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4. Rationale:

While it is recognized that exposure measurement error is one of major methodological challenges in
research estimating the effects of environmental exposures on cognitive decline and dementia incidence
(Paul et al. 2019), there has been almost no attempt to explicitly account for exposure measurement



error in estimating the effects of air pollution on cognitive decline and dementia incidence. Most prior
studies examine the association between air pollution and cognitive test scores by using exposure
estimates as an independent variable as if they were true exposure under an implicit assumption that
exposure measurement error is negligible. While the direct plug-in of the exposure estimates has been
the most common use in a health effects analysis, this approach completely ignores measurement error
associated with estimated/predicted exposure. As a matter of fact, all exposure estimates are prone to
measurement error regardless of the exposure prediction model and it has been shown that ignoring
exposure measurement error can lead to biased health effect estimates as well as incorrect uncertainty
estimates (see, e.g., Carroll et al. 1995, Zeger et al. 2000).

There are several potential sources of exposure measurement error depending on available data and
exposure estimation methods. If ambient concentrations measured from routine ground-level
monitoring are used as exposure, spatial misalignment of monitoring data and study participants
becomes one important source of exposure measurement error. Other exposure estimation methods
which rely on modelling air pollution (e.g. chemical transport models, dispersion models, land use
regression models, spatiotemporal models, etc.) are subject to issues of measurement error caused by
uncertainty in prediction models. Temporal misalignment is another source of exposure measurement
error. Most previous studies relating air pollution and cognitive changes examine the association
between air pollution and cognitive test scores consider the impact of recent (past year) exposures
(Power et el. 2016). Such analyses typically assume recent exposures are indicative of exposure over
longer periods. Thus, they are subject to significant measurement error resulting from temporal
misalignment.

Spatial coverage of ground-level observations of air pollutants is limited for the areas in which ARIC
participants live. The only existing study of health effects of long-term air pollution in ARIC participants
used a spatiotemporal statistical model (Power et al. 2018) to reduce measurement error from spatial
misalignment. However, exposure measurement error was not explicitly taken into account in the final
health effects estimation.

The overall goal of this proposal is to develop a method that can account for exposure measurement
error in the exposure assessment while quantifying the effects of air pollution on dementia and related
outcomes in the ARIC cohort. While we expect that new exposure estimates generated by an
ensemble/data-fusing approach in the main project will have significantly reduced spatial and temporal
exposure measurement error compared to those generated by the original Community Multiscale Air
Quality (CMAQ) model or those using air pollution data measured from only a few monitoring station
and/or at a single time point (e.g., in the year prior to cognitive testing), new estimates are still subject
to some degree of measurement error including model calibration error (prediction error) as well as
remaining spatial misalignment error resulting from using grid level concentration estimates for
individual location concentration. As mentioned above, using exposure estimates directly as a covariate
in the health model is considered as a plug-in approach which ignores potential exposure measurement
error in exposure estimates. Although we plan to quantify measurement error of new exposure
estimates using a hold-out monitor in the main project, merely quantifying measurement error does not
mean accounting for exposure measurement errors in health effects estimates. Thus, the focus of the
present proposal is to explicitly account for measurement error in new exposure estimates in estimation
of health effects of air pollution on dementia and assess the impact of measurement error on health
effect estimates.



5. Main Hypothesis/Study Questions:

This project supports the aims of a funded grant to investigate the association of ambient exposure to
air pollutants with cognitive decline, incident cognitive impairment, and neuroimaging markers of
dementia-related pathology in the ARIC study. Our objective in this proposal is to develop an enhanced
approach that can account for exposure measurement error (resulting from uncertainty in exposure
estimates from the ensemble/data-fusing approach as well as remaining spatial misalignment error) in
health effects evaluation. Our specific aims are:

Aim 1. Develop a method that can account for exposure measurement error in estimation of health
effects of air pollution on cognitive and neuroimaging outcomes in the ARIC study.

Aim 2. Compare health effects estimates and the associated uncertainty estimates obtained by
approaches with and without accounting for exposure measurement errors based on the ARIC data.

Aim 3. Quantify influence of accounting for exposure measurement error in health effects evaluation
based on the ARIC data.

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).

The datasets used in the previous proposal by Power (ARIC MP#3348) will also be used in this proposal.
Exclusions will be non-white/non-black, black in MN or MD, or missing relevant exposure or covariate
data. We will also use monthly (or yearly) ambient air pollution exposure estimates for PM3s, PMio, and
O; obtained at the grid cell level (e.g., 1 km by 1 km grid squares) by an ensemble/data-fusing approach
(combining two chemical transport models (CMAQ, UCD/CTI), two emission inventories (NEl and
EDGAR), and monitor data. We will, however, explicitly recognize that the exposure estimates obtained
from an ensemble/data-fusing approach are not true exposure (but surrogates of true exposures) and
are still subject to measurement error caused by uncertainty in prediction process as well as spatial
misalignment. Dependent variables will be the ADRD-related outcome variables. Covariates will include
demographics (age, sex, race), personal SES (education, pre-retirement health insurance status), self-
rated health (alcohol use, smoking status, leisure time physical activity), and area-level SES (% of
residential census tract below the poverty line, a summary measure of neighborhood wealth/income,
education and occupation). Effect modifiers will include APOE e4, sex, smoking status, physical activity,
obesity, SES, and co-exposures.

We define true exposure as unobserved true (monthly or yearly) ambient outdoor pollutant (primarily
PM s or PM constituents) concentrations at each participant’s residential address over the exposure
time window. We admit that true monthly ambient pollutant (e.g., PM25s) concentrations at each
participant’s residential address during the study period are unknown and exposure estimates are
subject to exposure measurement error. To address the issue of measurement errors and uncertainties
associated with use of predicted exposure from an ensemble/data-fusing approach, we will employ
Bayesian hierarchical modeling to estimate the impact of air pollution exposure on our cognitive and
neuroimaging outcomes. Bayesian hierarchical models have been successfully used as a way of
accounting for uncertainty in exposure assessment in health effects evaluation (see, e.g., Holloman et al.
2004; Molitor et al. 2006; Calder et al. 2008; Park et al. 2014, 2015), but have not been used in assessing



the long-term effects of air pollution on the ADRD-related outcomes. Here, our Bayesian model consists
of two levels: (Level 1) a measurement model that links predicted air pollution concentrations with the
unobserved true ambient exposure, and (Level 2) a health model that links the ADRD-related outcomes
with true ambient exposure.

For a health model, we will use an appropriate generalized linear model for modelling health effects
depending on the ADRD-related outcome (e.g., linear mixed models for DSST, DWRT, WFT cognitive test
scores or brain volumes, Cox proportional hazard models for incident dementia, or logistic regression for
cerebrovascular findings). Specifically, we will link the unobserved true ambient exposure at the
geocoded residential address for each participant to health outcome variable (e.g., cognitive test score)
along with relevant covariates and random effects to handle the within person correlations of health
outcome arising from the repeated measures across time (when needed). We will assume the predicted
pollutant concentrations and the health outcomes are conditionally independent given the unobserved
true exposures and model covariates.

For a measurement error model, we will consider estimated exposure by an ensemble/data-fusing
approach as surrogated measures for true exposure. Note that while health outcome data are measured
at the individual level, estimated exposure from an ensemble/data-fusing approach is obtained at the
grid cell level (e.g., 1 km by 1 km grid squares). We will assume that estimated exposure by an
ensemble/data-fusing approach predicts the true ambient surface at the centroid of the grid cell with
measurement error modeled by a Gaussian process and construct a continuous spatial process for
exposure by the discrete process convolution approach of Higdon (1998), or other more recent
approaches to modeling nonstationary spatial processes. Higdon’s approach creates a continuous spatial
process by convolving a discrete white noise process with a smoothing kernel. Using this approach, the
exposure estimate at the geocoded residential address for each participant can easily be obtained and
thus further reducing spatial misalignment error. Estimation of measurement error variance will be
based on the available monitoring data (held-out sample) not used in the ensemble/data-fusing step.
For the prior distribution for measurement error variance, we will assume a vague but proper inverse-
gamma distribution, and the posterior distribution will be calculated based on the observed prediction
errors (i.e., the residuals computed as the difference between the exposure estimates and the
monitoring data from the held-out sample). Although we will initially assume that measurement errors
are spatially independent and the measurement error distribution (Gaussian with constant mean and
variance) does not change over space because of limited monitoring data (e.g., for PM,, there are only
between 1 and 3 monitoring stations at each of 3 ARIC sites (NC, MD, and MS) and between 2 and 7
monitoring stations at MN site in any given year during 1999-2017), we will check whether the constant
mean and variance assumption for measurement errors is approximately satisfied whenever the
external data from at least two held-out monitors (which are not used in any steps of the
ensemble/data-fusing approach) are available to ensure that there is no residual spatial structure in the
estimated exposure. It is possible that the size of measurement error may differ by each site, which will
facilitate investigation of influence of measurement error of different sizes in health effects analysis.
Depending on data availability, we will also explore additional models for true exposure incorporating
land-use regression or GIS-based covariates that may help with modeling fine-scale spatial variation of
exposure, and assess how incorporating those variables will affect prediction accuracy of the exposure
at a held-out monitor (not used in an ensemble/data-fusing process or in estimating measurement error
variance) and health effect estimates.

We will consider a 2-stage Bayesian approach as well as a fully Bayesian approach modeling exposure
and health outcome jointly. In the 2-stage Bayesian approach, we will first fit the measurement model



and then use the interim posterior for true exposure from the measurement model as a prior
distribution for true exposure in the health model. An advantage of the 2-stage approach is that the
exposure model does not need to be refitted when running multiple health effect analyses, although it
does not cut feedback between the health observations and the exposure estimates as noted in Gryparis
et al. (2009).

As an alternative to Bayesian approaches, we should note that non-Bayesian approaches to
measurement error regression estimation have also been derived, e.g. Szpiro et al. (2011), Szpiro and
Paciorek (2013). These approaches focus particularly on the spatial misalignment problem (monitors in
different locations from participants) and implicitly assume that monitors are the principal source of air
pollution data. Szpiro and Paciorek (2013, discussion section) note that their approach does not apply to
the case where air pollution models are the principal source of exposure information. Nevertheless, we
plan to explore the possibility of likelihood-based approaches as well, with simulation as a means to
assess their frequentist properties.

We will compare health effects estimates from a plug-in approach (not accounting for measurement
error), a 2-stage Bayesian approach accounting for measurement error, and a fully Bayesian approach
accounting for measurement error to assess the impact of accounting for exposure measurement error
in health effects estimation by different pollutants and ARIC sites. We will also assess the effect of the
size of measurement error (quantified to some degree by the estimate of measurement error variance)
on the health effect estimates and provide guidance for future studies.
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