings and brain 

infarcts, both of which are common in the elderly.42,55  Examples of research utilizing these 

CHS-assessed structural and functional neurological outcomes are abundant in the literature 

although the contribution of environmental exposures to these measures of brain health remains 

largely unexplored in epidemiologic studies. 

 

Summary of Chapters  

The studies described herein made use of the rich set of neurological outcomes 

measured in the CHS.  We applied residence-specific estimates of ambient air pollutant 

exposure, generated as part of a CHS ancillary study, to the cohort.  These estimates were 

based on U.S. Environmental Protection Agency Aerometric Information Retrieval System and 

California Air Resources Board Ambient Air Quality data.  Specifically, the impact of long-term 

exposure to PM less than 10 µm in diameter (PM10) and nitrogen dioxide (NO2) on cognitive 

decline (Chapter II), dementia risk (Chapter III) and brain MRI-detected findings (Chapter IV) 

was investigated in a large population of older adults to expand our knowledge regarding the 

health effects of this pervasive environmental exposure.
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CHAPTER II.  

The Relationship between Long-Term Exposure to Traffic-Related Air Pollutants 
and Longitudinally-Measured Cognitive Performance in the Cardiovascular Health 

Study 
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 Background 

Cognitive decline adversely affects health and quality of life in aging.  Genetic, lifestyle 

and cardiovascular disease risk factors have been identified,1 and environmental factors also 

may also be important.  In autopsy studies, higher levels of markers of Alzheimer’s disease (AD) 

and neuroinflammation were observed in brain tissues of residents of the heavily-polluted 

Mexico City compared to those residing in a city with low pollution.2  Average levels of these 

markers were also higher in carriers of at least one apolipoprotein (APOE) "4 allele,3 the 

strongest genetic risk factor for AD.  Children residing in Mexico City had deficits in several 

measures of cognitive performance relative to children residing in a less-polluted city and were 

more likely to have brain MRI-detected white matter lesions.4  In another ecologic study set in 

China, lower neurobehavioral test scores were observed in children attending a school in a 

heavily traffic-polluted area than in children attending a school in a less polluted area.5  

Recent work has demonstrated associations between air pollution exposure and 

cognitive performance (Table II.1).  Black carbon,6,7 ozone,8 proximity to traffic,9 and an index of 

ambient air pollution10 all have been associated with lower cognitive function in large cross-

sectional studies in children, men and women and older adults.  In a longitudinal study set in a 

large cohort of older women, cognitive decline equivalent to two years of aging was associated 

with 10 µg/m3 increments in fine and coarse particulate matter (PM) exposure.11  The aim of our 

study was to examine the effect of long-term exposure to traffic-related air pollutants on 

cognitive trajectories over time in a large population of older men and women.  We 

hypothesized that higher air pollutant exposure would be associated with steeper cognitive 

decline.  
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Methods 

Study population 

The Cardiovascular Health Study (CHS) is a large, cohort study of risk factors for 

cardiovascular disease, funded by the National Heart, Lung and Blood Institute, and has been 

described elsewhere.12  To be eligible at baseline, participants were required to be 65 years of 

age or older, living independently in the community, living in the area over the next three years 

and not requiring a proxy respondent at baseline. Between 1989-1990, 11,955 individuals 

randomly selected from Medicare eligibility lists were invited by mail to participate in the study. 

Four field centers located in Forsyth County, NC; Sacramento County, CA; Washington County, 

MD; and Pittsburgh, PA recruited 3,654 participants from the randomly selected individuals and 

an additional 1,547 individuals who met the eligibility criteria and were residing in the same 

household, for a total of 5,201. Between 1992-1993, an additional 687 African Americans were 

recruited using a race-specific random selection from Medicare listings. Informed consent was 

obtained from all 5,888 participants in accordance with Institutional Review Board guidelines at 

each study center.  

Exposure assessment 

Etak, Inc. (Menlo Park, CA) generated geocodes by assigning latitude and longitude 

coordinates for all residential locations ascertained during semiannual contact of CHS 

participants.  It was assumed that a participant moved 3 months prior to contact when geocodes 

did not match over time.  When a geocode was missing for a participant at a particular contact 

during follow-up, the most recently obtained residential location was utilized.  Geocodes for 

Washington County, MD participants were not sufficiently resolved to warrant exposure 
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estimation. 

Using U.S. Environmental Protection Agency Aerometric Information Retrieval System 

(Allegheny and Forsyth) and California Air Resources Board Ambient Air Quality (Sacramento) 

data, Sonoma Technology, Inc. (Petaluma, CA) generated monthly estimates of exposure to PM 

<10 µm in diameter (PM10) and nitrogen dioxide (NO2) at residences by first calculating monthly 

averages for monitoring stations in and near CHS communities.  Monthly averages were based 

on observed 24-hour means with sampling generally occurring every sixth day.  Mean pollutant 

concentrations were then spatially interpolated from monitoring stations to participant 

residences for each month between 1989-2000.  

  Inverse distance weighting methods were used to interpolate spatially from monitoring 

stations to residential locations with a maximum of three monitoring stations included in each 

interpolation.  These methods assume that nearby monitors are most representative of 

individual exposure and, as a consequence, assign greater weights to concentrations measured 

at locations closest to participant residences.  We included monthly estimates in health effects 

analyses only when at least one of the monitoring stations used in the interpolation was within 

25 kilometers (km), and all were within 50 km of a residence. 

Outcome ascertainment 

The Modified Mini-Mental State Examination (3MSE) and the Digit Symbol Substitution 

Test (DSST) were performed annually between 1990/1991-1998/1999 for the 3MSE and 

1989/90-1998/1999 for the DSST.  An extended version of the Mini-Mental State Examination, 

the 3MSE is a 100-point validated screening test for cognitive impairment that covers 6 core 

areas of cognitive function.13,14  The DSST, another widely used tool in the evaluation of 

cognition, examines attention and psychomotor speed.  Subjects are provided with a table of 

digits (1-9) and corresponding symbols and are asked to fill in as many correct symbols under 
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the appropriate digit as possible in 90 seconds.15  Scores range from 0 to 90 points with higher 

scores indicating better cognitive performance.  Several studies have utilized the DSST to 

examine the effects of various environmental exposures on the brain.16-18   

Participants who are older and who score poorly on assessments of cognitive 

performance are less likely to return for follow-up assessments.19-21  To mitigate this potential 

bias, CHS investigators evaluated the ability of the Telephone Interview for Cognitive Status 

(TICS) and the Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE) to 

estimate missing 3MSE for those who did not participate in an annual clinic visit between 1996-

1998.22  In a subset of 405 CHS participants who were administered either the TICS23 or 

IQCODE24 within 30 days of completing the 3MSE, Arnold et al. observed that the TICS scores 

could predict 3MSE scores with good accuracy (Pearson correlation between observed and 

predicted=0.82).  We imputed missing 3MSE scores using TICS and IQCODE scores when 

available.  

Covariate assessment 

Data on relevant covariates were collected during annual clinical exams between 1989 

and 1999.12  Covariate values of interest in the current analyses were those obtained during the 

clinic visit corresponding with the first 3MSE or DSST assessment.  The 3MSE was 

administered beginning at the second examination cycle for the initial cohort and at the fourth for 

the African American cohort.  The DSST was given beginning at the first and fourth examination 

cycles for the two cohorts.  Incident stroke and transient ischemic attack (TIA) were assessed 

and updated at each annual clinic visit for these analyses.25  Covariates examined included age 

at baseline (years), gender, enrollment center, education, income, race (African 

American/other), body mass index (BMI), physical activity (kilocalories expended per week 

excluding chores), physical function (instrumental activities of daily life: number of activities with 
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which participant has difficulty12), depression (Centers for Epidemiological Studies 

Depression26), smoking status (never/current/former), alcohol (drinks per week), hypertension 

(none/borderline; systolic blood pressure (SBP) between140-159 mm Hg or diastolic blood 

pressure (DBP) between 90-94 mm Hg/hypertensive: SBP # 160 mm Hg or DBP # 95 mm Hg or 

self-reported history of hypertension and using anti-hypertensive medication), diabetes 

(none/impaired fasting glucose/diabetes by American Diabetes Association criteria27) and 

prevalent cardiovascular disease at baseline (history of stroke, TIA, myocardial infarction, 

claudication, angina, or congestive heart failure28).  APOE status was assessed as previously 

described.29  

Statistical analysis 

The impact of long-term air pollutant exposure on 3MSE and DSST decline over time 

was analyzed using linear regression with generalized estimating equations (GEE).  This 

approach accounts for correlations between repeated measures of cognitive function on the 

same person.  We applied a working exchangeable correlation structure, which provides optimal 

efficiency when correlations between repeated measures of cognitive function are equal over 

time.  This approach has been used in previous work examining risk factors for cognitive decline 

in the CHS population.30  

We examined the effects of PM10 and NO2 in separate analyses.  Air pollutant estimates 

were available beginning at 3 months prior to study entry, meaning exposure estimates were 

generated mainly from time intervals occurring after the first cognitive assessment.  Long-term 

air pollutant exposure was included in the analysis in two ways (Figure II.1).  First, we estimated 

cumulative mean PM10 and NO2 exposure from baseline to each cognitive assessment and 

used this exposure as a time-dependent variable.  Previous work has suggested that chronic 

exposures may be more important than recent exposures.11  In an effort to use estimates of 
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exposure generated from data averaged over at least two years, we excluded the first 3MSE 

score for participants in the initial cohort and the first two 3MSE scores for participants in the 

African American cohort, as these scores were obtained prior to 2 years after entry into CHS.  In 

our second approach, we modeled PM10 and NO2 exposure as time-independent variables.  

Long-term exposure in this case was calculated by averaging monthly estimates of air pollutant 

exposure at participant residences over the first year, first 2 years and first 3 years after entry 

into the study.  We assumed this exposure was representative of long-term exposure occurring 

before study entry and thus included all cognitive assessments.    

All GEE models included main effects for time since baseline cognitive assessment (in 

years), either PM10 or NO2 (untransformed and continuous) and the product of air pollutant 

exposure and time, to examine any modification by air pollutant exposure of the rate of cognitive 

decline.  Analyses were also adjusted for age at baseline (continuous), gender, enrollment 

center, education (4 categories), income (8 categories modeled as grouped linear variable), 

race, BMI, physical activity, physical function, depression, smoking status, alcohol, 

hypertension, diabetes and prevalent cardiovascular disease at baseline and the interaction of 

each covariate with time since baseline with the exception of age.  In addition, we evaluated 

APOE genotype as a modifier of the effects of air pollutant exposure on cognitive decline.  

Rates of cognitive decline are presented as the point decline in 3MSE or DSST score 

associated with a 10 µg/m3 elevation in estimated PM10 exposure, analyzed as a continuous 

variable.  A 10 µg/m3 increment is commonly utilized in analyses examining the health effects of 

PM exposure.  Less variability was observed in NO2 exposure, and so differences in rates of 

cognitive decline were evaluated at 5 parts per billion increments (ppb).  We used leave-one-out 

diagnostics to evaluate the validity of GEE analyses.   
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Sensitivity analyses 

 Since the assessment of long-term exposure in our second analytic approach occurred, 

at least in part, after the first 3MSE for the initial cohort and after the first two 3MSEs for the 

African American cohort, we examined the impact on results of excluding these examinations so 

that the complete time interval of exposure estimation occurred prior to cognitive assessment.  

We also examined whether cognitive decline occurred non-linearly over follow-up time (years) 

by including follow-up as a 4-level categorical variable (0-2, 2-4, 4-6 and 6+ years) in models.  

Similarly, we explored potentially non-linear effects of age in statistical models by using age 

rather than years of follow-up as the time axis of interest.  We analyzed quartiles of age 

(categorical and grouped linear) and compared these results to those observed when age was 

included as a continuous variable.  In addition, we evaluated the influence on findings of 

excluding 3MSE scores that were imputed based on TICS and IQCODE ascertained through 

telephone interviews.  Finally, since cerebrovascular disease may be in the causal pathway 

between air pollutant exposure and cognitive decline, we examined the effect on results of 

adjusting for incident stroke and TIA25 as time-dependent variables in models.   

 

Results 

Estimated air pollutant exposures were significantly correlated with each other (Table 

II.2).  Correlations were particularly strong between PM10 estimates generated from at least a 

two-year interval after entry into the CHS, and all NO2 estimates regardless of averaging period.  

PM10 and NO2 concentrations were also significantly correlated as well although not as strongly. 

We excluded participants who resided in Washington County, Maryland or far outside of 

other enrollment centers (n=1,635), had no baseline 3MSE (n=161), moved during follow-up 



! ! ! ! !

19 
 
(n=187), were missing information on relevant covariates (n=505), had improbable numbers of 

alcoholic beverages consumed per week reported at baseline (n=2) or had air pollutant 

exposure estimates generated from less than or equal to 9 months/year (n=214).  Participants in 

the highest tertile of estimated PM10 exposure did not reside in Forsyth County and were less 

likely to be African American, have less than a high school education, to be borderline or 

definite hypertensive and to have at least one copy of the APOE "4 allele (Table II.3).  In 

addition, participants in the highest exposure tertile had higher mean energy expenditures on 

leisure activities. 

Results of analyses examining the effect of cumulative mean PM10 exposure updated at 

each cognitive assessment indicated that a 10 µg/m3 elevation in long-term PM10 exposure was 

associated with a -2.6 point (95% CI: -3.1, -1.5) lower 3MSE score and a -1.1 point (95% CI: -

2.2, 0.1) lower DSST score (TableII.4).  A 5 ppb elevation in long-term NO2 exposure was 

associated with a -2.8 point (95% CI: -4.0, -1.6) lower 3MSE score and a -2.0 point (95% CI: -

3.0, -0.9) lower DSST score.  Increased PM10 or NO2 exposure were not significantly associated 

with rate of cognitive decline assessed by the DSST, and NO2 exposure was not significantly 

associated with rate of cognitive decline assessed by the 3MSE.  However, there was a 

significant interaction between time and PM10 exposure (P=0.04), which would suggest that 

elevated exposure slows the rate of decline in 3MSE score over time (results not shown).  

Exclusion of imputed 3MSE scores had a small effect (<10% change) on results.  Inclusion of 

incident stroke or TIA in models had no influence on risk estimates, and there was no significant 

modification by APOE genotype of air pollutant effects on rates of cognitive decline. 

In analyses using mean values for all covariates, long-term PM10 exposure averaged 

over the first 2 years was associated with significantly faster rates of 3MSE score decline 

(Figure II.2.a).  Effect sizes were similar when a 3 year averaging period was utilized (results not 
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shown).  A similar pattern was observed when long-term exposure was defined as mean 

exposure during the first year of participation in the CHS; however, the regression coefficients 

were smaller in magnitude, and the effects were non-significant (results not shown).  A 

significant acceleration of 3MSE score decline was observed for all averaging periods used to 

evaluate the effects of long-term NO2 exposure (results shown for 2 year averaging period in 

Figure II.2.a).  

DSST scores declined more rapidly for those exposed to higher concentrations of PM10 

and NO2 averaged over the first 2 years of participation in CHS (Figure II.2.b).  This acceleration 

was statistically significant when long-term air pollutant exposure was based on the first year 

post-entry into the CHS (results not shown).  A similar but non-significant pattern was observed 

when long-term exposure was defined as mean exposure in the first 3 years after study entry.   

In sensitivity analyses, we examined the impact on results of excluding exams occurring 

before the end of the time interval of exposure estimation.  The effect of air pollutant exposure 

on rates of cognitive decline was attenuated substantially by excluding either the first or the first 

2 cognitive assessments.  This attenuation was lessened by restricting the analysis sample to 

those with a cognitive assessment at the first clinic visit following the exposure window of 

interest, and further lessened by restricting the analysis to those under the age of 75 at 

baseline.   

We observed significantly faster decline in 3MSE scores associated with a 10 µg/m3 

elevation in PM10 exposure when we analyzed follow-up time and age more flexibly as 4-level 

categorical variables (Table II.5.a).  Similarly, PM10–associated faster decline in DSST scores 

was observed regardless of whether follow-up time was analyzed as a continuous or categorical 

variable (Table II.5.b). Although point estimates were lower (i.e. more negative) for all ages for 

those exposed to higher PM10, PM10-associated faster decline in DSST scores with age was 
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significant only when age was examined linearly.  Exclusion of imputed 3MSE scores 

attenuated results only slightly.  Although APOE genotype is a strong predictor of cognitive 

decline, there was no significant modification by APOE genotype on the effect of air pollutant 

exposure on 3MSE or DSST scores.  Adjustment for incident stroke and TIA had little impact on 

risk estimates.  Leave-one-out diagnostics, although limited, offered some assurance that the 

GEE analyses presented here are approximately accurate and that the effect estimates are not 

overly influenced by a few data points.   

 

Discussion 

 Consistent with previous studies examining the impact of air pollutant exposure on 

cognition,6-9,11 we observed a significant relationship between long-term exposure to air 

pollutants and lower scores on the 3MSE and DSST.  When we analyzed exposure as a time-

independent variable, assuming exposure early in follow-up of the CHS cohort was a 

reasonable proxy for long-term exposure occurring prior to enrollment, there was a significant 

acceleration in the rate of decline over time associated with both long-term PM10 and NO2 

exposure.  A 10 µg/m3 elevation in long-term PM10 exposure resulted in a difference in 3MSE 

score approximately equivalent to that observed between participants one year apart in age at 

baseline. Weuve et al. reported PM-associated cognitive decline equivalent to up to two years of 

aging in the NHS.11  Adjustment for cardiovascular or cerebrovascular disease had little impact 

on our findings, suggesting that air pollutants may affect the brain through pathways 

independent of those believed to mediate the observed associations between air pollutant 

exposure and cardiovascular disease and stroke. 
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 With repeated measures of cognition in a large, well-characterized population of older 

men and women and individual estimates of air pollutant exposure, the CHS provided an 

excellent setting in which to examine the effects of air pollutants on brain function.  However, 

our study has several notable limitations.  Residual confounding, particularly by socioeconomic 

status, and multiple testing are limitations of our work.  However, we adjusted for income, 

education and CHS community to minimize this concern.  In addition, we observed relatively 

consistent associations between time-independent air pollutant exposure and cognitive decline 

assessed by the 3MSE and DSST.  One of our approaches to modeling exposure relied on 

estimates based on intervals occurring after baseline cognitive assessments.  We expected air 

pollutant concentrations to be correlated over time and that concentrations observed early in 

follow-up would be representative of exposure prior to entry into the study.  It was reassuring 

that a similar pattern of effects was observed regardless of averaging period utilized.  However, 

we observed attenuated effects when we excluded examinations occurring prior to exposure 

windows of interest.  Exposure estimates were based exclusively on concentrations observed at 

nearby monitors and did not account for time spent away from the residence or in traffic or 

geographic covariates such as proximity to roadways, which may contribute to spatial 

differences in air pollutant exposures.  Also, we utilized TICS and IQCODE scores, when 

available, to impute 3MSE scores to lessen the effects of informative missingness, which could 

have resulted in measurement error.  However, this error would be expected to be non-

differential with respect to air pollution exposure.  

In summary, our findings add to the accumulating evidence that ambient air pollution 

accelerates cognitive decline in an older population, adding to the already compelling rationale 

for limiting exposure to this modifiable risk factor.  Many pathways have been hypothesized to 

mediate these associations.  Further work is required to elucidate underlying mechanisms. 
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Figure II.1.  Timeline of exposure averaging periods and cognitive assessments in CHS 
Abbreviations: 3MSE, Modified Mini-Mental State Examination; DSST, Digit Symbol Substitution Test; AA, African 
American; yr, year. 
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Table II.2.  Summaries and correlations between PM10 and NO2 exposures estimated over 
various periods after entry into the CHS 

  PM10 averaged over first:   NO2 averaged over first: 

  Year 2 Years 3 Years 4 Years   Year 2 Years 3 Years 4 Years 
 PM10 (µg/m3) and NO2 (ppb) Distributions by Averaging Period 

Mean (SD) 35 (5) 35 (5) 34 (4) 33 (4)  21 (5) 21 (5) 21 (5) 21 (5) 
Range  22, 50 21, 46 22, 41 21, 39   12, 31 14, 31 14, 30 14, 30 
 PM10 (µg/m3) and NO2 (ppb) Spearman Correlationsa by Averaging Period 

 Year 2 Years 3 Years 4 Years   Year 2 Years 3 Years 4 Years 
PM10          
Year 1.00         
2 Years 0.95 1.00        
3 Years  0.92 0.98 1.00       
4 Years 0.89 0.97 0.99 1.00      
NO2          
Year 0.44 0.47 0.46 0.49  1.00    
2 Years 0.43 0.46 0.48 0.50  0.98 1.00   
3 Years  0.41 0.45 0.47 0.50  0.96 0.99 1.00  
4 Years 0.40 0.44 0.45 0.48   0.97 0.99 0.99 1.00 

a All Spearman correlation coefficients were statistically significant (P<0.05). 
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Table II.3.  Selected baseline characteristics of CHS participants who completed a baseline 
3MSE by tertile of estimated mean long-term PM10 exposure (!g/m3) 
  Tertile of PM10 exposure (µg/m3) 
 1 2 3 
 < 32.1 32.1-36.5 > 36.5 
Characteristica (n = 1,064) (n = 1,060) (n = 1,060) 
Site    

Forsyth, NC 83 24 0 
Sacramento, CA 17 2 67 
Allegheny, PA <1 75 33 
Washington, MD - - - 

Age (yrs); mean (SD) 73 (5) 74 (5) 74 (5) 
African American 37 27 2 
Female 59 56 53 
Education    

< high school 34 25 18 
high school grad/GED 25 30 28 
any vocational school/some college 23 19 30 
college graduate/grad or prof. school 19 26 24 

Income ! $50,000/year 12 19 16 
Instrumental ADLs; mean (SD) 0.3 (0.7) 0.3 (0.7) 0.3 (0.7) 
Kcals/week leisure activity 1118 (1574) 1033 (1450) 1479 (1731) 
Smoking    

former  36 42 43 
current 14 13 10 

Alcoholic beverages/week; mean(SD) 1.9 (5.6) 2.6 (6.4) 3.6 (7.7) 
BMI (kg/m2); mean (SD) 26.8 (5.0) 26.9 (4.8) 26.5 (4.2) 
Diabetes    

impaired fasting glucose 13 15 11 
diabetes 16 19 13 

Depression score; mean (SD) 4.7 (4.6) 5.6 (5.0) 4.9 (4.5) 
Hypertension    

borderline 16 13 13 
hypertensive 49 42 37 

Cardiovascular disease  20 23 20 
Stroke or transient ischemic attack 6 5 5 
APOE genotypeb    

presence of "4 allele 28 27 23 
Abbreviations: SD, standard deviation; ADL, Activities of Daily Living; kcals, kilocalories; BMI, body mass index; 
APOE, apolipoprotein E 
a Numbers in table refer to percentages unless otherwise noted.  
b Only participants consenting to the use of their DNA were included (n=2,815). 
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Table II.4.  Associations between time-dependent mean cumulative air pollutant exposure and 
3MSE and DSST scores 
    3MSE     DSST 
  Na #b 95% CI   Na #b 95% CI 
        
PM10 3,032 -2.6c -3.1, -1.5  3,003 -1.1 -2.2, 0.1 
        
NO2 3,032 -2.8 -4.0, -1.6   3,003 -2.0 -3.0, -0.9 

Abbreviation: 3MSE, Modified Mini-Mental State Examination; DSST, Digit Symbol Substitution Test; CI, confidence 
interval 
a The number of participants included in this analysis is less than 3,184 because participants who had 3MSE or 
DSST scores from the first 2 examinations only were excluded.   
b Models adjusted for age at baseline, gender, clinic, education, income, race, BMI, physical function, physical 
activity, depression, smoking status, alcohol, hypertension, diabetes, prevalent cardiovascular or cerebrovascular 
disease at baseline and the interaction of each covariate with time since baseline except for age.The number of 
participants included in this analysis is less than 3,184 because participants who had 3MSE or DSST scores from the 
first 2 examinations only were excluded.   
c P-value for interaction of PM10 with time = 0.04, indicating slower decline with higher PM10 exposure. 
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a) 3MSE (N = 3,184)a,b,c,d 

 

 

b) DSST (N = 3,212)a,b,c,e 

 

Figure II.2.  Model-predicted acceleration of decline in 3MSE and DSST scores by estimated long-
term air pollutant exposure 

a Mean baseline 3MSE and DSST scores predicted using mean values for all covariates.   
b Long-term exposure defined as mean air pollutant in the first 2 years following entry into the CHS. 
c Models adjusted for age at baseline, gender, CHS community, education, income, race, BMI, physical function, 
physical activity, depression, smoking status, alcohol, hypertension, diabetes, prevalent cardiovascular or 
cerebrovascular disease at baseline and the interaction of each covariate with time since baseline except age. 
d P-value for interaction of PM10 with follow-up time = 0.004.  P-value for interaction of NO2 with time = 0.028. 
e P-value for interaction of PM10 with follow-up time = 0.002.  P-value for interaction of NO2 with time = 0.005. 
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Table II.5.  Predicted acceleration of decline in 3MSE and DSST by estimated long-term air 
pollutant exposure using alternative methods of analyzing time 

a) 3MSE (N = 3,184) 
Time PM10   
Axisa,b (µg/m3)c Predicted 3MSE score decline P-valued 

1 

 Time0-2 yrs Time2-4 yrs Time4-6 yrs Time6+ yrs  
30 - -2.6 -6.0 -7.7  
40 - -4.1 -7.2 -8.1  

 Difference -1.5 -1.2 -0.4 0.004 

2 

 Agecat0 Agecat1 Agecat2 Agecat3  
30 - 0.4 -4.1 -9.5  
40 - -1.7 -6.5 -12.0  

 Difference -1.3 -2.4 -2.6 0.030 

3 

 Age0 Age1 Age2 Age3  
30 - -3.1 -6.3 -9.4  
40 - -4.1 -8.3 -12.4  

 Difference -1.0 -2.0 -3.0 0.007 

4 

 Age0 Age +3 yrs Age +6 yrs Age +9 yrs  
30 - -3.4 -6.8 -10.2  
40 - -4.2 -8.4 -12.6  

 Difference -0.8 -1.6 -2.4 0.005 
 
b) DSST (N = 3,212) 
Time PM10   
Axisa,b (µg/m3)c Predicted DSST score decline P-valued 

1 

 Time0-2 yrs Time2-4 yrs Time4-6 yrs Time6+ yrs  
30 - -2.5 -5.4 -6.9  
40 - -3.2 -7.2 -7.4  

 Difference -0.7 -1.7 -0.5 0.005 

2 

 Agecat0 Agecat1 Agecat2 Agecat3  
30 - -0.6 -3.6 -7.4  
40 - -1.4 -4.9 -8.6  

 Difference -0.8 -1.3 -1.1 0.310 

3 

 Age0 Age1 Age2 Age3  
30 - -2.5 -5.1 -7.6  
40 - -3.0 -6.0 -9.0  

 Difference -0.5 -1.0 -1.4 0.100 

4 

 Age0 Age +3 yrs Age +6 yrs Age +9 yrs  
30 - -3.0 -6.1 -9.1  
40 - -3.7 -7.4 -11.1  

 Difference -0.7 -1.3 -2.0 0.002 
a Time analyzed as follows: 1, follow-up time (years) as a 4-level indicator variable; 2, age at each cognitive 
assessment as quartiles (categorical); 3, age at each cognitive assessment as quartiles (grouped linear); 4, age at 
each cognitive assessment in 3-year increments (continuous). 
b Model 1 adjusted for age at baseline, gender, CHS community, education, income, race, BMI, physical function, 
physical activity, depression, smoking status, alcohol, hypertension, diabetes, prevalent cardiovascular or 
cerebrovascular disease at baseline and the interaction of each covariate with time since baseline except age.  
Models 2-4 adjusted for variables above with the following exceptions: age at each cognitive assessment instead of 
age at baseline, year of birth and the interaction of each covariate with time-dependent age except for year of birth. 
c Long-term exposure defined as mean air pollutant in the first 2 years following entry into the CHS.  
d P-value for interaction of estimated PM10 exposure with follow-up time or age assessed using the Wald test. 
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CHAPTER III.  

Exposure to Air Pollutants and Prevalent and Incident Alzheimer’s Disease and 
Vascular Dementia in a Cohort of Older Adults in the Cardiovascular Health Study 
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Background 

Alzheimer’s disease (AD), the most widespread neurodegenerative disease and the 

most common form of dementia, affects an estimated 4.5 million people in the United States.1  

Nearly 50% of adults over the age of 85 have AD,2 and it is projected that, as the U.S. 

population ages, the number of people over the age of 85 with AD will quadruple.1  

Apolipoprotein E (APOE) has been firmly identified as the strongest genetic risk factor for AD3 

and has also been linked, although less consistently, to vascular dementia (VaD), the second 

most common cause of dementia after AD.4  However, the APOE epsilon4 (!4) allele is not 

present in approximately 40% of AD cases.5  Other factors likely are important, and much effort 

has been expended attempting to understand the role of lifestyle, diet and environmental factors 

that could delay the development, onset and progression of AD.6  The impact on quality of life 

and the economic costs associated with AD and other forms of dementia are enormous and 

growing,7 making the identification of modifiable risk factors important to public health.   

Several studies have shown cross-sectional relationships between air pollution exposure 

and cognitive performance;8-12 for example, one found an association between roadway 

proximity and mild cognitive impairment in older women.10  Interestingly, significant links were 

observed between living near a high-traffic road and odor identification, an ability often affected 

in early AD.13,14  More recently, Weuve and colleagues observed a longitudinal decline in 

cognitive performance associated with a 10 µg/m3 increment in long-term particulate matter 

(PM) exposure, equivalent to that observed with two years of aging in a large cohort of older 

women using refined exposure estimates.15  

Air pollution is hypothesized to affect the onset of AD by several mechanisms.  Cognitive 

decline and dementia could occur downstream of cardiovascular and cerebrovascular disease, 
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both of which are associated with elevated risk of subsequent dementia; the brain is likely 

sensitive to the same systemic inflammatory and oxidative stress responses hypothesized to 

mediate the demonstrated effects of air pollution on cardiovascular disease, which could affect 

both AD and VaD risk.16  Alternatively, air pollution particles may reach the brain directly through 

particle deposition in the nasal mucosa and translocation along the olfactory nerve or via the 

systemic circulation through compromised regions of the blood brain barrier (BBB).16   

In this study, we investigated whether long-term exposure to traffic-related pollutants 

increases risk of prevalent and incident dementia in older adults participating in the 

Cardiovascular Health Study (CHS).  We examined whether exposures have different impacts 

on risk of dementia subtypes (AD and VaD) and also explored the influence of APOE genotype 

on these relationships.  Our objective was to evaluate a pervasive environmental exposure as a 

risk factor for a devastating disease and explore possible mechanisms underlying such 

associations. 

 

Methods 

Study population 

The Cardiovascular Health Study (CHS) is a large study of risk factors for cardiovascular 

disease and stroke in older adults residing in four communities in the U.S. as described 

previously.17  Participants were recruited from Medicare eligibility lists in two phases between 

1989-1990 and 1992-1993 in Forsyth County, NC; Sacramento County, CA; Washington 

County, MD; and Pittsburgh, PA.  The present analyses included 3,602 participants in the CHS 

Cognition Study, who were followed for dementia from 1992-1994 to 1998-1999.18  Informed 

consent was obtained from all 5,888 participants in accordance with Institutional Review Board 

guidelines at each study center.  In addition, only participants who consented to use of their 
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DNA were included in analyses of gene-environment interactions. 

Exposure assessment 

Exposure to air pollutants was assessed as part of a CHS ancillary study as described in 

Chapter II.  Briefly, monthly estimates of exposure to particulate matter <10 µm in diameter 

(PM10) and nitrogen dioxide (NO2) were calculated at monitoring stations in and adjacent to CHS 

communities.  These estimates were then spatially interpolated to the geocoded residences of 

participants using inverse distance weighting methods.  We included monthly estimates only 

when one of the three monitors used in each interpolation was within 25 kilometers (km) and all 

were within 50 km of a residence. 

Outcome ascertainment 

The CHS Cognition Study (CHCS), a CHS ancillary study initiated in 1998, developed 

and validated a methodology for classifying dementia in a large cohort of participants.18  The 

CHCS was able to achieve this goal by rigorously evaluating all participants at one of the study 

centers (Pittsburgh, PA) and those considered to be at “high-risk” of dementia at the remaining 

3 study sites.19  Due to small numbers, all African American CHCS participants were evaluated 

for dementia regardless of risk status. Participants were classified as “high-risk” based on a 

number of factors including vital status, history of stroke, admission to a nursing home, and 

performance on various measures of cognitive function.  Individuals were eligible for the CHCS 

if they completed at least one Modified Mini-Mental State Examination and a brain MRI between 

1992-1994.   

Participants were evaluated for dementia using a neuropsychological assessment, which 

utilized an extensive battery of tests, a detailed neurological examination, and psychiatric 

screening.  The latter comprised a Neuropsychiatric Inventory containing multiple standardized 

tests assessing specific cognitive domains as well as the Centers for Epidemiologic Studies 

Depression (CES-D) Scale.20  Participants were diagnosed with dementia by a neurologist or 
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psychiatrist at each study site experienced in diagnosing dementia based on a progressive or 

static cognitive deficit, which affected the subjects’ activities of daily living, and a history of 

normal intellectual function prior to the onset of cognitive impairment.  Furthermore, impairments 

in two cognitive domains, which may or may not have included memory, were required for 

dementia diagnosis.19  Investigators did not exclude participants who had died prior to the 

initiation of the CHCS, but who were otherwise eligible, as this would have resulted in an 

underestimation of the incidence of dementia in the general population.  In addition, this missing 

data would have biased results of risk factor analyses, as the subtypes of dementia, each likely 

with their own, if overlapping, causal pathways, exhibit differential mortality and may be 

associated differentially with air pollutant exposure.  Neurologists or psychiatrists relied on 

performance on cognitive function exams when the deceased were alive, and on medical 

records, physician questionnaires, and information collected from proxy informants to classify 

participants who had died prior to 1998.  Those participants who exhibited cognitive deficits but 

who did not meet the criteria for dementia diagnosis were classified as having mild cognitive 

impairment (MCI).   

Relevant data on all “high-risk” participants from 3 of the clinics and all Pittsburgh 

participants were then collected centrally at the Pittsburgh study site.  An adjudication 

committee reviewed all data including cranial magnetic imaging scans, and classified each 

participant as having dementia, or not.  If dementia was ascertained, its subtype was 

determined using standardized criteria for AD (National Institute of Neurological and 

Communicative Diseases and Stroke-Alzheimer’s Disease and Related Disorders Association 

(NINCDS-ADRDA) criteria21), VaD (State of California Alzheimer's Disease Diagnostic and 

Treatment Centers (ADDTC) criteria22), mixed AD/VaD (both NINCDS-ADRDA and ADDTC 

criteria) or other. The year of dementia onset and person-years at risk were determined by 

review of longitudinal data from cognitive tests, medications, depression scores, physical 
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function measures, and morbid events collected across the annual clinic visits and from 

information requested in the Dementia Questionnaire.  Year of onset could not be determined 

for MCI.  As a result, person-years at risk cannot be calculated for this outcome. 

A total of 3,602 of the 5,888 participants satisfied these criteria and were evaluated for 

dementia.  Classification resulted in 227 prevalent and 480 incident cases of dementia over the 

5.4 years of average follow-up.23  Of those with incident dementia, 245 were classified as “pure” 

AD without VaD, 62 as “pure” VaD without AD, 151 as mixed AD/VaD and 22 as “other.”  In an 

effort to validate the sampling strategy employed in the CHCS, investigators examined 

participants in the Pittsburgh sample to determine the fraction of participants classified as “low-

risk” who actually had dementia.  Only 4% of the participants in the Pittsburgh study site 

classified as “low-risk” were diagnosed with dementia.  CHCS investigators estimate that 

approximately 5% of participants with dementia were missed in the other 3 clinics by evaluating 

only those participants classified as being “high-risk.”18  

Covariate assessment 

Data on covariates of interest were collected during annual clinical exams between 1989 

and 2000 as described in Chapter II.  For the analyses presented here, we were interested in 

covariate values obtained at the examination a participant participated in that was closest in 

time but prior to entry into the CHCS.  It was assumed that a participant did not participate in a 

given examination cycle when the exam date and relevant covariates measured during that 

examination were missing.  The prevalence of CHS adjudicated endpoints including myocardial 

infarction, angina, claudication, stroke, transient ischemic attack, congestive heart failure, stroke 

and transient ischemic attack (TIA) ascertained during the most recently attended examination 

were utilized in analyses to ensure disease status was assessed prior to study entry.   

Statistical analyses 
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Logistic regression was used to assess associations between estimated PM10 and 

NO2 exposure and prevalent dementia which included dementia assessed both prior to and 

after entry into the CHCS.  To maximize sample size, all dementia cases identified by the end of 

follow-up were defined as prevalent in these analyses.  Three separate case groups were 

examined: all prevalent dementia of any type, AD only cases and any VaD.  The control group 

in all analyses included those free of any dementia by the end of follow-up.  Participants 

identified as having MCI were excluded.  Primary analyses adjusted for age (at MRI for 

prevalent cases at baseline and age at end of follow-up for cases identified as prevalent at the 

end of follow-up), race (African American or other), sex, education (6 categories, included as 

grouped linear variable), enrollment center, BMI, smoking status (never/former/current), alcohol 

(drinks per week), income (8 categories, included as grouped linear variable), LDL and HDL 

cholesterol, diabetes (normal/impaired fasting glucose/diabetes by ADA criteria), physical 

function (instrumental activities of daily living: number of activities with which participant has 

difficulty), kilocalories expended per week excluding chores and depression score (normal: 0-9/ 

at risk for clinical depression:10+).  To examine whether any effect of air pollution on dementia 

risk was mediated by cerebro- or cardiovascular disease, we additionally adjusted for history of 

stroke, TIA, myocardial infarction, claudication, angina, congestive heart failure, and 

hypertension (normotensive/borderline hypertensive/hypertensive) in secondary analyses.  We 

excluded participants missing information on relevant covariates.  Robust standard errors were 

not used in primary analyses.  Goodness-of-fit was assessed using the Hosmer and Lemeshow 

goodness-of-fit test, and influential observations were detected by calculating Pregibon’s delta 

beta statistics. 

Associations between air pollutant exposure and time to dementia were estimated using 

Cox proportional hazards regression, excluding participants with prevalent dementia at baseline 

and who were diagnosed with mild cognitive impairment during follow-up.  Person-years of 
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follow-up began upon entry into the CHCS (i.e. date of first brain MRI) and ended at the 

midpoint of the year of dementia onset, death or end of follow-up (June 30, 1999). The validity 

of proportional hazards assumptions was tested, examining interactions between Schoenfeld 

residuals and time.  Goodness-of-fit was assessed in plots of Cox-Snell residuals.  In 

subanalyses, associations between PM10 and NO2 exposure and time to dementia of particular 

subtypes (AD only and VaD with or without AD) were evaluated.  Participants were censored at 

VaD onset in analyses evaluating AD risk and at AD onset in analyses evaluating VaD risk.  

Adjustment variables were the same as those described above.  In subanalyses, we evaluated 

the impact of adjustment on hazard ratio estimates for stroke or TIA status24 (updated during 

each exam cycle) as time-dependent covariates, to explore if diagnosed cerebrovascular 

disease was in the causal pathway between air pollutant exposure and incident dementia. 

Exposure intervals of interest for prevalent dementia analyses included one, two and 

three years prior to entry into the CHCS (Figure III.1).  In analyses of incident dementia, we 

evaluated the exposure intervals above as well as the influence of time-dependent cumulative 

exposure on time to dementia to investigate the importance of recent exposure (Figure III.1).  

Specifically, mean PM10 and NO2 exposures from one year prior to entry into the CHCS through 

dementia onset or censoring were estimated in 6-month increments.  Associations are reported 

as the relative increase in odds or risk associated with a 10 µg/m3 or 10 ppb elevation in 

estimated mean long-term PM10 or NO2 exposure. 

The presence of at least one copy of the APOE !4 allele, age and sex were explored as 

potential modifiers of the effects of long-term PM10 and NO2 exposure on dementia risk, overall 

and by subtype.  Effect modification was evaluated by including a multiplicative interaction term 

(i.e. exposure variable*potential effect modifier) among the covariates.  Likelihood ratio tests 

were used to test if the fit of the models with and without the interaction term were significantly 

different.  
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Results 

Prevalent dementia 

Most characteristics were similar for CHS participants across tertiles of long-term PM10 

exposure prior to entry into the CHCS (Table III.1).  However, relative to participants in the 

highest tertile of PM10 exposure, those in the lowest tertile had lower mean energy expenditures 

on leisure activities, were more likely to reside in Forsyth County, less likely to have graduated 

from high school and less likely to have an elevated depression score.  PM10 exposure was 

highest in Sacramento County, and NO2 exposure was highest in Allegheny County (Figure 

III.2).  Pollutant concentrations generally declined over the course of CHS follow-up, explaining 

why higher mean estimates were observed over longer averaging periods.  

 No significant associations were observed between long-term exposure to either PM10 or 

NO2 and overall prevalent dementia or dementia caused by AD only (Table III.2).  After 

adjustment for covariates, a strong relationship was observed between PM10 exposure in the 

one and two years prior to CHCS entry and any prevalent VaD.  Specifically, a 10 µg/m3 

elevation in mean PM10 exposure in the 2 years prior to CHCS entry was associated with a 2.45-

fold increase in odds of VaD (95% CI: 1.23, 4.86).  This association was attenuated but not 

eliminated after further adjustment for history of stroke, TIA, hypertension or other prevalent 

cardiovascular disease.  The pattern was similar with long-term NO2 exposure, but associations 

were not statistically significant.  No significant interactions between air pollutant exposure and 

APOE genotype, age or sex were observed in analyses of all dementia, AD only and any VaD 

(results not shown).  Hosmer Lemeshow goodness-of-fit tests suggest models examining the 

relationship between air pollutants (regardless of exposure averaging period) and any prevalent 

dementia fit reasonably well (data not shown).  However, tests approached significance in 
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assessments of models examining the relationship of PM10 averaged over the 3 years prior to 

CHCS entry and AD and VaD.  Observations with Pregibon’s delta beta statistics greater than 

0.2 were identified; however, their exclusion from analyses resulted in even higher odds ratios. 

Incident dementia 

No significant associations were observed between long-term cumulative mean long-

term exposure to PM10 and overall prevalent dementia, dementia caused by AD only or VaD 

(Table III.3).  Similar to analyses of prevalent dementia, the point estimates were highest for 

VaD and lowest for AD only; however, none of the associations was statistically significant.  

Little change in risk estimates was observed after adjustment for additional variables beyond 

age, race, sex, enrollment center, education and income.  As in prevalent dementia analyses, 

no significant interactions between air pollutant exposure and APOE genotype, age or sex were 

observed in analyses of all dementia, AD only and any VaD.  Findings were similar when we 

examined associations between time-independent air pollutant exposure and dementia (results 

not shown).  Examination of Schoenfeld and Cox-Snell residuals indicated no significant 

violation of proportional hazards assumptions in all incident dementia analyses, and reasonably 

good fit for overall dementia, respectively.  Concerns with goodness-of-fit arose in analyses of 

incident AD and VaD; however, fit improved after adjustment for APOE genotype.   

 

Discussion 

 Estimated long-term PM10 or NO2 exposure was not associated with overall prevalent 

dementia of any cause or AD only (i.e. without VaD).  The presence of any APOE !4 allele 

resulted in odds ratios describing air pollutant and AD relationships that were greater in 

magnitude, but these interactions were not statistically significant.  In contrast, we saw a 

relationship between PM10 and any prevalent VaD (alone or mixed with AD).  Although the 
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magnitudes of the effect estimates were similar, a significant relationship was not observed in 

analyses of incident VaD in those free of dementia at baseline.   

A large, well-characterized population with over 8 years of follow-up, the CHS provided a 

unique setting to examine the relationship between air pollutant exposure and dementia, overall 

and by subtype.  Nonetheless limitations should be noted.  Exposure measurement error is 

present as estimates were based on inverse distance weighting methods, which utilize pollutant 

concentrations at potentially distant monitors to estimate exposure at residences, which are 

assumed to be representative of true, personal exposure.  In addition, we had exposure 

information for participants only in old age with a mean age of 80 years at entry into the CHCS.  

Lifetime exposures likely are most relevant in dementia.  In the current study, the period of 

exposure estimation may well have occurred after the initiation of an underlying disease process 

believed to begin years before dementia diagnosis.  The exposure windows examined here 

preceded all identified incident dementia in those free of dementia at CHCS baseline.  In 

contrast, prevalent dementia at baseline of the CHCS could have been diagnosed anytime prior 

to the air pollutant exposure averaging period.  However, to the extent that mean exposure 

averaged over various periods preceding study entry approximated long-term exposure, our 

findings provide evidence that long-term exposure to air pollutants may contribute to the 

development of VaD.  Also, statistical models may have been mis-specified, and residual 

confounding could be present.  We examined associations between two air pollutants averaged 

over various time periods and dementia by subtype.  With the high number of statistical tests 

performed, we would expect to observe a significant association by chance alone, and the 

findings with respect to prevalent VaD should be considered with the multiple testing burden in 

mind.  Finally, we should point out also that the methods for ascertaining time to dementia and 

distinguishing subtypes could have resulted in misclassification of disease.  The methods were 

unconventional in that they employed a historical assessment of prospectively-collected data in 
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CHS.  Only those considered “high risk” and who were still alive between 1998-1999 

underwent an in-person, detailed neuropsychological evaluation.  As a result, misclassification 

likely occurred when distinguishing those who had prevalent dementia at baseline, were at risk 

for incident dementia and developed MCI.  Specifically, the “at risk” population likely includes 

participants in the early stages of dementia.  However, we expect misclassification was non-

differential with respect to exposure status and would have resulted in attenuated effect 

estimates.  

 Numerous studies have demonstrated associations between air pollution exposure and 

cognition.  The findings presented here are the first to suggest that long-term exposure to PM10 

may be important in dementia, the most extreme manifestation of age-related cognitive decline.  

Given the consistently observed relationship between air pollution and cardiovascular disease, it 

is not surprising that air pollution would be most strongly related to VaD and that adjustment for 

previous stroke or TIA would weaken this association.  Although additional studies are required, 

our findings provide some evidence that vascular processes may explain, at least in part, 

associations between air pollutant exposure and cognitive decline. 
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Tables and Figures 

 

 
 

Figure III.1.  Timeline of exposure averaging periods and dementia follow-up in CHS 
 



 

!

46 

 

Table III.1.  Selected characteristics of CHCS participants by tertile of estimated mean PM10 
exposure (!g/m3) in the 2 years prior to study entry 
    Tertile of PM10 exposure (µg/m3) 
  1 2 3 
  < 31.2 31.2-34.9 > 34.9 
Characteristica   (n = 532) (n = 530) (n = 531) 
Site     

Forsyth, NC  82 18 1 
Sacramento, CA  17 51 37 
Allegheny, PA  < 1 32 62 
Washington, MD  - - - 

Age (yrs); mean (SD)  80 (5) 81 (4) 81 (4) 
African American  5 3 5 
Female  57 58 55 
Education     

< high school  24 14 12 
high school grad/GED  28 30 27 
any vocational school  11 10 9 
some college   14 19 19 
college graduate  12 16 16 
grad. or prof. school  11 12 18 

Instrumental ADLs; mean (SD)  0.4 (0.8) 0.3 (0.7) 0.3 (0.6) 
Kcals/week leisure activity; mean 
(SD)  

1207 
(1628) 

1296 
(1614) 

1351 
(1617) 

Smoking     
former   42 45 46 
current  9 8 9 

Alcoholic beverages/week; mean(SD) 2 (5) 3 (5) 3 (8) 
BMI (kg/m2); mean (SD)  26 (4) 26 (4) 26 (4) 
LDL chol. (mg/dl); mean (SD)  124 (31) 127 (33) 127 (32) 
HDL chol. (mg/dl); mean (SD)  53 (14) 53 (15) 55 (15) 
Diabetes     

impaired fasting glucose  10 10 10 
diabetes  11 12 11 

Elevated depression score  10 11 16 
Hypertension     

borderline  16 15 14 
hypertensive  37 38 33 

Cardiovascular disease   20 20 23 
Stroke or transient ischemic attack  5 5 8 
APOE genotypeb     

presence of "4 allele   25 25 21 
a Numbers in table refer to percentages unless otherwise noted.  
b Only participants consenting to the use of their DNA were included (n=1,436). 



 

!

47 

 

  

!
a) PM10

a!

!

!
b) NO2

a 

 

Figure III.2. Air pollutant concentrations averaged over the one, two and three years prior to entry 
into the CHCS by enrollment center 

a Boxes, whiskers and points indicate the interquartile range, the upper and lower adjacent values and 
outliers, respectively. 
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Table III.2.  Associations between a 10 µg/m3 and 10 ppb elevation in long-term PM10 and NO2 
exposure and prevalent dementia, overall and by subtype 
      Model 1a Model 2b 
Averaging  cases     
period N n (%) OR (95% CI) P-value OR (95% CI) P-value 
Any dementia      

PM10       
Year 1593 305 (19) 1.31 (0.89, 1.94) 0.174 1.14 (0.76, 1.70) 0.519 
2 Years 1593 305 (19) 1.28 (0.77, 2.12) 0.347 1.15 (0.69, 1.93) 0.593 
3 Years 1506 279 (19) 0.92 (0.41, 2.07) 0.838 0.92 (0.40, 2.11) 0.849 

NO2       
Year 1592 304 (19) 1.48 (0.57, 3.86) 0.424 1.04 (0.39, 2.79) 0.931 
2 Years 1592 304 (19) 0.87 (0.30, 2.58) 0.808 0.67 (0.22, 2.01) 0.473 
3 Years 1528 283 (19) 0.54 (0.16, 1.82) 0.319 0.49 (0.14, 1.70) 0.263 

       
AD       

PM10       
Year 1439 151 (10) 0.82 (0.46, 1.46) 0.493 0.81 (0.45, 1.45) 0.478 
2 Years 1439 151 (10) 0.82 (0.40, 1.69) 0.592 0.82 (0.39, 1.70) 0.591 
3 Years 1369 142 (10) 0.59 (0.20, 1.76) 0.344 0.57 (0.19, 1.73) 0.324 

NO2       
Year 1439 151 (10) 0.94 (0.23, 3.77) 0.930 0.89 (0.22, 3.61) 0.875 
2 Years 1439 151 (10) 0.50 (0.11, 2.38) 0.387 0.47 (0.10, 2.24) 0.341 
3 Years 1390 145 (10) 0.34 (0.06, 1.83) 0.210 0.33 (0.06, 1.80) 0.203 

       
VaD       

PM10       
Year 1423 135 (9) 2.33 (1.39, 3.91) 0.001 1.71 (1.00, 2.92) 0.048 
2 Years 1423 135 (9) 2.45 (1.23, 4.86) 0.011 2.08 (1.02, 4.24) 0.044 
3 Years 1347 120 (9) 1.98 (0.63, 6.21) 0.242 1.98 (0.61, 6.48) 0.256 

NO2       
Year 1422 134 (9) 3.35 (0.93, 12.08) 0.065 1.71 (0.45, 6.54) 0.429 
2 Years 1422 134 (9) 2.26 (0.52, 9.90) 0.280 1.42 (0.31, 6.63) 0.653 
3 Years 1366 121 (9) 1.15 (0.21, 6.21) 0.874 1.08 (0.19, 6.20) 0.931 

a Model 1 adjusted for age at enrollment in CHCS, sex, race (African American/other), enrollment center and 
education (less than high school/ high school graduate/any vocational school/any college/college graduate/graduate 
or professional school). BMI, smoking status (never/former/current), alcohol (drinks per week), income (8 categories), 
LDL and HDL cholesterol, diabetes (normal/impaired fasting glucose/diabetes by ADA criteria), physical function 
(instrumental activities of daily living: number of activities with which participant has difficulty), physical activity 
(kilocalories expended per week excluding chores) and depression score (normal: 0-9/ at risk for clinical 
depression:10+). 
b Model 2 adjusted for Models 1 covariates and history of stroke, transient ischemic attack, cardiovascular disease 
(myocardial infarction, claudication, angina or congestive heart failure) and hypertension (normotensive/borderline 
hypertensive/hypertensive. 
 
     
 



 

!

49 

 

Table III.3.  Adjusted hazard ratios (HRs) describing associations between a 10 µg/m3 elevation 
in long-term PM10 and exposure and incident dementia, overall and by subtype  

      Model 1a   Model 2b   Model 3c 
Averaging        
period cases subjects HR (95% CI)   HR (95% CI)   HR (95% CI) 
PM10        

dementia 258 1709 1.29 (0.66, 2.51)  1.31 (0.67, 2.58)  1.31 (0.69, 2.48) 
AD 129 1709 1.00 (0.36, 2.77)  1.03 (0.37, 2.92)  1.01 (0.34, 2.98) 
VaD 114 1709 1.98 (0.79, 4.93)   1.99 (0.79, 5.02)   1.90 (0.88, 4.12) 

a Model 1 was stratified on sex and enrollment center and adjusted for age at enrollment in CHCS (continuous), race 
(African American/other), education (grouped linear: less than high school/ high school graduate/any vocational 
school or college/college graduate or graduate or professional school), income (8 categories modeled as grouped 
linear variable) and smoking status (never/former/current). 
b Model 2 was stratified on sex and enrollment center and adjusted for Model 1 covariates and BMI, alcohol (drinks 
per week), LDL and HDL cholesterol, diabetes (normal/impaired fasting glucose/diabetes by ADA criteria), physical 
function (instrumental activities of daily living: number of activities with which participant has difficulty), physical 
activity (kilocalories expended per week excluding chores) and depression score (normal: 0-9/ at risk for clinical 
depression:10+). 
c Model 3 was stratified on sex, enrollment center and history of stroke/TIA and adjusted for Models 1 and 2 
covariates and history of cardiovascular disease (myocardial infarction, claudication, angina or congestive heart 
failure) and hypertension (normotensive/borderline hypertensive/hypertensive).  
!
!
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CHAPTER IV.  

The Relationship between Prevalent and Incident Brain MRI Findings and Air 
Pollutant Exposure in the Cardiovascular Health Study
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Background 

The impact of air pollutants on cardiovascular morbidity is well established.  Numerous 

studies have demonstrated adverse effects of air pollutant exposure on cardiovascular health 

measures1 including systemic inflammation,2,3 blood pressure,4 heart rate variability,5-8 vascular 

function,9,10 altered cardiac structure and function,11,12 cardiac electrical abnormalities13 and 

atherosclerosis.10,14  In the Multi-Ethnic Study of Atherosclerosis and Air Pollution (MESA Air), 

estimated short- and long-term exposure to fine particulate matter were significantly associated 

with measurements on retinal photography, providing evidence that air pollution adversely 

influences the microvasculature.9  Interestingly, in the Cardiovascular Health Study (CHS) 

cohort, those with small vessel disease of the retina compared to those without such retinal 

findings were at higher risk of brain infarcts and poorer white matter grade on magnetic 

resonance imaging (MRI),15 which are themselves markers of small vessel disease and also 

linked to cognitive decline.16-18  Thus, damage to the microvasculature could be an intermediate 

linking air pollution exposure and cognitive outcomes.  

Although much of the focus of air pollution research has been on respiratory and 

cardiovascular effects, evidence from human studies describing adverse impacts of air 

pollutants on the brain is beginning to accumulate. Comparing autopsied brain tissues from 

residents of the heavily polluted Mexico City to those of cities with low pollution, investigators 

observed elevated expression of various markers of neuroinflammation and a significantly 

greater accumulation of beta-amyloid 42, a pathological hallmark of Alzheimer’s disease.19  In 

another study, children residing in Mexico City exhibited deficits in several measures of 

cognitive performance relative to children residing in a less-polluted city and were more likely to 

have brain MRI-defined white matter lesions.20  Similar MRI findings were evident in dogs from 
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the same cities with brain tissue showing on pathologic examination vascular subcortical 

changes associated with neuroinflammation.  In a small controlled-exposure study utilizing a 

blinded randomized crossover design, a significant relationship was observed between 

exposure to dilute diesel exhaust and increases in brain activity measured by quantitative 

electroencephalography,21 providing experimental evidence that traffic-related air pollution can 

affect brain function in humans under experimental conditions.  A relationship between air 

pollutant exposure and brain effects has been observed in several epidemiologic studies.  Black 

carbon, ozone, particulate matter and proximity to traffic have been implicated in these 

effects.22-27  

Our objective here was to investigate the relationship between long-term air pollutant 

exposure and subclinical or covert brain MRI-defined findings, namely in people without a 

history of transient ischemic attack (TIA) or stroke.  Specifically, we hypothesized that long-term 

exposure to particulate matter less than 10 µm in aerodynamic diameter (PM10) and to nitrogen 

dioxide (NO2) would be associated with MRI-defined white matter grade and infarcts in the 

Cardiovascular Health Study (CHS) cohort of older adults living in four communities in the 

United States.  Although the underlying pathology of these MRI findings is not understood 

completely, brain infarcts and white matter lesions have demonstrated adverse consequences 

including cognitive impairment,28,29 incident stroke,30,31 and cardiovascular events.32  

 

Methods 

Study population 

The Cardiovascular Health Study (CHS) is a large, observational study of risk factors for 

cardiovascular disease as described previously33 and in Chapters II and III.  Participants were 

non-institutionalized adults 65 years of age or older at baseline recruited from 4 U.S. 
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communities including Forsyth County, NC; Sacramento County, CA; Washington County, 

MD; and Pittsburgh, PA.  5,201 participants were recruited between 1989-1990, and an 

additional 687 African Americans were recruited between 1992-1993.  A subset of the cohort 

underwent brain MRI scanning between 1991-1994 and between 1997-1999.  These 

participants were younger and healthier than the cohort as a whole.  Informed consent was 

obtained from all 5,888 participants in accordance with Institutional Review Board guidelines at 

each study center.  

Exposure assessment 

Residence-specific estimates of long-term exposure to particulate matter <10 µg in 

diameter (PM10) and nitrogen dioxide (NO2) were generated using inverse distance weighting 

methods as described in Chapters II and III.  Estimates were based on U.S. Environmental 

Protection Agency Aerometric Information Retrieval System (Allegheny and Forsyth Counties) 

and California Air Resources Board Ambient Air Quality (Sacramento County) data spatially 

interpolated to the geocoded residential locations of CHS participants in all study communities 

except for Washington County. 

Outcome ascertainment 

All CHS participants were invited to undergo brain MRI scans twice during follow-up, first 

between November 1991 and May 1994 (n = 3,660) and again between May 1997 and 

December 1999 (n = 2,313).  A total of 2,116 participants underwent brain MRI scanning on 

both occasions.  The scanning protocol included sagittal T1-weighted localizer images and axial 

T1, spin density and T2 weighted images.34  Axial images had 5-mm thickness without interslice 

gaps.  Those who were willing and had no contraindications for the scan were younger, 

healthier, and more educated than those who did not.  At a centralized reading center, 

neuroradiologists, without knowledge of clinical information of participating individuals, identified 

brain infarcts and estimated white matter grade.  Infarcts were defined as a region of abnormal 
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signal intensity in a vascular distribution that lacked mass effect and were at least 3 

millimeters in maximum diameter.  White matter grade was scored on a 10-point scale using 

library templates.  To improve reliability of measures of change in white matter grade, initial and 

follow-up scans were reread in 2001-2002 side-by-side by raters blinded to both the original 

grade and order of the scans.18    

Covariate assessment 

Data on covariates of interest were collected during annual clinical examinations 

between 1989 and 2000.  For the analyses presented here, we were interested in covariate 

values obtained at the examination an individual participated in that was closest in time but prior 

to the brain MRI.  When the examination date and relevant covariates measured during that 

examination were missing, an individual was assumed not to have participated in that 

examination cycle.  The CHS adjudicated endpoints included myocardial infarction, angina, 

claudication, stroke, transient ischemic attack (TIA), and congestive heart failure.35  The 

prevalence of these endpoints ascertained during the most recently attended examination was 

utilized in analyses to ensure disease status was assessed prior to the MRI.  Participants with a 

history of transient ischemic attack or stroke prior to the MRI were excluded.   

Statistical analyses 

 To maximize the sample size for analyses, we used generalized estimating equations 

(GEE) with robust standard errors to estimate associations between long-term PM10 and NO2 

exposure and repeated measures of prevalent white matter grade (modeled as a continuous 

and binary variable) and infarcts (presence/absence).  GEE methods account for within-

participant correlations between multiple measurements on the same person.  Those with an 

infarct < 3 mm in maximum diameter, which were not reliably measured, were excluded in 

infarct analyses except as subsequently described.  Exposure intervals of interest included 
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mean exposure in the one, two, three and four years preceding each MRI.  Pollutant 

concentrations varied by season.  As a result, in an effort to use estimates representative of 

annual exposure, we included in analyses only those one, two, three and four year averages 

generated from at least 9, 18, 27 and 36 months, respectively.  Primary analyses adjusted for 

sex, clinic, age at MRI, education, race, date of MRI, physical activity, BMI, smoking and 

diabetes.  Secondary analyses also adjusted for LDL and HDL cholesterol, hypertension, use of 

hypertension medications, statins or diuretics, any prevalent cardiovascular disease, MRI-

detected infarcts in white matter grade analyses and white matter grade in MRI-detected infarct 

analyses.   

We also evaluated relationships between PM10 and NO2 exposure and worsening white 

matter grade (using grade ascertained in scan re-reads) and incident infarcts in the subset of 

the cohort with both brain MRI scans in logistic regression models.  Exposure intervals of 

interest included mean exposure in the one, two and three years preceding each MRI as well as 

mean exposure between MRIs.  Primary and secondary analyses were adjusted for the 

variables above as well as time between scans and infarct at initial scan in white matter 

worsening analyses and white matter grade at the initial MRI in incident infarct analyses.  

Associations are reported as the either an increase in white matter grade or relative increase in 

odds of white matter worsening or MRI-detected infarct associated with a 10 µg/m3 or 10 ppb 

elevation in estimated mean long-term PM10 or NO2 exposure.  These are increments commonly 

used in studies examining the health effects of air pollutant exposure.  Robust standard errors 

were not used in primary logistic regression analyses.  Leave-one-out diagnostics were utilized 

to provide an approximation of the validity of GEE analyses.  Goodness-of-fit of logistic 

regression models was assessed using the Hosmer and Lemeshow goodness-of-fit test, and 

influential observations were detected by calculating Pregibon’s delta beta statitistics. 
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Sensitivity analyses 

 In sensitivity analyses, we explored the effect of additional adjustment for income at 

baseline and APOE as well as the number of alcoholic beverages consumed per week and 

creatinine, both ascertained at the exam closest in time to the MRI.  Also, given the improved 

reliability of the variables used to calculate change in white matter grade from scan re-reads, we 

examined the effect of using scan re-read variables in analyses of PM10 and NO2 effects on 

repeated measures of white matter grade.  The scan re-read variables were not used in primary 

analyses as they were available only for the subset of the cohort who had both brain MRIs.  In 

addition, we performed analyses restricted to the primary subject in each household to examine 

the sensitivity of our findings to within-household clustering as some participants in this study 

resided in the same household as another subject.  Finally, risk factor profiles of lacunar infarcts 

may differ by size.36  Specifically, beyond the common risk factors of age, hypertension and 

smoking, a recent study demonstrated that diabetes and glycated hemoglobin were the 

strongest risk factors for small infarcts (! 7mm) whereas LDL cholesterol appeared to be the 

most important risk factor for larger infarcts (8-20mm).36  To explore the possibility that air 

pollutant associations may differ by infarct size, we evaluated the relationship between PM10 

and NO2 and the following case groups: any infarct !7 mm in maximum diameter, which 

included the presence of lesions < 3 mm; and any infarct 8-20 mm in maximum diameter.  The 

control group in all analyses was comprised of those free of an infarct of any size. 

 

Results 

Characteristics generally were similar for CHS participants across tertiles of long-term 

PM10 exposure for each scan examined separately (Table IV.1).  Notable exceptions included 

site and smoking status with few participants residing in Allegheny County in the lowest tertile 
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for either scan and more former smokers in the highest tertile of exposure for the second 

MRI.  PM10 exposure was highest prior to the first MRI in Sacramento County and prior to the 

second MRI in Allegheny County (Figure IV.1).  NO2 exposure was highest in Allegheny County 

regardless of MRI.  Pollutant concentrations generally declined over the course of CHS follow-

up resulting in higher mean estimates generated based on longer averaging periods.  The 

greatest variability in exposure was observed in Sacramento County and Allegheny County.  

Estimated air pollutant exposures were significantly correlated with each other for each MRI 

(Table IV.2).  Correlations were particularly strong between PM10 estimates generated from at 

least a two-year interval before the first MRI, all PM10 estimates for periods preceding the 

second MRI, and all NO2 estimates regardless of MRI.  PM10 and NO2 were significantly 

correlated as well although not as strongly. 

Mean white matter grade worsened between MRIs, and both prevalent and incident 

infarcts were common in the CHS population (Table IV.3).  A 10 !g/m3 and 10 ppb difference in 

mean PM10 and NO2 exposure (averaged over the prior 1, 2, 3 and 4 years preceding an MRI 

scan) was associated with higher (i.e. worse) white matter grade in fully-adjusted linear models 

(Table IV.4).  In logistic models in which exposure was averaged over the 2 years preceding an 

MRI, those exposed to 10 µg/m3 higher PM10 levels had 1.32-fold (95% CI: 1.04, 1.68) greater 

odds of having white matter grade greater than 2, and those exposed to 10 ppb higher NO2 

levels had 1.58-fold (95% CI: 1.07, 2.32) greater odds of having white matter grade greater than 

2 (Table IV.5).  Odds ratios describing associations over different exposure intervals were 

smaller in magnitude and nonsignificant.  Elevated PM10 and NO2 exposure, over any averaging 

period, was not significantly associated with worsening white matter between MRIs in analyses 

restricted to those who participated in serial brain MRIs (Table IV.6), and the effect of air 
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pollutant exposure on white matter grade did not depend significantly on APOE "4 status 

(results not shown). 

Greater exposure to either pollutant was not positively associated with prevalent (Table 

IV.7) or incident (Table IV.8) infarcts regardless of exposure averaging period used.  The 

magnitude of the ORs generally indicated reduced, and in some case significantly reduced, 

odds of infarct associated with higher air pollutant exposure.  Secondary adjustment variables 

had little influence on overall conclusions.  Similar results were observed when alternate case 

definitions were used, which examined air pollutant effects on MRI-detected infarcts " 7 mm (or 

10 mm) in maximum diameter (with or without inclusion of infarcts less than or equal to 3 mm in 

maximum diameter) or MRI-detected infarcts 8-20 mm. 

Leave-one-out diagnostics provided some, if limited, assurance that GEE analyses 

presented here are valid and not overly influenced by particular observations.  Hosmer 

Lemeshow goodness-of-fit tests suggest logistic regression analyses examining the relationship 

between air pollutants (regardless of exposure averaging period) and incident brain MRI 

findings did not have significant problems with fit with the exception of the analysis examining 

the relationship between PM10 averaged over the three years prior to the initial MRI and 

worsening white matter.  Observations with Pregibon’s delta beta statistics greater than 0.2 

were identified in both white matter worsening and incident infarct analyses; however, their 

exclusion from analyses did not change overall  conclusions. 

 

 

Discussion 

In this study of older adults residing in three U.S. communities, results suggested that 

long-term exposure to traffic-related pollutants is associated with subclinical or covert white 
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matter lesions.  Age is a consistently identified strong risk factor for white matter lesions, and 

the effect of a 10 µg/m3 increase in PM10 on white matter grade seen in the present study was 

equivalent approximately to an increase of 1.5-2.5 years of age, depending on the period over 

which the exposure was averaged.  The primary results were from a repeated measures 

analysis in which the relationship between air pollutant exposure, treated as a time-dependent 

variable, and white matter grade on MRI was assessed.  No relationship was observed between 

air pollutant exposure and white matter worsening in those who had two brain MRIs.  This may 

be because there truly is no relationship or the time period between MRIs was too short to 

observe air pollutant-associated white matter worsening.  Alternatively, the lack of a significant 

association may be a consequence of the smaller sample size in analyses of white matter 

worsening.   

Previous work has demonstrated significant cross-sectional and longitudinal links 

between exposure to traffic-related pollutants and cognitive impairment.22-24,26,27  In an ecologic 

study of MRI findings in children living in a high- versus low-pollution cities, over half of children 

with high exposure had MRI-defined white matter hyperintensities compared to only one 

residing in a low-pollution city.20  The findings were corroborated in dogs from the same cities.  

Although our results must be interpreted with caution, the associations reported here suggest 

that air pollution affects the brain’s white matter.  Higher white matter grade, though clinically 

unrecognized or covert, is not without adverse consequences as it has been linked to cognitive 

impairment and functional decline in addition to being a significant predictor of future vascular 

events affecting the brain and the heart.  White matter grade was correlated with serum 

interleukin-6 (IL-6) and C-reactive protein (CRP), plasma markers measured in the CHS study 

population.37  Both are well-recognized biomarkers of the inflammatory response that may 

mediate the effects of air pollution on the brain.  Further work is required to determine if white 

matter injury may be in the pathway between air pollution exposure and cognitive decline.  
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Unexpectedly, no associations were observed between MRI-detected brain infarcts 

and any air pollutant over any averaging period.  White matter injury and brain infarcts are both 

thought to be manifestations of small vessel disease,38 and we expected that if air pollution 

affected one, it would affect the other through the same pathway.  Possibly, the significant 

associations between the air pollutants and higher white matter grade occurred by chance.  

Alternatively, air pollution may affect white matter through a mechanism less likely to influence 

risk of infarcts.   

This study has a number of strengths including individual, residence-specific air pollutant 

exposure estimates, serial brain MRI imaging, and extensive information on potentially 

confounding factors for this large cohort.  It has limitations as well.  Participants who underwent 

MRI scanning were younger and healthier than those who did not and younger and healthier 

than those in the general elderly population.  Possibly those who experienced an infarct or white 

matter worsening were less likely to have an MRI.   Also, exposure measurement error exists as 

estimates were based on inverse distance weighting methods, which utilize pollutant 

concentrations at monitors to estimate exposure at residences.  Moreover, we evaluated the 

effects of two pollutants averaged over several time periods on prevalent and incident brain 

MRI-detected outcomes.  Given the multiple statistical tests utilized, we would expect to see 

significant associations due to chance alone.  However, associations between air pollutants and 

repeated measures of white matter grade were consistently significant in fully-adjusted analyses 

regardless of pollutant or exposure averaging period used, lessening the multiple testing 

concern somewhat.  In addition, there was a consistent lack of a significant association between 

either air pollutant and MRI-detected infarcts. 

In summary, our findings suggest a relationship between long-term exposure to air 

pollutants and a specific brain MRI finding in the white matter.  The findings in this cohort of 

older adults are consistent with a prior study in children.20  We did not find an association with 
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brain infarcts raising the possibility that air pollutants may affect white matter by toxic rather 

than vascular mechanisms.  Evaluation of the effects of air pollutants on the white matter in 

animal studies and in other cohorts in which brain MRIs have already been performed is 

necessary to confirm these results and advance our understanding of the mechanism by which 

air pollutants affect the brain.  
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Tables and Figures 

!

Table IV.1.  Selected characteristics of CHS participants who underwent brain MRI scanning by 
tertile of estimated mean PM10 exposure in the 2 years prior to MRI 

  First MRI (1991-1994) Second MRI (1997-1999) 
 Tertile of PM10 exposure (µg/m3)  Tertile of PM10 exposure (µg/m3) 
 < 31.3 31.3-34.9 > 34.9 < 23.1 23.1-27.1 > 27.1 
Characteristica (n = 624) (n = 624) (n = 623) (n = 461) (n = 459) (n = 460) 
Site       

Forsyth, NC 82 15 1 28 58 0 
Sacramento, CA 18 46 36 71 42 1 
Allegheny, PA < 1 39 63 <1 0 99 
Washington, MD - - - - - - 

Age (yrs); mean (SD) 75 (5) 76 (5) 75 (5) 79 (4) 79 (4) 79 (4) 
African American 7 5 6 23 15 23 
Female 58 58 57 62 58 58 
Education       

< high school 27 18 14 20 22 15 
high school grad/GED 28 29 28 30 25 29 
> high school 46 53 58 50 53 56 

Instrumental ADLs; mean(SD) 0.3 (0.7) 0.3 (0.6) 0.3 (0.6) 0.4 (0.8) 0.4 (0.8) 0.3 (0.8) 
Kcals/week leisure activity; 
mean (SD) 

1178 
(1594) 

1268 
(1635) 

1326 
(1573) 

1071 
(1481) 

1303 
(1656) 

908 
(1118) 

Smoking       
former  41 45 47 44 39 52 
current 9 8 9 7 7 7 

BMI (kg/m2); mean (SD) 26 (4) 26 (4) 26 (4) 27 (4) 26 (4) 27 (4) 
Any diuretic use 22 19 20 29 27 21 
Any statin use 3 6 5 14 10 16 
LDL chol. (mg/dl); mean (SD) 124 (32) 125 (33) 128 (33) 127 (32) 124 (32) 127 (32) 
HDL chol. (mg/dl); mean (SD) 54 (15) 53 (15) 55 (15) 56 (15) 55 (14) 53 (14) 
Diabetes       

impaired fasting glucose 9 10 9 5 7 6 
diabetes 12 10 10 12 12 14 

Hypertension       
borderline 16 16 13 11 12 9 
hypertensive 38 37 32 48 44 45 

Hypertension medication 42 43 43 56 52 55 
Cardiovascular diseaseb  19 21 22 23 22 27 

a Numbers represent percentages unless otherwise indicated. 
b Prevalent cardiovascular disease includes a history of angina, myocardial infarction, claudication or congestive 
heart failure. 
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a) PM10 (first and second MRI)a 

b) NO2 (first and second MRI)a 
 

 

Figure IV.1.  Air pollutant concentrations averaged over the one, two, three and four years prior to 
each brain MRI, by enrollment center  
a Boxes, whiskers and points indicate the interquartile range, the upper and lower adjacent values and outliers, 
respectively. 
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Table IV.2.  Summaries and Spearman correlations between PM10 and NO2 exposure estimated 
over various periods preceding each MRI 
 
a) First MRI (N = 1,587)a 

  PM10 averaged over preceding: NO2 averaged over preceding: 
  Year 2 Years 3 Years 4 Years Year 2 Years 3 Years 4 Years 
PM10 averaged over preceding:       
Year 1.00        
2 Years 0.89 1.00       
3 Years 0.59 0.83 1.00      
4 Years 0.52 0.73 0.94 1.00     
NO2 averaged over preceding:       
Year 0.74 0.68 0.42 0.36 1.00    
2 Years 0.78 0.77 0.55 0.48 0.95 1.00   
3 Years 0.78 0.79 0.56 0.50 0.93 0.98 1.00  
4 Years 0.76 0.77 0.55 0.49 0.92 0.97 0.98 1.00 

 
b) Second MRI (N = 1,559)a 

  PM10 averaged over preceding: NO2 averaged over preceding: 
  Year 2 Years 3 Years 4 Years Year 2 Years 3 Years 4 Years 
PM10 averaged over preceding:       
Year 1.00        
2 Years 0.91 1.00       
3 Years 0.84 0.88 1.00      
4 Years 0.86 0.96 0.93 1.00     
NO2 averaged over preceding:       
Year 0.80 0.77 0.84 0.78 1.00    
2 Years 0.79 0.79 0.84 0.80 0.94 1.00   
3 Years 0.77 0.76 0.83 0.78 0.94 0.97 1.00  
4 Years 0.77 0.76 0.82 0.79 0.92 0.97 0.98 1.00 

a All Spearman correlation coefficients were statistically significant (P<0.05). 
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Table IV.3.  Prevalence and incidence of brain MRI findings at first and second scans  
  First MRI   Second MRI 
  N %    N % 
White matter grade      

Mean (SD) 1,864 2.1 (1.4)  1,378 2.5 (1.6) 
Grade > 2 1,864 31  1,378 42 
Worsening - -  1,026 28 
      

MRI-detected infarcts ! 3mm     
prevalent 1,572 24  1,174 23 
incident  - -    676 13 
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Table IV.4.  Associations between long-term exposure to PM10 (10 µg/m3 increment) and NO2 (10 
ppb increment) exposure and white matter grade (continuous) in repeated measures analyses   
    Primary Modela Secondary Modelb 
Averaging      
period Nc #1 (95% CI) P-value #1 (95% CI) P-value 
PM10      

Year 3050 0.12 (0.01, 0.23) 0.033 0.13 (0.02, 0.23) 0.024 
2 Years 2918 0.14 (0.01, 0.27) 0.029 0.15 (0.03, 0.28) 0.019 
3 Years 2836 0.18 (0.05, 0.31) 0.005 0.21 (0.08, 0.33) 0.002 
4 Years 2571 0.13 (-0.01, 0.27) 0.076 0.17 (0.03, 0.31) 0.021 

      
NO2      

Year 3052 0.26 (0.05, 0.47) 0.017 0.27 (0.05, 0.48) 0.015 
2 Years 2932 0.37 (0.14, 0.61) 0.002 0.39 (0.15, 0.62) 0.001 
3 Years 2876 0.35 (0.09, 0.61) 0.009 0.36 (0.10, 0.62) 0.006 
4 Years 2602 0.35 (0.06, 0.64) 0.018 0.40 (0.12, 0.68) 0.005 

a Adjusted for sex, clinic, age at MRI, education, race, date of MRI, physical function and activity, BMI, smoking and 
diabetes.  
b Adjusted for primary model covariates and LDL and HDL cholesterol, hypertension, hypertension medications, statin 
use, diuretic use, any prevalent cardiovascular disease and prevalent infarct.  
c N refers the number of MRIs performed. 
 
 
 
 

Table IV.5.  Associations between long-term exposure to PM10 (10 µg/m3 increment) and NO2 (10 
ppb increment) exposure and white matter grade > 2 in repeated measures analyses 
    Primary Modela Secondary Modelb 
Averaging      
period Nc OR (95% CI) P-value OR (95% CI) P-value 
PM10      

Year 3385 1.17 (0.96, 1.43) 0.122 1.20 (0.98, 1.47) 0.074 
2 Years 3242 1.26 (1.00, 1.59) 0.048 1.32 (1.04, 1.68) 0.022 
3 Years 3152 1.18 (0.94, 1.49) 0.148 1.27 (1.00, 1.61) 0.051 
4 Years 2856 1.13 (0.89, 1.44) 0.304 1.24 (0.96, 1.61) 0.101 

      
NO2      

Year 3387 1.27 (0.91, 1.77) 0.153 1.31 (0.93, 1.85) 0.128 
2 Years 3257 1.50 (1.04, 2.18) 0.031 1.58 (1.07, 2.32) 0.020 
3 Years 3194 1.32 (0.88, 1.95) 0.176 1.35 (0.89, 2.05) 0.152 
4 Years 2883 1.23 (0.80, 1.90) 0.342 1.33 (0.85, 2.09) 0.215 

a Adjusted for sex, clinic, age at MRI, education, race, date of MRI, physical function and activity, BMI, smoking and 
diabetes.  
b Adjusted for primary model covariates and LDL and HDL cholesterol, hypertension, hypertension medications, statin 
use, diuretic use, any prevalent cardiovascular disease and prevalent infarct.  
c N refers the number of MRIs performed. 
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Table IV.6.  Longitudinal associations between long-term exposure to PM10 (10 µg/m3 
increment) and NO2 (10 ppb increment) exposure and worsening white matter grade in CHS 
participants who underwent serial brain MRIs  
    Primary Modela Secondary Modelb 
Averaging      
period N OR (95% CI) P-value OR (95% CI) P-value 
PM10      

Year 1111 1.15 (0.72, 1.85) 0.557 1.08 (0.67, 1.75) 0.740 
2 Years 1027 1.14 (0.60, 2.16) 0.687 1.08 (0.57, 2.06) 0.814 
3 Years 990 0.98 (0.40, 2.36) 0.958 0.90 (0.37, 2.19) 0.808 
4 Years 814 1.57 (0.50, 4.91) 0.435 1.39 (0.44, 4.42) 0.578 

      
NO2      

Year 1111 1.04 (0.41, 2.66) 0.933 0.93 (0.36, 2.41) 0.884 
2 Years 1032 0.73 (0.24, 2.22) 0.584 0.64 (0.21, 1.98) 0.442 
3 Years 1015 0.56 (0.17, 1.80) 0.327 0.47 (0.14, 1.54) 0.212 
4 Years 829 1.18 (0.29, 4.83) 0.817 1.01 (0.24, 4.27) 0.990 

a Adjusted for sex, clinic, age at MRI, education, race, physical function and activity, BMI, smoking, diabetes, time 
between scans and grade at initial scan.  
b Adjusted for primary model covariates and LDL and HDL cholesterol, hypertension, hypertension medications, statin 
use, diuretic use, any prevalent cardiovascular disease and prevalent infarct.  
 
 
 
 

Table IV.7.  Associations between long-term exposure to PM10 (10 µg/m3 increment) and NO2 (10 
ppb increment) exposure and infarcts in repeated measures analyses 
    Primary Modela Secondary Modelb 
Averaging      
period Nc OR (95% CI) P-value OR (95% CI) P-value 
PM10      

Year 2881 0.92 (0.73, 1.16) 0.489 0.91 (0.71, 1.17) 0.471 
2 Years 2746 0.87 (0.65, 1.16) 0.335 0.83 (0.61, 1.13) 0.231 
3 Years 2677 0.79 (0.61, 1.04) 0.094 0.74 (0.55, 0.99) 0.045 
4 Years 2442 0.75 (0.57, 1.00) 0.049 0.71 (0.52, 0.96) 0.029 

      
NO2      

Year 2881 0.83 (0.55, 1.23) 0.350 0.77 (0.51, 1.24) 0.310 
2 Years 2757 0.74 (0.47, 1.17) 0.202 0.68 (0.42, 1.10) 0.112 
3 Years 2702 0.77 (0.48, 1.26) 0.301 0.72 (0.43, 1.21) 0.218 
4 Years 2466 0.77  (0.45, 1.30) 0.328 0.70 (0.40, 1.21) 0.200 

a Adjusted for sex, clinic, age at MRI, education, race, date of MRI, physical function and activity, BMI, smoking and 
diabetes.  
b Adjusted for primary model covariates and LDL and HDL cholesterol, hypertension, hypertension medications, statin 
use, diuretic use, any prevalent cardiovascular disease and white matter grade.  
c N refers the number of MRIs performed. 
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Table IV.8.  Associations between long-term exposure to PM10 (10 µg/m3 increment) and NO2 (10 
ppb increment) exposure and incident infarcts in CHS participants who underwent serial brain 
MRIs and had no infarcts on initial scan  
Averaging      
period N OR (95% CI) P-value OR (95% CI) P-value 
PM10      

Year 740 0.58 (0.26, 1.27) 0.170 1.01 (0.40, 2.57) 0.983 
2 Years 676 0.62 (0.21, 1.83) 0.390 1.70 (0.42, 6.84) 0.458 
3 Years 659 0.37 (0.09, 1.56) 0.175 0.71 (0.12, 4.14) 0.707 
4 Years 524 0.68 (0.11, 4.19) 0.682 0.90 (0.11, 7.65) 0.922 

      
NO2      

Year 740 0.69 (0.16, 3.01) 0.623 0.69 (0.15, 3.28) 0.644 
2 Years 681 0.80 (0.14, 4.62) 0.801 0.91 (0.14, 5.96) 0.921 
3 Years 667 0.88 (0.14, 5.47) 0.891 0.99 (0.14, 6.81) 0.989 
4 Years 559 0.57 (0.07, 4.41) 0.580 0.43 (0.05, 3.70) 0.444 

a Adjusted for sex, clinic, age at MRI, education, race, physical activity, BMI, smoking, diabetes and time between 
scans.  
b Adjusted for primary model covariates and LDL and HDL cholesterol, hypertension, hypertension medications, statin 
use, diuretic use, any prevalent cardiovascular disease and white matter grade at initial scan.  
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Context of Findings 

Around the time publications describing the relationship between air pollution and stroke 

began to emerge,1-4 provocative studies were published comparing the brains of canines5 and 

humans6 living in Mexico City to the brains of residents of a control city.  PM concentrations 

regularly greatly exceed National Ambient Air Quality Standards (NAAQS) in Mexico City, 

whereas air quality is comparatively good in the control city.  Neuroinflammation, Alzheimer’s 

disease (AD)-like pathology and compromised blood-brain barrier (BBB) integrity all were 

evident in the brains of Mexico City residents.  This and subsequent work provided evidence 

that high concentrations of air pollutants may influence not only neuroinflammation and 

neuropathology but also cognition and risk of MRI-detected white matter hyperintensities 

through vascular-independent pathways.7,8  While the findings from this series of studies were 

intriguing, there were limitations including small numbers of subjects, the potential for 

confounding by other city-specific factors and the lack of individual-level estimates of exposure.  

Questions remained, and chief among them is whether extreme exposure to air pollutants was 

necessary in order for air pollutants to have neurotoxic effects. 

A number of studies have since demonstrated consistent links between air pollution 

exposure and poorer performance on cognitive assessments in several different populations 

exposed to a range of concentrations of various air pollutants.  Three of these employed 

ecological designs in high-exposure settings and are thus subject to the same limitations of the 

Calderón-Garcidueñas research.  However, the four cross-sectional studies, for which 

residence-specific exposure estimates were available, demonstrated significant associations 

between black carbon (BC),9 ozone,10 proximity to high-traffic roadways11 and nitrogen dioxide 

(NO2)12 and measures of intelligence, psychomotor speed, memory, attention and gross motor 
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function.  Power et al. examined the effect of BC on repeated measures of the Mini-Mental 

State Exam (MMSE), a validated screening test for dementia, as well as several other cognitive 

assessments in older men participating in the Normative Aging Study.  These authors observed 

significantly lower scores associated with higher BC exposures but did not report any 

acceleration of cognitive decline over time or if such a relationship was evaluated.  In the most 

recent study, Weuve and colleagues observed significantly faster cognitive decline in older 

women in the Nurses’ Health Study (NHS) exposed to elevated concentrations of PM.  

Importantly, mean PM2.5 concentrations, regardless of the time window of exposure utilized, 

were below the NAAQS for fine PM.   

Four of the nine studies examining air pollutant effects on cognition, and both 

longitudinal, studies utilized spatiotemporal model-generated estimates of exposure to BC, NO2 

and PM of three size fractions and found that traffic-related exposures may be particularly 

harmful.  However, it is not clear which pollutant is most toxic or if these measures act as 

surrogates for other traffic-related exposures such as ultra-fine particles or even noise, which 

can be correlated with traffic-related exposures.13  Together, these epidemiologic studies 

indicate that the developing, developed and aging brain are sensitive to exposure to air 

pollutants.  Interestingly, in the three studies in which adjustment for prevalent cardiovascular 

disease was possible, there was no attenuation of risk estimates observed when cardiovascular 

risk factors were included in statistical models, providing some suggestion that the causal 

pathway between air pollutant exposure and decreased cognitive function may be independent 

of vascular pathology.  Little additional evidence for the relevant biologic pathways is available 

from the studies published to date. 
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Summary of Air Pollutant Effects in the Cardiovascular Health Study 

The findings presented in the preceding chapters describe the effects of long-term air 

pollutant exposure on various measures of brain health in the Cardiovascular Health Study 

(CHS) cohort.  We defined long-term in different ways for each of the analyses, and exposure 

averaging periods and associated effects are summarized in Table V.  A consistent approach 

across all chapters was the use of averaging periods over multiple years.  The primary rationale 

for evaluating the effects of exposure on brain outcomes averaged over one, two or three years 

was to establish whether an association was consistent over various periods of time and not 

simply an artifact of the particular averaging period chosen.  Exposure estimates were based 

entirely on concentrations observed at regulatory monitors, and we expect the specific monitors 

utilized in inverse distance weighting methods changed from year to year.  The objective of 

using averaging periods of different lengths was to smooth out air pollutant measurements that 

were unrepresentative of longer-term exposure.   

When possible, exposure averaging periods preceding outcome ascertainment were 

utilized.  Follow-up for dementia and brain MR imaging began during the fourth CHS clinical 

examination cycle meaning that the exposure intervals of interest could precede outcome 

measurement.  However, cognitive assessments began at study entry for the DSST and at the 

second examination cycle for the 3MSE.  Air pollutant exposure was not estimated prior to study 

entry, and, as a result, long-term exposure averaging periods occurred after baseline cognitive 

assessments.  Excluding the first or first two cognitive assessments was not desirable as more 

participants completed earlier, rather than later, cognitive assessments.  We also examined 

time-dependent exposures in analyses of each brain outcome to evaluate the importance of 

recent exposure.   

The approach used to examine the effects of long-term air pollutant exposure on the 
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brain in our study has advantages, as noted above; however, concerns with this strategy 

warrant discussion.  First, recruitment of participants in CHS occurred over several years, and 

clinical examinations were conducted over 1-2 years, meaning that the exposure averages 

utilized in analyses occur over different calendar periods for different participants.  Different 

calendar years may be more or less representative of true long-term exposure, either due to 

different monitors being in use during the averaging period or short-term fluctuations in air 

pollutants.  Second, the approach described above is limited in its ability to allow for the 

comparison of results between analyses.  Consistent results regardless of air pollutant 

examined or averaging period utilized in cognitive decline and white matter grade analyses 

lessen these concerns somewhat.  However, air pollutant averages for a fixed calendar year (or 

years) based not just on monitored concentrations but also on other predictors of exposure 

would lessen concerns further.   

Our main findings were significant associations between estimated long-term exposure 

to PM10 and NO2 and faster rates of cognitive decline, elevated risk of vascular dementia (VaD) 

and higher prevalent white matter grade on brain MRI.  Our cognitive decline analyses 

benefitted from repeated measures of cognitive performance assessed by the Modified Mini-

Mental State Exam (3MSE), a test of global cognition scored from 1-100.  Relative to the 

MMSE, the 3MSE more precisely captures differences in cognitive abilities and reduces ceiling 

effects compared to the MMSE, which occurs when individuals achieve the maximum score but 

would have scored more highly if the exam had tested for higher performance.  Two of the three 

published studies examining the effects of PM10 on cognition in adults observed no association.  

One 10 of these studies averaged exposure only over the year preceding the cognitive 

assessment at the centroid of the census block group in which the participant resided.  Although 

we do not expect our PM10 estimates to be appreciably more resolved than those generated at 

the block group level, we do expect longer-term exposures are more biologically important and 
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also that the residential stability of the CHS population was greater than that observed in the 

NHANES III study of younger adults.  The other study 11 in which no PM10 effect was observed 

had less variability in exposure, which could have affected the ability to detect an association.  

Our results are consistent with those observed in the NHS population14 although we observed a 

slower rate of PM-associated decline, when compared to that observed with age, which may be 

due to the fact that we used a different cognitive assessment tool and also less spatially-

resolved estimates of exposure.  Our findings with respect to NO2 effects were generally similar 

to those observed for PM10, which may be due to the significant correlation between these 

pollutants in our study.  In addition, both pollutants were associated with faster decline in Digit 

Symbol Substitution Test (DSST) performance in CHS. 

The assessment of dementia in CHS allowed us to examine the contribution of air 

pollutants to the most debilitating manifestation of cognitive decline.  Moreover, the assessment 

by subtype provided insight into potential underlying mechanisms.  We observed significant 

relationships between long-term PM10 exposure and VaD but not AD.  The findings were 

attenuated, though not completely, by inclusion of history of stroke or transient ischemic attack 

in models.  PM10 exposure may have resulted in vascular pathology and/or damage to the white 

matter of the brain, which was part of the classification criteria of possible VaD in CHS.15  This 

white matter damage may or may not have occurred through vascular mechanisms.  Our 

findings did not provide evidence for a link between chronic air pollutant exposure and AD.  The 

absence of a detected association with AD may be because there is, contrary to the Calderón-

Garcidueñas findings, no relationship between air pollutants and AD or because those in the 

preclinical stages of AD related to chronic air pollution exposure may have been less likely to 

participate in the study.  Alternatively, exposure earlier in life may be more important than 

exposure in old age in AD, which, relative to other dementia subtypes, progresses very slowly.16  

Long-term exposure to both PM10 and NO2 were linked with higher (i.e. worse) white 
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matter grade detected on brain MRI.  The observed increase in white matter grade 

associated with 10 µg/m3 higher estimated long-term PM10 exposure was similar to that 

observed with approximately 2 years of aging in our dataset, depending on the exposure 

averaging period used.  There was no relationship between exposure and prevalent brain 

infarcts, suggesting that a vascular mechanism alone may not be responsible for the observed 

effects on brain white matter.  Air pollutants may reach the brain directly though nasal routes or 

through a compromised BBB and exert direct toxic effects on brain white matter as described 

following exposure to radiation, chemotherapeutics, and occupational solvents.17 

Our analyses were conducted in a large, residentially-stable and well-characterized 

population of older adults but have several notable limitations.  Potentially important factors not 

taken into account include neighborhood characteristics (e.g. mean education and income at the 

census tract level) and dietary intake, both of which plausibly could be related to both air 

pollutant exposure and cognitive decline and brain MRI findings.  We attempted to address this 

through adjustment for enrollment center and individual-level confounders such as education 

and income. 

We relied on estimated ambient PM10 and NO2 estimates generated using inverse 

distance weighting methods, averaging concentrations observed at nearby monitors to estimate 

exposure at residences, an approach with several limitations.  Basing estimates on the location 

of participants’ residences ignores actual time spent in and outside the home, time spent 

commuting in traffic and time spent at the workplace that may be in area with different exposure 

characteristics.  Estimates are based on ambient monitors and ignore infiltration rates between 

outdoor and indoor air and do not include estimates of indoor sources of air pollution exposure.  

In addition, we were unable to construct long-term residential histories prior to study entry.  This 

limits our ability to assess exposure during time periods likely relevant to the development of 

dementia, for example.  Furthermore, predicted pollutant concentrations were estimated from a 
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spatial surface that is likely overly-smoothed as a result of a sparse network of monitoring 

stations, particularly in Forsyth County, which likely resulted in large errors in estimates and an 

inability to detect the true variability in exposure between individuals.  However, we expect that 

exposure misclassification would be non-differential with respect to the brain health measures 

examined and would limit our ability to detect associations rather than artificially inflate risk 

estimates.    

Another limitation to our work is that we examined only PM10 and NO2 effects. PM10 is 

comprised of both fine PM (! 2.5 µm in diameter) and coarse PM (>2.5 and ! 10 µm in 

diameter), which have different primary sources and health effect profiles.  It is not clear if one 

size fraction is most important or if both contribute to the observed results.  NO2 is a marker of 

traffic and industrial emissions and exhibits a high level of spatial variability that could not be 

captured by our approach to exposure estimation.  In addition, significant correlations between 

ambient PM10 and NO2 were present.  As a result, observed associations between NO2 and 

effects on the brain may have been due to PM exposure.  Also, it is possible that observed 

effects are not from either of the evaluated pollutants but from other correlated exposures.  

Although it is not practical in a large cohort study to have monitors at each residential 

location or to have each participant wear a personal monitor, improvement on our exposure 

estimates is possible using more advanced modeling approaches.  More refined estimates of 

exposure, which in addition to information from stationary monitors, would incorporate 

geographic covariates (e.g. proximity to major roadways, traffic density, population density and 

percentage of urbanization) and likely capture more within-city spatial variability.  In addition, 

they would allow for the estimation of exposure for CHS participants residing in Washington 

County, Maryland, substantially increasing the sample size for analyses.   

Finally, we examined the effects of long-term air pollutant exposure, defining long-term 

in several different ways, on many measures of brain health.  The high number of statistical 
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tests raises the concern of multiple testing, whereby we would expect to observe significant 

findings even if there were no true relationship between air pollutants and cognition, dementia or 

MRI-detected findings.  We observed wide confidence intervals in our analyses of PM10 and 

prevalent VaD, and a significant relationship was not observed between NO2 and VaD, raising 

concerns about whether this is a real or chance finding.  We have the most confidence in our 

cognitive decline and white matter grade findings as the significant results were consistent 

across different exposure averaging periods and both pollutants examined.  

 

Extensions of the Current Analyses and Additional Questions 

Extensions of the presented analyses may provide evidence for pathways important in 

the observed air pollutant effects.  First, serum interleukin-6 (IL-6) and C-reactive protein (CRP), 

plasma biomarkers of inflammation, were measured on CHS participants at baseline, and both 

were correlated with prevalent white matter grade " 2.18  Adjusting for these biomarkers in 

analyses would enable us to investigate the importance of a systemic inflammatory response in 

the PM-induced effects on the brain.  Second, although APOE genotype did not modify air 

pollutant effects in our analyses, other genetic variants important in Alzheimer’s disease19 and 

white matter grade20 have been identified.  Although a large sample size and likely a multi-

cohort study would be required, exploration of gene-environment interactions may identify 

potentially sensitive populations as well as relevant mechanistic pathways. 

The results of the analyses investigating the effects of air pollutant exposure on several 

measures of brain health raise questions for future research.  For example, is air pollution more 

strongly linked to deficits in particular domains of cognitive function, or can recent exposure 

modify an individual’s cognitive trajectory following elevated long-term exposure?  Does long-

term exposure accelerate cognitive decline in prevalent dementia cases?  To what extent do 
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white matter lesions mediate the observed effects?  These questions all can be addressed in 

the CHS cohort.  Much can be learned as well from investigating these questions in other 

cohorts, comprised of populations of various ages, underlying sensitivities and comorbidities, 

measured phenotypes and, particularly, in cohorts in which air pollutant exposures have been or 

can be well-characterized. 

 

Conclusions 

Our findings largely are consistent with previous work investigating air pollutant effects 

on the brain, and our dementia analyses add to earlier work by examining the contribution of air 

pollution to dementia, a disease endpoint of great importance to public health.  In addition, in 

novel analyses, we demonstrated that the brain white matter may be a target of chronic 

exposure to air pollutants.  It is well established that air pollution is an important contributor to 

respiratory and cardiovascular disease.  The findings presented here add to the already-

compelling rationale for, and suggest a substantial public health benefit from, limiting exposure 

to air pollutants. 
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