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3. Timeline: 

 

The visit 5 brain MRI data and an initial set of derived variables are now available; we 

plan to submit for publication within 12 months. 

 



4. Rationale:  

 

Exposure to particulate air pollution may promote cognitive decline and dementia.  A 

direct neurotoxic effect of particulate matter on brain health is plausible given that 

particulates, primarily fine and ultrafine particulates, and their adsorbed compounds, can 

reach the brain.
1-3

    Particulate matter, especially fine or ultrafine particulates, may also 

have indirect impact on cognitive function through effects on blood-brain barrier 

function
4
 or promotion of cardiovascular or cerebrovascular disease.

5-9
 

 

Experimental and ecologic literature suggests an effect of particulate air pollution on 

brain health and function, including cognitive and neurodegenerative changes.  For 

example, experimental studies show an impact of ultrafine particulate matter exposure on 

brain activity indicative of a cortical stress response,
10

 exercise-induced hippocampal 

brain-derived neurotrophic factor expression,
11

 neuroinflammation,
12, 13

  and cortical 

neuronal loss.
14

  Moreover, mice exposed to fine particulate matter for ten months 

showed decrements in spatial learning and memory as well as pro-inflammatory cytokine 

expression in the hippocampus compared to those exposed to filtered air.
15

  Further 

support from autopsy studies of animals and persons exposed to high versus low air 

pollution has shown evidence of increased oxidative damage, inflammation, and amyloid-

beta 42 in the brain related to air pollution exposure level.
16-20

   

 

There is a growing body of epidemiologic literature suggesting an association between 

long-term markers of air pollution exposure and cognitive status at a single point in time. 

Multiple studies report a link between exposure to traffic-related air pollution, which 

contains a high proportion of ultrafine particulate matter, and cognition.  Among older 

German women with a stable residential address over many years, those who lived within 

50 meters of a major road, a marker of high exposure to traffic-related air pollution, had 

significantly worse performance on neuropsychological testing and a test of olfaction.
21

 

Similarly, within a cohort of older men in the greater Boston area, the Normative Aging 

Study, higher estimated exposure to black carbon, a marker of traffic related pollution, 

was associated with worse cognitive performance on a battery of cognitive tests.
22

 In a 

second Boston-based cohort, MOBILIZE Boston, decreasing distance to a major road 

was associated with relatively poor performance on several cognitive tests covering many 

domains, including verbal learning and memory, executive function, psychomotor speed, 

and language.
23

  Several other studies report associations between cognitive status and 

other measures of air pollution, including ozone or particulate matter with an 

aerodynamic diameter less than 2.5 (PM2.5) or 10 (PM10) microns.  Analyses in the 

Health and Retirement Study, a U.S. nationally representative sample, suggest a cross-

sectional association between PM2.5 and cognitive function, particularly in the domain of 

episodic memory.
24

  Similarly, higher air pollution increased the odds of cognitive 

impairment in a large sample of Chinese elders,
25

 and in data from the National Health 

and Nutrition Examination, ozone, but not PM10, was associated with cognitive 

performance after adjustment for sociodemographic factors.
26

  Although higher ozone, 

NO2, and PM2.5 were not cross-sectionally associated with global cognition or most 

cognitive domains in a cohort of cognitively intact residents of Los Angeles, some 

pollutants were marginally associated with worse performance on specific cognitive 



domains.
27

  Finally, two studies have considered the association of air pollution and 

cognitive trajectories.  Despite the findings of the REGARDS study that PM2.5 was not 

reliably associated with incident cognitive impairment,
28

 in the Nurses’ Health Study, 

long-term exposure, but not short-term exposure, to PM2.5 and PM10 were both 

associated with decline in overall cognitive performance.
29

   

 

Despite this growing body of literature suggesting adverse consequences of particulate 

matter exposure on cognitive outcomes in older adults, studies of the association between 

particulate matter air pollution and MRI markers of neurodegeneration or cerebrovascular 

disease are lacking.  Such studies are critical to promote understanding of how particulate 

matter exposures, especially repeated exposures over long time perios, may impact brain 

health.  For example, cerebrovascular injury is associated with cognition.
30

 As particulate 

matter is unarguably associated with cardiovascular disease,
5, 6

 and also appears 

associated with risk of stroke,
7-9

 it is reasonable to hypothesize that particulate matter acts 

on cognition through promotion of cerebrovascular insult.  However, hypotheses linking 

particulate matter directly to Alzheimer’s pathology are also reasonable, given some 

evidence linking particulate matter exposure to neurofibrillary tangles and neuronal 

amyloid-beta levels in dogs.
16, 31

    

 

Therefore, we propose to evaluate the association between particulate matter exposure 

and markers of neurodegenerative and cerebrovascular disease using data from the ARIC 

cohort.  (Please note that we intend to submit a separate proposal considering the 

association between particulate matter and cognitive/dementia outcomes; including both 

in the same proposal was unwieldy).  This manuscript proposal specifically outlines two 

sets of analyses, with the expectation of two manuscripts.  The first will evaluate the 

association between long-term exposure to particulate matter with an aerodynamic 

diameter less than 2.5 microns (PM2.5) and particulate matter with an aerodynamic 

diameter less than 10 microns (PM10) with several MRI markers of neurodegeneration 

and cerebrovascular disease measured at Visit 5.  The second will evaluate whether 

PM2.5 and PM10 are associated with greater within-person change in white matter 

hyperintensities (WMH), infarct burden, or atrophy measures between assessments at 

Visit 3 and the Brain MRI visit.   

 

5. Main Hypothesis/Study Questions: 

 

Hypothesis 1a:  Higher long-term exposure to particulate matter, specifically PM2.5, will 

be associated with smaller total and regional brain volumes. 

 

Hypothesis 1b:  Higher long-term exposure to particulate matter, specifically PM2.5, will 

be associated with greater burden of subclinical cerebrovascular disease, including 

microbleeds, lacunes, and white matter hyperintensities. 

 

Hypothesis 2:  Higher long-term exposure to particulate matter, specifically PM2.5, will 

be associated with greater progression of white matter hyperintensities, burden of 

infarcts, and measures of atrophy. 

 



6. Design and analysis (study design, inclusion/exclusion, outcome and other 

variables of interest with specific reference to the time of their collection, summary 

of data analysis, and any anticipated methodologic limitations or challenges if 

present).  
 

We outline the design and analyses for Hypotheses 1a and 1b separately from that 

evaluating Hypothesis 2, as we intend each to be a separate manuscript. 

 

HYPOTHESIS 1a/b 

 

Hypothesis 1a:  Higher exposure to particulate matter, specifically PM2.5, will be 

associated with smaller total and regional brain volumes. 

 

Hypothesis 1b:  Higher exposure to particulate matter, specifically PM2.5, will be 

associated with greater burden of subclinical cerebrovascular disease, including 

microbleeds, lacunes, and white matter hyperintensities. 

 

Exclusions:  

 

Not white in Washington County or Minnesota; not African-American in Jackson; not 

white or African American in North Carolina; stroke prior to visit 5; presence of tumor, 

surgery, or radiation to the head;  missing education, or having no valid MRI data.   

 

Independent variables:   

 

Analyses will rely on mean concentrations (μg/m
3
) of PM2.5 and PM10 previously 

estimated in the context of ARIC Ancillary Study #2009.08 at geocoded addresses of 

participants using (1) national-scale, lognormal ordinary kriging and (2) land use 

regression / spatial smoothing.  The aforementioned estimation
32-36

 and geocoding
37, 38

 

methods have been validated.  For this study, we anticipate averaging will be performed 

over three time periods, although we may consider other averaging periods as well in 

either primary or sensitivity analyses: 

 The year 1999 

 The year 2010 

 Average exposure from 1999-2010 

 

Long-term cumulative exposure is likely most relevant to the development of 

neurodegenerative and cerebrovascular disease.  Therefore, we use three measures of 

long-term cumulative past exposure to PM2.5 and PM10:  the average exposure over the 

calendar year 1999, average exposure in the calendar year prior to the Visit 5 MRI, and 

the average exposure from 1999-2010.  Yearly air pollution levels are highly correlated 

from year to year, although there has been a downward trend in absolute levels over time 

and air pollution levels vary in somewhat predictable ways within a year according to 

variations in the seasons and weather.    Use of these three measures of long-term 

exposure allow us to test hypotheses about whether recent cumulative exposure, distant 



cumulative exposure, or total cumulative exposure are more relevant to differences in 

MRI outcomes.   

 

 

Dependent variables:  

 

Visit 5 MRI data; 

 Microhemorrhages  

 White matter hyperintensities  

 Cortical infarcts  

 Lacunar infarcts  

 Brain volumes (hippocampal, Alzheimer’s disease (AD) signature region
39

, 

regional, total). 

 

 

Covariates:  

 

All analyses will be adjusted for a set of variables, determined a priori: total intracranial 

volume, age, education, gender, BMI, smoking status, and measures of regional SES.  

Appropriate functional form of continuous covariates will be assessed using penalized 

splines.  We will update time-varying covariates according to the exposure of interest, 

allowing for appropriate control for confounding.  Sensitivity analyses will consider 

additional adjustment for meteorological covariates, rural/urban residential location, 

additional indirect measures of socio-demographic status, and potential intermediates, 

including hypertension and diabetes status. 

 

Effect modifiers:  

 

Gender, race, age, and anthropomorphic measures (BMI, waist-circumference) at 

baseline.   

 

Statistical Analyses:   

 

Final analytical methods will be coordinated with the NCS MRI workgroup.  

 

Given concerns that between-site variation in PM will be large in comparison to within-

site variation and known regional differences in PM composition, we will initially 

perform all analyses separately by site.  Site-specific analyses will be meta-analyzed 

using a random-effects model to produce an effect for the entire cohort.  Heterogeneity of 

effect will be evaluated using the I
2
 test; if this test suggests no heterogeneity across sites, 

we will examine models considering the entire ARIC population as a single sample. 

 

We propose to use linear (white matter hyperintensities, volumes) and logistic regression 

(cortical infarcts, lacunes, and microbleeds) to assess the association between PM2.5 and 

PM10 with MRI markers.  Data on white matter hyperintensities is approximately log-

normal and will be transformed prior to use as an outcome in our models.  We will use 



multiplicative interaction terms, likelihood ratio tests, and stratified analyses to assess 

effect modification.  All analyses will be weighted using coordinating-center derived 

weights to account for the sampling strategy for Visit 5 stage 3 MRI and refusals.  We 

will use penalized splines to evaluate the appropriate shape of the dose response curve 

and will provide analyses with exposure treated as a linear term or in quartiles of 

exposure, as appropriate.  In sensitivity analyses, we will develop and apply inverse 

probability weights (IPW) to account for attrition prior to Visit 5 and may conduct 

sensitivity analyses to compute bounds on the potential association under a range of 

assumptions about differential attrition to address issues of selection.  Similarly, we will 

conduct sensitivity analyses adjusting for additional variables, as described above, to 

address concerns about residual confounding.  If available, we may also incorporate 

analyses considering an additional exposure variable, distance-to-road, a commonly used 

proxy of traffic-related air pollution exposures. 

 

Limitations/Challenges:   Our analysis has several limitations.  First, we will not consider 

within-individual change in these specific analyses, incorporating data from Visit 5 

(however we do consider examining within-individual changes using data from Visit 3 

and the Brain MRI sub-study in Hypothesis 2).  Prior scans differed from current scans in 

terms of pulse sequences, field strength, and image processing, and we currently do not 

understand whether differences detected across scans with different protocols reflect true 

biological change or artifacts of different scanning and processing protocols.  While we 

will adjust for a priori-specified confounders and conduct sensitivity analyses to address 

concerns about selection and confounding, the potential for bias due to confounding or 

selection remains.  Some misclassification of particulate matter exposure and MRI 

markers is expected; however, we expect misclassification to be non-differential and for 

resulting bias to be towards the null.  We are limited by a relatively small sample size 

with the expectation of modest effects; however, this study is relatively large by MRI 

standards and of similar sample size to prior studies of particulate matter and cognition, 

which do show an association despite similar limitations.    

 

HYPOTHESIS 2 

 

Hypothesis 2:  Higher exposure to particulate matter, specifically PM2.5, will be 

associated with greater progression of white matter hyperintensities, burden of infarcts, 

and measures of atrophy. 

 

Exclusions:  

Not white in Forsyth County; not African-American in Jackson; presence of tumor, 

surgery, or radiation to the head; missing education, or having no valid MRI data at Visit 

3 and Brain MRI.   

 

Independent variables:   

 

We propose to use estimates of PM2.5 and PM10 at the residential address of each 

eligible ARIC participant, derived as described above.  For this analyses, we anticipate 

that we will use the average exposure to PM10 and PM2.5 at the residential address of 



each eligible participant in the calendar year of 1999 (the first year for which PM2.5 data 

are available), and PM10 in the calendar year of 1993; however, we may also consider 

alternate averaging periods. 

 

 

Dependent variables:  

 

Change in: 

 White matter hyperintensities (WMH) 

 Ventricular size 

 Sulcal widening 

 Burden of infarcts 

 

All measures were assessed at both Visit 3 and the Brain MRI study in 2004-2006.   

 

WMH, ventricular size, and sulcal widening were quantified using a 0 to 9 scale at both 

scans. At the Brain MRI study, standardized volumetric measurements of WMH were 

obtained in addition to the ordinal scale.  As such, we should be able to convert WMH 

grade to volumes at Visit 3, using calibration data from Brain MRI.  Given the possibility 

of inducing differential misclassification with a simple regression calibration approach, 

we will use a multiple imputation approach including all the covariates listed below to 

inform the imputation. Using categorical WMH, ventricular size, and sulcal widening 

measurements, progression will be defined as an increase of 2 or more in score from visit 

3 to the Brain MRI study, although we will consider alternate cut-offs in sensitivity 

analyses.  Increasing infarct burden will be defined as any incident infarct. We will also 

consider change in WMH volume, using derived volumes at Visit 3 as described above, 

as an indication of progression.  

 

Effect modifiers:  

 

Gender, race, age, and anthropomorphic measures (BMI, waist-circumference) at 

baseline.   

 

Covariates:  

 

All analyses will be adjusted for a set of variables, determined a priori: total intracranial 

volume, age, education, gender, BMI, smoking status, and measures of regional SES.  

Appropriate functional form of continuous covariates will be assessed using penalized 

splines.   Sensitivity analyses will consider additional adjustment for meteorological 

covariates, rural/urban residential location, additional indirect measures of socio-

demographic status, and potential intermediates, including diabetes and hypertension. 

 

Statistical Analyses: 

 

Given concerns that between-site variation in PM will be large in comparison to within-

site variation and known regional differences in PM composition, we will consider the 



results from the prior analyses to determine if it is necessary to perform all analyses 

separately by site.   

 

We will use logistic regression for analyses of progression of WMH, sulcal size, and 

ventricular size, based on the 0-9 scale scores, and incident infarcts.  For analyses 

considering change in WMH volume, we will use linear regression.  We will use 

penalized splines to evaluate the shape of the dose response curve and will report 

analyses with linear, transformed, or quantiles of exposure as appropriate. We will use 

multiplicative interaction terms, likelihood ratio tests, and stratified analyses to assess 

effect modification.  

 

In sensitivity analyses, we will develop and apply inverse probability weights (IPW) to 

account for attrition prior to Visit 5 and may compute bounds on the potential association 

under a range of assumptions about differential attrition to address issues of selection.  

Similarly, we will conduct sensitivity analyses adjusting for additional variables, as 

described above, to address concerns about residual confounding, and will evaluate the 

impact of alternate cut-offs for progression.  If available, we may also incorporate 

analyses considering an additional exposure: distance-to-road, a commonly used proxy of 

traffic-related air pollution exposures in additional analyses. 

 

If issues regarding differences in scanner technology and processing can be overcome, 

we may also consider associations with change in MRI measures from Visit 3 or Brain 

MRI through Visit 5. 

 

Limitations/Challenges:   Our analysis has several limitations.   While we will adjust for 

a priori-specified confounders and conduct sensitivity analyses to address concerns about 

selection and confounding, the potential for bias due to confounding or selection remains.  

Some misclassification of particulate matter exposure and MRI measures is expected; 

however, we expect misclassification to be non-differential and for resulting bias to be 

towards the null.  We are limited by a relatively small sample size in with the expectation 

of modest effects; however, this study is relatively large by MRI standards and of similar 

sample size to prior studies of particulate matter and cognition, which do show an 

association despite similar difficulties.    
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