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Abstract

Background: There are several known factors that cause ischemic heart disease. However, the
part played by air pollution still remains something of a mystery. Recent attention has focused on
the chronic effect of particulate matter on heart disease. Satellite-derived aerosol optical depth
(AOD) was found to be correlated with PM; s in the eastern US. The objective of this study was to
examine if there is an association between aerosol air pollution as indicated by AOD and chronic
ischemic heart disease (CIHD) in the eastern US.

Methods: An ecological geographic study method was employed. Race and age standardized
mortality rate (SMR) of CIHD was computed for each of the 2306 counties for the time period
2003-2004. A mean AOD raster grid for the same period was derived from Moderate Resolution
Imaging Spectrometer (MODIS) aerosol data and the average AOD was calculated for each county.
A bivariate Moran's | scatter plot, a map of local indicator of spatial association (LISA) clusters, and
three regression models (ordinary least square, spatial lag, and spatial error) were used to analyze
the relationship between AOD and CIHD SMR.

Results: The global Moran's | value is 0.2673 (p = 0.001), indicating an overall positive spatial
correlation of CIHD SMR and AOD. The entire study area is dominated by spatial clusters of AOD
against SMR (high AOD and high SMR in the east, and low AOD and low SMR in the west)
(permutations = 999, p = 0.05). Of the three regression models, the spatial error model achieved
the best fit (R* = 0.28). The effect of AOD is positive and significant (beta = 0.7774, p = 0.01).

Conclusion: Aerosol particle pollution has adverse effect on CIHD mortality risk in the eastern
US. High risk of CIHD mortality was found in areas with elevated levels of outdoor aerosol air
pollution as indicated by satellite derived AOD. The evidence of the association would support
targeting of policy interventions on such areas to reduce air pollution levels. Remote sensing AOD
data could be used as an alternative health-related indictor of air quality.
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Background

Ischemic heart disease (IHD), also called coronary artery
disease or coronary heart disease, is a condition that the
blood vessels are narrowed or blocked due to the
deposition of cholesterol plaques on their walls. This
affects the supply of blood to the heart and reduces the
supply of oxygen and nutrients to the heart musculature.
This may eventually result in a portion of the heart being
suddenly deprived of its blood supply leading to the
death of that area of heart tissue, resulting in a heart
attack. IHD, with its associated symptoms, presents a
major public health challenge. It is well known that IHD
risk increases with age, smoking, cholesterol level, blood
pressure and the disease is more common in men,
diabetes patients and those who have close relatives with
ischemic heart disease. The part played by the external
environment, however, still remains something of a

mystery.

Numerous epidemiological studies have indicated that
exposure to fine particulate matter (particles smaller
than 2.5 micrometers, PM, 5) is associated with asthma,
respiratory infections, lung cancer, cardiovascular pro-
blems, and premature death [1-5]. A few have examined
coronary heart disease, finding evidence for acute effects
on mortality and hospital admissions [6-8]. Recently,
attention has focused on whether there is an association
between chronic exposure to air pollution and coronary
heart disease [9]. In an ecological study at the census
enumeration district level, Maheswaran et al. [9] found
an association between nitrogen oxides and, to a lesser
extent, particulate matter (PM;() and carbon monoxide,
and coronary heart disease mortality in Sheffield, UK.

Typically, air pollution epidemiological studies rely on
ambient observations from sparse monitoring networks
to provide metrics of exposure, as in studies of PM and
cardiovascular diseases [2,4,9-12]. Methods of exposure
assessment include averaging multiple monitors within
each enumeration unit or study site [4,10,11], assigning
the exposure value of the nearest monitor to each case/
control [2,12] and spatial interpolation/modelling
method [9]. Ground monitoring data often lacks
spatially complete coverage. Assessment of the exposure
to air pollution using in situ observations is hampered
by the difficulties in the highly variable concentrations in
space and time. Ground monitors are rare in rural areas
and temporal air quality estimates for particulates can
vary on an hourly to weekly basis. Public health concerns
compel efforts to broaden spatial and temporal coverage.
The repetitive and broad-area coverage of satellites may
allow atmospheric remote sensing to offer a unique
opportunity to monitor air quality at continental,
national and regional scales. Studies have found
correlations between satellite aerosol optical depth

http://www.ehjournal.net/content/8/1/26

(AOD), which describes the mass of aerosols in an
atmospheric column, and PM, s ground concentration
measurements in the eastern and mid-west USA [13-17]
and other land parts of the world [18-20]. Satellite AOD
could be used as an alternative indicator of air quality in
air pollution epidemiological studies.

The MODIS (Moderate Resolution Imaging Spectrometer)
instrument flies on polar-orbiting and sun-synchronous
Terra and Aqua satellites of the Earth Observation System
(EOS). MODIS performs measurements in the solar to
thermal infrared spectrum region from 0.410 to 14.235 um.
The MODIS sensor was expected to be the key for
monitoring global aerosol properties. Not only have
MODIS aerosol products been used to answer scientific
questions about radiation and climate, they are being used
for applications not previously intended. Some examples
include monitoring surface air quality for health
[15,16,21-24]. In our recent study [17,25] using the year
2004 data, we spatio-temporally collated daily MODIS
AOD and PM, s mass concentration monitored by US
Environmental Protection Agency (EPA)'s Air Quality
System (AQS). Pearson's correlation analysis and geogra-
phically weighted regression (GWR) were conducted. We
found significant positive correlations between PM, 5 and
AOD to the east of the -100° longitude line during warm
months (April-September). Eighteen of the twenty sites with
highest correlation values (r> 0.8, p = 0.05) are in the east.
The average correlation is 0.67 in the east and 0.22 in the
west. GWR predicts well in the eastern US and poorly in the
west, as indicated by a map of local R square. The coefficient
raster surface for AOD exhibits regional variation. The
relationship between PM,s and AOD is not spatially
consistent (stationary) across the conterminous states.
Eastern US shows higher AOD coefficient values, while
values in the west are lower. Since there exists correlation
between PM, 5 and MODIS AOD in the eastern US, if we
could make a hypothesis that PM, 5 has adverse effect on
CIHD, then we could also hypothesize that there is an
association between MODIS AOD and CIHD.

The objective of this study was to examine if there is an
association between particulate air pollution and chronic
ischemic heart disease (CIHD). The study adopted an
ecological method using aggregate disease mortality data
at the county level for the eastern United States and
MODIS derived AOD data. Exploratory spatial analysis
methods and regression models were used to link CIHD
mortality rate with satellite AOD.

Methods

MODIS data

One of the fundamental aerosol products from MODIS
is spectral AOD (or 7). The MODIS level 2 files are
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produced everyday at the spatial resolution of a 10 x10
1-km (at nadir)-pixel array and represent the first level of
MODIS aerosol retrieval. The latest version of the
MODIS aerosol retrieval algorithm is Collection 5
(C005) [26]. The aerosol retrieval makes use of blue,
red, and thermal infrared spectral channels and a
number of other bands to help with cloud rejection
and other screening procedures. The aerosol algorithm
relies on calibrated, geolocated reflectance data (known
as 'Level 1B'). In addition, the MODIS algorithm uses
cloud mask product [27], atmospheric profile product
and ancillary data from NCEP (National Center for
Environmental Prediction) analyses, including hourly
meteorological analysis and daily ozone analysis. Dif-
ferent dynamic aerosol models (biomass burning, dust
aerosol, and aerosol from industrial/urban origin) are
used to determine the aerosol optical properties used in
the algorithm for different parts of the land. In general,
the highest correlations between AOD and PM, s are
found in regions where the algorithm employs the
sulfate aerosol type model (urban/industrial model)
[22]. Over the land of the conterminous US, the aerosol
retrieval algorithm used the urban/industrial aerosol
model for the east and the dust/biomass burning model
for the west. The splitting line is at approximately -100°
longitude. Industrial/urban aerosols are created by the
burning of coal and fossil fuel and are considered as the
main anthropogenic sources of aerosols which impact
human health.

For the study, daily level 2 MODIS raster data layers
(2003-2004) were obtained from the NASA Level 1 and
Atmosphere Archive and Distribution System (LAADS
Web) [28]. A two-year average AOD raster data layer
(10 km by 10 km grid) was calculated by overlaying the
daily AOD layers and using a GIS cell statistics (mean)
function. Data from both Terra and Aqua satellites were
used. MODIS AOD data are not available every day
due to cloud cover. If a pixel does not contain AOD data
on a day, it was not included in temporal averaging
calculation. Data for cold seasons (October to March)
were not used in the calculation. Cloud cover, snow
reflectivity, and diminished vertical mixing all reduce the
accuracy of ground-level pollutant levels measured in
winter. During warm seasons, vertical columns in the
atmosphere are more integrated. AOD measures corre-
late best with ground-based monitoring in warm
months, likely because of stronger boundary layer
mixing during the warmer months [29]. Ideally, fine-
mode optical depth should be used for the health effect
assessment because fine mode particles which dominate
urban/industrial pollution cause the most severe health
problem. However, this paper did not use MODIS fine-
mode AOD data product for health effect statistical
analysis. Land-based measures of fine-mode fraction of
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AOD can only be used as a qualitative indicator of
whether AOD values are dominated by natural or
anthropogenic emissions [26].

CIHD data

The study area covers US Census Regions 1 (Northeast),
2 (Midwest) and 3 (South) including 37 states and
District of Columbia. CIHD (ICD-10 codes: 125.0-125.6,
125.8, 125.9) data at the county level were extracted for
the period from 2003 to 2004 from the National Center
for Health Statistics Compressed Mortality File 1999-
2005 in the CDC WONDER online database [30]. CIHD
mortality count and population at risk was retrieved by
county, race (White, Black or African American, Other
race) and age (5 years interval from 1-4 to 85+).
Aggregated CIHD mortality count and population at risk
were also retrieved by race and age groups for the whole
study area to be used as standard population in
calculating CIHD mortality rate adjusting for race and
age effects.

Race and age adjusted rate was calculated using indirect
standardization [31] for each county. Rate adjustment is
a technique for removing the effects of race and age from
crude rates, so as to allow meaningful comparisons
across populations with different underlying race and
age structures. In the US, researchers normally use the
year 2000 US decennial census data as a standard
population to standardize rates. The current study covers
only part of the US and a time period (2003-2004)
different from the year 2000. The use of an internal
standard population consisting of race-age-specific rates
from a super-population containing the regions to
compare would be better than an external standard
based on individuals from an entirely separate popula-
tion [32]. In the current study, to compare indirectly
standardized rates between counties within the study
area, data from the study area and period rather than
from the whole US and the year 2000 was used as the
standard population to obtain a standardized rate for
each county.

The indirect standardization first calculated expected
number of CIHD deaths for each county. The calculated
death count is the number of cases that would be
expected in the study population if people in the study
population contracted the disease at the same rate as
people in the standard population. Standardized mor-
tality rates (SMRs) were calculated by dividing the
observed count by the expected value. According to
Curtin and Klein [33], one of the problems with rate
adjustment is that rates based on small numbers of
deaths will exhibit a large amount of random variation.
In the aggregate CIHD mortality count and population
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data set, counts of twenty or less are flagged as
statistically "unreliable". CIHD counts are "suppressed"
when the data meets the criteria for confidentiality
constraints. Counts for counties with census year
populations of less than 100,000 are replaced with
"suppressed" if the number of cases is five or less and the
count is based on only one or two years of data. All
counties with unreliable and suppressed data were not
included in calculating standardized rates and spatial
analysis and modelling thereafter. The number of
counties in the study area is 2,506. With 200 counties
that have unreliable or suppressed disease data being
omitted, the number of data points (counties) for the
statistical modelling is 2,306.

Linking CIHD with AOD

To link the disease with air pollution, the 2003-2004
mean AOD raster grid was first resampled so that each
10 km by 10 km grid cell was subdivided into 10 by 10
smaller cells retaining the original AOD values. The
purpose of the resampling procedure was to split the
10 km cell on the county boundary into separate parts
for neighbouring counties to achieve higher accuracy of
county average AOD calculation.

The resampled AOD grid was then overlaid with the map
of CIHD rates. A GIS zonal statistical function was used
to calculate the mean AOD value for each county. The
mean AOD value was calculated by averaging AOD
values of all cells whose centroids are within the county.

To assess the effect of aerosol particles on CIHD,
exploratory spatial data analysis (ESDA) [34] and
regression models were used to explore the association
between CIHD SMR and AOD using GeoDa software
[35]. ESDA methods involved using a bivariate global
Moran's I statistic and local indicator of spatial associa-
tion (LISA) [36]. Bivariate global Moran's 1 value
determines the strength and direction of the relationship
between two variables such as SMR and AOD in each
county and measures the overall clustering. LISA
provides information relating to the location of spatial
clusters and outliers and the types of spatial correlation.
Local statistics are important because the magnitude of
spatial autocorrelation is not necessarily uniform over
the study area [34]. Analysis results were presented as a
Moran scatter plot and a cluster map in this analysis.
Significance was tested by comparison to a reference
distribution obtained by random permutations [34]. A
random permutation procedure recalculates a statistic
many times by reshuffling the data values among the
map units to generate a reference distribution. The
obtained statistic calculated based on the observed
spatial pattern is then compared to this reference
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distribution and a pseudo significance level is computed.
This analysis used 999 permutations to determine
differences between spatial units. Spatial contiguity was
assessed as Queen's contiguity which defines spatial
neighbors as those areas with shared borders and
vertexes. The Bivariate Moran's I is represented as the
values of AOD averaged across all neighboring counties
and plotted against SMR in each county. If the slope on
the scatter plot is significantly different to zero then there
is a relationship between SMR and AOD. The bivariate
LISA cluster map incorporates information from the
Moran scatter plot about the spatial relationships.

Three regression models were fitted to examine the
relationship between SMR and AOD: ordinary least
square (OLS), spatial lag, and spatial error. Fitting three
models allows choice of a model with the best fit.
Construction of the two spatial regression models could
alleviate the problem of spatial autocorrelation within
the data. Spatial autocorrelation is the propensity for
data values closer to each other in space to be more
similar. If spatial autocorrelation exists, the assumption
of independent observations and errors of classical
statistical models may be violated. Spatial regression
methods capture spatial dependency in regression
analysis, avoiding statistical problems such as unstable
parameters and unreliable significance tests, as well as
providing information on spatial relationships among
the variables involved. The spatial lag model (also called
Spatial Auto-Regressive model, or SAR) takes the form:

y=pWy+Xp+e¢ (1)
and the spatial error model takes the form:
y=Xp+uu=AWu+e (2)

where y is an (N x 1) vector of observations on the
dependent variable taken at each of N locations, X is an
(N x k) matrix of exogenous variables, 8 is an (k x 1)
vector of parameters, and ¢ is an (N x 1) vector of
disturbances, p is a scalar factor for the spatial lag term, A
is a scalar error parameter, y is a spatially autocorrelated
disturbance vector, and W is spatial weight. The spatial
weight for this study was based on the first-order
Queen's contiguity rule. If two counties share boundary
or node, the weight is equal to 1, otherwise it is zero. The
spatial weight matrix was then row standardized so that
all columns sum to 1.

Results

The bivariate LISA cluster map is shown in Figure 1
(permutations = 999, p = 0.05). Note that this shows
local patterns of spatial correlation at a county between
SMR and the average AOD for its neighbors. Counties
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ADD (left) vs. SMR drigith

Figure |
Bivariate LISA cluster map.

with significant spatial correlation are color coded by
type of spatial autocorrelation. These four categories
correspond to the four quadrants in the Moran scatter
plot as shown in Figure 2, which shows a box plot for the
distribution of the local Moran statistics across observa-
tions. The axes have been standardized such that the
units correspond to standard deviations. The scatter plot
figure has also been centered on the mean with the axes
drawn such that the four quadrants are clearly shown.
The high-high and low-low locations (positive local
spatial correlation) represent spatial clusters, while the

Moran's | = 0.2673

SMR

Figure 2
Biavariate Moran's | scatter plot.
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high-low and low-high locations (negative local spatial
correlation) represent spatial outliers. It should be noted
that the so-called spatial clusters shown on the LISA
cluster map only refer to the core of the cluster [36]. The
cluster is classified as such when the value at a location
(either high or low) is more similar to its neighbours (as
summarized by averaging the neighbouring values, the
spatial lag) than would be the case under spatial
randomness. Any location for which this is the case is
labelled on the cluster map. However, the cluster itself
likely extends to the neighbours of this location as well.

The global Moran'sIvalueis 0.2673 (p=0.001), indicating
an overall positive spatial correlation of CIHD SMR and
AOD. The overall positive correlation can also be seen on
the LISA cluster map. The entire study area is dominated by
spatial clusters: high AOD and high SMR in the east, low
AOD and low SMR in the west. However, there are outlier
counties in the southeast where there is high AOD but low
SMR and in a small part of the west where AOD is low but
SMR is high. These spatial outlier locations, especially
areas with high SMR but low AOD, warrant further
investigation to see if other factors dominate in effects
on SMR and contribute to the attenuation of the air
pollution effect. It must be noted that AOD does not
differentiate between fine-mode and course-mode parti-
cles and that fine mode particles cause the most severe
health problem. The spatially varying patterns of AOD-
SMR association (i.e., both spatial clusters and outliers
exist in the study area, although the clusters dominate) are
partly due to the spatial varying relationship between
AOD and PM, 5. Previous research has found that the
association between AOD and PM, 5 depends on aerosol
composition, vertical distribution, meteorology, terrain,
and land use/cover, and therefore varies both temporally
and spatially [25,37-39]. The algorithm to calculate AOD
is based on dark surface pixels, contrast with surface, and
assumptions in the model on the types of pollutants and
the terrain. The lower correlations in general can be found
in the more arid parts where the higher surface reflectance
reduces contrasts. In our study area, the east region is
humid and densely covered by vegetation, and hence AOD
correlate very well PM, 5. Therefore, high AOD represents
high PM, 5 in the east, where SMR is also high. Although
the southeast has high AOD, our previous research [17]
has found relatively lower fraction of fine-mode aerosols
in the region, which might explain the relatively lower
SMR rates. The low-AOD spatial outlier in the southern
Midwest (Houston-Dallas metropolitan region) with high
SMR could be due to high fraction of fine-mode particle
near ground surface coming from the oil and gas industry
activities.

Table 1 shows the OLS model result. CIHD SMR is
significantly related to AOD (8 = 0.9414, p = 0.000).
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Table I: Ordinary lease square regression
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Model description

Y No. of variables No. of observations Degrees of freedom
SMR 2 2306 2304
Model fit
R? Adjusted R? Log likelihood F-statistic p (F-statistic) AIC
0.0131 0.0127 -452.760 30.58 0.000 909.53
Model estimation
Variable Coefficient Std. Error t-Statistic P
CONSTANT 0.7288 0.0284 25.689 0.000
AOD 0.9414 0.1702 5.530 0.000
Diagnostic tests
Tests DF Value P
Normality of errors Jarque-Bera 2 264.404 0.000
Heteroskedasticity Breusch-Pagan | 0.014 0.906
Koenker-Bassett | 0.010 0.920
White 2 0.650 0.723
Spatial dependence Moran's | (error) 0.332 26.577 0.000
Lagrange Multiplier (lag) | 568.926 0.000
Robust LM (lag) | 0.754 0.385
Lagrange Multiplier (error) | 700.080 0.000
Robust LM (error) | 131.908 0.000
Lagrange Multiplier (SARMA) 2 700.834 0.000

Overall, CIHD morality rate increases with AOD. The
low probability of the Jarque-Bera test score indicates
non-normal distribution of the error term. The high
probabilities of the three heteroskedasticity tests
(Breusch-Pagan, Koenker-Bassett, and White) point to
non-existence of heteroskedasticity. Moran's I score is
positive and highly significant, indicating strong spatial
autocorrelation of the residuals. Both simple Lagrange
Multiplier (LM) tests of the lag and error are significant,
indicating presence of spatial dependence. The robust
LM measure for error is still significant, but the robust
LM lag test becomes insignificant (p = 0.385), which
means that when lagged dependent variable is present
the error dependence disappears.

The spatial lag model (Table 2) shows the similar AOD
effect (8 = 0.5367, p < 0.001). The coefficient parameter
(p) of the spatial lag term of CIHD age-race-adjusted rate
(W_SMR) has a positive effect and is highly significant
(p=0.4962, p = 0.000), reflecting the spatial dependence
inherent in the CIHD rates. SMR in a county is similar to
the average of its neighbors. Including of the lag term has
improved the general model fit, as indicated in higher
values of R-squared and log likelihood. The high

probability in the Breusch-Pagan test suggests that
heteroskedasticity still does not exist after introducing
the spatial lag term. In the likelihood ratio test of
the spatial lag dependence, the result is significant.
Although the introduction of spatial lag term
improved the model fit, it did not make the spatial
effects go away.

In the spatial error model (Table 3), the coefficient on
the spatially correlated errors (1) has a positive effect and
is highly significant (A = 0.5678, p = 0.0000). As a result,
the general model fit improved, as indicated in higher
values of R-squared and log likelihood. Like the OLS and
lag models, the effect of AOD remains positive and
significant (§ = 0.7774, p = 0.01). Similar to the lag
model, the heteroskedasticity test remains insignificant,
indicating non-existence of heteroskedasticity. The like-
lihood ratio test of spatial error dependence has an
insignificant result. Allowing the error term to be
spatially correlated not only improved the model fit,
but also made part of the spatial effects go away. Since
the spatial error model has the greatest R-squared and
log likelihood values, it is the best of the three models
linking CIHD with AOD.
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Table 2: Spatial lag regression model
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Model description

Y No. of variables No. of observations Degrees of freedom
SMR 3 2306 2303
Model fit
R’ Log likelihood AIC
0.2238 -235.357 476.713
Model estimation
Variable Coefficient Std. Error t-Statistic P
P 0.4962 0.0231 21.496 0.0000
CONSTANT 0.3605 0.0304 11.859 0.0000
AOD 0.5367 0.1522 3.527 0.0004
Diagnostic tests
Tests DF Value p
Heteroskedasticity Breusch-Pagan | 0.156 0.6933
Spatial dependence Likelihood Ratio | 434.813 0.2745

Table 3: Spatial error regression model

Model description

Y No. of variables No. of observations Degrees of freedom
SMR 2 2306 2304
Model fit
R’ Log likelihood AIC
0.2800 -201.834 407.669
Model estimation
Variable Coefficient Std. Error t-Statistic p
CONSTANT 0.7506 0.0509 14.759 0.0000
AOD 0.7774 0.3022 2.573 0.0101
A 0.5678 0.0231 24.600 0.0000
Diagnostic tests
Tests DF Value P
Heteroskedasticity Breusch-Pagan | 0.067 0.7954
Spatial dependence Likelihood Ratio | 501.856 0.0000

Discussion

We found significant positive spatial correlation between
age-race-standardized mortality rate of chronic ischemic
heart disease and air pollution (indicated by satellite
measured aerosol optical depth). There is an excess risk
of CIHD mortality in areas with high air pollution levels.
Several plausible mechanisms have been described to

explain the association between air pollution and
cardiovascular diseases, including enhanced coagulation
and thrombosis, a propensity for arrhythmias, acute
arterial vasoconstriction, systemic inflammatory
responses, and the chronic promotion of atherosclerosis
[40]. Fine aerosol particles tend to penetrate into the gas-
exchange regions of the lung, and ultrafine particles are
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able to pass through the lungs to enter the blood circulation
and affect other organs [41]. A study indicates that PM, 5
leads to high plaque deposits in arteries, causing vascular
inflammation and atherosclerosis — a hardening of the
arteries that reduces elasticity, which can lead to heart
attacks and other cardiovascular problems [42,43].

There are several strengths in our study. First, ecological
studies are particularly useful when disease data at
individual level is not available and individual level of
exposure is either difficult or impossible to obtain, or
can be only measured imprecisely [44]. Ecological
studies are more useful for generating and testing
hypothesis [45]. The statistically significant positive
association between CIHD mortality rate and aerosol
particle pollution can be taken as indicative (though not
necessarily causative) of a potential air pollution effect.
The association would justify the need of further
toxicological approach for investigating the biological
mechanism of the adverse effect of particulate air
pollution on heart. Second, the MODIS aerosol data
lends itself to population-based exposure assessment
and the ecological approach. Moderate resolution
satellite image pixels share the same feature dimension
with the disease data enumeration districts in that both
pixels and county polygons are area features. This
alleviates the non-straightforwardness and noncompli-
ance of comparing discrete point monitoring data with
area-aggregated disease data. Furthermore, a pixel value
being an average of the variant radiometric measure-
ments present in the pixel conforms to the need of
deriving an average value of an air pollution indicator
for each enumeration unit. Seamless remote sensing
images better represent aggregate exposure than aver-
aging ground measurements over a limited number of
monitoring sites, and reduce the problem of spatially
variant accuracy in geostatistical interpolation caused by
uneven spatial distribution of monitors. Third, satellites
offer a tremendous spatial coverage, which is suitable for
regional air quality monitoring, pollution event warning,
and environmental health studies. Although the spatial
coverage for PM, smonitoring system in the eastern US is
adequate, most of the monitors are in urban areas. The
MODIS aerosol retrieval algorithm uses the industrial/
urban aerosol model in eastern US, Western Europe and
eastern China [26] where a high positive correlation
exists between AOD and PM, 5. There is a need to assess
air quality for public health in these developed and
densely populated regions. The finding of the association
between aerosol data and the disease suggests that
satellite aerosol data could be used as an indicator of
fine particulate air pollution for public health effect
assessment in regions/countries dominated by urban/
industrial aerosols and without extensive air quality
monitoring networks.

http://www.ehjournal.net/content/8/1/26

There are also several limitations to this study. First,
while we adjusted effects of race and age, we did not
consider other potential confounding factors, for exam-
ple, smoking prevalence, cholesterol level, diabetes,
blood pressure, gender, and socioeconomic status. The
R? values of the regression models are low. Air pollution
explains less than 30% of variance in CIHD SMR.
Second, the use of aggregated data and therefore
inferences based on the analysis cannot be directly
transferred to the individual level. An inherent limitation
of an ecological study is that it uses aggregate data and
does not have the ability to incorporate individual
information. Satellite measurements do not represent
individual exposure. The population-based ecological
analysis did not consider population dynamics, for
example, population migration. According the US 2000
census data, nineteen percent of all moves made between
1999 and 2000 were from one state to another. People
might have lived and exposed to air pollution in one
county much earlier and later moved to another county
where the first signs of the disease were diagnosed and
where they died. Consideration of long-term population
out-of-county movement is impossible without indivi-
dual data. Third, it must be noted that there are
limitations of AOD data. AOD is a quantitative measure
of total column aerosol, which is the mass of aerosols
within a measured column extending from Earth to the
satellite sensor. Since AOD does not differentiate
between fine-mode and course-mode particles, the
relationship of AOD with PM, 5 as well as with disease
does not necessarily hold for all regions. Human health
is more related to fine aerosol particles from anthro-
pogenic emissions than course particles. AOD does not
specify the location of aerosols within a column and the
AOD values do not necessarily represent ground condi-
tions. Emerging Light Detection and Ranging (LIDAR)
systems could provide vertical resolution for AOD and
quantify pollutant levels on the ground. The best air
quality assessments emerge from integrated datasets that
include satellite data, ground-based measures and out-
puts from air quality models.

Conclusion

The ecological study for counties in the eastern US found
significant positive association between chronic ischemic
heart disease mortality risk and air pollution. High risk
of CIHD mortality was found in areas with elevated
levels of outdoor particulate air pollution as indicated by
satellite sensed aerosol optical depth. The evidence of
raised CIHD mortality risk in high pollution areas would
support targeting of policy interventions on such areas to
reduce pollution levels. Remote sensing could help fill
pervasive data gaps that impede efforts to study air
pollution and protect public health. Remote sensing
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AOD data could be used as an alternative health-related
indictor of air quality.

List of abbreviations

AOD: aerosol optical depth; AQS: Air Quality System;
CIHD: chronic ischemic heart disease; EOS: Earth
Observation System; EPA: Environmental Protection
Agency; ESDA: exploratory spatial data analysis; GWR:
geographically weighted regression; ICD-10: Interna-
tional Classification of Disease, 10™ Revision; IHD:
ischemic heart disease; LISA: local indicator of spatial
association; LM: Lagrange Multiplier; MODIS: Moderate
Resolution Imaging Spectrometer; NCEP: National Cen-
ter for Environmental Prediction; OLS: ordinary least
square; SAR: spatial auto-regressive model; SMR: stan-
dardized mortality rate.

Competing interests
The authors declare that they have no competing
interests.

Authors' contributions

ZH conceived of the study, conducted the research and
wrote the manuscript. All authors read and approved the
final manuscript.

Acknowledgements

This study is a component of the "Assessment of Environmental Pollution
and Community Health in Northwest Florida" supported by U.S. EPA
Cooperative Agreement Award X-9745002 to the University of West
Florida. The content of this report are solely the responsibility of the
authors and do not necessarily represent the official views of the U.S. EPA.
The authors thank Tianping Bi, a visiting scholar of the University of West
Florida from Northeastern University of China, for help with satellite
image batch processing.

References

I.  Pope CA lll: Epidemiology of fine particulate air pollution and
human health: biologic mechanisms and who's at risk? Environ
Health Perspect. 2000, 108(Suppl 4):713-723.

2. Peters A, Dockery DW, Muller JE and Mittleman MA: Increased
particulate air pollution and the triggering of myocardial
infarction. Circulation 2001, 103:2810-2815.

3.  Anderson HR, Atkinson RW, Bremner SA and Marston L: Particu-
late air pollution and hospital admissions for cardiorespira-
tory diseases: are the elderly at greater risk? Eur Respir | Suppl.
2003, 40:39-46.

4. Zanobetti A and Schwartz J: The effect of particulate air
pollution on emergency admissions for myocardial infarc-
tion: a multicity case-crossover analysis. Environ Health
Perspect. 113(8):978-982.

5. Hu Z, Liebens ] and Rao KR: Linking stroke mortality with air
pollution, income, and greenness in northwest Florida: an
ecological geographical study. Int | Health Geogr 2008, 7:20.

6. Poloniecki D, Atkinson RW, de Leon AP and Anderson HR: Daily
time series for cardiovascular hospital admissions and
previous day's air pollution in London, UK. Occup Environ
Med 1997, 54:535-540.

7. Schwartz |: Harvesting and long-term exposure effects in the
relationship between air pollution and mortality. Am |
Epidemiol 2000, 15 1:440—448.

8. Le Tertre A, Medina S, Samoli E, Forsberg B, Michelozzi P,
Boumghar A, Vonk |M, Bellini A, Atkinson R, Ayres ]G, Sunyer ],
Schwartz ] and Katsouyanni K: Short-term effects of particulate

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.
30.

http://www.ehjournal.net/content/8/1/26

air pollution on cardiovascular diseases in eight European
cities. | Epidemiol Commun Health 2002, 56:773-779.

Maheswaran R, Haining RP, Brindley P, Law ], Pearson T, Fryers PR,
Wise S and Campbell M): Outdoor air pollution, mortality, and
hospital admissions from coronary heart disease in Shef-
field, UK: a small-area level ecological study. Eur Heart | 2005,
26:2543-2549.

Klot S, von Peters A, Aalto P, Bellander T, Berglind N, D'lppoliti D,
Elosua R, Hérmann A, Kulmala M, Lanki T, Léwel H, Pekkanen |,
Picciotto S, Sunyer ] and Forastiere F: Ambient air pollution is
associated with increased risk of hospital cardiac read-
missions of myocardial infarction survivors in five European
cities. Circulation 2005, 112:3073-3079.

Murakami Y and Ono M: Myocardial infarction deaths after
high level exposure to particulate matter. | Epidemiol
Community Health 2006, 60:262-266.

Mille KA, Siscovick DS, Sheppard L, Shepher K, Sullivan JH,
Anderson GL and Kaufman JD: Long-Term Exposure to Air
Pollution and Incidence of Cardiovascular Events in
Women. N Engl | Med. 2007, 356(5):447-458.

Chu DA, Kaufman Y], Ichoku C, Remer LA, Tanre' D and
Holben BN: Validation of the MODIS aerosol optical depth
retrieval over land. Geo Res Lett 2002, 29(12):1617.

Wang ] and Christopher SA: Intercomparison between satel-
lite-derived aerosol optical thickness and PM2.5 mass:
implications for air quality studies. Geo Res Lett 2003, 30:2095.
Hutchison KD: Applications of MODIS satellite data and
products for monitoring air quality in the state of Texas.
Atmos Environ 2003, 37:2403-2412.

Hutchison KD, Smith S and Faruqui SJ: Correlating MODIS
aerosol optical thickness data with ground-based PM, s
observations across Texas for use in a real-time air quality
prediction system. Atmos Environ 2005, 39:7190-7203.

Hu Z, Liebens ] and Rao KR: Assessing health effects of fine
aerosol particles using MODIS atmospheric data. Proceedings
of the 3Ist International Geographical Congress: 12—15 August 2008;
Tunis, Tunisia.

Kumar N, Chu A and Foster A: An empirical relationship
between PM, s and aerosol optical depth in Delhi Metropo-
litan. Atmos Environ 2007, 41:4492—4503.

Schafer K, Harbusch A, Emeis S, Koepke P and Wiegner M:
Correlation of aerosol mass near the ground with aerosol
optical depth during two seasons in Munich. Atmos Environ
2008, 42:4036—4046.

Vidot ], Santer R and Ramon D: Atmospheric particulate matter
(PM) estimation from SeaWiFS imagery. Remote Sens Environ
2007, 111:1-10.

Chu DA, Kaufman Y], Zibordi G, Chern |D, Mao ], Li C and
Holben BN: Global monitoring of air pollution over land from
EOS-Terra MODIS. | Geophys Res 2003, 108(D21):4661.
Engel-Cox JA, Holloman CH, Coutant BW and Hoff RM: Qualita-
tive and quantitative evaluation of MODIS satellite sensor
data for regional and urban scale air quality. Atmos Environ
2004, 38:2495-2509.

Al-Saadi ], Szykman |, Pierce RB, Kittaka C, Neil D, Chu DA,
Remer L, Gumley L, Prins E, Weinstock L, MacDonald C, Wayland R,
Dimmick F and Fishman J: Improving national air quality
forecasts with satellite aerosol observations. Bull Amer Met
Soc 2005, 86:1249—1261.

Gupta P, Christopher SA, Wang |, Gehrig R, Lee Y and Kumar N:
Satellite remote sensing of particulate matter and air
quality assessment over global cities. Atmos Environ 2006,
40:5880-5892.

Hu Z: Spatial analysis of MODIS aerosol optical depth, PM; s,
and chronic coronary heart disease. Int | Health Geogr 2009,
8:27.

Algorithm for remote sensing of tropospheric aerosol from
MODIS: Collection 005. http://modis-atmos.gsfc.nasa.gov/_docs/
MOD04:MYD04 ATBD CO005 revl.pdf .

Ackerman SA, Strabala KI, Menzel WP, Frey RA, Moeller CC and
Bumley LE: Discriminating clear sky from clouds with MODIS.
J Geophys Res 1998, 103:139—-140.

NASA Level | and Atmosphere Archive and Distribution
System (LAADS Web). http://ladsweb.nascom.nasa.gov/.
Integrated Earth Observations: Application to Air Quality
and Human Health. http://www.epa.gov/geoss/pdflieo-workshop.pdf.
Centers for Disease Control and Prevention, National
Center for Health Statistics. Compressed Mortality File
1999-2005. CDC WONDER On-line Database, compiled

Page 9 of 10

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/pubmed/10931790?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10931790?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11401937?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11401937?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11401937?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16079066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16079066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16079066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18452609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18452609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18452609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9326156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9326156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9326156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10707911?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10707911?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16166102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16166102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16166102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16286602?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16286602?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16286602?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16286602?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16476758?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16476758?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17267905?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17267905?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17267905?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19435514?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19435514?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19435514?dopt=Abstract
http://modis-atmos.gsfc.nasa.gov/_docs/MOD04:MYD04_ATBD_C005_rev1.pdf 
http://modis-atmos.gsfc.nasa.gov/_docs/MOD04:MYD04_ATBD_C005_rev1.pdf 
http://modis-atmos.gsfc.nasa.gov/_docs/MOD04:MYD04_ATBD_C005_rev1.pdf 
http://ladsweb.nascom.nasa.gov/
http://ladsweb.nascom.nasa.gov/
http://www.epa.gov/geoss/pdf/ieo-workshop.pdf
http://www.epa.gov/geoss/pdf/ieo-workshop.pdf

Environmental Health 2009, 8:26

31
32.
33.

34.
35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

from Compressed Mortality File 1999-2005 Series 20 No. 2
K, 2008. http://wonder.cdc.gov/cmf-icd10.html.

Mausner RB and Kramer S: Epidemiology: An Introductory Text
Philadelphia: W. B. Saunders; 1985.

Waller LA and Gotway CA: Applied Spatial Statistics for Public Health
Data John Wiley & Sons, Inc; 2004.

Curtin LR and Klein R]: Direct Standardization (Age-Adjusted Death
Rates). Statistical Notes; No .6 Hyattsville, Maryland: National Center
for Health Statistics; 1995.

Anselin L: Local Indicators of spatial association — LISA. Geog
Anal 1995, 27:93-115.

Anselin L, Syabri | and Kho Y: GeoDa: An introduction to spatial
data analysis. Geog Anal 2006, 38:5-22.

Anselin L, Syabri | and Smirnov O: Visualizing multivariate
spatial correlation with dynamically linked windows. New
Tools for Spatial Data Analysis: Proceedings of the Specialist Meeting CD-
ROM; Center for Spatially Integrated Social Science (CSISS),
University of California, Santa Barbara: Anselin L, Rey S 2002.

Liu Y, Sarnat J, Kilaru V, Jacob D and Koutrakis P: Estimating
ground-level PM, 5 in the eastern United States using
satellite remote sensing. Environ Sci Technol 2005, 39(9):
3269-3278.

Liu Y, Franklin M, Kahn R and Koutrakis P: Using aerosol optical
thickness to predict ground-level PM, s concentrations in
the St. Louis area: a comparison between MISR and MODIS.
Remote Sens Environ 2007, 107(1-2):33—44.

Liu Y, Paciorek CJ and Koutrakis P: Estimating regional spatial
and temporal variability of PM,s concentrations using
satellite data, meteorology, and land use information. Environ
Health Perspec 2009, 117(6):886-892.

Brook RD, Franklin B, Cascio W, Hong Y, Howard G, Lipsett M,
Luepker R, Mittleman M, Samet ], Smith SC Jr and Tager |: Air
pollution and cardiovascular disease: a statement for
healthcare professionals from the Expert Panel on Popula-
tion and Prevention Science of the American Heart
Association. Circulation 2004, 109:2655-2671.

Nemmar A, Hoet PH, Vanquickenborne B, Dinsdale D, Thomeer M,
Hoylaerts MF, Vanbilloen H, Mortelmans L and Nemery B: Passage
of inhaled particles into the blood circulation in humans.
Circulation 2002, 105:411-414.

Pope CA Ill, Burnett RT, Thun MJ, Calle EE, Krewski D, Ito K and
Thurston GD: Lung cancer, cardiopulmonary mortality, and
long-term exposure to fine particulate air pollution. JAMA.
2002, 287(9):1132-1141.

Suwa T, Hogg JC, Quinlan KB, Ohgami A, Voncent R and van
Eeden SF: Particulate air pollution induces progression of
atherosclerosis. | AM Coll Cardiol 2002, 39:935-942.

Best N: Bayesian ecological modeling. Disease Mapping and Risk
Assessment for Public Health West Sussex, England: John Wiley & Sons
Ltd: Lawson A, Biggeri A, Bohning D, Lesaffre E, Viel JF, Bertollini R
1999, 193-201.

Rytkénen M, Moltchanova E, Ranta J, Taskinen O, Tuomilehto ] and
Karvonen M: The incidence of type | diabetes among children
in Finland - rural-urban difference. Health Place 2003,
9:315-325.

http://www.ehjournal.net/content/8/1/26

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here: BioMedcentral

http://www.biomedcentral.com/info/publishing_adv.asp

Page 10 of 10

(page number not for citation purposes)


http://wonder.cdc.gov/cmf-icd10.html
http://wonder.cdc.gov/cmf-icd10.html
http://www.ncbi.nlm.nih.gov/pubmed/15926578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15926578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15926578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15926578?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15173049?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15173049?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15173049?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15173049?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15173049?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11815420?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11815420?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11879110?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11879110?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11897432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11897432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14499216?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14499216?dopt=Abstract
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	MODIS data
	CIHD data
	Linking CIHD with AOD

	Results
	Discussion
	Conclusion
	List of abbreviations
	Competing interests
	Authors' contributions
	Acknowledgements
	References

