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There is increasing evidence that ambient air pollution is associated with coronary
heart disease morbidity and mortality. This research has focused on the general public
and less so on possible sensitive subgroups even though these may have even greater
susceptibility to adverse effects of ambient air pollution. With highly prevalent
traditional as well as nontraditional risk factors, renal transplant recipients may
potentially be a sensitive subgroup. The purpose of this study was to evaluate the
possible effect of between long-term exposure to air pollution on the risk of CHD
mortality among renal transplant recipients. This cohort study includes 32,239 adult,
renal transplant recipients, transplanted between 1997-2002, identified through the US
Renal Data System (USRDS) and living in the continental U.S.A. Monthly
concentrations of O3, NCb, SO2, PM10 and PM2.5 were calculated from ambient
monitoring data and interpolated to ZfP-code centroids according to the residence of the
renal transplant subjects. Time dependent Cox Proportional Hazard models were used to
estimate the effect of ambient air pollutants on risk of CHD mortality, while adjusting for
potential confounders. For each increase of 10 ppb increase in O3 the risk of fatal CHD
111

increased by 52% (Relative Risk (RR)=1.52, 95% Confidence Interval (Cl): 1.34-1.73) in
the single pollutant model and by 54% (RR=1.54, 95% Cl: 1.36-1.76) in the twopollutant model adjusted for PMio. The pollutant with the strongest association with fatal
CHD was PM2.5 adjusted for O3 (RR=1.89, 95%CI, 1.22-2.91). A small and significant
association was found for SO2, but no association was found for either NO2 or PMiq. In
both the age- and multivariable adjusted models, there was a significant association
between risk of fatal CHD and O3 for both males and females, with females exhibiting
the strongest association with each 10 ppb increase (RRmaies=l-43, 95%CI: 1.26-1.63 and
RRfemaies=l-67, 95%CI: 1.39-2.00). Ambient levels of fine particulate matter and ozone
are associated with risk of fatal CHD among renal transplant recipients. These findings
could have potential implications for policies and regulations of air pollution.
Additionally, these results may be relevant in developing individual CVD risk reduction
strategies for renal transplant recipients to ultimately improve long-term survival.
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CHAPTER 1
INTRODUCTION

A. Statement of the Problem
Renal transplantation is now the treatment of choice for persons with end-stage
renal disease (ESRD). Since the 1950s, major improvements in immunosuppressant
regimens and strategic management of transplant recipients have led to an overall
improvement in survival. The number of people living with a functioning kidney
transplant has doubled between 1995 and 2004 \ The number of transplants performed
has significantly increased with over 17,090 kidney only transplants performed in 2006, a
54% increase from a decade ago (n^l 1,083 in 1996) . Almost 80% of transplant
recipients have one or more cardiovascular risk factors and cardiovascular events develop
• i 3
at a rate of 3.5 to 5% per year putting kidney recipients at an elevated risk
. Compared

with the general public, cardiovascular disease is much more common among people
with kidney disease 4. One of the main causes of kidney graft failure is death with a
functioning graph and the main cause of death for kidney transplant recipients is
cardiovascular disease 5. Since 1995 there has been little if any improvement in the
prevention of kidney graft loss after the first year of transplant and the disparity between
the number of transplants performed and wait listed patients hoping to receive this scarce
resource continues to grow. Cardiovascular disease (CVD) is a major barrier for
improvement in longevity and additional studies are warranted in hopes of identifying
risk reduction opportunities to reduce the major cause of death among renal transplant
recipients. For the general public, epidemiological studies have identified a potential link
1

between ambient air pollutants and a number of adverse health outcomes for CVD
including increase rates of hospital admissions for ischemic heart disease, acute MI,
cardiac arrhythmias, congestive heart failure, angina pectoris, atherosclerosis, and
increased risk of fatal coronary heart disease events. Although epidemiological data
suggest a link between air pollutants and adverse CVD outcomes, to our knowledge, no
studies have assessed the potential health effects of exposures to air pollution among
organ transplant recipients, and thus it is not clear whether long-term ambient air
pollution exposures, particulate or gaseous, contributes to an increased risk of fatal CVD
events in this particularly susceptible population.
B. Purpose of the Study
Current air pollution research has focused attention on determining which groups
of the general population may potentially be more susceptible to the adverse health
effects of exposure to air pollutants and renal transplant recipients may be a highly
susceptible subgroup. The purpose of this study is to assess the effect of chronic
exposure to ambient air pollutants and risk of CVD and CHD (Coronary Heart Disease)
mortality among renal transplant recipients. This study will specifically assess chronic
exposure of particulate and gaseous pollutants (PMio, PM2.5, NO2, SO2 and O3) on risk of
CVD and CHD by utilizing the US Renal Data System (USRDS) and air quality data
from the Environmental Protection Agency (EPA).
C. Theoretical Framework/Rationale for Conducting the Study
Since the 1980s, over 150 epidemiological studies have been conducted using
advanced methods such as time-series modeling, case- cross- over studies, case- control
and cohort studies, and subsequently have reported associations between ambient air
2

pollution concentrations and cardiovascular mortality, hospitalization and other related
adverse health outcomes including increased rates of hospital admissions for ischemic
heart disease, acute MI, cardiac arrhythmias, congestive heart failure, angina pectoris,
atherosclerosis, and increased risk of fatal coronary heart disease events. There is limited
evidence as to which sensitive subgroups of the general public are more susceptible to
adverse effects of ambient air pollution. However, hospital admissions and mortality
research has implicated diabetes, obesity, hypertension and elderly age as factors for
enhancing vulnerability. Many of the factors cited as enhancing vulnerability among
sensitive subpopulations are highly prevalent among renal transplant recipients.
Additional CVD risk factors emerge with use of immunosuppression medications
necessary for maintenance of the newly transplanted organ, which has been associated
with hyperlipidemia, hypertension, and newly onset diabetes post transplant. The
National Kidney Foundation Task Force on CVD has stated that patients with chronic
kidney disease should be considered the highest risk group for subsequent CVD events 6.
Together all of these factors may ultimately enhance vulnerability among renal transplant
recipients, making them one of the most sensitive subpopulations at risk for adverse
cardiovascular health affects associated with short-term and long-term chronic ambient
air pollution exposures.
D. Research Question
Specifically, the research question this study proposes to answer is to what extent
does ambient air pollution contribute to an increased risk of death from cardiovascular
disease among renal transplant recipients?

3

E. Overview of Study Conduct
This study will assess the effects of exposure to ambient air pollutants on risk of
CVD and CHD mortality among renal transplants residing within the continental United
States. Subjects within the study are identified from the United States Renal Data System
(USRDS) and will include first time, kidney only transplant recipients, with age at time
of transplant of at least 18 years, transplanted between 1990-2002, with at least one year
of graft survival, without a history of CVD, CHD or stroke at the time of transplant, and
living within the continental U.S. and residing at the same ZIP-code from time of
transplant through the study follow-up period. The USRDS is a national kidney
surveillance data system containing demographics including: age, race, gender,
education, smoking, residential ZIP-code, education and diagnosis data including:
biochemical values, dialysis claims and information on treatment history, hospitalization
events, physician/supplier services and mortality information for all persons alive with
end stage renal disease (ESRD) as of January 1, 1995 or incident cases thereafter.
Cox proportional hazard modeling will be used to estimate the risk for CVD and
CHD mortality outcomes in relation to ambient air pollution after adjusting for risk
factors within both single and multi-pollutant models and calculate 95% confidence
intervals. Analysis pertaining to a sensitive subgroup of renal transplant recipients,
gender differences, will involve separate proportional hazard models where subjects
included and not included in the potentially sensitive subgroup will be compared to
evaluate the association of ambient air pollutants and CVD and CHD mortality. The
main outcomes for analysis are time from renal transplantation until fatal CVD and CHD
events.
4

F. Specific Aims
i) To describe exposure patterns of particulate (PMio, PM2.5) and gaseous
pollutants (NO2, SO2, and O3) among the renal transplant population, using
follow-up data from the United States Renal Data System (USRDS) and air
pollution metrics derived from the EPA AIRS database.
2) To assess the long-term effects of particulate (PM10, PM2.5) and gaseous

pollutants (NO2, SO2, and O3) on the risk of CVD and CHD mortality among
the renal transplant population.
3) To assess the long-term effects of ambient air pollutants on the risk of CVD

and CHD mortality among a potentially sensitive subgroup of the renal
transplant population (gender).
4) To assess the individual long-term effects of specific air pollutants in multi-

pollutant models on the endpoints in objectives 2 and 3.
G. Summary
Although the risks of cardiovascular disease associated with air pollution
exposures are small in comparison with obesity and tobacco smoke, the ramifications are
far reaching in terms of public health, as millions of people living with renal
insufficiency are breathing hazardous air pollutants everyday throughout their lifetime,
potentially experiencing cumulative and chronic adverse health effects associated with
their exposures. Renal transplant recipients with elevated levels of CVD/CHD risk
factors may be one of the most significantly affected subgroups of the general population
at risk of fatal CVD/CHD events induced by air pollution exposure. If ambient air
pollution is causally related to the risk of CVD/CHD mortality, the most common cause
5

of death among renal transplant recipients, then any changes in ambient air pollution
would have major consequences for the health of vast proportions of not only the renal
transplant population but all persons living with renal insufficiency. Further, if the
observed relationships are causal, they have implications for policies and regulations of
air pollution standards as well as health care strategies and individual choices of renal
transplant recipients, based on CVD/CHD risk reduction to improve long-term survival.

6

CHAPTER 2
LITERATURE REVIEW

A. Statistics on Renal Transplants
The number of renal transplants performed has significantly increased with over
17,090 kidney only transplants performed in 2006, a 54% increase from a decade ago
(n=l 1,083 in 1996) 2. One of the main causes of kidney graft failure is death with a
functioning graph and the main cause of death for kidney transplant recipients is
cardiovascular disease 5. According to the Organ Procurement and Transplant Network
Annual Report, approximately 54% of living and 43% of deceased donor kidney
transplant recipients survive 10 years post transplant1. For renal transplant recipients,
life expectancy is significantly less than the general population identifying a critical need
•

R Q

to improve graft survival ’ . Cardiovascular disease (CVD) is a major barrier for
improvement in longevity and additional studies are warranted in hopes of identifying
risk reduction opportunities to reduce the major cause of death among renal transplant
recipients. The purpose of this literature review is to evaluate the current scientific
evidence available on the association between environmental risk factors and mortality
from cardiovascular disease among renal transplant recipients.
B. Influential Environment and Exacerbation of Health Problems
Recent attention has focused on environmental justice and whether
environmentally related hazards are disproportionately distributed by socioeconomic
status or race/ethnicity creating health disparate populations throughout the U.S. Living
in areas with poor air quality may exacerbate the existing health problems of renal
7

transplant recipients who are already at risk for poor health outcomes, including death
from CVD. The Institute of Medicine has issued a report stating that higher levels of
adverse environmental exposures and additional socioeconomic related factors, including
level of income, decreased medical access and poor nutritional status can impact people
living in these communities by increasing their risk of adverse health outcomes in
association with environmental hazards 10. Additionally, the severity of risk for
communities exposed to poor air quality may be impacted by factors including
preexisting disease and co-exposures to other environmental hazards. Studies indicate
that African Americans and other people of color are more likely to live in areas with a
higher density of particulate sources of air pollution and may be at an increased risk of
environmentally related adverse health events

. An EPA report identified that African

Americans had a significantly higher percentage of people living in highly polluted areas
for particulates, carbon monoxide, ozone, sulfur dioxide and lead pollutants when
compared with Caucasian populations

. Additionally, communities of color are

disproportionately located near major freeways and other high traffic areas. Research on
environmental exposures and subsequent inequities may shed light on factors affecting
the survival of renal transplant recipients, especially among persons of color.
C. Geographical Variation in Transplant Survival Rates
1. Global Variation
Comparisons of survival rates for renal transplants across the globe may
help provide insight on the impact of environmental influences promoting CVD. Within
the renal transplant population, studies show a CVD risk variation among different
geographic locations/countries; social, biological and possibly environmental factors may
8

explain this disparity. However, it is extremely difficult to compare transplant survival
rates around the world and determine if any potential environmental factors exist due to
variabilities associated with the transplant selection process, distribution of
comorbidities, transplantation procedures, follow-up medical care and registry reporting
among countries. Research indicates that the U.S. carries one of the highest burdens of
comorbid diseases among the ESRD population, present at the time of renal
transplantation compared to other countries around the world 13. It is these comorbidities
that negatively impact overall transplant survival. However, one may argue that the
rigorous screening process within the U.S. enables selection of only the “healthiest” of
potential candidates. Indeed the question still remains as to whether or not the poor
survival rate of the U.S. compared with other countries is largely attributed to the
underlying poor health of the transplant candidates or to numerous other factors including
environmental exposures. A recently reported study showed that the U.S. experienced a
significantly higher post transplant adjusted mortality hazard ratio of 1.35 (95%CI, 1.241.47) when comparing the survival rate of primary, adult, renal transplant recipients with
Canada 14. The hazard ratios were adjusted for age, sex, race, cause of ESRD, year of
transplantation, donor source and pre-transplant time on dialysis. Mortality for the first
year post transplant was similar for both countries, but significantly higher in the U.S.
thereafter (HR=1.49). However the Canadian/U.S. study should be interpreted with
caution due to the discrepancies between the datasets and missing confounding
information (including comorbidities, information on clinical practices, and demographic
donor information). Within European countries there also exists considerable variation in
mortality after renal transplantation, with evidence indicating a north to south gradient
9

with 26% of the transplant mortality regional gradient attributed to differences in the
general population mortality 15. There is the potential that genetic and environmental
factors may influence the general population mortality gradient and impact the survival of
transplant recipients. Several additional factors have been suggested as contributing to
the gradient, including differences in access to transplantation, patient demographics,
cause of ESRD, and the presence of comorbidities. Unfortunately, as of to date the cause
of international geographical variations in transplant survival remains relatively unclear.
Within the few ESRD population based studies conducted in Asian countries, including
Japan and Korea, there appears to be a lower prevalence of inflammatory markers when
compared with Western countries indicating the possibility of genetics and/or
environmental influences on the progression of risk factors for CVD 16. Understanding
the effect of the environment on the progression of CVD for persons living with a renal
transplant may identify target areas for risk reduction opportunities among this
potentially susceptible population and ultimately improve their longevity and quality of
life.
2. National Variation
Health disparities in CVD/CHD mortality by geographical location within
the U.S. have been evident as early as 1950 for the general public, with some of the
highest rates observed in the south 17. Throughout the U.S., differences in the prevalence
of risk factors for CVD morbidity and mortality rates persist among renal transplant
populations as well. According to nationally collected data by the United States Renal
Data System (USRDS), there exists wide geographic variation in death from
cardiovascular disease in all persons with ESRD including renal transplant recipients,
10

with rates generally higher for the eastern and southern half of the U.S., (USRDS Annual
1

Report 2006) . Among transplant recipients there is a definite increase in all cause
mortality rates for the eastern half of the U.S. and for the southern half of California with
the majority of these deaths attributed to CVD (Figurel; USRDS Annual Report 2006) 1.
Many of the strong comorbidities (hypertension, diabetes.. .etc) contributing to ESRD
remain present after transplantation and thus special cardiovascular studies conducted by
the USRDS on ESRD populations will have direct implications for renal transplant
populations as well. In a cardiovascular study conducted by the USRDS on patients with
ESRD the data displayed wide differences in geographic variations for cardiac arrest
rates, especially within the state of California (Figure 2; USRDS Annual Report 2006)1.
Historical cardiovascular studies on patients with an ESRD diagnosis have continually
identified geographic variations in mortality rates from cardiovascular disease and even
in the distribution of atherosclerotic heart disease. These data may implicate an
environmental component in the development and progression of heart disease for
persons with ESRD and for transplant recipients (Figures 3-4; USRDS Annual Report
2002) 1S.
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Figure 1. Geographic Variations in Unadjusted All-Cause Mortality Among
Transplant Population, 2004. Figure 1 taken from the U.S. Renal Data System, USRDS
2006 Annual Data Report: Atlas of End-Stage Renal Disease in the United States,
National Institutes of Health, National Institutes of Diabetes and Digestive Kidney
Diseases, Bethesda, Maryland, 2006 1.
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Figure 2. Geographic Variations in Rates of Cardiac Arrest (per 1,000 Patient
Years), by Health Service Area for Persons Living With ESRD Age 65 & Older On
January 1, 2002. Figure 2 taken from the U.S. Renal Data System, USRDS 2006 Annual
Data Report: Atlas of End-Stage Renal Disease in the United States, National Institutes
of Health, National Institutes of Diabetes and Digestive Kidney Diseases, Bethesda,
Maryland, 2006 1.
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Figure 3. Geographic Variations in Cardiac Death Rates (per 1,000 Patient Years),
by Health Service Area for Persons Living With ESRD. Figure 3 taken from the U.S.
Renal Data System, USRDS 2002 Annual Data Report: Atlas of End-Stage Renal
Disease in the United States, National Institutes of Health, National Institutes of Diabetes
and Digestive Kidney Diseases, Bethesda, Maryland, 2002 18.
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Figure 4. Geographic Variations in Atherosclerotic Heart Disease (per 1,000 Patient
Years), by Health Service Area for Persons Living With ESRD and Diabetes as the
Primary Cause of ESRD. Figure 4 taken from the U.S. Renal Data System, USRDS 2002
Annual Data Report: Atlas of End-Stage Renal Disease in the United States, National
Institutes of Health, National Institutes of Diabetes and Digestive Kidney Diseases,
Bethesda, Maryland, 2002 18.

D. Potential Environmental Link Between Air Pollution and Adverse Health
1. Long-Term Effects
With the wide geographical distribution of cardiovascular mortality rates
throughout the U.S., the question is raised as to the impact the

suitounding

environment

may have on the survival of people living with a renal transplant. Meuse Valley,
Belgium; Donora, Pennsylvania, and London, UK, were the first few documented events
in history highlighting the idea that extreme adverse air pollution episodes can drastically
affect cardiovascular and respiratory health in humans leading to excess morbidity and
mortality 19

-25

. Since the 1980s over 150 epidemiological studies have been conducted
15

using advanced methods such as time-series modeling, case cross over studies, case
control and cohort studies, and subsequently have reported associations between ambient
air pollution concentrations, total and cardiovascular mortality, hospitalization and other
related adverse health outcomes

26, 27

. Majority of these studies have thus far focused on

the impact of air pollution on the health of the general public. Epidemiological studies
have identified a potential link between ambient air pollutants and a number of adverse
health outcomes for cardiovascular disease including increased rates of hospital
admissions for ischemic heart disease
congestive heart failure

98

90

" , acute MI

90

99

■

•

' , cardiac arrhythmias

99

,

' , angina pectoris , atherosclerosis ’ , and increased risk

of fatal coronary heart disease events 31, 36 - 45
To date there have been relatively few long-term cohort studies conducted
assessing the impact of air pollutants on human health. Appendix B contains Table A
which is a summary of the long-term cohort studies that have been conducted assessing
the impact of ambient air pollutants on risk of cardiovascular mortality. One of a few
long-term studies on health effects of air pollution was conducted at Loma Linda
University (Adventist Health Study on Health Effects of Smog, AHSMOG) which found
an association between all three fractions of PM (PMio, PM10-2.5, and PM2.5) and fatal
CHD for women 38 . The hypothesis of this study is that long-term, chronic exposure to
air pollutants (O3, SO2, NO2, PM10, and PM2.5) is associated with increased risk of
cardiovascular mortality. The AHSMOG study is a cohort study of 6,338 nonsmoking,
white adults that were followed over 22 years. Monthly concentrations of ambient air
pollutants were obtained from monitoring stations and utilizing Geographical Information
Systems Software (GIS) were interpolated to zip-code centroids using work and home
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residences. A detailed questionnaire was obtained at baseline (1976) and additional data
was collected during follow-up years 1977, 1987, 1992 and 2000. Vital status was
obtained through follow-up questionnaires, family phone interviews, record linkage with
the National Death Index (NDI) and death certificates. Cox proportional hazard
modeling was conducted to assess for association and analyses were adjusted for
potential confounders. With 22 years of follow-up, the AHSMOG study found a relative
risk (RR) of 1.42 (95% Cl, 1.06-1.90) in females for fatal CHD with each 10 wg/m3
increase in PM2.5 in a single pollutant model and a RR of 2.00 (95%CI, 1.51-2.64) in a
two pollutant model with O3. The AHSMOG study identified a robust association for
women, between PM10 and cardiovascular mortality (RR=1.22, 95%CI 1.01-1.47) and for
PM2.5 as well (RR=1.42, 95%CI1.06-1.90). For all other pollutants analyzed within this
study, the results included the null value. No associations with the various air pollutants
and CHD mortality were observed in males. This study was selected for inclusion within
this literature review because it is one of the longest (22 years) cohort studies assessing
the effects of fine particulates on cardiovascular disease, and the utilization of both home
and work residences in assignment of exposure data.
A second study of chronic ambient air pollution exposure and cardiovascular
mortality risk was conducted via data supplied by the American Cancer Society (ACS) 40.
The hypothesis of the ACS study is that long-term, chronic exposure to ambient air
particulates is associated with increased risk of cardiovascular mortality. The ACS study
is an ongoing study of about 1.2 million adults from all over the United States. Subjects
completed questionnaires and vital status was obtained from study participants via ACS
volunteers. Deaths were confirmed with death certificates. Each subject was assigned a
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metropolitan area based on the ZLP-code of residence. From 1979-1983 PM2.5 data were
obtained from the Health Effects Institute and from 1999-2000 pollutant data were
obtained from the EPA. Measurements were first averaged by site and then by
metropolitan area to determine the average exposure for each subject within a specific
metropolitan area. A third index was also calculated for analysis based on an integrated
average of the first two indices. Cox proportional hazard modeling was conducted to
evaluate association and analyses were adjusted for potential confounders. Long - term
PM2.5 exposures were most significantly associated with specific types of death including
ischemic heart disease, dysrhythmias, heart failure, and cardiac arrest. This study found
an increased risk of death from ischemic heart disease for nonsmokers associated with
each 10 wg/m3 increase in PM2.5 (RR=T.18, 95%CI, 1.14-1.23) and death from
dysrhythmias, heart failure and cardiac arrest (RR=1.13, 95%CI, 1.05-1.21). Risk of
cardiovascular mortality associated with PM2.5 exposures were greater among former
smokers and even more so among current smokers. Re-analysis of the ACS data has
reaffirmed the original findings with similar results for cardiovascular mortality related to
chronic long-term PM2.5 exposure (RR=1.36, 95%CI, 1.22-1.52) and additionally
reported findings on SO2 exposure and cardiovascular mortality (RR=1.36, 95%CI 1.251.48) 46. This study was selected for inclusion within this literature because of the length
of follow-up (16 years), adjustment of potential confounders and the use of subjects from
all across the U.S.
A third long-term study, the Norwegian Men Cohort Study also found an
association between urban air pollution and cardiovascular mortality. The Norwegian
cohort study population included 16,209 willing male participants, 40-49 years of age
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residing in Olso, Norway 47. At baseline a detailed questionnaire, blood sample and
height/weight measurements were all collected. The National Death Register provided
information on all subsequent deaths within the cohort. The hypothesis of this study is
that long-term, chronic exposure to ambient air pollutant (SO2 and NO2) is associated
with increased risk of cardiovascular mortality. Air pollution data was obtained from the
Norwegian Institute for Air Research, which estimated the average concentrations at the
home address of each subject between 1974-1998. GIS software was utilized in
assigning exposure. Cox proportional hazard modeling was conducted to assess for
association and analyses were adjusted for potential confounders. The results indicate
that for each 10 wg/m3 increase in NO2 a subsequent increase in mortality was observed
for ischemic heart disease (RR=1.08, 95%CI, 1.03-1.12). Researchers were unsuccessful
in identifying a potential dose response for risk of death from ischemic heart disease,
when analyzing NO2 in a quartile of groups with increasing concentration. Additionally
data from this study did not indicate an association between SO2 and risk of death from
ischemic heart disease (RR=0.95, 95%CI, 0.91-0.99 per 10 wg/m increase). This study
was selected for inclusion within this literature because of the length of follow-up (20+
years) and the adjustment of potential confounders.
2. Short-Term Effects
In addition to the few long- term cohort studies presented here and cited in
appendix B there has been numerous epidemiological studies conducted on the short term
health affects associated with air pollution exposures; often evaluated using the timeseries model.
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E. Cardiac Ischemia
Epidemiological studies have linked air pollution with triggering myocardial
infarction (MI). One such study involved 722 patients from the Boston area that were
part of the Onset Study and were interviewed on average 4 days after a MI

. A case

cross over analysis was conducted to determine the association between PM2.5, black
carbon, O3 and CO and risk of ML Conditional logistic regression revealed an
association with a 1- day lag for onset of symptoms with an OR of 1.48 for every
25 uglm increase in PM2.5 (95%CI: 1.09-2.02). Ambient air pollution in the 2-hour
period before onset of symptoms was associated with an increased risk of MI with an
odds ratio of 1.69 for every 20 wg/m3 increase in PM2.5 (95%CI: 1.13-2.34). No other
pollutants obtained statistical significance for risk of MI.
A second study was conducted assessing the affect of SO2, NO2 and O3 on risk of
acute MI49. Researchers utilized an existing study database, the acute MI registry (the
Toulouse MONICA Project) in the southwest of France. This study database collects
information on all subjects 35-64yrs of age with an acute MI, sudden cardiac deaths or
probable cardiac deaths. Air quality monitoring stations throughout this geographical
area collected air quality samples to utilize for exposure assignment. A case crossover
design was utilized to determine if a short term association exists and results revealed for
every 5 uglm m O3 concentration an increased risk of an AMI was identified with a
RR=1.05, (95%CI: 1.01-1.08). Older subjects (55-64yrs) without a history of heart
disease were most likely to develop an acute MI (RR=1.14, 95%CI: 1.06-1.23). The
other gaseous pollutants examined were not associated with increased risk of acute MI.
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A third study examining the effects of ambient air pollution on risk of acute MI
was conducted from hospital discharge data across 5 European cities including Helsinki,
Rome, Stockholm, Augsburg and Barcelona (N=27,000 cases)50. Researchers utilized
data on first acute MI hospitalizations in association with air pollution data for NO2, CO,
O3, PM10 and ultra-fine particles (<0.1mn). A generalized additive model was used to
detennine if an association exists and results revealed that a same day exposure with CO
produced a RR=1.005 (95%CI: 1.000-1.010). City specific analysis did reveal stronger
results with every 10000 particles/cm3 increase in ultra-fine particles a statistically
significant RRM.058 (95%CI: 1.012-1.107) and per every 8 wg/m3 increase inNOi a
RRM.032 (95%CI: 0.998-1.066).
F. Heart Rate and Heart Rate Variability
A panel study was conducted on 100 subjects with implanted defibrillators
residing within eastern Massachusetts 51. Researchers compared defibrillator discharges
with concentrations of ambient air pollutants (PM2.5, PM10, O3, CO, NO2, and SO2).
Results indicated for every 26 ppb increase in NO2 and associated increase risk of a
defibrillator intervention was found 2 days following the exposure with a OR=1.8
(95%CI: 1.1-2.9). Subjects with 10 or more defibrillator discharges had increased
arrhythmias associated with CO and NO2 exposures.
A second study on heart rate variability (HRV) was conducted in Sao Paulo
Brazil 52 . Researchers utilized a panel study with 48 healthy, non-smoking adults that
were vehicular traffic controllers and collected 24- hour blood pressure and
electrocardiogram readings during three periods including winter 2000, summer 2001 and
winter 2001. Linear regression was utilized to detennine if an association exists between
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air pollution and HRV and results revealed that SO2 was statistically significantly
associated with decreasing HRV identified through with a negative association with the
standard deviation of the normal RR intervals (SDNN) and thus potentially increasing the
risk for cardiac arrhythmia. PM10 and NO2 had no statistically significant associations
with HRV.
G. Blood Pressure
A study was conducted on 23 healthy individuals to investigate the effect of O3
and PM2.5 on blood pressure 53 . The subjects were included from two randomized studies
conducted at the Gage Occupational Environmental Health Unit to study effects of
concentrated ambient particle exposures (CAP). Subjects arrived at the lab early in the
morning, underwent an interview and workup and were then exposed to air pollutants via
use of a facemask. During exposure subjects were asked to list any symptoms they
experienced during and after the exposure period. Blood pressure and heart rate were
measured at 30 minute intervals during a 2 hour exposure period. The results indicated a
significant increase in blood pressure associated with the air pollutants. A significant
increase in diastolic blood pressure (DBP) was identified after CAP+ O3 exposure for 2
hours with a median change of 6 mm HG (9.3%).
A second study was conducted on 2,607 men and women aged 25-64 years old,
that were participating in the Augsburg Monitoring of Trends and Determinants of
Cardiovascular Disease Survey conducted in Augsburg, Gennany 54. Total suspended
particles (TSP) and SO2 were associated with a systolic blood pressure increase of

22

1.79 mm Hg (95%CI: 0.63-2.95) per 90 ug/m3 TSP and 0.74 mm Hg (95%CI: 0.08-1.40)
per 90 wg/m3 SO2 and the obtained results were even stronger among subjects that had
high plasma viscosity levels.
A third study was a panel study conducted on 62 subjects with preexisting heart
disease that were seen at a cardiac clinic in Boston 55. This study assessed the effect of
PM2.5, O3, NO2, SO2 and CO on blood pressure. The results indicated that PM2.5 was
associated with an increase in BP with increase of 2.8 mm Hg (95%CI: 0.1-5.5) in
increasing from the 10th to the 90th percentile in a 5 day PM2.5 mean. An increase in BP
was also found for SO2 and O3.
H. Plasma Inflammatory Markers
Scientific studies have been conducted and evidence is accumulating that ambient
air pollutants may influence plasma inflammatory markers. A panel study of 76 students
from the University in Taipei was conducted to determine if O3, SO2, NO2, PM10 and
PM2.5 affect concentrations of plasma inflammatory markers :>6. Three serum sample
measurements were made between April and June of 2004-2005. Ambient air pollutants
were measured via monitoring sites located throughout the University campus. A mixed
effects linear regression model was used to identify any possible association and results
revealed the PM2.5 and PM10, SO2, NO2 and O3 in single pollutant models influenced the
levels of C-reactive protein (CRP), fibrinogen and other inflammatory markers. The
increase in fibrinogen and other markers remained significant for O3 and SO2 in two
pollutant models and after subsequent adjustment for other confounders.
A second population-based study was conducted to determine if O3, SO2, NO2,
CO and PM10 influence the concentration of plasma inflammatory markers 57 . A total of
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10,208 subjects were selected from a larger cohort study (the Atherosclerosis Risk in
Communities Study (ARIC)). The plasma inflammatory markers included fibrinogen,
albumin, von Willebrand factor (vWF), white blood cell count (WBC), and factor VIII-C.
Linear regression models were utilized to determine if an association exists and results
revealed PMio was significantly associated with 3.9% higher vWF and 0.018 g/dl lower
serum albumin. Significant curve linear associations were identified for O3 and
fibrinogen, PM10 with factor VIII-C and SO2 with factor VIII-C and WBC, all possibly
indicating a threshold effect.
I. Sensitive Subpopulations
There is limited evidence as to which sensitive subgroups of the general
public are more susceptible to adverse effects of ambient air pollution. However,
hospital admissions and mortality research has implicated diabetes, obesity, hypertension
and elderly age as factors for enhancing vulnerability 58 - 64 . Many of the factors cited as
enhancing vulnerability among sensitive subpopulations are highly prevalent among renal
transplant recipients. A review article published in 2006 in the Transplantation Journal
reported that hypertension is prevalent in 80% of renal transplant recipients, diabetes
prevalent in 55%, obesity is prevalent in 32%, and 20% of transplant patients continue to
smoke, potentially making them one of the highest risk sensitive subpopulations for
cardiovascular effects associated with air pollution . hi addition to the highly prevalent
general risk factors, transplant recipients have other risk factors not common to the
general public. Additional CVD risk factors emerge with use of immunosuppression
medications necessary for maintenance of the newly transplanted organ; associations
found with hyperlipidemia, hypertension, and newly onset diabetes post transplant.
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According to the 2007 published report by the USRDS, more than one-third of all renal
transplant recipients will develop new-onset diabetes within the first three years after
i
2
transplant
. Research studies focusing on cardiovascular health effects of air pollution

have found that compared to patients without diabetes, diabetics have a two fold increase
in the risk of adverse cardiovascular events with each 10 wg/m3 increase in PMio; thus
indicating that this population may be more vulnerable to short-term effects of air
pollution 59- 61, 65 . The mechanism at work in diabetics enhancing their vulnerability to
cardiovascular effects of air pollution may be present in more than half of all renal
transplant recipients.

Additionally, studies have indicated that hypertensives and elderly

populations are at increased risk of adverse cardiovascular events with increase in air
pollution 54,

55, 66 - 69

. Since 1996 there has been a steady increase and by 2005 there was

an overall doubling in the percentage of transplants performed for recipients aged 65 and
older 70 . Together, all of these factors may ultimately enhance vulnerability among renal
transplant recipients, making them one of the most sensitive subpopulations at risk for
adverse cardiovascular health affects associated with short-term and long-term chronic
ambient air pollution exposures.
Animal models have also been useful in identifying potential sensitive subgroups
of the general public. One such animal model study analyzed for this review was
conducted on susceptible mice models to assess chronic exposure to PM2.5.71.
Researchers found that upon chronic exposure, mice prone to develop atherosclerotic
lesions were more significantly impacted in terms of the size, severity and composition of
aortic plaques when compared with controls. The hypothesis of this study is that chronic
exposure to concentrated ambient particles (CAPs) exacerbates the progression of
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atherosclerotic lesions among a population at greater risk of heart disease. Within this
study CAPs denoted ambient air pollutant PM2.5. This study involved the use of normal
mice (C57) and 2 different mice models displaying advanced levels of atherosclerotic
disease including mice lacking in apolipoprotein E (ApoE-/-) and mice lacking in both
apolipoprotein E and low density lipoprotein receptor (ApoE-/- LDLr-/-) also known as
double knockout (DK). Animals were exposed to either filtered air (not exposed, N=3) or
CAPs air (N=7) at lOx of ambient concentrations for 6h/day for 5 days/week for
Smonths. An ambient aerosol concentrator system (VACE) was utilized to expose the
mice, which was described previously 72, 73 . High efficiency particulate air (HEPA)
filters were used to prevent passage of particulates for the filtered (non- exposed) mice.
At the end of the study period the mice were sacrificed and specimens were collected.
All assessments were performed without knowledge of which strain of mice was being
analyzed. Sections of the heart were cut, prepared and stained with hematoxylin and
eosin. Coronary artery profiles in the wall of the left ventricle were scored as normal or
abnormal and any abnormal findings were reread again to be certain. The exact scoring
method was not described within the article. Aortas were also dissected using very
detailed preparation. Pictures were taken using a Kodak Science camera system through
a dissecting microscope. The density slide tool of the National Institutes of Health (NIH)
image was used to isolate and calculate the area stained with Sudan IV using the red
channel of the acquired image. The results showed that for the filtered exposed DK mice
(N=3) the fraction of luminal surface affected by plaque in the abnormal coronary arteries
was 1.0, 0.25 and 0.25. For the DK exposed mice the affected area of the mice included
3 with a fraction of 0.25 and the remaining four with 50% of area affected. Complex
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atherosclerotic lesions were only found in the DK CAPs exposed mice, potentially
indicating the greater impact of exposure on the higher risk mice. The aortas of filtered
and CAP exposed C57 mice did not exhibit signs of vascular lesions and only a few small
fatty streaks were apparent, which is consistent with the theory that PM2.5 may have
greatest impact on individuals that are at higher risk of atherosclerotic heart disease when
compared with the general public. One of the main drawbacks of using animal models to
identify the health effects associated with chronic ambient air pollution exposure is that
typically the exposure concentration is much higher than would be observed for the
general public and the exposure window is generally much shorter than that for humans.
Also, extrapolation from one species (mice) to another species (human) can be
problematic. However, the significant findings of this research study among high-risk
mice prone to heart disease, is one of the most important reasons why this article was
selected for this review.
J. Biological Mechanisms of Effect
The biological mechanisms through which air pollution works in promotion of
adverse cardiovascular effects are not well understood. A number of hypotheses have
been formulated, of which two appear to be gaining support from the scientific
community. The first hypothesis is that inhalation of ambient air pollutants promotes a
pulmonary inflammatory response that triggers a cascade of events, including subsequent
release into circulation of prothrombotic and anti-inflammatory cytokines, setting in
motion a systemic inflammatory process 74 (Appendix C). Evidence is accumulating that
ambient air pollutants influence a number of blood markers (including fibrinogen,
platelets, C-reactive protein and white cell count) that ultimately increase the risk of
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cardiovascular disease and mortality 75

- 77

. One of the first studies to provide support

identified a positive association between ambient air pollution and subsequent
development of atherosclerosis for subjects living in the Los Angeles Basin . The
second hypothesis for the association between air pollution and risk of cardiovascular
disease is that inhalation of air pollutants alters cardiac autonomic functions and induces
arrhythmias ultimately increasing the risk of cardiac death 74. Elevated levels of ambient
air pollutants have been associated with life threatening arrhythmias identified in studies
of subjects with implanted cardioverter defibrillators

78 - 80

. Scientific evidence has also

indicated that the inflammatory response may begin at extra-pulmonary sites. Research
has found that ultra-fine carbon particles (< 100 nanometers or < 0.1 um) are able to pass
rapidly into systemic circulation within the human body and may influence
cardiovascular endpoints through a more direct approach . However, more extensive
research is needed to shed light on the elusive mechanism through which ambient air
pollution imparts its harmful effects on the cardiovascular system of the human body for
both the general public and for sensitive subpopulations.
Transplant recipients and persons living with chronic renal failure may be
populations at increased risk of adverse health effects upon exposure to ambient air
pollutants attributed to their declining renal function. Circulating levels of cytokines, and
other inflammatory markers are all markedly elevated among transplant recipients; these
factors could be caused by increased generation, decreased removal, or both, and
evidence is indicating that inflammation starts early in the process of kidney disease
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C Reactive Protein (CRP) is considered an indicator of inflammation and a risk factor for
the development of cardiovascular disease and in studies has shown to be significantly
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elevated among transplant recipients compared with healthy controls 85. CRP was
initially considered only a biomarker of inflammation and the atherosclerotic process,
however new evidence indicates that CRP may potentially be a mediator of
cardiovascular disease. A potential association has been identified between CRP and
increased risk of a number of adverse cardiovascular events including myocardial
infarction

86 - 88

, sudden cardiac death 89 and peripheral artery disease 90. The entire

atherosclerotic process may be accelerated among persons with chronic kidney disease
and may continue after renal transplantation; where researchers have additionally
uncovered widespread progressive abnormalities of the carotid arterial vascular wall

91,92

It is interesting to note the similarities between diabetics and transplant recipients because
both exhibit chronic inflammatory states potentially promoting atherosclerosis and CVD
is the number one cause of death for both entities 93. The remaining question is whether
or not ambient air pollution increases risk of adverse cardiovascular events for transplant
recipients as it does for diabetics.
K. Dose Response Assessment
Identification of a dose response between an ambient air pollutant and risk of
cardiovascular mortality provides further support for the presence of a true biological link
between the two. One of the most pivotal air pollution studies that have found an
association between PM2.5 and cardiovascular mortality with a potential dose response
relationship is the Harvard Six Cities Study (SCS)

94,95

. The Harvard Six Cities study

cohort is comprised of 8,096 subjects residing in one of six cities within MA, TN, MO,
OH, WI and KS. Subjects were recruited between 1974 and 1977 and followed through
1990 originally and then extended follow-up through 1998. Baseline questionnaires were
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collected that included infonnation on potential confounders. The national death index
was utilized to obtain information on all possible deaths. The hypothesis of this extended
study analysis is that long-term exposure to ambient air pollutant PM2.5 is associated with
increased risk of cardiovascular mortality. City specific concentrations were measured
between 1979-1988 and for the remaining years estimated from data collected via EPA
monitors to assign individual exposures. Each subject was assigned a city specific PM2.5
average depending on the residential location. Between 1979-1987 daily ambient PM2.5
concentrations were measured at monitors throughout communities within each of the
cities. Between 1985-1998 visibility data collected from local airports was used to
estimate PM2.5, as the monitors for the original SCS had been discontinued. City specific
annual mean PM2.5 concentrations were calculated and then assigned to each subject. The
results from the SCS study have been utilized by the World Health Organization (WHO)
in determining and setting appropriate guidelines for PM2.5 exposure for protecting the
health of the public 96. Cox proportional hazard modeling was conducted to assess for
association and analyses were adjusted for potential confounders. For each 10 ug/m
increase in PM2.5 there was an associated RR of 1.28 (95%CI 1.13-1.44) for
cardiovascular mortality for the adjusted model. Even from a concentration level of
11.4 ug/m for the reference city to the next highest concentration level of 12.4 ug/m for
the city of Topeka, a slight increase in risk of cardiovascular death is evident. With the
exception of one city (St. Louis) within this study there is a perfect dose response from
the least polluted city to the most with an associated increase in cardiovascular mortality
for all years combined. The following table 1 depicts the average PM2.5 concentrations
within each of the six cities and the associated risk of cardiovascular mortality (table is
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created from data obtained from Laden et al 94,95. Data from the SCS study provides
evidence that even at the lowest range of 11-15 wg/m3 adverse cardiovascular health
effects can be expected. This study was selected for inclusion within this literature
review as it provides evidence towards a potential dose response relationship between
exposures and risk of cardiovascular mortality and for its lengthy follow-up time (20+
years).
Table 1. Adjusted Cardiovascular Mortality Rate Ratios Estimated From Cox
Proportional Hazard Models for the Entire Follow-Up Period (1974-98). Rate Ratios have
been adjusted for age in one-year categories, gender, current smoker, current pack-years
of smoking, former smoker, former pack-years of smoking, less than high school
education and linear and quadratic terms for body mass index. Data for this table is taken
from Laden F, Schwartz J, Speizer F, and Dockery D. 2006. Reduction in Fine
Particulate Air Pollution and Mortality; Extended Follow-Up of the Harvard Six Cities
Study. American Journal of Respiratory Critical Care Medicine, 173, supplemental 94.
City

Ave. PM2.5 (wg/m3)

RR (95% Cl)

Portage

11.4

1.00

Topeka

12.4

1.01 (0.81-1.26)

Watertown

15.4

1.02 (0.84-1.26)

St. Louis

19.2

1.08 (0.89-1.32)

Harriman

20.9

1.30 (1.06-1.58)

Steubenville

29.0

1.34(1.11-1.62)

A second research study conducted within the Los Angeles Basin Area (LA
Study) provides additional support to the presence of a dose response relationship
between pollution and risk of cardiovascular mortality 35. Researchers from the LA study
set out to determine whether or not chronic exposure to PM2.5 would promote
atherosclerosis measured via increased carotid artery intima-media thickness (CEMT), a
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known marker for the identification of atherosclerotic progression. The study was
conducted in the Los Angeles Basin Area, which used baseline data from two double
blind clinical trials to assess the affect of PM2.5 on CIMT (N total= 798 adult subjects).
The two trials were the Vitamin E Atherosclerosis Progression Study (VEAPS) which
recruited healthy male and female volunteers from the Los Angeles Basins that were, 40+
years of age with slight increase in LDL cholesterol concentration, but free of any clinical
signs of CVD and the B-Vitamin Atherosclerosis Intervention Trial (BVAIT) which had
similar design to the VEAPS study. The measurement of interest for this study was the
CIMT, which was measured by high- resolution ultrasound of the right common carotid
artery. Baseline questionnaire data had been collected on all major risk factors for CVD.
GIS software was used to assign annual mean ambient concentration PM2.5 to the ZIP
code of each subject’s residence for the year 2000. An exposure surface was made over
the entire basin area by modeling air pollution data collected from monitor stations
throughout the study area. For this study, once the air quality data was interpolated to
create an exposure surface, GIS software was utilized to link the subjects’ zip codes with
the exposure surface to assign individual exposures. Statistical analysis was conducted
using linear regression models, which were subsequently adjusted for potential and
known confounders to test for associations between CIMT and ambient PM2.5. The
results indicated that for every 10 wg/m3 change in PM2.5 there was an associated increase
of 5.9% in CIMT (95%CI, 1-11%) for an unadjusted model. PM2.5 was also analyzed
within quartiles and after adjustment for confounders the trend across the increasing
exposure groups was significant (p=0.041) with increasing CIMT. For this study an
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effect threshold was identified between 5.2-19.1 wg/m3 above which an increase in CIMT
was observed and also a possible dose response that may taper off around 22.126.9 wg/m . This study is important and was selected for this review as it represents the
first form of evidence identifying an association between CIMT and long-term air
pollution exposure. The results support the biological plausibility of some type of
systemic inflammatory response induced by long-term particulate exposure leading to
increased atherosclerosis. The drawback of this study is that the participants were drawn
from a pool of “healthy volunteers” and thus may exhibit less disease or may not be as
adversely affected by air pollution as the general public.
L. Exposure Assessment Methods and Geostatistical Analysis
Ambient air pollution data necessary for studying the adverse health effects of air
quality is made available for research through the Environmental Protection Agency
(EPA). Air monitoring stations at specific locations throughout the entire U.S. collect
measurements and detennine air quality. Repeated measurements are needed and ideally
the closer a subject resides to the monitor the more accurate assignment of air quality
exposure to the subject. One of the difficulties in studying environmental exposures and
health effects is the accurate assigning of a subject’s true exposure. The assignment of
ambient air pollution exposure is very difficult given the fact that daily measurements are
unavailable for a vast number of locations throughout the country and thus the need for
spatial estimations utilizing geographic information systems (GIS). GIS is a computer
mapping tool that allows epidemiologists to study associations between environmental
exposures and the spatial distribution of disease; for this proposal it will allow a study of
the association of air pollution and CVD for renal transplant recipients 91. More
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specifically GIS

. .links nongraphic attributes or geographically referenced data with

graphic map features to allow a wide range of information processing and display
operations as well as map production, analysis and modeling” 98. A number of major
health centered organizations including the Centers For Disease Control and Prevention
(CDC), the Agency for Toxic Substances and Disease Registry (ATSDR), the U.S.
Environmental Protection Agency (EPA) and the American Public Health Association
(APHA) endorse and support the use of GIS software in promotion and protection of
public health
GIS software has been utilized in a number of different types of studies assessing
the impact of ambient air pollution on adverse health outcomes. A study conducted in the
Los Angeles Basin Area to assess the affect of PM2.5 on carotid artery intima-media
thickness (CIMT) cited previously in this review utilized GIS to assign exposure 35. GIS
software was used to assign annual mean ambient concentration PM2.5 to the Zip-code of
each subject’s residence, for the year 2000. An exposure surface was made over the
entire basin area by modeling air pollution data collected from monitor stations
throughout the study area. To assign exposure, PM2.5 was interpolated using universal
kriging methods along with a quadratic drift and multiquadric radial basis function
model. Kriging is a geostatistical interpolation technique used to derive the pollution
surface. The kriging method applied to air pollution data will produce a map with the
known pollutant values collected by air quality monitoring stations and estimate values
for locations that do not have monitors based on the distance between monitors and the
degree of difference. This method uses a weighted average based on neighboring
samples to estimate a value for the unknown area 100. Kriging produces the best linear
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unbiased estimator of the pollution surface as it attempts to minimize the variance of
estimation errors, by a smoothing effect where high values tend to be underestimated and
low values tend to be overestimated 101. For the LA study, once the air quality data was
interpolated to create an exposure surface GIS software was utilized to link the subjects’
ZIP-codes with the exposure surface to assign individual exposures. Statistical analysis
was conducted using linear regression models, which were subsequently adjusted for
potential and known confounders to test for associations between CIMT and ambient
PM2.5. The results indicated that for every 10 wg/m3 change in PM2.5 there was an
associated increase of 5.9% in CIMT (95%CI, 1-11%).
A second study by M. Jerrett et al also used GIS software and kriging
interpolation methods to derive exposures in order to assess the impact of ambient PM2.5
on mortality for various causes of death including IHD, cardiopulmonary, lung and
digestive cancers 102. This study utilized health data from ACS Cancer Prevention II
survey study and included subjects residing in the Los Angeles basin. Air quality data
collected from monitoring stations located throughout the basin were utilized for

.

exposure assignment employing a number of different interpolation methods including
bicubic splines, 2 ordinary kriging models, universal kriging with a quadratic drift and a
radial basis function multiquadric interpolator. The ordinary kriging model assumes
values are free from any significant pattern of variation throughout the surface and
universal kriging model will account for trends or drift in the data 103. After cross
validation researchers focused on a combination of universal kriging and multiquadric
models for interpolation of exposure data. The air quality data used for interpolation
included an average of the 4 highest 8 -hour concentrations over the year 2000 and also
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peak daily concentrations assessing the exceedances of an 8 hour average at the site over
a 3 year time span from 1999-2001. Cox proportional hazards regression model was used
to assess the association between PM2.5 and mortality and an additional spatial random
effects Cox model was developed and utilized as a cross validation of the standard model.
The analysis adjusted for confounding factors obtain through the ACS study including
lifestyle, dietary, demographic, smoking.. .etc. After adjusting for potential confounding
factors, the all cause mortality had a relative risk of 1.17 (95%CI, 1.05-1.30) for
10 ug/m3 increase of PM2.5. The relative risk for mortality related to IHD ranged from
1.26 to 1.49 depending on which model was assessed. The study results provide
evidence that the adverse impact of PM2.5 on CVD mortality may be greater than
originally identified through studies relying on modeling of data between communities
versus assessment of within city-gradients as conducted within this study.
M. Conclusion
Advancements in exposure assessment technology and the scientific research
provided by the short- and the few long-term studies as well as studies on the biological
mechanism has established a potential link between ambient air pollutants and
cardiovascular disease
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. Recent interest is focused on which subpopulations are

disproportionately exposed to environmental hazards and which are most at risk of
premature mortality induced by air pollution. Advancements in assignment of air
pollution exposures through the use of geographic information systems provide more
reliable estimations of exposures, allowing for more accurate assessment of true exposure
risk. Although epidemiological data suggest a link between air pollutants and adverse
CVD outcomes, to our knowledge, no study has assessed the potential health effects of
36

exposures to air pollution among organ transplant recipients, and thus it is not clear
whether long-term ambient air pollution exposures, particulate or gaseous, contributes to
an increased risk of fatal CVD events in this particularly susceptible population. There
may be more than 5 million people living in the U.S. with some form of renal
insufficiency, many of whom are hard to identify and the risk of CVD may be
progressive from the onset of renal dysfunction through ESRD and renal
transplantation
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. Understanding the role the environment plays in the promotion of

morbidity and mortality among renal transplant recipients may ultimately impact all
persons with renal insufficiency. It is the expectation of this research study to find an
increase in risk of CVD mortality for kidney transplant recipients with an increase in
concentrations of ambient air pollutants (PMio, PM2.5, NO2, S02, and 03) following
transplantation.
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CHAPTER 3
RESEARCH METHODS

Within this section is presented the technical details involved in the modeling
process for assessing the effects of ambient air pollution on long-term survival among
renal transplantation patients. In short, after constructing a central information repository
containing renal transplant and environmental data elements, we will (1) implement GISbased visualization (advanced mapping) techniques, (2) explore spatial autocorrelation in
the mortality risks, and then (3) model the association between air pollution and survival
among renal transplant recipients while controlling for individual and ecologic
confounders.
A. Primary Specific Aims
1) To describe exposure patterns of particulate (PMio, PM2.5) and gaseous
pollutants (NO2, SO2, and O3) among the renal transplant population, using
follow-up data from the United States Renal Data System (USRDS) and air
pollution metrics derived from the EPA AIRS database.
2) To assess the long-term effects of particulate (PM10, PM2.5) and gaseous
pollutants (NO2, SO2, and O3) on the risk of CVD and CHD mortality among
the renal transplant population.
3) To assess the long-term effects of ambient air pollutants on the risk of CVD
and CHD mortality among a sensitive subgroup of the renal transplant
population (gender).
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4) To assess the individual long-tenn effects of specific air pollutants in multi
pollutant models on the endpoints in objectives 2 and 3.
B. Study Hypotheses
i) There is an association between long-tenn exposure to ambient particulate air

pollution (PMio, PM2.5) and CVD/CHD mortality among persons with renal
disease.
2) There is an association between long-term exposure to ambient gaseous

pollution (S02,N02, and O3) and CVD/CHD mortality among persons with
renal disease.
3) The effect of individual pollutants on risk of CVD/CHD incidence and

mortality is modified by other ambient air pollutants among persons with
renal disease.
4) Renal transplant recipients are a sensitive subpopulation at increased risk of

CVD/CHD mortality associated with long- term ambient air pollution
exposure following transplantation.
C. Research Design
We proposed a retrospective cohort study using data from several available
databases.
1. Subject Characteristics
Subjects within the study included first time, kidney only transplant
recipients, at least 18 years of age, transplanted between 1997-2002, with at least one
year of graft survival, and living within the continental U.S. residing at the same ZIP-
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code from time of transplant through the study follow-up period, identified from the US
Renal Data System (USRDS).
2. Exclusion Criteria
Exclusion of recipients of multi-organ transplants (i.e. kidney and
pancreas transplant recipient), subjects that received a transplant outside of the U.S., or
subjects who died within one year of transplant. Subjects with a history of CYD, CHD or
stroke at the time of transplant will be excluded from the original analysis and later be
included in a sensitivity analysis. Subjects not residing within the continental U.S. (i.e.
Alaska and Hawaii residence will be excluded) or subjects that changed residential ZIPcodes between the time of transplant through the study follow-up period. Subjects
residing farther than 50 km of an ambient air pollutant monitor will be excluded from
analysis. Subjects with active cigarette habit at the time of transplant will be excluded.
Finally deceased subjects with missing cause of death or cause of death attributed to
unnatural causes (suicide, drug overdose.. .etc.) will be excluded from analysis.
3. Sample Size
Several published survival analysis studies of renal transplant recipients
have identified a risk of death between 10-21% with the majority of deaths attributed to
cardiovascular disease
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. Additionally, published studies analyzing the survival of

renal transplant recipients utilizing the USRDS database and other study populations
have indicated the risk of dying from CVD is about 3%, with 50% of the cardiovascular
deaths attributed to CHD

109 - 113

. The USRDS has reported that one of the leading causes

of death for renal transplant recipients is acute MI, accounting for 10% of all deaths each
year with a total mortality of 3,370 between 1990 and 2003. From published literature it
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appears that the relative risk of CHD and specifically MI associated with various ambient
air pollutants ranges between 1.05 and 3.6 with the majority of the studies publishing a
risk of about 1.3 for the general public. The following table (Figure 5) created with the
use of an Excel Epidemiological Analysis Program (known as Episheet, created by
Rothman and Boice) gives a listing of sample sizes needed for the various relative risk
scenarios associated with acute ML Given that the published articles indicate the relative
risk to be about 1.3 for the majority of the ambient air pollutants which will be evaluated
within this study, then for 80% power with an alpha of 0.05 to detect a difference
between the exposed and non exposed groups the sample size must be approximately
47,000 subjects (23,500 + 23,500). With an estimated 10% loss to follow-up or
withdrawal from the study, the sample size becomes approximately 51,700 subjects. For
analysis of the sensitive subpopulation, there will be enough power to detect a difference
as it has been reported that an estimated 80% of all renal transplant recipients are
hypertensive. With over 143,035 renal only, adult transplants conducted within the U.S.
from 1990 through 2002 there is adequate sample size to conduct this proposed
analysis 111.
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Figure 5. Sample Size Calculation for Proposed Study Created With Episheet
4. Demographic Baseline Data
The United States Renal Data System (USRDS) is a national data
repository containing extensive demographic (including updated residential information)
and diagnosis data (including extensive transplantation information), biochemical values
dialysis claims and information on treatment history, hospitalizations, physician/supplier
services and mortality data for all persons living with ESRD as of January 1, 1995 or
incident cases thereafter within the U.S. The USRDS is funded directly by the National
Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) and collaborates with
other agencies including CMS (Centers for Medicare and Medical Services), UNOS
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(United Network for Organ Sharing), the Centers for Disease Control, ESRD Networks
and the USRDS special studies to share datasets and work to improve the accuracy of
patient information contained within the USRDS database. Five central goals define the
mission of the USRDS: 1) to characterize the ESRD population; 2) to describe the
prevalence and incidence of ESRD along with trends in mortality and disease rates; 3) to
investigate relationships among patient demographics, treatment modalities, and
morbidity; 4) to identify new areas for special renal studies and support investigatorinitiated research; and 5) to provide data sets and samples of national data to support
research by the Special Studies Centers.
A validation study has been conducted to detennine the reliability of the USRDS
database 114. Four national samples (n=l,692) of cases of ESRD incident patients were
compared to on-site source documents (medical records, hospital discharge summary
records, transplant summaries, and billing records) and the results showed an overall
agreement rate of 91 percent for over 50 variables. Agreement on some of the more
important variables ranged from 87.0 percent for point in time variables (such as
treatment modality at the end of a year) to 94.9 percent for dates (such as date of birth.
death, first ESRD service). Over 98 percent of ESRD deaths were recorded in the
database with a 99% agreement within 30 days of the date of death and 100% agreement
within 60 days. Thus the USRDS database is a rich source of information with accurate
data describing the ESRD population.
We used the USRDS data for cases of renal transplant recipients transplanted
between the years 1997-2002. Recipients were followed through December 2003. For
this study, the targeted geographical study area for assessing ambient air pollution
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exposure is comprised of the subjects living within the contiguous U.S. This wide
geographic spread of the study subjects has assured a large variation and wide range of
ambient concentrations of different air pollutants.
5. Assessment of Cardiovascular Outcomes
The USRDS database contains information on the exact date of death,
with primary and secondary causes of death. Renal providers are required by law and
have 45 days to report an ESRD/transplant death event to their respective ESRD
Networks, providing information about the place, time and cause of death (including
primary and secondary causes). Completed death information submitted by the renal
providers to ESRD Networks is forwarded to USRDS to update their patient information
contained within the USRDS database. The USRDS has access to the Social Security
Death Administration File (SSDA) and checks yearly for any potential missed updates.
Additionally, ESRD Networks collaborate with USRDS sharing datasets and actively
work to improve the accuracy of ESRD/transplant patient information contained within
the USRDS database. Based on a validation study of the USRDS database, over 98
percent of ESRD/transplant deaths were recorded in the database with a 99% agreement
within 30 days of the date of death and 100% agreement within 60 days. A second study
conducted on the validity of the cause of death reported in the USRDS found an overall
agreement between the registry and the death certificate of only 31 % 115. Compared with
reports of primary cause of disease on death certificates, the registry tended to report
more deaths attributed to cardiovascular disease and fewer deaths from renal disease.
Even though the two systems may not measure the same cause of death the USRDS
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reporting system will not create a directional bias within the database as cause of death is
reported in a consistent manner for all cases and non-cases.
A fatal CHD event was determined by what was recorded as the primary cause of
death within the USRDS database. If the primary cause of death listed was acute
myocardial infarction, then it would have been determined that a fatal CHD event had
occurred. Transplant recipients who are deceased with missing information for the
primary cause of death will be excluded from analysis.
A fatal CVD event was determined by what was recorded as the primary cause of
death within the USRDS database. If the primary cause of death listed was acute
myocardial infarction, atherosclerotic heart disease, cardiac arrhythmia or cardiac arrest
of unknown cause, then it would have been determined that a fatal CVD event has
occurred. Additional research focused on analyses of specific causes of CVD death
(including myocardial infarction, atherosclerotic heart disease, cardiac arrhythmia and
cardiac arrest) and assessed the association of the individual specific causes with chronic
ambient air pollutant exposures. Transplant recipients who were deceased with missing
information for the primary cause of death were excluded from analysis.
6. Database Design, Linkage and Integrity
a. Database Construction The Air Pollution and Renal Transplantation
Geospatial Information and Analysis System (ARTGIS) were the data and technological
infrastructure that supported the implementation of our exposure assessment and
analytical approach. It served as (1) a central repository of highly integrated air quality,
renal transplantation, contextual and geographic data and (2), as an analytical engine to
support the data queries and spatial analyses that generated the information products
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required in the air pollution assessment of human health response. At its heart, the
ARTGIS includes a geo-relational database with spatial elements and associated thematic
variables, including locations of health events, air pollutant metrics, and other types of
information such as socioeconomic and demographic variables. The system also includes
analytical modules -geocoding, spatial analysis, geo statistics, and spatial
autocorrelation- for the efficient query and manipulation of the geospatial database to
support the data needs of the study.
b. Geocoding ofHealth and Air Quality Data We used GIS geocoding
tools to assign locational attributes to the elements of the USRDS database as well as to
other important elements, including air pollution monitoring statistics. Subjects extracted
from the health data sets were georeferenced according to their residential ZIP code and
city location. We constructed population-weighted centroids using spatial boundary files
based on available ZIP code definitions for 1990 and later years. Air monitoring stations
were geocoded by using their latitude and longitude coordinates, which were available
from EPA.
c. Data Integration by Geography We linked the individual-level,
demographic and medical information from the USRDS database to the geocoded ZIP
locations of cohort subjects produced in the previous step. Renal patient locations were
linked with census maps that contain information on relevant parameters that are not
available directly from the health data set. Modeled air pollution data layers were
combined with mortality data from the USRDS database. Multiple digital map layers
were constructed providing the spatial distribution of air quality, health outcomes, and
confounding factors. We integrated all data elements into our relational geospatial
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database, indexed for space and time that dealt with spatial aggregation/disaggregation
and misalignment in order to utilize the available ecologic and person-specific data in the
most efficient way to address our main purpose 116.
7. Control for Confounding
We incorporated into our analysis a wide array of both individual and
ecologic covariates that may be associated with renal transplantation survival. This
modeling strategy reduces the possibility of bias at both the individual and ecologic level.
Information on a number of individual-level covariates was available from the USRDS
database. The USRDS database contains a wealth of information on important variables
which we utilized to adjust for potential confounding, including but not limited to the
following: recipient age, race, ethnicity, gender, employment status, BMI, smoking,
college education, medical insurance, primary cause of ESRD, pre-transplant duration of
dialysis and pre-transplant blood transfusions, cytomegalovirus (CMV) status, HIV
status, other comorbid conditions (diabetes, hypertension, etc.), most recent panel
reactive antibody (PRA) level, year of transplantation, delayed graft function (need for
one or more dialysis treatments in the first post-transplant week), time from dialysis until
transplant, and immunosuppressant regimen. And for source of the organ donor we had
information on the organ, including but not limited to: source (cadaveric/living donor),
donor age, gender, and race, cause of death and comorbid conditions (diabetes,
hypertension, etc.). We used length of pre-transplant dialysis, date of first ESRD service,
date of transplant listing and medical condition/functional status at listing to adjust for
survival confounding factors due to wait time before receiving a renal transplant.
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8. Exposure Assessment and Assignment
Air pollution data was obtained from the Aerometric Information
Retrieval Systems (AIRS) database maintained by the U.S. EPA. This dataset includes
air quality statistics for gaseous and particulate air pollutants collected over the national
EPA ambient monitoring network from 1997-2003. Air pollution indices were calculated
for each fixed monitoring site throughout the study area and then interpolated to
geographic centroids representing the locations of the ESRD population. We developed
multiple air quality indicators for the criteria pollutants in order to characterize patterns
of spatial and temporal variation in air pollution levels. Air quality indicators included
peak concentrations, monthly and annual averages, and frequency of exceedances of air
quality standards. For example, for ozone one such metric would be the 4 highest 8-hr
concentrations over a certain year, and another could be based on the expected peak daily
concentration, which is a statistical measure designed to assess the likely exceedance of
the 8-hr average at a given monitoring station based on the previous three years. Both
metrics are routinely used for federal designation of non-attainment areas. They both
capture “extreme” air pollution conditions, but the latter provides more stability for
estimating spatial patterns.
To derive exposure assessments, we interpolated air pollutant indices using
different methods available from Geostatistical Analyst (ESRI, Redlands, CA) and
S-Plus
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. This geostatistical application offers a full range of exploratory,

crossvalidation and geostatistical tools useful for mapping and analyzing air quality
metrics via deterministic and stochastic techniques, including bicubic splines, ordinary
kriging models, universal kriging with a quadratic drift and cokriging
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. For the

purpose of exposure assessment, geostatistical interpolation methods are generally more
appropriate

120,121

. Kriging interpolation generates estimates of surface values that are

the most accurate among available methods of spatial interpolation
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analyses in

order to determine the spatial extent of the correlations between monitors. We
implemented crossvalidation diagnostic techniques in order to arrive at optimal air
pollution predictions, including the possibility of combining (e.g., averaging) multiple
surfaces generated through different interpolation methods 124. In addition, we conducted
thorough semivariogram analyses in order to determine the spatial extent of the
correlations between monitors. We implemented regional or urban scale interpolations as
appropriate.
Unlike other estimation procedures, kriging provides a measure of the error and
associated confidence in the estimates 125. Uncertainty in the estimates tends to be larger
where the monitoring network is sparsely distributed. We explored the possibility of
down weighting exposure assignments with large errors in exposure estimates by using
the inverse of the standard error in the kriging estimate.
Within the USRDS database, there exists current information on residential
location at the ZIP-code level, as of the date they are diagnosed with ESRD. The
residential information is updated within the database if a subject moves to reside at a
new location. Prior to diagnosis with ESRD we did not have infonnation on their
residential location, however we believe due to the nature of their kidney disease and
declining health that their residential mobility will be somewhat limited. For some
subjects diagnosed with ESRD, who may wait years on a transplant list, we have data on

49

their air pollution exposures prior to transplantation, which provided information on lead
time which we took into consideration when assessing exposure estimates.
a. Pollution Exposure Assignment Estimates of monthly concentrations
of ambient air pollutants O3, NO2, SO2, PM10 and PM2.5 were created for each of the
study subjects according to their residential address. Air quality data were derived from
the US Environmental and Protection Agency (EPA) based on the ambient monitoring
network from 1997-2003. Monthly air pollution indices were calculated for each fixed
monitoring site throughout the study area and then geostatistically interpolated to
geographic centroids according to the residential address of the subjects. Using a
geographical information system (GIS), we linked the residential ZIP-code locations with
ZIP-code specific exposure estimates modeled from ambient air pollution data (USRDS
data and the US EPA Air Quality data). We used the GIS derived monthly exposure
averages to cumulate and assign an annual average exposure for the year prior to subject
death, excluding the month prior to death to avoid any short term induced effects in
assigning exposure. Subjects that were alive at the end of the study were assigned an
exposure based on the monthly values for the year 2000. Subjects were included in
analysis if they reside within 50 km of an ambient air pollutant monitor.
9. Visualization and Exploratory Spatial Data Analysis
We implement various visualization and data exploration techniques to
inform and assist with model formulation and interpretation 126. We employed
cartographic visualization (such as choropleth and isarithm maps) in tandem with
standard GIS manipulations, such as overlays, to explore potential data relationships. For
example, maps were produced depicting the collocation of ranges of air pollution and
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modeled risks (e.g., high, medium and low). These maps are the cartographic equivalent
of cross-tabulations and are useful for generating hypotheses. Similar techniques were
used to preliminarily assess other important questions such as whether specific subgroups
of renal patients tend to experience disproportionately high exposures.
Formal exploratory techniques are important when the study population has a
spatial configuration—some subjects may live near others, some may be a long ways
apart—and this may be relevant to the analysis. Having a population located in several
different geographic locations/regions can give rise to spatial autocorrelation and hence
additional confounding in the assessment127. Spatial autocorrelation is captured in
Tobler’s First Law of Geography and means that attribute values (e.g., mortality) of
proximal locations (e.g., ZIP codes or cities) will likely be more clustered or share more
similar values than distant ones 128. In addition, patterns of spatial autocorrelation may
also be indicative of missing or systematically mis-measured factors that may be
correlated with air pollution 129. Furthermore, spatial clustering of health outcomes,
independent of confounders, can be suggestive of a common underlying factor, such as
changes in air pollution concentrations.
Recognizing the spatial nature of the data, our study design we incorporated
methods of exploratory spatial data analysis to characterize and account for spatial
autocorrelation. Exploratory spatial data analysis combines visualization techniques with
spatial statistics to assess whether spatial patterns apparent in the data have occurred by
chance or whether they represent significant deviations from random or control
expectation 13°.
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For this study, we applied and adapted existing GIS-based methodologies for
elucidating and measuring spatial autocorrelation in health data 131 '133. We performed
tests for spatial autocorrelation in the response and predictor variables using global tests
such as the standard Moran’s I statistic and local indicators of spatial autocorrelation
(LISA) statistics such as the local Moran’s I statistic 134 and the local G statistic 135. We
ran these tests in ArcGIS and the TerraSeer® software (TerraSeer, Inc.) for spatial
analysis and cluster detection 136.
Global autocorrelation tests measure the tendency, across all data points, for
higher (or lower) values to correlate more closely together in space with other higher (or
lower) values than would be expected if the cases represented a random distribution.
Positive correlations with significantp values indicate that high values in region i depend
partly on values in adjacent regions j (i.e., higher values will cluster in space with other
high values). Global tests rely on the assumption of stationarity or structural stability
over space. For the global Moran’s I statistics, we defined the neighborhood structure of
our data by constructing a spatial weights matrix from Thiessen polygons generated with
ArcGIS
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Nonstationarity (i.e., the relation among the cases varies over space), is quite
common. Local tests for autocorrelation can measure nonstationarity in the data. In so
doing, local tests show the areas with potential “hot spots” or clusters. We used the
Getis-Ord G statistic to assess local autocorrelation
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, and a spatial scan statistic, which

we have successfully implemented to analyze geographic patterns of renal transplantation
in California using hospital discharge data 139.
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D. Statistical Methods
We addressed our research questions through a multilevel analysis of the
locations for which data were available from the USRDS database and from pollution
monitoring stations operating in the period 1997-2003. We incorporated variables
representing many of the environmental, socioeconomic, health care, and lifestyle
determinants of health into a model that controls for individual and contextual influences
and for spatial autocorrelation. Details are provided below.
1. Overall Modeling Strategy
We first modeled the data with a straightforward time-dependent Cox
regression model utilizing attained age as the time variable. We then implemented a
strategy to control for potential spatial autocorrelation.
2. Analyses of Specific Aim 1
The primary aim 1 was to characterize and describe ambient air pollutant
(NO2, SO2, O3, PM10, and PM2.5) exposures of the study subjects, using follow-up data
from the USRDS database.
3. Analyses of Specific Aim 2
a. Univariate Analysis of the Data Comparison of baseline descriptive
information between cases and non-cases for various baseline demographic variables was
assessed for importance via chi-square analysis. Stratified analysis was conducted to
assess the consistency of air pollution associations across the strata and identify any
potential confounders and effect modifiers.
b. Regression Modeling of the Data For the first part of the analysis we
used time-dependent standard Cox proportional hazards regression to study in separate
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models the association between ambient air pollutants and CVD/CHD mortality
outcomes with attained age as the variable. Survival time was calculated from the time of
transplant until event or censoring. Events included death from CHD as previously
defined. Censoring occurred if subjects died from causes other than CHD or survived
through the end of the study follow-up. We further adjusted for change in the air
pollutants over time by adding year of transplant as a covariate. Hazard Ratios (HRs)
were calculated and 95% confidence intervals for each outcome in relation to ambient air
pollutants after adjusting for confounding risk factors, identified through literature review
or through stratified analysis. The effects of the air pollutants were examined in three
modeling stages. First, each air pollutant was examined separately in an age adjusted
only model, then examining each pollutant was examined after adjusting for the above
stated risk factors and/or any other risk factors identified as potential confounders
through stratified analysis, and finally, multi-pollutant models were examined adjusting
for the above stated risk factors. Confounding variables were included in the model if
there is at least a 10% change in HR in the exposure variable. Each pollutant was
assessed for multiplicative or additive interactions with the other pollutants (significance
assessed by Log Likelihood Test). All variables within the model were assessed for
meeting the requirements of the proportional hazards assumptions necessary for utilizing
the Cox proportional regression model by checking the log [-log(survival)] curves against
the log of time variable. Any variable found to violate the assumption was included
within the model as a product term with the time variable. Additionally all variables
were assessed for multicollinearity since air pollutants can be correlated.
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c. Ascertainment ofDeaths Our main outcome of interest is death from
CHD or CVD. CHD/CVD death was defined as the primary cause of death as it was
coded on the ESRD death notification form or the cause of death given on the UNOS
follow-up form. Both of these forms were recorded within the USRDS database and this
information has been validated. CHD deaths included deaths from myocardial infarction
and deaths from atherosclerotic heart disease. Additional separate analyses included
death from CVD and death from specific causes of CVD (i.e. cardiac arrhythmia death).
d. Exposure Variables Estimates of monthly concentrations of ambient
air pollutants O3, NO2, SO2, PM10 and PM2.5 were created for each of the study subjects
according to their residential address. Air quality data was derived from the US
Environmental and Protection Agency (EPA) based on the ambient monitoring network
from 1997-2003. Monthly air pollution indices were calculated for each fixed monitoring
site throughout the study area and then geo statistically interpolated to geographic
centroids according to the residential address of the subjects. Using a geographical
information system (GIS), we linked the residential ZLP-code locations with ZIP-code
specific exposure estimates modeled from ambient air pollution data (USRDS data and
the US EPA Air Quality data). We used the GIS derived monthly exposure averages to
cumulate and assign an annual average exposure for the year prior to subject death,
excluding the month prior to death to avoid any short term induced effects in assigning
exposure. Subjects that were alive at the end of the study were assigned an exposure
based on the monthly values for the year 2000. Subjects were included in analysis if they
resided within 50 km of an ambient air pollutant monitor.
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e. Confounder Variables The USRDS database contains a wealth of
infonnation on important confounding variables including, but not limited to, the
following: recipient age, race, ethnicity, gender, employment status, BMI, smoking,
college education, medical insurance, primary cause of ESRD, pre-transplant duration of
dialysis and pre-transplant blood transfusions, cytomegalovirus (CMV) status, HIV
status, other comorbid conditions (diabetes, hypertension, etc.), most recent panel
reactive antibody (PRA) level, year of transplantation; delayed graft function (need for
one or more dialysis treatments in the first post-transplant week), time from dialysis until
transplant, and immunosuppressant regimen. And for source of organ donor we had
information on the organ, including, but not limited to: source (cadaveric vs living
donor), donor age, gender, race and cause of death. We used length of pre-transplant
dialysis, date of first ESRD service, date of transplant listing and medical condition/
functional status at listing to adjust for survival confounding factors due to wait time
before receiving a renal transplant.
f Assessment ofLag Times Most of the recent epidemiological research
on air pollution and cardiovascular end points has involved time-series studies of daily
variation in air pollution concentrations where long induction lag times are not suitable.
Within this study we had multiple years of data information on residence and were able
to use this infonnation to assess which lag time prior, either months or years, to the
cardiovascular event produces the strongest association between a given air pollutant and
CVD/CHD mortality. Ambient air pollution exposure was assessed for the years 19972003 in relation to CVD/CHD outcome.
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g. Adjustment for Spatial Autocorrelation Although firmly established in
the field of spatial analysis for many years, characterizing and modeling spatial
dependence is an issue of growing concern in environmental epidemiology

129,140

. Many

epidemiologic investigations use data that are defined geographically, collected from
adjacent or nearby areas. In these situations, the data may not provide independent
estimates of the dependent variable (e.g., relative risk of mortality). This problem can be
alleviated by using covariates that are also spatially autocorrelated in a similar fashion.
In this case, bias and underestimation of variability will be reduced because the error
terms from such models will be uncorrelated. If, however, study locations differ in some
unmeasured or unsuspected way that impacts mortality, model residuals are likely to be
autocorrelated.
Specifically, we addressed the statistical form of spatial dependence by exploring
the implementation of two approaches. The first approach consisted of removing spatial
variation in mortality rates by adjusting the city-specific values for broad regional
patterns. We utilized the listed center of transplant for each subject to adjust for potential
spatial dependence. In the second approach we will filtered the autocorrelation from the
relative risk estimates. The spatial filtering (smoothing) removes broad regional trends in
the data prior to regression analysis. We will explore several types of spatial filtering
approaches, such as Bayesian smoothing and Getis G statistic
4.
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Statistical Analyses of Specific Aim 3
Gender specific analyses involved separate Cox proportional hazards

models in the evaluation of the association of ambient air pollutants and CVD and CHD
with the intent of identification of any risk differences between males and females.
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Regression modeling was conducted in a similar manner as stated previously within the
statistical analysis of specific aim 2.
5.

Statistical Analyses of Specific Aim 4
Cox Proportional Hazard Modeling was conducted to assess the long-term

effects of specific air pollutants in multi pollutant models on the CVD and CHD mortality
endpoints separately, for both specific aim 2 and 3. Two- pollutant modeling was
conducted to assess the association of the ambient air pollutants with the endpoints.
Hazard ratios (HRs) and 95% confidence intervals were calculated for each outcome in
relation to ambient air pollutant exposures after adjusting for confounding risk factors,
identified through literature review or through stratified analysis. All variables within the
model were assessed for meeting the requirements of the proportional hazards
assumptions, necessary for utilizing the Cox proportional regression model by checking
the log[-log(survival)] curves vs the time variable. Any variable found to violate the
assumption was included within the model as a product term with the time variable.
Additionally, all variables were assessed for multicollinearity since air pollutants tend to
be correlated.
E. Sensitivity Analysis
Subjects that were originally excluded from analysis due to a history of CVD,
CHD or stroke at the time of transplant were analyzed in a separate Cox proportional
hazards models. Subjects included and not included in this potentially sensitive subgroup
were compared to evaluate the association of ambient air pollutants and risks of
CVD/CHD mortality. Regression modeling was conducted in a similar manner as stated
previously within the statistical analysis of specific aim 2.
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ABSTRACT
Context
There is increasing evidence that ambient air pollution is associated with coronary
heart disease morbidity and mortality. This research has focused on the general public
and less so on possible sensitive subgroups even though the latter may have even greater
susceptibility to adverse effects of ambient air pollution. With highly prevalent
traditional as well as nontraditional risk factors, renal transplant recipients may
potentially be a sensitive subgroup.
Objective
The purpose of this study was to evaluate the possible effect of long-term
exposure to air pollution and the risk of CHD mortality among adult renal transplant
recipients.
Design, Setting and Participants
This cohort study includes 32,239 adult renal transplant recipients transplanted
between 1997-2002, identified through the US Renal Data System (USRDS) and living in
the continental U.S.A. Monthly concentrations of O3, NO2, SO2, PMi0 and PM2.5 were
calculated from ambient monitoring data and interpolated to ZIP code centroids
according to the residence of the renal transplant subjects. Time dependent Cox
Proportional hazard models were used to estimate the effect of ambient air pollutants on
risk of CHD mortality, while adjusting for potential confounders.
Main Outcome Measure
The main outcome of interest was death from CHD.
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Results
For each increase of 10 ppb increase in O3 the risk of fatal CHD increased by 52%
(Relative Risk (RR)=1.52, 95% Confidence Interval (Cl): 1.34-1.73) in the single
pollutant model and by 54% (RR=1.54, 95% Cl: 1.36-1.76) in the two-pollutant model
adjusted for PMiq. The pollutant with the strongest association with fatal CHD was
PM2.5 adjusted for O3 (RR=T.89, 95%CI, 1.22-2.91). A small and significant association
was found for SO2, but no association was found for either NO2 or PMiq.
Conclusion
Ambient levels of fine particulate matter and ozone are associated with higher risk
of fatal CHD among renal transplant recipients. These findings could have potential
implications for policies and regulations of air pollution. Additionally, these results may
be relevant in developing individual CHD risk reduction strategies for renal transplant
recipients to ultimately improve long-term survival.
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Introduction
Substantial epidemiological evidence has identified a potential link between
ambient air pollutants and a number of adverse cardiovascular (CVD) health outcomes
including increased rate of hospital admissions for ischemic heart disease, acute MI,
cardiac arrhythmias, congestive heart failure, angina pectoris, atherosclerosis, and
increased risk of fatal coronary heart disease (CHD)

i -10

. The exact biological

mechanism behind the association remains elusive, however, several researchers have
hypothesized that pulmonary inflammatory response may trigger a cascade of events
resulting in systemic inflammation and ultimately increasing the risk of heart
disease

11 - 13

. The majority of studies thus far have focused on the impact of air pollution

on the health of the general public. The effect of air pollution on health outcomes in
susceptible population still needs further study.
A few subpopulations with enhanced susceptibility to adverse cardiovascular
conditions related to air pollution exposures have been identified. Persons with health
conditions associated with states of chronic inflammation such as diabetes, obesity and
hypertension have been reported to have an increased risk for adverse cardiovascular
events related to air pollution exposures

14-17

. Renal transplant recipients may be yet

another sensitive subgroup experiencing enhanced susceptibility associated with air
pollution. Inflammation starts early in the process of kidney disease and both plasma
cytokines, and other inflammatory markers are elevated among renal transplant
recipients

18-21

. Both traditional risk factors (including diabetes and hypertension) and

nontraditional risk factors (e.g. inflammatory markers and immunosuppressive
medications) are prevalent in renal transplant recipients with almost 80% exhibiting one
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or more traditional risk factor 22,23 . Renal dysfunction is a strong risk factor for CVD
morbidity and mortality with 35-50% of deaths among this subgroup being caused by
CVD, in particular by CHD

24-27

Over the past decade there has been significant improvement in the one-year
survival rate of renal transplant recipients with 95% of living donor recipients and 90% of
deceased donor recipients survive the first year 28. Unfortunately there has been no
similar trend in the long-term survival rate of renal transplant recipients with only 61% of
deceased-donor recipients and 77% of living-donor recipients surviving 10 years.
Identification of both avoidable and unavoidable risk factors is paramount in
understanding and promoting the overall quality of life as well as increasing the longevity
of survival for the transplant recipient.
Currently one of the major hazards negatively impacting survival of renal
transplant recipients is CHD related mortality. Although epidemiological data suggest a
link between ambient air pollutants and adverse CHD outcomes for the general public
and a few sensitive subpopulations, to our knowledge, no study has assessed the potential
health effects of among organ transplant recipients. Therefore, the goal of this study was
to evaluate the associations between long-term exposure to ambient air pollution and the
risk of CHD mortality among renal transplant recipients.
Materials and Methods
Study Population
Study subjects were identified through the US Renal Data System
(USRDS). The USRDS is a national data repository containing extensive demographic
(including updated residential information) and diagnostic data (including extensive
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transplantation information), biochemical values, dialysis claims and information on
treatment history, hospitalizations, physician/supplier services and mortality data for
persons living with end-stage renal disease (ESRD) and renal transplant recipients. The
USRDS is funded directly by the National Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK) and collaborates with other agencies including CMS (Centers for
Medicare and Medical Services), UNOS (United Network for Organ Sharing), the
Centers for Disease Control (CDC), and ESRD Networks to share datasets and work to
improve the accuracy of patient information contained within the USRDS database. All
data derived through the USRDS database have been validated 29. Our study population
included all primary renal transplant recipients, 18 years and older, transplanted between
1997-2002, with at least one year of graft survival, and living within the continental
U.S.A. Only subjects residing within the same ZIP-code during the entire follow-up
study period were included in analysis. Subjects were followed until event (CHD
mortality) or censoring (death from non-CHD causes or the end of the study). Those who
smoked cigarettes (N=2,502) at the time of transplant were excluded. Thus a total of
38,102 non-smoking renal transplant recipients met the inclusion criteria and were
included in this study. Of these, 5,863 reported prevalent coronary heart disease, leaving
32,239 with no known heart disease at the time of transplant.
Pollution Exposure Assignment
Estimates of monthly concentrations of ambient air pollutants O3, NO2,
SO2, PM10 and PM2.5 were created for each of the study subjects according to their
residential address. Air quality data were derived from the US Environmental and
Protection Agency (EPA) based on the ambient monitoring network from 1997-2003.
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Monthly air pollution indices were calculated for each fixed monitoring site throughout
the study area and then geostatistically interpolated to geographic centroids according to
the residential address of the subjects. Using a geographical information system (GIS),
we linked the residential ZIP-code locations with ZIP-code specific exposure estimates
modeled from ambient air pollution data (USRDS data and the US EPA Air Quality
data). We used the GIS derived monthly exposure averages to cumulate and assign an
annual average exposure for the year prior to subject death, excluding the month prior to
death to avoid any short term induced effects in assigning exposure. Subjects that were
alive at the end of the study were assigned an exposure based on the monthly values for
the year 2000. Subjects were included in analysis if they resided within 50km of an
ambient air pollutant monitor.
Ascertainment ofDeaths
Our main outcome of interest is death from CHD. CHD death was defined
as the primary cause of death as it was coded on the ESRD death notification form or the
cause of death given on the UNOS follow-up form. Both of these forms were recorded
within the USRDS database and this information has been validated 29. CHD deaths
included deaths from myocardial infarction and deaths from atherosclerotic heart disease.
Potential Confounding Variables
Potential confounders were identified through literature review or through
stratified analysis. The effect of the following baseline parameters as potential
confounders between ambient air pollutants and CHD mortality was investigated: sex
(male/female); race (White, Black, Other); body mass index (<18.5, 18.5-29.9, 30+);
duration of pre-transplant dialysis (<=12, >12 to <=24, and >24 months); causes of renal
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failure (diabetes, hypertension, primary glomerulonephritis, polycystic kidney disease,
miscellaneous factors and unknown factors); serum creatinine level prior to post
transplant hospital discharge (0.1-1.2, 1.3-1.7, 1.7-2.7, and 2.8+ mg/dl); hypertension
independent of the cause of renal failure (yes/no); diabetes independent of the cause of
renal failure (yes/no); educational level at the time of transplant (<=high school,
college+); pre-transplant blood transfusion (yes/no); delayed graft function defined as the
need for dialysis within the first week post-transplantation or the lack of urine output in
the first 24 hours after transplantation (yes/no); total number of kidney transplants
performed throughout the follow-up period (1 only, 2 or more); donor type
(cadaver/living); donor age (<30, 30-44, >44-60, 60+ years); donor sex.
Immunosuppressant medication was evaluated on an intention- to- treat basis and
included the following variables: cyclosporine (yes/no), tacrolimus (yes/no), other
(rapamycin, leflunomide, deoxyspergualin, sang Cy A) (yes/no), azathioprine (yes/no),
mycophenolate mofetil (yes/no), steroid (prednisone, methylprednisolone, solumedrol,
medrol, decadron) (yes/no).
Statistical Analysis
Comparisons of recipient baseline and follow-up demographics were made
utilizing Student t-test or chi-square test for univariate analysis. Correlation of air
pollutants was estimated using Pearson correlation coefficient. Survival time was
calculated from the time of transplant until event or censoring. Events included death
from CHD as previously defined. Censoring occurred if subjects died from causes other
than CHD or survived through the end of the study follow-up. Time-dependent Cox
proportional hazard models were used to estimate the effect of ambient air pollutants on
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risk of CHD mortality using attained age as the time variable. We further adjusted for
change in the air pollutants over time by adding year of transplant as a covariate.
A basic model was developed which included the air pollutant, gender, race and
the year of transplant. All potential confounders available within the USRDS database
were assessed for confounding in this base model by determining if they changed the air
pollution main effect by 10% or more. None of the candidate variables changed main
effect by more than 4.4%. However, because of the strong predictive effect of primary
cause of renal disease and length of dialyses before transplant on mortality among renal
transplant subjects, these were added to the base model and the final model. Tests of
interactions between the various patient demographics and air pollutants were assessed
utilizing the log likelihood ratio chi-square test comparing the reduced Cox model
(without interaction terms) with the full Cox model (with interaction terms). All
variables in the final model were assessed with respect to meeting the requirements of the
proportional hazards assumptions by checking the log [-log(survival)] curves against the
log time variable and they all met the assumption. Additionally all variables were
assessed for multicollinearity. Results are reported per 10 z/g/m3 increase for both PMio
and PM2.5, 10 ppb increase for both O3 and NO2 and 1 ppb increase for SO2. A sandwich
variance estimate was added to the final model to adjust for any potential autocorrelation
among observations

30

. Finally, a sensitivity analyses was conducted where subjects with

prevalent CHD were included in the analyses, and prevalent CHD was added as a
covariate to the model. Additional sensitivity analyses were conducted which included
only subjects residing within 30 km of the nearest monitor to compare with overall study
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results. All analyses were conducted utilizing SAS version 9.2 (SAS Institute, Cary,
NC).
Results
Study Population
A total of 267 CHD deaths (118.3 CHD deaths per 100,000 person-years)
occurred during the 7-year follow-up period. Only 1% (n=700) of the total transplanted
subjects within the USRDS dataset had missing residential information needed to
geocode their addresses and these were excluded from analysis. Deaths from CHD
accounted for 12.9% of 2,076 total deaths from natural causes. The median time from
transplantation to death from CHD was 36.2 months (with a mean = 37.6 + 17.8 months).
Cases and non-cases differed on a number of baseline demographic and other
variables (Table 1). CHD mortality cases tended to be older at the time of
transplantation, were less likely to have ESRD as a result of primary glomerulonephritis,
polycystic kidney disease or miscellaneous factors and more likely to have diabetes or
hypertension as their primary cause of ESRD. Additionally, CHD cases tended to be less
likely to have hypertension independent of their specific cause of ESRD, more likely to
undergo longer pre-transplant dialysis (24 months or longer), less likely to have received
an organ from a living donor, more likely to have experienced initial delayed graph
function after transplant and more likely to have used cyclosporine for
immunosuppression. Table 2 gives the mean air pollutant levels as well as a correlation
matrix. The correlations were generally relatively low, but statistically significant.
However, the correlation between NO2 and PM2.5, O3 and SO2 were stronger with
correlations of 0.60, -0.49 and 0.49, respectively.
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Risk of Fatal CHD
SINGLE POLLUTANT MODELS [INSERT TABLE 3]
Ozone In the age-adjusted model, an increase in O3 of 10 ppb was
associated with a 54% increase in risk of fatal CHD (95%CI: 1.36-1.73). This effect
remained virtually unchanged when adjusting for other factors in the multivariable
model.
PM2.5 PM2.5 displayed the second strongest effect on risk of CHD
mortality in the single pollutant models with a RR=1.21 (95%CI: 0.72-2.06), after
adjusting for confounders in the multivariable model. However the results were not
statistically significant.
Other Ambient Pollutants No association was found for NO2, SO2 or
PM10 and risk of CHD mortality. When adjusting the multivariable model for potential
autocorrelation among the subjects, the relative risks remained unchanged for all the
pollutants and the confidence intervals slightly widened for the majority of the pollutants,
except for SO2, as the intervals remained unchanged.
TWO-POLLUTANT MODELS [INSERT TABLE 4]
Ozone

Compared to the single-pollutant model, the association between

O3 and fatal CHD remained virtually unchanged in both age- and multivariable adjusted
models after individual adjustment for each of the other pollutants (PM10, PM2.5, SO2, and
NO2). The strongest association was found after adjustment for SO2 (RR=1.70, 95%CI:
1.48-1.94).
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PM2.5 The association between risk of fatal CHD and PM2.5 was
strengthened in the two- pollutant model. The strongest affect was seen in the ageadjusted model after adjusting for O3 (RR=2.24, 95% Cl: 1.46-3.43). This result
remained strong and significant in the multivariate model (RR=1.89, 95% CT. 1.22-2.91).
Compared to the single-pollutant model, adjusting PM2.5 for SO2 weakened the
association with fatal CHD, while adjustment for either O3 or NO2 strengthened the
association.
Other Ambient Pollutants No consistent association was found for either
PM10 or NO2. SO2 exhibited a robust association with a small risk of fatal CHD, except
after adjustment for either PM2.5 or PMiq. Adjustment of SO2 for O3 or NO2 strengthened
the association compared with the single-pollutant model.
Sensitivity Analyses
We conducted sensitivity analyses where subjects with preexisting heart
disease at the time of transplant were included in analyses. When including subjects with
prevalent CHD at baseline and adjusting for this in the model, the relative risks remained
relatively unchanged for all the pollutants. We also conducted sensitivity analyses
utilizing only subjects residing within 30 Ion from the nearest air pollutant monitor. No
large differences were observed when utilizing a cohort of subjects residing within 30 km
compared with subjects residing within 50 km. Finally, sensitivity analysis was
conducted utilizing the monthly values for year 1998 instead of the year 2000 and again
utilizing the monthly values for the year 2002 in assigning exposure to the subjects alive
at the end of the study. No significant differences were observed when utilizing either
1998 or 2002 in assignment of exposure for subjects alive at the end of the study.
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Discussion
There is limited evidence as to which sensitive subgroups of the general public
are more susceptible to adverse effects of ambient air pollution. However, hospital
admissions and mortality research have implicated diabetes, obesity, hypertension and
elderly age as groups with enhancing vulnerability

14-17,31

. Many of these conditions are

highly prevalent among renal transplant recipients. A recent review by Ojo et al. reported
that conditions prevalent in renal transplant recipients included the following:
hypertension 80%, hypercholesterolemia 60%, diabetes 55%, obesity 32%, and post
transplant smoking 20%, potentially making them one of the highest risk sensitive
subpopulations for cardiovascular effects associated with air pollution 22. Both diabetics
and renal transplant recipients exhibit elevated chronic inflammatory indicators that have
been implicated in promoting atherosclerosis and CVD is the number one cause of death
for both of these populations 32. In addition to the high prevalence of the known CHD
risk factors, transplant recipients have additional CHD risk factors as a result of the use of
immunosuppressant medications. The medications have been associated with
hyperlipidemia, hypertension, and new onset of diabetes post-transplant

33,34

. According

to the 2007 published report by the USRDS, more than one-third of all renal transplant
recipients will develop diabetes within the first three years after transplant35. Compared
to non-diabetics, those with diabetes have a two-fold increase in the risk of adverse
cardiovascular events with each 10 wg/m3 increase in particulate matter

15-17,36

. This

increased vulnerability to the effects of air pollution may therefore be present in more
than half of all renal transplant recipients. Additionally, studies have indicated that
subjects with hypertension as well as elderly populations are at increased risk of adverse
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cardiovascular events with increase in air pollution 37-43 . Since 1996 there has been a
steady increase and by 2005 there was an overall doubling in the percentage of
transplants performed for recipients aged 65 and older 44. Together, these various factors
may enhance vulnerability among renal transplant recipients, making them one of the
most sensitive subpopulations at risk for adverse cardiovascular health effects associated
with short- and long-term ambient air pollution exposures.
The findings from this cohort study provide support for the hypothesis that air
pollution exacerbates the atherosclerotic process and increase the risk of fatal CHD
among renal transplant recipients. To the best of our knowledge no other study has been
conducted assessing the impact of ambient air pollution on organ transplant recipients.
The pollutant with the strongest association with fatal CHD was PM2.5 adjusted for O3
(RR=1.89, 95%CI, 1.22-2.91). Additionally we found a consistent and significant
increased risk of fatal CHD for increasing levels of ambient O3, across all models from
age- to multivariate- adjusted and in both single and two pollutant models. The increased
risk of O3 associated CHD mortality ranged from 52% in the fully adjusted single
pollutant model to 70% in two-pollutant model adjusted for SCb, in subjects free of heart
disease. Adjustment of ozone for all other pollutants strengthened the association with
risk of CHD mortality. The association between O3 and CHD mortality across all models
and after adjustment for all other pollutants provides support that O3 is a risk factor for
CHD mortality independent of other particulate or gaseous pollutants, for renal transplant
recipients. Recently, Jerrett et al. published results for a cohort study conducted in
Canada on subjects selected from a respiratory disease clinic and did not find an increase
risk of total and/or circulatory mortality associated with O3 exposure 45. The difference
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in findings between their study and ours may be the study subjects themselves as renal
transplant recipients have a high prevalence of multiple risk factors for CHD mortality
due to the decline in kidney function as well as the medication regimen necessary to
maintain the transplanted organ.
Possible Biological Mechanism
The biological mechanisms through which air pollution works in
promotion of adverse cardiovascular effects are not fully understood. Inhalation of
ambient air pollutants has been found to cause a pulmonary inflammatory response that
triggers a cascade of events including subsequent release of pro-thrombotic and anti
inflammatory cytokines, setting in motion a systemic inflammatory process 1 . Evidence
is accumulating that air pollutants influence a number of blood markers including
fibrinogen, platelets, C-reactive protein (CRP) and white cell count that ultimately
increase the risk of cardiovascular disease and mortality 46-48 . CRP levels as well as
cytokines and other inflammatory markers are significantly elevated among transplant
recipients 49. These elevations could be caused by increased generation, decreased
removal, or both, and evidence indicates that inflammation starts early in the process of
kidney disease

18-21

. Elevated CRP levels is linked to increased risk of a number of

adverse cardiovascular events including myocardial infarction 50'52, sudden cardiac
death 23 and peripheral artery disease :’4. Renal transplant recipients and persons living
with chronic renal failure may be populations at increased risk of adverse health effects
associated with ambient air. Steinvinkel et al. and Moe et al. indicate that the entire
atherosclerotic process may be accelerated among persons with chronic kidney disease as
evidenced by prevalent progressive abnormalities of the carotid arterial wall
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Diabetics also experience an increase in markers of inflammation including CRP, plasma
fibrinogen and other markers of chronic inflammation and have been identified as a
subpopulation at increased risk of air pollution and adverse cardiovascular health. It is
evident that renal transplant recipients may be at a similar heightened susceptibility as
diabetics for air pollution and related cardiovascular adverse health effects attributed to
the disruption of homeostasis in plasma inflammatory risk factors.
Strengths and Limitations
Our study design had several strengths as well as limitations. By utilizing
the USRDS database we have a nationally representative sample of more than 79,500
first time, renal only, adult transplants, transplanted between 1997 through 2002. This
large number of transplant recipients also gives access to a large number of events to
provide sufficient strength in determining if these subjects are especially vulnerable with
respect to risk of CHD in an environment with higher air pollution levels. A prior
validation study has been conducted to determine the reliability of the USRDS database
and found that the results showed an overall agreement rate of 91 percent for over 50
variables

.

Over 98 percent of ESRD deaths were recorded in the database with a 99%

agreement within 30 days of the date of death and 100% agreement within 60 days. Thus
the USRDS database is a rich source of information with accurate data describing the
ESRD population.
Our study has a number of limitations that merit discussion. Within this study we
lacked detailed infonnation on environmental cigarette smoke exposure. The smoking
status at the time of transplantation was coded as yes or no and no additional data were
available on the number of cigarettes smoked per day or the duration of smoking history.
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Even though we excluded all smokers that reported actively smoking at the time of
transplant, we are unable to adjust for subjects with a prior history of smoking. We also
lacked infonnation on diet and physical activity. As with other studies on the health
effects of air pollution, only ambient pollution concentrations at place of residence was
available, which could potentially cause exposure misclassification. However, it is
highly unlikely that there is a directional bias with only the cases experiencing
misclassification of exposure assignment.
Conclusion
In summary, we have presented the first epidemiological evidence that
chronic exposure to ambient fine particulate air pollution and ozone increases the risk of
fatal CHD among renal transplant recipients. More research is needed to determine if
subjects with renal insufficiency in general have increased risk of fatal CHD associated
with ambient air pollution. There may be more than 5 million people living in the U.S.
with some form of renal insufficiency, and the risk of CHD may be progressive from the
onset of renal dysfunction through ESRD and renal transplantation. CHD is one of the
most common causes of death among renal transplant recipients and possibly also among
those with renal insufficiency and potentially any changes in ambient air pollution may
have important ramifications for the health of an increasing segment of the population.
Ultimately the study results may have implications for policies and regulations of air
pollution. Additionally, the findings from our study have implications for development
of health information guidelines about exposure reduction specifically targeting this
potentially vulnerable population. Strategies focusing on incorporation of air pollution
risk reduction opportunities from various frontline elements including legislative and
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policy development to healthcare providers and finally the transplant recipients
themselves may result in decrease of acute and long-term health care costs as well as
improvement in long term survivavability of renal transplant recipients.
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Table 1. Baseline Characteristics of the Study Population
Total Study Subjects (N=32,239)
Characteristics
Cases
Noncases
P value
(N=31,972)
(N=267)
Age at Transplant [years(mean+SD)] 52.6+10.0
46.4+12.3
<0.0001**
Female Gender
91(34.1)
13,644(42.7)
0.0047
Race
White
160(59.9)
21,988(68.8)
Black
91(34.1)
7,892(24.7)
0.0019*
Asian/Indian/Other
16(6.0)
2,083(6.5)
College Education
85(31.8)
0.0157
11,722(36.7)
BMI
<18.5
4(1.5)
931(2.9)
18.5-29.9
0.3098
115(43.1)
17,351(54.3)
30+
45(16.9)
5,528(17.3)
Primary Cause of ESRD
Primary glomerulonephritis
43(16.1)
9,002(28.2)
Diabetes
114(42.7)
6,238(19.5)
Hypertension
60(22.5)
5,843(18.3)
Polycystic kidney disease
11(4.1)
3,703(11.6)
<0.0001**
Miscellaneous
23(8.6)
4,947(15.5)
Unknown factor
16(6.0)
2,239(7.0)
Hypertension (independent of ESRD) 83(31.1)
14,542(45.5) <0.0001**
Time on dialysis (months)
0-12
90(33.7)
13,756(43.0)
13-24
42(15.7)
5,882(18.4)
0.0003**
>24
135(50.6)
12,334(38.6)
Creatinine level at discharge
0.1-1.2 (mg/dL)
43(16.1)
7,571(23.7)
1.3-1.7
43(16.1)
7,727(24.2)
1.8-2.7
57(21.3)
6,943(21.7)
<0.0001**
2.8+
8,947(28.0)
117(43.8)
Living Donor type
65(24.3)
13,090(40.9) <0.0001**
Female Donor sex
130(48.7)
15,231(47.6)
0.7073
Delayed graft function
85(31.8)
5,927(18.5)
<0.0001**
Pretransplant blood transfusion
81(30.3)
8,261(25.8)
0.0071
Immunosuppressive therapy
Cyclosporine
184(68.9)
16,570(51.8) <0.0001**
Tacrolimus
59(22.1)
12,882(40.3) <0.0001**
Steroid (prednisone,
65(24.3)
8,537(26.7)
0.4776
methylprednisone, solumederol)
Azathioprine
44(16.5)
3,413(10.7)
0.0015*
Mycophenolate mofetil
190(71.2)
24,771(77.5)
0.0449
Values are presented as no. (%) or mean + SD.
*p<0.01, **p<0.001
Some columns do not add to 100% because of missing data.
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Table 2. Descriptive Statistics and Correlations Between Long Term Averages of
Pollutants Estimated For Subjects

Mean ± SD
PM10
PM2.5

PMiofag/m3)

PM? s fag/m3)

23.5+5.5
1.00

12.9+2.9
0.37*
1.00

Ch/ppb)
60.1+9.3
0.13*
-0.34*

1.00

03

no2

so2

NO? tppb)
37.3+13.2
0.30*
0.60*
-0.49*
1.00

SO^rpobT
8.4±4.4
-0.30*
0.34*
-0.33*
0.43*

1.00

*p<0.0001
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ABSTRACT
Background/Obj ectives
The purpose of this study was to evaluate the association between long-term
exposure to air pollution and the risk of coronary heart disease (CHD) mortality and
determine if any gender differences exist among renal transplant recipients.
Methods
This cohort study included 38,101 (22,276 males and 15,825 females) subjects
identified through the US Renal Data System (USRDS), which included adult renal
transplant recipients transplanted between 1997-2002 and living in the continental U.S.A.
Monthly concentrations of O3, NO2, SO2, PM 10 and PM2.5 were calculated from ambient
monitoring data and interpolated to ZIP code centroids according to the residential
addresses of the subjects. Time dependent Cox proportional hazard models were used to
estimate the effect of air pollutants on risk of CHD mortality while adjusting for potential
confounders. All analyses conducted were gender-specific.
Results
In both the age- and multivariable adjusted models, there was a significant
association between risk of fatal CHD and O3 for both males and females, with females
exhibiting the strongest association with each 10 ppb increase (RRmaies=l-43, 95%CI:
1.26-1.63 and RRfemaies=1.67, 95%CI: 1.39-2.00). PM2.5 displayed the strongest
association with CHD mortality among females with a RR= 2.49 (95%CI: 1.28-4.82)
after adjustment for O3 in the two pollutant multivariable model. No large gender
differences were identified for PM10, SO2 or NO2 and risk of CHD mortality.
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Conclusion
The findings from our study could have potential implications for policies and
regulations of air pollution. Female gender, as a higher risk category, may be relevant in
developing individual CHD risk reduction strategies for renal transplant recipients to
ultimately improve long-term survival.
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Background
Substantial epidemiological research has identified a potential link between
ambient air pollutants and a number of adverse cardiovascular (CVD) health outcomes
including increased rate of hospital admissions for ischemic heart disease, acute MI,
cardiac arrhythmias, congestive heart failure, angina pectoris, atherosclerosis, and
increased risk of fatal CHD events 1 ”10. Researchers have identified a few
subpopulations with enhanced susceptibility to adverse cardiovascular conditions related
to ambient air pollution. Chronic inflammatory conditions including diabetes, obesity
and hypertension have been reported as factors that potentiate the adverse effects of
ambient air pollution on risk of cardiovascular events 11 “14. Recently, we have identified
renal transplant recipients as another sensitive subgroup experiencing enhanced
susceptibility associated with air pollution.
Inflammation starts early in the process of kidney disease and both plasma
cytokines and other inflammatory markers are elevated among renal transplant
recipients

15-19

. Both traditional risk factors (including diabetes and hypertension) and

nontraditional risk factors (e.g. inflammatory markers and immunosuppressive
medications) are prevalent in renal transplant recipients with almost 80% exhibiting at
least one of the traditional risk factors

20,21

. Renal dysfunction is a strong risk factor for

CVD morbidity and mortality with 35-50% of renal transplant recipient deaths caused by
CVD, in particular by CHD

22-25

. Identification of both avoidable and unavoidable risk

factors is paramount in understanding and promoting the overall quality of life as well as
increasing survival of the transplant recipient.
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Over the past decade there has been significant improvement in the one-year
survival rate of renal transplant recipients with 95% of living donor recipients and 90% of
deceased donor recipients surviving one year26. This is partially due to newly developed
immunosuppressant medications, which have helped to improve the initial survival rate.
Unfortunately, there has been no similar trend in the long-term survival rate of renal
transplant recipients with only 61% of deceased-donor recipients and 77% of livingdonor recipients surviving 10 years. We focused on determining which subgroups within
the renal transplant population are particularly sensitive to the adverse health affects
related to ambient air pollution. Chen et al. have previously reported gender- based
differences for risk of fatal CHD with women experiencing a higher risk associated with
chronic ambient particulate pollution 10. It is important to determine if risk of CHD
mortality associated with chronic ambient air pollution differs by gender among renal
transplant recipients, as identification of risk reduction opportunities could ultimately
reduce CHD morbidity and mortality and positively influence longevity.
Objectives
The purpose of this study was to evaluate the association between long-term
ambient air pollution and the risk of CHD mortality and determine if any gender
differences exist among renal transplant recipients.
Materials and Methods
Study Population
Study subjects were identified through the US Renal Data System
(USRDS). The USRDS is a national data repository containing extensive demographic
(including updated residential information) and diagnostic data (including extensive
96

transplantation information), biochemical values, dialysis claims and information on
treatment history, hospitalizations, physician/supplier services and mortality data for all
persons living with end-stage renal disease (ESRD) and renal transplant recipients. The
USRDS is funded directly by the National Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK) and collaborates with other agencies including CMS (Centers for
Medicare and Medical Services), UNOS (United Network for Organ Sharing), the
Centers for Disease Control (CDC), and ESRD Networks to share datasets and work to
improve the accuracy of patient information contained within the USRDS database. All
data derived through the USRDS database have been validated11. Our study population
included all primary renal transplant recipients, 18 years and older, transplanted between
1997-2002, with at least one year of graft survival and living within the contiguous
U.S.A. Only subjects residing within the same ZIP-code during the entire follow-up
study period were included in analysis. Subjects were followed until event (CHD
mortality) or censoring (death from non-CHD causes or the end of the study). Those who
smoked cigarettes (N=2,502) at the time of transplant were excluded. Thus a total of
38,101 (males 22,276, and females 15,825) non-smoking, renal transplant recipients met
the inclusion criteria and were included in this study.
Pollution Exposure Assignment
Estimates of monthly concentrations of ambient air pollutants O3, NO2,
SO2, PM10 and PM2.5 were created for each study subject according to their residential
address. Air quality data were derived from the US Environmental and Protection
Agency (EPA) based on the ambient monitoring network from 1997-2003. Using a
geographical information system (GIS), monthly air pollution indices were calculated for
97

each fixed monitoring site throughout the study area and then geostatistically interpolated
to geographic centroids. Using GIS, we geocoded the Zip-code residence for each
transplant subject and then linked the residential ZIP-code locations with ZIP-code
specific air pollution estimates modeled from ambient air pollution data (USRDS data
and the US EPA Air Quality data). Then we derived monthly exposure averages to
cumulate and assign an annual average ambient pollution level for each subject for the
year prior to subject’s death, excluding the month prior to death to avoid any short- term
effects. Subjects that were alive at the end of the study were assigned the ambient air
pollution level based on the monthly values for the year 2000. Subjects were included in
analysis if they resided within 50 km of an ambient air pollutant monitor.
Ascertainment ofDeaths
The main outcome of interest is death from CHD. CHD death was defined
as the primary cause of death as it was coded on the ESRD death notification form or the
cause of death given on the UNOS follow-up form. Both of these forms were recorded
within the USRDS database and this information has been validated 21. CHD deaths
included deaths from myocardial infarction and deaths from atherosclerotic heart disease.
Potential Confounding Variables
Potential confounders were identified through literature review or through
stratified analysis. The effect of the following baseline parameters, as potential
confounders between ambient air pollutants and CHD mortality, were investigated: race
(White, Black, Other); body mass index (<18.5, 18.5-29.9, 30+); duration of pre
transplant dialysis (<=12, >12 to <=24, and >24 months); causes of renal failure
(diabetes, hypertension, primary glomerulonephritis, polycystic kidney disease,
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miscellaneous factors and unknown factors); serum creatinine level prior to post
transplant hospital discharge (0.1-1.2, 1.3-1.7, 1.7-2.7, and 2.8+ mg/dl); hypertension
independent of the cause of renal failure (yes/no); diabetes independent of the cause of
renal failure (yes/no); educational level at the time of transplant (<=high school,
college+); pre-transplant blood transfusion (yes/no); delayed graft function defined as the
need for dialysis within the first week post-transplantation or the lack of urine output in
the first 24 hours after transplantation (yes/no); total number of kidney transplants
performed throughout the follow-up period (1 only, 2 or more); donor type
(cadaver/living); donor age (<30, 30-44, >44-60, 60+ years); donor sex.
Immunosuppressant medication was evaluated on an intention- to- treat basis and
included the following variables: cyclosporine (yes/no), tacrolimus (yes/no), other
(rapamycin, leflunomide, deoxyspergualin, sang Cy A) (yes/no), azathioprine (yes/no),
mycophenolate mofetil (yes/no), steroid (prednisone, methylprednisolone, solumedrol,
medrol, decadron) (yes/no).
Statistical Analysis
Gender-specific comparison of recipient baseline and follow-up
demographics were made utilizing Student t-test or chi-square test for univariate analysis.
Correlations of air pollutants were estimated using Pearson correlation coefficient.
Survival time was calculated from the time of transplant until event or censoring. Events
included death from CHD as previously defined. Censoring occurred if subjects died
from causes other than CHD or survived through the end of the study follow-up. Timedependent Cox proportional hazard models were used to estimate the effect of ambient
air pollutants on risk of CHD mortality using attained age as the time variable. We
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further adjusted for change in the composition of air pollutants over time by adding year
of transplant as a covariate.
A basic model was developed which included the air pollutant, race and the year
of transplant. All potential confounders available within the USRDS database were
assessed for confounding in this base model by determining if they changed the air
pollutant main effect by 10% or more. None of the candidate variables changed the main
effect by more than 4.4%. Due to the strong predictive effect of primary causes of renal
disease and length of dialyses before transplant on mortality among renal transplant
subjects, these variables were added to the base model and the final model. Tests of
interactions between the various patient demographics (including but not limited to:
gender, race, medication...etc.), and air pollutants were assessed utilizing the log
likelihood ratio Chi-square test comparing the reduced Cox model (without interaction
terms) with the full Cox model (with interaction terms). All variables in the final model
were assessed with respect to meeting the requirements of the proportional hazards
assumptions by checking the log [-log(survival)] curves against the log of time variable
and all met the assumption. Additionally all variables were assessed for
multicollinearity. All Cox regression analyses conducted were gender-specific. Results
are reported per 10 wg/m3 for both PMio and PM2.5, 10 ppb increase for both O3 and NO2
and 1 ppb increase for SO2. A sandwich variance estimate was added to the final model
to adjust for any potential autocorrelation among observations 28. Additional sensitivity
analyses were conducted which included only subjects residing within 30 km of the
nearest monitor to compare with overall study results. All analyses were conducted
utilizing SAS version 9.2 (SAS Institute, Cary, NC).
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Results
Study Population
A total of 379 CHD deaths occurred during the 7-year follow-up period
(122 CHD deaths among females and 257 among males). For males, deaths from CHD
accounted for 14.7% of 1,197 total deaths from natural causes and, for females 10.4% of
879 total deaths. The median from transplantation to death from CHD was 37.2 months
(with a mean = 38.1 + 17.9 months) for men and 34.6 months (with a mean=36.6+ 17.5)
for women. Cases and non-cases differed on a number of baseline demographic and
other variables (Table 1). Compared with noncases, a higher proportion of both male and
female CHD mortality cases tended to be older at the time of transplantation, were less
likely to have ESRD as a result of primary glomerulonephritis, polycystic kidney disease
or miscellaneous factors and more likely to have diabetes or hypertension as their
primary cause of ESRD. Additionally, male and female CHD cases tended to be more
likely to exhibit a higher creatinine level (2.8 mg/dL) prior to hospital discharge post
transplant, less likely to have received an organ from a living donor, more likely to have
experienced initial delayed graph function after transplant and more likely to have used
cyclosporine for immunosuppression. Female CHD cases exhibited a higher proportion
of African Americans than female non-cases, were more likely to experience delayed
graft function and were more likely to undergo longer pre-transplant dialysis (24 months
or longer). Males CHD cases tended to be less likely to have hypertension independent
of their specific cause of ESRD compared with male non-cases and were more likely to
receive a blood transfusion prior to transplant.
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Table 2 gives mean air pollutant levels as well as a correlation matrix. The
correlations were generally relatively low, but statistically significant. However, the
correlation between NO2 and PM2.5, O3 and SO2 were stronger with correlations of 0.60, 0.49 and 0.49, respectively.
Risk of Fatal CHD
SINGLE POLLUTANT MODELS [INSERT TABLE 3]
In the age-adjusted model, there was a significant association between risk
of fatal CHD and O3 for both males and females, with females exhibiting the strongest
association (RRma,es=L45, 95%CI: 1.28-1.65) and RRfemaieS=L68, 95%CI: 1.41-2.01).
PM2.5 displayed the strongest point estimate among females for both single- and
multivariable models (RR=1.59 and 1.44, respectively), however the results were not
statistically significant. Among males a weaker association was found for PM2.5 within
the age- and multivariable adjusted models (RR=1.23 and 1.12, respectively). PM10 also
exhibited a higher point estimate for females within the age- and multivariable adjusted
models compared with males. The point estimates for O3, SO2, NO2 and PM10 changed
very little from the age adjusted to the multivariate adjusted models. No gender
differences were identified for either SO2 or NO2 and risk of CHD mortality. Overall
there were no statistically significant differences identified between males and females
for any of the ambient air pollutants and risk of CHD mortality.
TWO-POLLUTANT MODELS [INSERT TABLES 4 AND 5]
A consistent and strong association was seen between fatal CHD and O3 across all
the models, after adjustment for all other pollutants and for both genders. After
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adjustment for SO2, the relative risk of CHD mortality for O3 among females was 26%
higher than the corresponding risk found for males (RR=1.86 and RR=1.60,
respectively). Comparing the relative risk estimates for O3 between males and females,
females consistently had a higher risk value after adjustment for all other. The strongest
relative risk associated with any specific pollutant was found for PM2.5 among females
with a RR= 2.93 (95%CI: 1.54-5.58) in the age adjusted and a RR=2.49 (95%CI: 1.284.82) in the multivariable adjusted models after adjustment of both models for O3. For
males the corresponding point estimate for PM2.5 adjusted for O3 in the age adjusted
model is 1.82 (95%CI: 1.18-2.80) and a RR=1.58 (95%CI: 1.02-2.45) in the
multivariable adjusted model, however the results were still much smaller than that found
for females. PM 10 did not show any statistically significant relationship for either males
or females, however the point estimates were consistently stronger for females compared
with males. No gender differences were identified for either SO2 or NO2. Overall there
were no statistically significant differences identified between males and females for any
of the ambient air pollutants and risk of CHD mortality.
Discussion
The findings from this cohort study provides support to the hypothesis that air
pollution exacerbates the atherosclerotic process and may increase the risk especially
among female renal transplant recipients for fatal CHD events. To the best of our
knowledge, no other study has been conducted to assess if gender differences exist for
risk of CHD mortality associated with chronic air pollution exposures among organ
transplant recipients. Even though our results did not reveal a statistically significant
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difference regarding the association between air pollution and CHD mortality, we believe
that the results may have clinical relevance for promotion of policies and educational
components targeting risk reduction opportunities among renal transplant recipients.
Overall our results revealed, for both genders, a consistent and significant increased risk
of fatal CHD for increasing levels of ambient O3, across all models from age- to
multivariable- adjusted and in both single and two pollutant models. For Os, in age- and
multivariable adjusted and single- and two pollutant models, females consistently
displayed a higher relative risk of CHD mortality than males. Compared with males,
females in addition to the heightened risk associated with O3, experienced an increased
risk for CHD mortality associated with PM2.5. For PM 10 a small increase in risk was
identified for females versus males. However, none of the results were statistically
significant. Additionally no gender differences were identified for either SO2 or NO2.
The identification of potential gender difference within this study is further
supported by results from the Adventist Health Study on the Health Effects of Smog
(AHSMOG) 10. The AHSMOG is a cohort study with 22 years of follow-up that found a
positive association with three fractions of PM (<2.5, 2.5-10, and <10 ug/m ) for
increased risk of CHD mortality among females but not for males. We found a similarity
between the AHSMOG study results for PM2.5 in the single pollutant model (RR^ 1.42,
95%CI 1.06-1.90) and our transplant study results (RR=1.44, 95%CI: 0.75-2.78). For
PM2.5 within the two pollutant model after adjustment for O3, the AHSMOG study found
a RR=2.00 (95%CI: 1.51-2.64) and this study found RR=2.49 (95%CI: 1.28-4.82), a
slightly stronger risk for female transplant recipients. These findings provide additional
support to the results obtained from our study, indicating that females compared with
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males possibly experience a greater risk of CHD mortality associated with chronic
ambient air pollution exposures. The reasons behind the potential differences may be
partly due to gender differences in the biological response mechanism, diet or lifestyle
differences or possibly a combination of all of the above.
There may be a number of factors at play enhancing susceptibility among renal
transplant recipients placing them at even greater risk than the general public for adverse
cardiovascular events associated with chronic ambient air pollution. Hospital admissions
and mortality research have implicated diabetes, obesity, hypertension and elderly age as
groups with enhancing vulnerability

11-14, 29

. Many of these conditions are highly

prevalent among renal transplant recipients. A recent review by Ojo et al. reported that
conditions prevalent in renal transplant recipients included the following: hypertension
80%, hypercholesterolemia 60%, diabetes 55%, obesity 32%, and post-transplant
smoking 20%, potentially making them one of the highest risk sensitive subpopulations
for cardiovascular effects associated with air pollution 30. Both diabetics and renal
transplant recipients exhibit elevated chronic inflammatory indicators that have been
implicated in promoting atherosclerosis and CVD is the number one cause of death for
both of these populations 31. In addition to the high prevalence of the known CHD risk
factors, transplant recipients have additional CHD risk factors as a result of the use of
immunosuppressant medications. The medications have been associated with
hyperlipidemia, hypertension, and new onset of diabetes post-transplant 32,33 . According
to the 2007 published report by the USRDS, more than one-third of all renal transplant
recipients will develop diabetes within the first three years after transplant34. Compared
to non-diabetics, those with diabetes have a two-fold increase in the risk of adverse
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cardiovascular events with each 10 ug/m3 increase in particulate matter

12- 14,35

. This

increased vulnerability to the effects of air pollution may therefore be present in more
than half of all renal transplant recipients. Together, these various factors may enhance
vulnerability among renal transplant recipients, making them one of the most sensitive
subpopulations at risk for adverse cardiovascular health effects associated with short- and
long-term ambient air pollution exposures.
Possible Biological Mechanism
The results of this study indicate that female transplant recipients are at
increased risk of fatal CHD associated with chronic ambient air pollution exposure.
However, the basic biological mechanism itself as well as any potential gender
differences through which air pollution works in promotion of adverse cardiovascular
effects remains unclear. One of the supported hypotheses for the overall mechanism of
air pollution and increased risk of CHD is that inhalation of ambient air pollutants
promotes a pulmonary inflammatory response that triggers a cascade of events, including
subsequent release into circulation of prothrombotic and inflammatory cells and
mediators, setting in motion a systemic inflammatory process

o/r

. Scientific evidence is

accumulating that air pollutants may influence a number of blood markers including
fibrinogen, platelets, C-reactive protein (CRT) and white cell count ultimately increasing
the risk of cardiovascular disease and mortality 37-39 . Researchers have identified that
gender differences exist in the distribution of CRP within the general public with females
experiencing higher median CRP levels. The possibility exists that air pollution may
exacerbate the already heightened levels of CRP among women enhancing a disruption in
the cardiovascular system homeostasis and further promoting heart disease 40.

106

Assessing other types of inflammatory diseases and identification of any potential
gender associated differences may shed light on gender specific inflammatory pathways
in response to chronic air pollution exposures. It is plausible that the inflammatory
response mechanism associated with air pollution exposure may share a similar cascading
pathway with other chronic inflammatory disease responses. Evidence has shown that
females are at greater risk for multiple chronic inflammatory and autoimmune diseases 41.
Researchers have determined that females tend to respond to infection, vaccination or
trauma with increased levels of antibody response compared with their male counterparts.
This increased response may place them at greater risk of developing inflammatory
autoimmune diseases. Increased antibody production may promote an increased risk of
developing autoimmune disease among females as the antibodies may activate cascade
complexes that can result in tissue pathology. Additionally, researchers have discovered
evidence that chronic immune stimulation in women can result in different T-cell
response and after subsequent stimulation, have a higher level of immune response genes
expressed compared with men 42. It is plausible that the sex hormones such as estrogen,
testosterone and progesterone may directly or indirectly affect the immune response and
the gender differences we have seen in this study. The sex hormones may play a major
role in promoting the adverse health response to chronic air pollution exposures. Further
research is required to determine which gender specific pathways lend themselves
directly to increasing risk of CHD for female transplant recipients when exposed to
chronic air pollution.
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Sensitivity Analyses
We conducted sensitivity analyses utilizing only subjects residing within
30km from the nearest air pollutant monitor. No large differences were observed when
utilizing a cohort of subjects residing within 30 km compared with subjects residing
within 50 km. Additionally, sensitivity analysis was conducted utilizing the monthly
values for year 1998 instead of the year 2000 and again utilizing the monthly values for
the year 2002 in assigning exposure to the subjects alive at the end of the study. No
significant differences were observed when utilizing either 1998 or 2002 in assignment of
exposure for subjects alive at the end of the study.
Strengths and Limitations
Our study design had several strengths as well as limitations. By utilizing
the USRDS database we have a nationally representative sample of more than 79,500
first time, renal only, adult transplants, transplanted between 1997 through 2002. This
large number of transplant recipients also gives access to a large number of events,
providing sufficient strength in determining if these subjects are especially vulnerable
with respect to risk of CHD in an environment with higher air pollution levels. A prior
validation study has been conducted to determine the reliability of the USRDS database
and found that the results showed an overall agreement rate of 91 percent for over 50
variables
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. Agreement on some of the more important variables ranged from 87.0

percent for point in time variables (such as treatment modality at the end of a year) to
94.9 percent for dates (such as date of birth, death, first ESRD service). Over 98 percent
of ESRD deaths were recorded in the database with a 99% agreement within 30 days of
the date of death and 100% agreement within 60 days. Thus the USRDS database is a
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rich source of information with accurate data describing the ESRD population.
Our study has a number of limitations that merit discussion. Within this study we
lacked detailed information on environmental cigarette smoke exposure. The smoking
status at the time of transplantation was coded as yes or no and no additional data were
available on the number of cigarettes smoked per day or the duration of smoking history.
Even though we excluded all smokers that reported actively smoking at the time of
transplant, we are unable to adjust for subjects with a prior history of smoking. We also
lacked information on diet and physical activity. As with other studies on the health
effects of air pollution, only ambient pollution concentrations at place of residence was
available, which could potentially cause exposure misclassification. However, it is
highly unlikely that there is a directional bias with only the cases experiencing
misclassification of exposure assignment.
Conclusion
In summary, we have presented the first epidemiological evidence
showing the possibility that female renal transplant recipients may be at greater risk of
fatal CHD associated with chronic exposures to ambient air pollutants PM2.5 and O3, when
compared to male recipients. Even though our results did not reveal a statistically
significant gender difference between the risk of air pollution associated with CHD
mortality, we believe that the results may have clinical relevance for promotion of
policies and educational components targeting risk reduction opportunities among renal
transplant recipients. More research is needed to confirm our findings among renal
transplant recipients and additionally determine if subjects with renal insufficiency in
general have increased risk of fatal CHD associated with ambient air pollution. There
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may be more than 5 million people living in the U.S. with some form of renal
insufficiency, and the risk of CHD may be progressive from the onset of renal
dysfunction through ESRD and renal transplantation. Since CHD is one of the most
common causes of death among renal transplant recipients and possibly also among those
with renal insufficiency, changes in ambient air pollution would have major
consequences for the health of an increasing segment of the population. The study results
may thus have implications for policies and regulations of air pollution. Additionally,
the findings from our study have implications for development of health information
guidelines and individual choices as to place of residence for this potentially vulnerable
population. Such strategies focusing on air pollution risk reduction opportunities, may
result in decrease of acute and long-term health care costs as well as improvement in long
term survivability of renal transplant recipients.
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Table 1. Baseline Characteristics of the Study Population

Characteristics
Age at Transplant
[years(mean+SD)]
Race
White
Black
Asian/Indian/Other
College Education
BMI
<18.5
18.5-29.9
30+
Primary Cause of ESRD
Diabetes
Hypertension
Primary nephritis
PKD
Miscellaneous
Unknown factor
Hypertension
(independent of ESRD)
Time on dialysis (mo.)
0-12
13-24
>24

Males
tN=22.276)
Cases
Noncases
(N-257)
(N=22.019)
54.2+9.5**
47.5+12.3

Females
(N=15.825)
Noncases
Cases
tN=122)
fN=l 5.703)
52.0+10.1** 47.2+12.3

172(66.9)
70(27.2)
15(5.8)
94(36.6)

15,554(70.6) 73(59.8)
5,185(23.5)
44(36.1)
1,274(5.8)
5(4.1)
8,220(37.3) 30(24.6)

10,620(67.6)
4,003(25.5)
1,077(6.9)
5,474(34.9)

4(1.6)
125(48.6)
39(15.2)

375(1.7)
2(1.6)
12,170(55.3) 52(42.6)
3,899(17.7) 21(17.2)

662(4.2)
8,116(51.7)
2,943(18.7)

121(47.1)
53(20.6)
43(16.7) **
9(3.5)
19(7.4)
12(4.7)
107(41.6)

5,483(24.9)
4,359(19.8)
6,063(27.5)
2,211(10.0)
2,563(11.6)
1,340(6.1)
10,800(49.0)

62(50.8)
21(17.2)
12(9.8)**
6(4.9)
16(13.1)
5(4.1)
53(43.4)

3,549(22.6)
2,524(16.1)
3,825(24.4)
1,829(11.6)
2,978(19.0)
998(6.4)
7,505(47.8)

88(34.2)
48(18.7)
121(47.1)

9,074(41.2)
4,440(20.2)
8,505(38.6)

35(28.7)
29(23.8)
58(47.5)

6,596(42.0)
2,962(18.9)
6,145(39.1)

2,932(13.3)
5,782(26.3)
5,728(26.0)
7,042(32.0)
8,882(40.3)
10,645(48.3)
4,400(20.0)
5,184(23.5)

33(27.0)
21(17.2)*
17(13.9)
45(36.9)
33(27.0)*
56(45.9)
43(35.2) **
46(37.7)

5,919(37.7)
3,367(21.4)
2,474(15.8)
3,573(22.8)
6,447(41.1)
7,389(47.1)
2,735(17.4)
4,956(31.6)

11,771(53.5)
8,510(38.6)
5,925(26.9)
2,310(10.5)
17,123(77.8)

82(67.2) **
30(24.6) **
36(29.5)
26(21.3)**
77(63.1)**

7,714(49.1)
6,753(43.0)
4,139(26.4)
1,698(10.8)
12,148(77.4)

Creatinine level at discharge
0.1-1.2 (mg/dL)
35(13.6)
1.3-1.7
53(20.6)
1.8-2.7
66(25.7)
2.8+
99(38.5)
Living Donor type
66(25.7)**
Female Donor sex
127(49.4)
Delayed graft function
64(24.9)**
Blood transfusion
83(32.3)**
Immunosuppressive therapy
Cyclosporine
175(68.1)
Tacrolimus
61(23.7)
57(22.2)
Steroid (prednisone..etc.)
Azathioprine
36(14.0)
Mycophenolate mofetil
199(77.4)

Values are presented as no. (%) or mean + SD. *p<0.01, **p<0.001
Some columns do not add to 100% because of missing data.
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Table 2. Descriptive Statistics and Correlations Between Long Term Averages of
Pollutants Estimated For Subjects

Mean + SD
PM10
PM2.5
03
no2

PMinfag/m3)
23.5+5.5
1.00

PM?s(Wm3)
12.9±2.9
0.37*
1.00

so2

*p<0.0001
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CMnpb)
60.1±9.3
0.13*
-0.34*
1.00

NO? fonb)
37.3+13.2
0.30*
0.60*
-0.49*
1.00

SCLfppb)
8.4±4.4
-0.30*
0.34*
-0.33*
0.43*
1.00
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CHAPTER 6
OTHER FINDIINGS

A. Implanted Cardiac Defibrillators
Recently scientific evidence has begun to identify a potential relationship between
air pollution and the triggering cardiac arrhythmias. It has been hypothesized that air
pollutants can affect the autonomic nervous system, promoting disruption heart rate and
heart rate variability and ultimately inducing fatal cardiac arrhythmias. To better
understand the association between air pollutants and cardiac arrhythmias researchers
have turned their focus to studying individuals with implanted cardiac defibrillators. The
defibrillator has been designed to detect and treat cardiac arrhythmias and are implanted
under the skin with wires connected to the heart muscle whereby they can distribute
necessary electrical shock if need be to restore normal heart beat. The defibrillator also
records all data it has collected while monitoring heart rate and/or intervening if need be.
All of the collected data are downloaded during routine clinical follow-ups and then can
then be utilized for any additional research purposes, subject to Institutional Review
Board (IRB) approval and informed consent of the patient. A number of studies have
been conducted utilizing implanted cardiac defibrillator data to determine if an
association exists with detected cardiac arrhythmias and air pollutants. A panel study
was conducted on 100 subjects with implanted defibrillators residing within eastern
Massachusetts 51. Researchers compared defibrillator discharges with concentrations of
ambient air pollutants (PM2.5, PM10, O3, CO, NO2, and SO2). Results indicated for every
26 ppb increase in ambient NO2 an associated increase risk of a defibrillator intervention
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was found 2 days following the exposure with an OR=1.8 (95%CI: 1.1-2.9). Subjects
with 10 or more defibrillator discharges had increased arrhythmias associated with CO
and NO2 exposures. A second study of the association between air pollutants and
subjects with implanted defibrillators was conducted on subjects followed at the Barnes
Jewish Hospital in St. Louis, Missouri 145. Subjects were selected to be included in the
study if they experienced a ventricular arrhythmia since their last clinic visit. A total of
139 cardiac arrhythmias were detected among the 56 subjects included in the study. A
case-crossover design was utilized and logistic regression was conducted to determine
whether or not an association exists with air pollution data from 24 hours prior to the
event. A significant increase in cardiac arrhythmias was identified for SO2 (24%
increase, 95%CI: 7% to 44%) and non-significant increase was identified for NO2 and
elemental carbon, (22% increase, 95%CI: -6% to 60%) and (18% increase, 95%CI: -7%
to 50%) respectively. The results are indicative of an association between ambient air
pollutants and risk of cardiac arrhythmias.
B. Heart Rate Variability
Other studies have also been conducted on healthy adults without the use of
implanted cardiac defibrillators. Depression of heart rate variability (HRV) has been
cited as a powerful predictor of cardiac arrhythmia complications and mortality 146.
Researchers in Sao Paulo, Brazil studied HRV in healthy individuals. Researchers
utilized a panel study with 48 healthy, non-smoking adults who were vehicular traffic
controllers and collected 24- hour blood pressure and electrocardiogram readings during
three periods including winter 2000, summer 2001 and winter 2001 52. Linear regression
was utilized to determine if an association exists between air pollution and HRV. Results
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revealed that increasing SO2 was significantly associated with decreasing HRV identified
through with a negative association with the standard deviation of the normal RR
intervals (SDNN) and thus potentially increasing the risk for cardiac arrhythmia. PM 10
and NO2 had no statistically significant associations with HRV. Together all of the
published studies are indicative of a causal role between air pollution and impact on heart
rate variability and subsequent increase risk of cardiac arrhythmia related morbidity and
mortality.
C. Study Population
Research within our transplant study was conducted to assess the association
between chronic ambient air pollution exposure and risk of death from cardiac arrhythmia
among renal transplant recipients. A total of 329 cardiac arrhythmia deaths (142.1
cardiac arrhythmia deaths per 100,000 person-years) occurred during the 7-year follow
up period. Deaths from cardiac arrhythmia accounted for 15.8% of 2,076 total deaths
from natural causes. The median time from transplantation to death from cardiac
arrhythmia was 33.6 months (with a mean = 36.0 + 16.2 months). Cases and non-cases
differed on a number of baseline demographic and other variables (Table 1). Cardiac
arrhythmia mortality cases tended to be older at the time of transplantation, were less
likely to have ESRD as a result of primary glomerulonephritis, polycystic kidney disease
or miscellaneous factors and more likely to have diabetes or hypertension as their
primary cause of ESRD. Additionally, cardiac arrhythmia cases tended to be less likely
to have hypertension independent of their specific cause of ESRD, more likely to undergo
longer pre-transplant dialysis (24 months or longer), more likely to have a higher
creatinine (2.8 mg/dL or greater) level prior to post-transplant hospital discharge, less
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likely to have received an organ from a living donor, more likely to have experienced
initial delayed graph function after transplant, more likely to have need a blood
transfusion prior to transplant and more likely to have used cyclosporine for
immunosuppression.
D. Risk of Fatal Cardiac Arrhythmias
1. Single Pollutant Models (Table 2)
a. Ozone In the age-adjusted model, an increase in O3 of 10 ppb was
associated with a 35% increase in risk of fatal cardiac arrhythmia (95%CI: 1.20-1.51).
This effect remained virtually unchanged when adjusting for other factors in the
multivariable model with a RR=1.34 (95%CI: 1.19-1.51).
b. PM2.5 PM2.5 displayed the second strongest effect on risk of fatal
cardiac arrhythmia in the age adjusted, single pollutant model with a RR=1.36 (95%CI:
0.93-1.98). Within the multivariable model the effect was reduced to a RR=T.18 and the
results were not statistically significant.
c. Other Ambient Pollutants For SO2 a weak but statistically significant
association was found for risk of cardiac arrhythmia with a RR=1.05 (95%CI: 1.03-1.08),
which remained relatively unchanged in the multivariable model with a RR=1.05
(95%CI: 1.02-1.07). No association was found for NO2 or PM10 and risk of fatal cardiac
arrhythmia. When adjusting the multivariable model for potential autocorrelation among
the subjects, the relative risks remained unchanged for all the pollutants and the
confidence intervals slightly widened for majority of the pollutants.
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2. Two-Pollutant Models (Table 3)
a. Ozone Compared to the single-pollutant model, the association
between O3 and fatal cardiac arrhythmia remained virtually unchanged in both age-and
multivariable adjusted models after individual adjustment for each of the other pollutants
(PM 10, PM2.5, SO2, and NO2). The strongest association was found after adjustment for
S02 (RR=1.54, 95%CI: 1.36-1.75).
b. PM2.5 The association between risk of fatal cardiac arrhythmia and
PM2.5 was strengthened in the two- pollutant model. The strongest affect was seen in the
age-adjusted model after adjusting for O3 (RR=1.92, 95% Cl: 1.30-2.83). This result
remained strong and significant in the multivariate model (RR=1.61, 95% Cl: 1.08-2.39).
Compared to the single-pollutant model, adjusting PM2.5 for SO2 weakened the
association with risk of fatal cardiac arrhythmia, while adjustment for O3 strengthened
and adjustment for NO2 did not change the association.
c. Other Ambient Pollutants A small but statistically significant
association was found for SO2 and risk of fatal cardiac arrhythmia. The risk remained
virtually unchanged from the single pollutant model to the two pollutant model with the
strongest risk observed after adjustment for O3 with a RR=1.07 (95%CI: 1.03-1.11) in the
multivariable model. Adjustment of SO2 for O3 or NO2 strengthened the association
compared with the single-pollutant model. No consistent association was found for either
PM10 or N02.
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Table 1. Baseline Characteristics of the Study Population
Total Study Subjects (N=32,239)
P value
Noncases
Characteristics
Cases
(N=31,910)
tN=329)
<0.0001**
50.6+12.3
Age at Transplant [years(mean+SD)]
46.4+12.3
0.0086
Female Gender
141(34.1)
13,594(42.7)
Race
21,952(68.8)
White
196(59.6)
<0.0001**
7,865(24.6)
Black
118(35.9)
Asian/Indian/ Other
2,084(6.6)
15(4.6)
College Education
100(30.4)
11,707(36.7)
0.0029
BMI
<18.5
929(2.9)
6(1.8)
152(46.2)
17,314(54.3)
0.4029
18.5-29.9
57(17.3)
5,516(17.3)
30+
Primary Cause of ESRD
8,984(28.2)
Primary glomerulonephritis
61(18.5)
Diabetes
6,232(19.5)
120(36.5)
5,821(18.2)
Hypertension
82(24.9)
<0.0001**
3,699(11.6)
Polycystic kidney disease
15(4.6)
4,929(15.4)
41(12.5)
Miscellaneous
2,245(7.0)
Unknown factor
10(3.0)
<0.0001**
14,520(45.5)
Hypertension (independent of ESRD cause) 105(31.9)
Time on dialysis (months)
92(28.0)
0-12
13,754(43.1)
13-24
<0.0001**
72(21.9)
5,852(18.3)
12,304(38.6)
>24
165(50.2)
Creatinine level at discharge
0.1-1.2 (mg/dL)
39(11.9)
7,575(23.7)
67(20.4)
7,703(24.1)
1.3-1.7
<0.0001**
1.8-2.7
69(21.0)
6,931(21.7)
140(42.6)
8,924(28.7)
2.8+
77(23.4)
13,078(41.0)
<0.0001**
Living Donor type
0.0675
15,188(47.6)
Female Donor sex
173(52.6)
<0.0001**
Delayed graft function
5,887(18.4)
125(38.0)
<0.0001**
Pretransplant blood transfusion
117(35.6)
8,225(25.8)
Immunosuppressive therapy
<0.0001**
Cyclosporine
214(65.0)
16,540(51.8)
Tacrolimus
12,855(40.3)
<0.0001**
86(26.1)
0.9033
88(26.7)
Steroid (prednisone, methylprednisone,
8,514(26.7)
solumedrol, medrol, decadron)
Azathioprine
<0.0001**
64(19.5)
3,393(10.6)
235(71.4)
Mycophenolate mofetil
0.0174
24,726(77.5)
Values are presented as no. (%) or mean + SD.
*p<0.01, **p<0.001
Some columns do not add to 100% because of missing data.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

A. Summary of Findings
The findings from this cohort study are supportive of the hypothesis that air
pollution exacerbates the atherosclerotic process and increases the risk of fatal CHD
among renal transplant recipients. To the best of our knowledge, no other study has been
conducted assessing the impact of ambient air pollution on organ transplant recipients.
The pollutant with the strongest association with fatal CHD was PM2.5 adjusted for O3
(RR=1.89, 95%CI, 1.22-2.91). Additionally we found a consistent and significant
increased risk of fatal CHD for increasing levels of ambient O3, across all models from
age- to multivariate- adjusted and in both single and two pollutant models. The increased
risk of CHD mortality associated O3 ranged from 52% in the fully adjusted single
pollutant model to 70% in two-pollutant model adjusted for SO2, in subjects free of heart
disease. Adjustment of ozone for all other pollutants strengthened the association with
risk of CHD mortality. The association between O3 and CHD mortality across all models
and after adjustment for all other pollutants provides support that O3 is a risk factor for
CHD mortality independent of other particulate or gaseous pollutants, for renal transplant
recipients. Recently Jerrett et al. published results for a cohort study conducted in
Canada on subjects selected from a respiratory disease clinic and did not find an
increased risk of total and/or circulatory mortality associated with ambient O3 147. It is
possible that the difference in findings between their study and ours might be the study
subjects themselves as renal transplant recipients have a high prevalence of multiple risk
130

factors for CHD mortality due to the decline in kidney function as well as the medication
regimen necessary to maintain the transplanted organ.
The findings from this cohort study also provide evidence for a higher risk of fatal
CHD events among female renal transplant recipients compared to males. For both
genders, we found a consistent and significant increased risk of fatal CHD with
increasing levels of ambient O3, across all models from age- to multivariable- adjusted
and in both single and two pollutant models. For Cb, in age- and multivariate adjusted
and single- and two pollutant models however, females consistently displayed a higher
relative risk of CHD mortality than males. For males the relative risk for O3 in the single
and two pollutant, multivariable adjusted model ranged from 1.43 to 1.63 after
adjustment for SO2. For females the relative risk for O3 in the single and two pollutant,
multivariable adjusted model ranged from 1.66 to 1.89, respectively, after adjustment for
SO2. Females consistently showed a greater risk of CHD mortality associated with O3
exposure compared with males. Compared with males, females in addition to the
heightened risk associated with O3, experienced an increased risk for CHD mortality
associated with PM2.5. For PM10 a small increase in risk was identified for females
versus males, however none of the results were statistically significant. Additionally no
gender differences were identified for either SO2 or NO2.
The identification of gender difference within this study is further supported by
results from the Adventist Health Study on the Health Effects of Smog (AHSMOG) 38.
The AHSMOG is a cohort study with 22 years of follow-up that found a positive
association with three fractions of PM (<2.5, 2.5-10, and <10 wg/m3) for increased risk of
CHD mortality among females but not for males. We found a similarity between the
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AHSMOG study results for PM2.5 in the single pollutant model (RR= 1.42, 95%CI 1.061.90) and our transplant study results (RR=1.44, 95%CI: 0.75-2.78). For PM2.5 within
the two pollutant model after adjustment for O3, the AHSMOG study found a RR=2.00
(95%CI: 1.51-2.64) and this study found RR=2.49 (95%CI: 1.28-4.82), a slightly stronger
risk of fatal CHD for female transplant recipients. These findings provide additional
support to the results obtained from our study, indicating that females compared with
males experience a greater risk of CHD mortality associated with chronic ambient air
pollution.
Lastly the findings from this study have identified an association between ambient
air pollutants and death from fatal cardiac arrhythmias. The results from this study
provide support to the hypothesis that ambient air pollutants may also affect autonomic
control whereby they are able to disrupt homeostasis and induce fatal cardiac
arrhythmias. In the age-adjusted model, an increase in O3 of 10 ppb was associated with
a 35% increase in risk of fatal cardiac arrhythmia (95%CI: 1.20-1.51). This effect
remained virtually unchanged when adjusting for other factors in the multivariable model
with a RR=1.34 (95%CI: 1.19-1.51). PM2.5 displayed the second strongest effect on risk
of fatal cardiac arrhythmia in the age adjusted, single pollutant model with a RR=1.36
(95%CI: 0.93-1.98). Within the multivariable model the effect was reduced to a
RR=1.18 and the results were not statistically significant. For SO2 a weak but
statistically significant association was found for risk of cardiac arrhythmia with a
RR-1.05 (95%CI: 1.03-1.08), which remained relatively unchanged in the multivariable
model with a RR-1.05 (95%CI: 1.02-1.07). Compared to the single-pollutant model, the
association between O3 and fatal cardiac arrhythmia remained virtually unchanged in
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both age-and multivariable adjusted models after individual adjustment for each of the
other pollutants (PMio, PM2.5, SO2, and NO2). The strongest association was found after
adjustment for SO2 (RR=1.54, 95%CI: 1.36-1.75). The association between risk of fatal
cardiac arrhythmia and PM2.5 was strengthened in the two- pollutant model. The
strongest affect was seen in the age-adjusted model after adjusting for O3 (RR=1.92, 95%
Cl: 1.30-2.83). This result remained strong and significant in the multivariate model
(RR=T.61, 95% Cl: 1.08-2.39). A small but statistically significant association was
found for SO2 and risk of fatal cardiac arrhythmia. The risk remained virtually
unchanged from the single pollutant model to the two pollutant model with the strongest
risk observed after adjustment for O3 with a RR=1.07 (95%CI: 1.03-1.11) in the
multivariable model. No association was found for NO2 or PM10 and risk of fatal cardiac
arrhythmia.
There is limited evidence as to which sensitive subgroups of the general public
are more susceptible to adverse effects of ambient air pollution. However, results from
this study have identified renal transplant recipients as a potential subgroup with
enhanced vulnerability. Hospital admissions and mortality research have implicated
diabetes, obesity, hypertension and elderly age as groups with enhancing vulnerability
and many of these conditions are highly prevalent among renal transplant
recipients

61, 148

. In addition to the high prevalence of the known CHD risk factors,

transplant recipients have additional CHD risk factors as a result of the use of
immunosuppressant medications. The medications have been associated with
hyperlipidemia, hypertension, and new onset of diabetes post-transplant

149, 150

Additionally, studies have indicated that subjects with hypertension as well as elderly
133

populations are at increased risk of adverse cardiovascular events with increase in air
pollution 54, 66- 69 . Since 1996 there has been a steady increase and by 2005 there was an
overall doubling in the percentage of transplants performed for recipients aged 65 and
70

older . Together, these various factors may enhance vulnerability among renal
transplant recipients, making them one of the most sensitive subpopulations at risk for
adverse cardiovascular health effects associated with short- and long-term ambient air
pollution exposures.
1. Strengths and Limitations
Our study design had several strengths as well as limitations. By utilizing
the USRDS database we have a nationally representative sample of more than 79,500
first time, renal only, adult transplants, transplanted between 1997 through 2002. This
large number of transplant recipients also gives access to a large number of events to
provide sufficient strength in determining if these subjects are especially vulnerable with
respect to risk of CHD in an environment with higher air pollution levels. A prior
validation study has been conducted to determine the reliability of the USRDS database
and found that the results showed an overall agreement rate of 91 percent for over 50
variables

114

. Over 98 percent of ESRD deaths were recorded in the database with a 99%

agreement within 30 days of the date of death and 100% agreement within 60 days. Thus
the USRDS database is a rich source of information with accurate data describing the
ESRD population.
Our study has a number of limitations that merit discussion. Within this study we
lacked detailed information on environmental cigarette smoke exposure. The smoking
status at the time of transplantation was coded as yes or no and no additional data were
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available on the number of cigarettes smoked per day or the duration of smoking history.
Even though we excluded all smokers that reported actively smoking at the time of
transplant, we are unable to adjust for subjects with a prior history of smoking. We also
lacked information on diet and physical activity. As with other studies on the health
effects of air pollution, only ambient pollution concentrations at place of residence was
available, which could potentially cause exposure misclassiflcation. However, it is
highly unlikely that there is a directional bias with only the cases experiencing
misclassiflcation of exposure assignment.
2. Recommendations for Future
Future research is warranted to strengthen the findings of our study that
revealed renal transplant recipients are a subgroup at increased risk of experiencing fatal
CHD with chronic ambient air pollution exposure. Additional research is also needed to
determine the potential risk among all persons living with ESRD prior to transplant as
this may be another sensitive subgroup.
3. Conclusion
In summary, we have presented the first epidemiological evidence that
chronic exposure to ambient air pollution increases the risk of both fatal CHD and cardiac
arrest among renal transplant recipients; and female transplant recipients are at even
greater risk. More research is needed to determine if subjects with renal insufficiency in
general have increased risk of fatal CHD associated with ambient air pollution. There
may be more than 5 million people living in the U.S. with some form of renal
insufficiency, and the risk of CHD may be progressive from the onset of renal
dysfunction through ESRD and renal transplantation. CHD is one of the most common
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causes of death among renal transplant recipients and possibly also among those with
renal insufficiency and potentially any changes in ambient air pollution may have
important ramifications for the health of an increasing segment of the population.
Ultimately the study results may have implications for policies and regulations of air
pollution. Additionally, the findings from our study have implications for development
of health information guidelines about exposure reduction specifically targeting this
potentially vulnerable population. Strategies focusing on incorporation of air pollution
risk reduction opportunities from various frontline elements including legislative and
policy development to healthcare providers and finally the transplant recipients
themselves may result in decrease of acute and long-term health care costs as well as
improvement in long term survivavability of renal transplant recipients.
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APPENDIX B: POTENTIAL BIOLOGICAL MECHANISM OF ADVERSE
HEALTH EFFECTS ASSOCIATED WITH AMBIENT AIR POLLUTANTS
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Adapted from Routledge HC, and et al. 2003. Why Cardiologists Should Be Interested in Air Pollution.
Heart, 89: 1383-1388 74.
And adapted from Brook RD, and et al. 2004. Air Pollution and Cardiovascular Disease: A Statement For
Healthcare Professionals From The Expert on Population and Prevention Science of the American Heart
Association. Circulation, 109: 2655-2671 151.
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APPENDIX C: COHORT STUDIES ASSESSING THE RISK OF AMBIENT
AIR POLLUTANTS ON CARDIOVASCULAR MORTALITY
PM2.5 Cardiovascular Mortality
Study
AHSMOG

Source
Chen et al. 2005 38

Increment
10ug/m3

RR

1.42
0.90

ACS

Pope et al. 200241

ACS

Pope et al. 200440

ACS reanalysis

Krewski et al. 200546

ACS (Los Angeles)

Jerrett et al. 2005

102

10ug/m3

10ug/m3
10ug/m3

10ug/m3

1.09

1.12
1.36

1.39

95% Cl
1.06-1.90
0.76-1.05
1.03-1.16

1.08-1.15
1.22-1.52

1.12-1.73

Harvard Six Cities
(extended followup)

Laden et al. 2006 95

10ug/m3

1.28

1.13-1.44

Women's Health
Initiative

Miller etal. 200744

10ug/m3

1.76

1.25-2.47

Comments
Results for women
Results for men
Stronger association for
IHD (1.18 (95%CI 1.141.23))
Stronger association for
IHD (1.39 (95%CI 1.121.73))
Potential dose response
association observed
with cardiopulmonary
mortality
Stronger association
with definite diagnosis
(2.21 (95%CI 1.174.16))

PM10 Cardiovascular Mortality
Study
AHSMOG

Source
Abbey et al. 1999

AHSMOG

Chen et al. 2005 38

lOug/m3

French PAARC

Filleul et al. 200527

10ug/m3

Germany Study

Gehring et al. 2006 45

7ug/m3

104

Increment
20ug/m3

RR

95%CI

0.92
1.10
1.22
0.94

0.80-1.05
0.94-1.30
1.01-1.47
0.82-1.08

1.01
1.59

0.99-1.03
1.23-2.04

Comments
Results for women
Results for men
Results for women
Results for men
Results are from ISP
data

S02 Cardiovascular Mortality
Study
AHSMOG

Source
Abbey et al. 1999

Increment

AHSMOG

Chen et al. 2005 38

1ppb

ACS reanalysis
French PAARC

Krewski et al. 200546
Filleul etal. 2005 27

10ug/m3

Norwegian Cohort

Nafstad et al. 2004 47

10ug/m3

104

159

RR

95% Cl

1.02
1.01
0.94
1.02
1.36
0.97
1.08

0.90-1.15
0.87-1.18
0.81-1.08
0.94-1.11
1.25-1.48
0.92-1.02
1.03-1.12

Comments
Results for women
Results for men
Results for women
Results for men

j

N02 Cardiovascular Mortality
Study
AHSMOG

Source
Abbey et al. 1999

AHSMOG

Chen et al. 2005 38

10ppb

Netherlands
French PAARC
Germany Study

Hoek et al. 2002 42
Filleul et al. 2005 27
Gehring et al. 200645

Near major
road
10ug/m3
16ug/m3

Norwegian Cohort

Nafstad et al. 200447

10ug/m3

Increment
104

RR
1.03
1.01
1.17
1.16

95%CI
0.90-1.18
0.86-1.19
0.98-1.40
0.89-1.51

1.94

1.08-3.48

1.01
1.74

0.94-1.08
1.29-2.33

1.07

1.03-1.11

Comments
Results for women
Results for men
Results for women
Results for men

Study of women
The results are for
NOx.

03 Cardiovascular Mortality
Study
AHSMOG

Source
Abbey et al. 1999

AHSMOG

Chen et al. 2005 38

Increment
104

10ppb

RR

95% Cl

0.97
1.08
0.97
0.89

0.84-1.12
0.91-1.29
0.68-1.38
0.60-1.30
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Comments
Results for women
Results for men
Results for women
Results for men

