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Abstract

Background—*Factors underlying a possible excess of amyotrophic lateral sclerosis (ALS)
among military veterans remain unidentified. Limitations of previous studies on this topic include
reliance on ALS mortality as a surrogate for ALS incidence, low statistical power, and sparse
information on military-related factors.

Objectives—We evaluated associations between military-related factors and ALS using data
from a case-control study of U.S. military veterans.
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Methods—From 2005 to 2010, we identified medical record-confirmed ALS cases via the
National Registry of Veterans with ALS and controls via the Veterans Benefits Administration’s
Beneficiary Identification and Records Locator System database. In total, we enrolled 621 cases
and 958 frequency-matched controls in the Genes and Environmental Exposures in Veterans with
Amyotrophic Lateral Sclerosis study. We collected information on military service and
deployments and 39 related exposures. We used unconditional logistic regression models to
estimate odds ratios (ORs) and 95% confidence intervals (Cls). We used inverse probability
weighting to adjust for potential bias from confounding, missing covariate data, and selection
arising from a case group that disproportionately included long-term survivors and a control group
that may or may not differ from U.S. military veterans at large.

Results—The odds of ALS did not differ for veterans of the Air Force, Army, Marines, and
Navy. We found higher odds of ALS for veterans whose longest deployment was World War 11 or
the Korean War and a positive trend with total years of all deployments (OR = 1.27; 95% CI: 1.06,
1.52). ALS was positively associated with exposure to herbicides for military purposes,
nasopharyngeal radium, personal pesticides, exhaust from heaters or generators, high-intensity
radar waves, contaminated food, explosions within one mile, herbicides in the field, mixing and
application of burning agents, burning agents in the field, and Agent Orange in the field, with ORs
between 1.50 and 7.75.

Conclusions—Although our results need confirmation, they are potentially important given the
large number of U.S. military veterans, and they provide clues to potential factors underlying the
apparent increase of ALS in veteran populations.

Keywords
amyotrophic lateral sclerosis; case-control; deployment; etiology; military

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a debilitating neurodegenerative disease involving
motor neuron loss in the central nervous system (Mitchell and Borasio, 2007). A possible
association between military-related factors and ALS was first suggested in connection with
the 1990-1991 Persian Gulf War (hereafter “Gulf War”). Five of seven previously published
studies reported an increased rate of ALS incidence, hospitalization, or mortality among
veterans deployed to the Gulf War compared to veterans deployed elsewhere (Barth et al.,
2009; Coffman et al., 2005; Haley, 2003; Horner et al., 2008; Horner et al., 2003; Kang and
Bullman, 2001; Smith et al., 2000). Another study found a higher ALS mortality rate among
men who reported military service than men who did not (Weisskopf et al., 2005). This
result was recently confirmed by studies in the U.S. (Weisskopf et al., 2015), Denmark
(Seals et al., 2015), and Scotland (Bergman et al., 2015). Most of these studies, and 22
others on this topic that we recently reviewed (Beard and Kamel, 2015), were limited by
reliance on ALS mortality as a surrogate for ALS incidence, low statistical power, and
sparse information on military-related factors. In addition, two-thirds of these studies did not
include information on specific military exposures. Thus, the factors underlying the possibly
increased rate of ALS among veterans remain unidentified.
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The Genes and Environmental Exposures in Veterans with Amyotrophic Lateral Sclerosis
study (GENEVA), conducted from 2005 to 2010, is a case-control study of veterans with
ALS from the U.S. National Registry of Veterans with ALS (hereafter “Registry”) (Allen et
al., 2008) and frequency-matched veteran controls identified via U.S. Department of
Veterans Affairs (VA) databases (Schmidt et al., 2008). To enroll in GENEVA, participants
had to confirm that they had been members of the U.S. Army, Air Force, Navy, Marine
Corps, Coast Guard, activated Reserves or National Guard at some point in time (Beard,
2015). They did not have to have been deployed to war. We evaluated associations between
ALS and several aspects of military service and deployments as well as 39 related exposures
among veterans in GENEVA.

2. Materials and methods

2.1. Study population and case definition

Enrollment of cases first in the Registry, then in GENEVA, was described previously (Allen
et al., 2008; Schmidt et al., 2008). Briefly, the Registry was started because of the possible
connection between ALS and deployment to the Gulf War (Allen et al., 2008; Kasarskis et
al., 2004; Schmidt et al., 2008). Potential cases were recruited for the Registry from 2003 to
2007 (i.e., the year Haley (2003) and Horner (2003) were published to when funding
expired). Recruitment strategies included publicizing the Registry and searches of national
VA databases for patients with /nternational Classification of Diseases, 9th Revision (World
Health Organization, 1977), codes of the form 335.2X (motor neuron diseases) (Allen et al.,
2008). In total, 7,116 potential cases were identified, 4,626 completed a telephone screening
(Beard, 2015), and 2,600 reported a past diagnosis (Allen et al., 2008). Of these, 2,400
consented to join, 2,265 provided medical records for review by ALS specialist neurologists,
and 2,122 had a diagnosis of ALS or a related motor neuron disease confirmed according to
the Revised El Escorial Criteria (Allen et al., 2008; Brooks et al., 2000). These 2,122 veteran
cases were followed via standardized semi-annual telephone interviews until 2009.

Ascertainment of GENEVA cases from those enrolled in the Registry is shown in Figure 1.
Of 1,856 ALS cases, 1,837 gave permission to be re-contacted for further studies, 1,356
consented to join the Registry DNA bank, and 847 were able to be contacted regarding
GENEVA enrollment. Of these, 726 consented to join and 630 were interviewed of which
621 were included in this analysis because they were not missing covariate data. These cases
include those with clinically definite, probable, possible, or suspected ALS.

Enrollment of GENEVA controls was described previously (Schmidt et al., 2008). Figure 2
shows ascertainment of GENEVA controls from an age-stratified random sample of 10,000
records obtained in June 2005 from the Veterans Benefits Administration’s Beneficiary
Identification and Records Locator System (BIRLS) database (Schmidt et al., 2008). Of
8,966 potential controls with addresses available, 4,420 were mailed invitations, 2,728 were
able to be contacted by telephone, and 1,618 were screened for eligibility. Nine individuals
not part of the original BIRLS sample contacted GENEVA regarding enrollment and were
screened for eligibility. In total, 1,536 potential controls were eligible, 1,055 consented to
join, and 975 controls were interviewed of which 958 were included in this analysis because
they were not missing covariate data.
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Controls were frequency-matched to cases on diagnosis age (within five years) and use of
the VA health care system before diagnosis date (cases) or interview date (controls)
(Schmidt et al., 2008). We matched on age because it is a risk factor for ALS (Mitchell and
Borasio, 2007). VA health care use served as a surrogate for socioeconomic status, which
may be related to ALS (Sutedja et al., 2007).

GENEVA was approved by Institutional Review Boards of the Durham VA Medical Center,
Duke University Medical Center, and the National Institute of Environmental Health
Sciences; the Institutional Review Board of the University of North Carolina at Chapel Hill
approved this ancillary study. All participants gave written or oral informed consent before
enrollment.

2.2. Exposure assessment

For cases, we extracted clinical characteristics from medical records and collected baseline
(closest to GENEVA enrollment) ALS Functional Rating Scale-Revised (ALSFRS-R) score
(Cedarbaum et al., 1999) via the Registry semi-annual interviews (Beard, 2015). For cases
and controls, we used standardized telephone interviews for GENEVA (Beard, 2015) to
gather information on military service, deployments, and exposures that occurred before
diagnosis date (cases) or interview date (controls), as well as on potential confounders
(Beard, 2015; Schmidt et al., 2008). Proxy interviews were necessary for 34 (5%) cases, but
no controls. More detail regarding interview procedures is provided elsewhere (Schmidt et
al., 2008).

Self-reported information on military service included branch of longest service (i.e., the
branch in which the veteran served the longest total time), number of branches, rank, total
service time, and end of most recent service (Supplementary data, p. S3). Self-reported
information on deployments to World War 11 (WWII) and the Korean, Vietnam, and Gulf
Wars (hereafter “four wars”) as well as operations in nine other locations included ever
deployment to any war/operation, war/operation of longest deployment (i.e., the war or
operation to which the veteran was deployed for the longest total time), total time of all
deployments, and end of most recent deployment (Supplementary data, p. S3). We also had
self-reported information on ever deployment to any other country; ever receiving imminent
danger pay, hardship duty, or combat zone tax exclusion benefits for deployment to 17
foreign countries and/or five sea regions (plus fill-in options); and total time deployed to
those countries/sea regions (Supplementary data, p. S3).

We had self-reported information on 39 specific military exposures, which we chose by
adapting the questionnaires used in the lowa Gulf War study (Doebbeling et al., 2002) and
the Millennium Cohort Study (Ryan et al., 2007; Smith et al., 2009) for use in GENEVA
(Beard, 2015; Schmidt et al., 2008). In addition, we added a few questions on exposures that
were specific to one or more of the four wars (e.g., Agent Orange exposure during the
Vietnam War). We queried 32 of 39 exposures only in reference to exposure during
deployment to the four wars, which covered 16-231 cases and 30-338 controls depending
on the war(s). For the seven non-war-specific exposures, information included ever exposure
and, for some, a quantification of exposure (e.g., number of shots). For 31 of 32 war-specific
exposures, we asked participants whether they had ever been exposed, days exposed (Not
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exposed, <5, 6-30, > 30), and whether they felt ill after exposure (Not exposed, No, Yes).
For the other war-specific exposure, total vaccinations, we had self-reported information on
number of shots.

2.3. Statistical analyses

We identified risk factors for ALS from previous literature to consider as potential
confounders (Supplementary data, p. S5). We used directed acyclic graphs (Greenland et al.,
1999) to identify minimally sufficient adjustment sets (MSASs) among potential
confounders (Supplementary data, Figure S.1 and p. S5). When military service factors were
the explanatory variables of interest, the MSAS was age, sex, and race/ethnicity; when
military deployments and exposures were of interest, the MSAS was age, sex, race/ethnicity,
and branch of service. We also adjusted for VA health care use before diagnosis/interview
date because it was a matching factor (Schmidt et al., 2008). We centered age at 60 years—
the median age among controls—and modeled it with linear and quadratic terms. We used
categorical variables to model the other covariates as follows: VA health care use (No, Yes),
race/ethnicity (non-Hispanic White, other), and branch of service (Air Force, Army,
Marines, Navy, other [e.g., Coast Guard, Reserves]).

We used unconditional logistic regression models to calculate odds ratios (ORs) and 95%
confidence intervals (Cls) for associations between military-related factors and ALS. We
calculated three types of stabilized inverse probability weights (hereafter “weights”) (Cole
and Hernan, 2008; Hernan et al., 2004), a type of propensity score, to adjust for 1) matching
factors and confounders in the MSASs, 2) potential bias resulting from missing data on
ALSFRS-R score for 8% of Registry cases, and 3) potential selection bias from studying a
case group that disproportionately included long-term survivors at GENEVA enrollment and
a control group that may differ from U.S. military veterans at large (Schmidt et al., 2008;
Schmidt et al., 2010) (Supplementary data, p. S6). We calculated confounding weights for
each exposure separately, but used the same weights for missing ALSFRS-R score (cases
only) and selection for every exposure. We evaluated appropriateness of the weights in our
analyses using established criteria (Cole and Hernan, 2008) (Supplementary data, p. S11).
We multiplied the three types of weights to obtain overall stabilized weights and applied
these to unconditional logistic regression models containing the exposure of interest as the
only explanatory variable in the same way sampling weights are applied when analyzing
data from complex survey sampling designs (Cole and Hernan, 2008; Robins et al., 2000).
We calculated 95% Cls using robust variance estimates because using weights for analysis
induces within-subject correlation (Hernan et al., 2000). The weighted ORs and 95% Cls
thus generalize to the population of 1,785 Registry cases who had diagnoses of clinically
definite, probable, possible, or suspected ALS and no missing data on covariates used to
calculate the weights, and the population of 9,983 potential controls from the BIRLS
database who had no missing data on covariates used to calculate the weights.

Nine of 32 war-specific exposures were distinct to a single war only. For these nine
exposures (two Vietnam and seven Gulf War), our weights were inappropriate because they
weighted GENEVA cases to represent all Registry cases and weighted GENEVA controls to
represent all BIRLS potential controls regardless of age or era of service. To mitigate this

Environ Int. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beard et al.

3. Results

Page 6

problem for Vietnam War-specific exposures, we restricted analyses to Registry cases (n =
302) and BIRLS potential controls (n = 3,793) who were ages 18-25 years during that war.
The small number of Gulf War veterans in our study precluded a similar approach for
exposures distinct to that war.

To assess linear exposure-response trends for categorized versions of continuous variables,
we used within-category medians as scores (Greenland, 2008) and scaled corresponding
ORs to one unit or interquartile range (IQR) increases in the original continuous variables.
We used category midpoints, and 50% above the lower bound of the top category, as scores
when assessing linear trends for days exposed to each of 31 exposures experienced during
deployment to the four wars and scaled corresponding ORs to 20-day increases. We used
ordinal scores to assess linear trends for feeling ill after exposure to each of the same 31
exposures.

We conducted several secondary analyses. We separately analyzed war-specific exposures
for veterans deployed to the Vietnam War (cases: 64% of those with war-specific data;
controls: 80%); too few veterans were deployed to other wars to conduct similar analyses for
them. We conducted analyses within subsets chosen to reduce sample heterogeneity: cases
who enrolled in GENEVA within two years of diagnosis (40%); cases who had clinically
definite or probable ALS (74%); or participants who never visited or resided in western
Pacific regions with high endemic ALS (Mitchell and Borasio, 2007) (cases: 84%; controls:
80%). To further explore confounding, we augmented models for the confounding weights
by additionally including highest degree attained, rank, years of service, or war/operation of
longest deployment one at a time. As alternative ways to control confounding by sex and
race/ethnicity, we restricted analyses to men (cases: 98%; controls: 93%) or to non-Hispanic
White men (cases: 90%; controls: 82%). To mitigate potential bias from exposure
misclassification, we restricted analyses to non-proxy interviews (cases: 95%; controls:
100%). We recoded the reference date for controls to be 30 months (i.e., the median time
between diagnosis and interview for cases) earlier because, since cases and controls were
asked to use their diagnosis and interview dates, respectively, as the reference date (Schmidt
et al., 2008), controls may have had more time than cases to be exposed. For analyses
involving the 39 military exposures, we calculated Spearman correlation coefficients to
identify correlated exposures and then mutually-adjusted exposures whose correlation
coefficients exceeded 0.2 in absolute value. Finally, we used standard regression methods to
adjust for potential confounding, but without weighting for potential bias from selection or
missing baseline ALSFRS-R score. We performed all analyses with SAS version 9.3 (SAS
Institute Inc., Cary, NC, 2011).

Cases and controls were closely matched on age and use of VA health care (Table 1). After
adjustment for these matching factors, the odds of ALS were lower among women, veterans
of a race/ethnicity other than non-Hispanic White, and those with more education compared
to men, non-Hispanic Whites, or those with less education, respectively. Clinical
characteristics of cases are shown in Table 2.
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In weighted analyses, the odds of ALS did not differ among veterans of the Air Force, Army,
Marines, and Navy, but ALS was less common among veterans of other branches (e.g.,
Coast Guard, Reserves) and among veterans who had been officers compared to non-officers
(Table 3). We observed inverse trends between ALS and number of service branches as well
as years of service and end of most recent service.

ALS was more common among veterans whose longest deployment was to WWII or the
Korean War, but less common among veterans whose longest deployment was to operations
other than the four wars, compared to those not deployed (Table 4). We found an inverse
trend between ALS and end of most recent deployment. ALS was inversely associated with
ever receiving danger pay and had an inverse trend with cumulative time of receipt of danger

pay.

Weighted results for ever experiencing specific exposures during service or deployment to
the four wars are presented in Table 5, whereas weighted results from analyses of exposure-
response trends and feeling ill after exposure are in Supplementary data (Tables S.1-S.2.
Among exposures experienced any time during service, anthrax vaccination, herbicides used
for military purposes, nasopharyngeal radium, and pyridostigmine bromide all had ORs for
ALS of at least 1.50, although none had exposure-response trends. Among exposures
experienced during deployment to the four wars, ever exposure to exhaust from heaters or
generators, high-intensity radar waves, explosions within one mile, herbicides in the field,
mixing and application of burning agents, burning agents in the field, and Agent Orange in
the field all had ORs for ALS of at least 1.50 and had positive exposure-response trends.
Moreover, all seven of these exposures had higher odds of ALS among those who felt ill
after exposure compared to those not exposed, although some of the exposures (high-
intensity radar waves, herbicides in the field, and mixing and application of burning agents)
had fewer than five cases or controls who felt ill after exposure. In addition, total number of
preventive vaccinations received, heat illness, and microwave radiation had positive
exposure-response trends. Odds of ALS were higher among those who felt ill after exposure
to pesticides on clothing or bedding and riot control substances in the field compared to
those not exposed; however, fewer than five cases felt ill after exposure to riot control
substances in the field.

Results from sub-analyses restricted to Vietnam War-deployed veterans were generally
similar (Supplementary data, Tables S.3-S.6), although the OR for exposure to pesticides on
clothing or bedding was greater than 1.50 (OR = 1.83; 95% CI: 0.99, 3.40). Results were
also similar in analyses of restricted subsets designed to reduce sample heterogeneity, to
control confounding by sex and race/ethnicity, or to mitigate potential bias from exposure
misclassification (not shown). Augmenting models for the confounding weights by
additionally including highest degree attained or rank one at a time gave similar results.
Many of the inverse associations we observed between ALS and military service and
deployment factors (e.g., rank, ever receiving danger pay, cumulative time of receipt of
danger pay) attenuated when we additionally included years of service in the models for the
confounding weights, but the most notable change was a positive trend between ALS and
total time of all deployments (< 1 year: OR = 0.96; 95% CI: 0.69, 1.35; > 1-2 years: OR =
0.79; 95% ClI: 0.47, 1.35; > 2-3 years: OR = 2.14; 95% CI: 0.90, 5.12; > 3-5 years: OR =
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2.99; 95% CI: 0.80, 11.09; > 5 years: OR = 2.93; 95% CI: 0.65, 13.30; trend for a one-year
increase: OR = 1.27; 95% CI: 1.06, 1.52). Additionally including war/operation of longest
deployment in models for the confounding weights increased ORs above 1.50 for exposure
to personal pesticides (OR = 1.61; 95% CI: 0.91, 2.85) and contaminated food (OR = 2.05;
95% CI: 0.90, 4.69). Recoding the reference date for controls to be 30 months (i.e., the
median time between diagnosis and interview for cases) earlier gave similar results (not
shown). Most correlation coefficients for associations between exposures were less than 0.2
in absolute value; mutual adjustment of more strongly correlated exposures left results
unchanged (not shown). Finally, results using standard regression methods to adjust for
potential confounding, but without weighting for potential bias from selection or missing
baseline ALSFRS-R score, were generally similar qualitatively with a few exceptions
(Supplementary data, Tables S.1-S.9, “Adjusted” columns).

4. Discussion

In contrast to prior etiological studies of ALS among military veterans which relied upon
death certificate diagnoses, GENEVA obtained medical record-confirmed diagnoses of ALS.
In addition, GENEVA has a relatively large sample size compared to prior studies, although
the number of exposed cases available for analyses of some exposures in the current
analysis, particularly those specific to the Gulf War, was small. This study collected
extensive information on military service and deployment factors as well as on 39 specific
exposures. Our results were similar in sub-analyses that created a more homogeneous
sample or that attempted to reduce potential biases. Finally, we used inverse probability
weighting to explore and control potential bias from confounding, missing baseline
ALSFRS-R score (cases only), and selection arising from a case group that
disproportionately included long-term survivors and a control group that may differ from
U.S. military veterans at large.

Using these data, we found no difference in the odds of ALS among veterans of the Air
Force, Army, Marines, and Navy, but higher odds among veterans whose longest
deployment was WWII or the Korean War and a positive trend with total time of all
deployments. ALS was more common among Vveterans who were exposed to specific
exposures experienced during service or deployment to the four wars, including pesticide-,
chemical-, and radiation-related exposures. Results were similar in several secondary
analyses, for example after restricting to cases enrolled within two years of diagnosis, to
cases who had definite or probable ALS, or to participants who did not require a proxy
interview.

Several studies have evaluated associations between characteristics of military service and
ALS. ALS incidence or mortality was positively associated with deployment to the Gulf War
in five of seven studies (Barth et al., 2009; Coffman et al., 2005; Haley, 2003; Horner et al.,
2008; Horner et al., 2003; Kang and Bullman, 2001; Smith et al., 2000) and not associated
with service in the Korean War in another (Kurtzke and Beebe, 1980). Service during the
time of WWII was positively associated with ALS mortality in one study (Weisskopf et al.,
2015), but time period of service was not associated with ALS hospitalization or mortality in
three others (Bergman et al., 2015; Fang et al., 2009; Seals et al., 2015; Weisskopf et al.,
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2005). Four studies found no association between service branch and ALS incidence or
mortality (Binazzi et al., 2009; Fang et al., 2009; Kurtzke and Beebe, 1980; Weisskopf et al.,
2005), but a spatial analysis of Gulf War veterans observed significantly lower ALS
incidence for members of the Marine Corps compared to the Army (Miranda et al., 2008).
Years of service was not associated with ALS incidence or mortality in three studies
(Bergman et al., 2015; Fang et al., 2009; Weisskopf et al., 2005), but another study found
elevated rates of ALS hospitalization with increasing years of service (Seals et al., 2015).
Highest rank attained was not associated with ALS deaths in another study (Kurtzke and
Beebe, 1980). To our knowledge, no previous study has evaluated associations between total
time of all deployments and ALS. In our study, the odds of ALS were higher among veterans
whose longest deployment was to WWII or the Korean War, had a positive trend with total
time of all deployments, did not vary across the four major branches, had an inverse trend
with years of service and end of most recent service, and were lower among officers,
although this last result attenuated in secondary analyses. Reasons we did not find a positive
association between ALS and deployment to the Gulf War are unknown, but could be related
to differences between previous studies and our study in the exposure metric (ever vs.
longest deployment), choice of comparison group (Gulf War era veterans not deployed or
deployed elsewhere vs. veterans of all eras not deployed to any war/operation), time period
of case identification (Horner et al. (Horner et al., 2003) identified cases for the period
1990-2000, whereas we identified cases from 2005 to 2010), or sample size (Horner et al.
(Horner et al., 2003) identified 40 deployed cases, whereas we identified 11).

There are at least three possible explanations for the inverse associations we observed
between ALS and military service and deployment factors. First, our control group may have
included many longer-serving veterans. For example, we observed significant inverse trends
between ALS and number of service branches and years of service. The odds of ALS were
also lower among veterans who had been officers or who had education beyond high school.
In addition, the odds were lower among veterans whose longest service was in branches
other than the Air Force, Army, Marines, or Navy; this category included 36 cases and 168
controls whose longest service branch was National Guard or Reserves. We attempted to
remove this apparent selection bias through the use of weights, but residual selection bias is
possible. Second, these inverse associations may have been confounded by years of service,
which seems likely because many of these associations attenuated when we additionally
included years of service in models for the confounding weights. Finally, the healthy worker
survivor effect, which occurs when those who stay in the workforce (i.e., military) over time
are healthier than those who die or drop out (Arrighi and Hertz-Picciotto, 1994), may have
contributed to the inverse associations we observed. We are unaware of any statistical
methods currently available to correct bias from the healthy worker survivor effect in case-
control studies, particularly ones that sampled cases and controls from those available at the
end of follow-up, as ours did.

We found positive associations between ALS and exposures experienced during service or
deployment to the four wars: pesticides and related compounds (herbicides in general, Agent
Orange in particular, pyridostigmine bromide, personal pesticides); certain chemicals
(exhaust from heaters or generators, burning agents), radiation (nasopharyngeal radium,
high-intensity radar), and other exposures (anthrax vaccination, contaminated food,
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explosions within one mile). Several of these findings are consistent with results of general
population studies and meta-analyses of associations between ALS and exposure to
pesticides (Kamel et al., 2012; Malek et al., 2012), chemicals or solvents (McGuire et al.,
1997; Pamphlett, 2012), and magnetic fields (i.e., non-ionizing radiation) (Vergara et al.,
2013). These findings also agree with a study of male U.S. Army Chemical Corps veterans
who were responsible for mixing and applying herbicides (including Agent Orange), riot
control substances, and burning agents during the Vietnam War. That study found these
veterans to have a non-significantly elevated rate of mortality from nervous system diseases
relative to the entire U.S. male population (Thomas and Kang, 1990). A study of Vietham
veterans from Korea found a positive association between Agent Orange and self-reported
ALS when based on a self-reported perceived Agent Orange exposure index (Yi et al.,
2013), but no association when employing two separate geographic information system
(GIS) models to assess exposure (Yi et al., 2013). Another study of the same population
reported no association between GIS-based exposure to Agent Orange and ALS identified
via health insurance claims data (Vi et al., 2014). In our study, the publicity surrounding
Agent Orange exposure may have led to its being over-reported—more so by cases than
controls—particularly for those who reported exposure in the field. Therefore, we explored
the plausibility of veterans’ self-reported Agent Orange exposures and found that 90%
(cases: 88%; controls: 92%) and 94% (cases: 88%; controls: 99%) of veterans who reported
mixing and applying or exposure in the field, respectively, reported being in Vietham during
the time Agent Orange was used (i.e., 1965-1970) (Institute of Medicine, 1994). In addition,
excluding individuals with implausible values for these exposures gave slightly attenuated,
but qualitatively similar, results (not shown). These results should be interpreted cautiously,
however, because we could not directly validate self-reported Agent Orange exposure.

Our finding of a positive association between ALS and explosions within one mile is
difficult to interpret. This exposure may have been a marker of lower socioeconomic status
or rank because veterans who were less educated or non-officers may have been more likely
to be directly involved in combat and, therefore, exposed to explosions than veterans who
were more educated or officers. Our data did not support this explanation, however, because
results were similar when we adjusted for highest degree attained or rank (not shown).
Explosions within one mile may have been correlated with other combat-related exposures,
but results were similar when we mutually-adjusted correlated exposures (not shown).
Furthermore, the largest partial Spearman correlation coefficient between explosions within
one mile and the other war-specific exposures in our study was only 0.27 (combat-related
injury). Finally, explosions within one mile could have caused stress or trauma, which may
be a risk factor for ALS (Pupillo et al., 2012). Our data did not support this explanation,
however, because veterans who reported any other exposure or experience not asked about
which they considered harmful or extremely stressful did not have increased odds of ALS
(OR =0.81; 95% CI: 0.48, 1.38), although this exposure had substantial missing data. Thus,
explanations for a positive association between ALS and explosions within one mile are
unknown.

Reporting errors may explain, at least in part, the positive associations we observed between
ALS and anthrax vaccination or pyridostigmine bromide if cases were more likely than
controls to report military service during times these exposures were not encountered. In
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fact, some veterans who reported these exposures served in the military in the 1950s and
1960s even though anthrax vaccination was not available until 1998 (Smith et al., 2007a)
and pyridostigmine bromide was available only during the Gulf War and for combat since
2003 (U.S. Food and Drug Administration, 2003). Excluding individuals with implausible
values for these exposures removed the positive associations (anthrax vaccination: OR =
0.60; 95% ClI: 0.22, 1.64; pyridostigmine bromide: OR = 0.49; 95% CI: 0.14, 1.73).

Our findings of no association between smallpox vaccination and ALS, but a borderline
significant trend for total number of preventive vaccinations, suggests ALS may be
associated with vaccinations only at high levels of exposure or only for other vaccines.
Another study, however, reported no association between ALS deaths and immunizations
during service (Kurtzke and Beebe, 1980). A study found no association between ALS
mortality and exposure to smoke from oil well fires during deployment to the Gulf War
(Barth et al., 2009), which agrees with our result.

Associations we observed between ALS and specific exposures experienced during
deployment to the four wars may have been confounded by other exposures experienced
during military service or civilian life. We did not adjust analyses for non-military
exposures, but mutual adjustment for correlated military exposures gave similar results,
mitigating this concern.

We examined the appropriateness of the weights used in our analysis. Means of truncated
overall stabilized weights were typically near one and extreme weights were rare (not
shown). Time-related variables, such as end of most recent service or deployment, were
usually the exceptions. Cross-tabulations of age and the affected variables showed empty
cells, particularly in the extreme combinations of age and the variables (not shown), which
compromise weighted analyses. These empty cells are likely structural rather than random
(Cole and Hernan, 2008), because, for example, Gulf War veterans were very unlikely to
have been > 79 years-old when GENEVA was conducted. Collapsing categories of both age
and the affected variables fixed the problem and gave similar ORs and 95% Cls compared to
the expanded versions (not shown).

We were only able to weight GENEVA cases to represent Registry cases, so our results do
not generalize to veteran cases who died before Registry enrollment began in 2003 (Pastula
et al., 2009) or who did not join the Registry for other reasons. Furthermore, the median
time from Registry enrollment to GENEVA enrollment was nine (IQR = 11) months, a short
period compared to elapsed time since diagnosis for long-surviving cases. Additionally, the
BIRLS sample of potential controls is likely missing a subset of veterans whose release of
active duty date was before 1973 (Schmidt et al., 2008). The age distribution of the BIRLS
sample is also different from that of the general veteran population because it was age-
stratified. However, results were similar when we included a stabilized selection weight to
weight the BIRLS sample to the age distribution of all U.S. military veterans in 2005 using
data from the American Community Survey (Bureau of the Census, 2012). Nevertheless,
residual selection bias could have affected our results, particularly because we did not have
information on education or military rank—two factors inversely associated with ALS in our
study—for the BIRLS sample.
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Using cases from the Registry to study ALS has inherent limitations. Despite a national
recruiting effort (Allen et al., 2008), under-ascertainment of cases in the Registry seems
likely, especially considering the likely under-ascertainment of cases among non-deployed
veterans in the VA’s previous Gulf War ALS study (Coffman et al., 2005; Horner et al.,
2003). In addition, Registry cases are a mix of incident and long-surviving, prevalent cases
(Schmidt et al., 2008; Schmidt et al., 2010). Confidence in our results is increased, however,
because results changed little after we restricted to cases enrolled in GENEVA within two
years of diagnosis.

Lack of suitable biomarkers and sufficiently detailed military databases for most exposures
evaluated here necessitated the use of self-report. The validity and reliability of a number of
self-reported military-related factors have been evaluated by several studies, usually in
comparison to data from the U.S. Department of Defense’s Defense Manpower Data Center,
and been characterized as ranging from “moderate” (e.g., x = 0.41-0.60) to “almost perfect”
(e.9., x > 0.80) (Bramsen et al., 2001; Horner et al., 2003; Janes et al., 1991; LeardMann et
al., 2007; Mahan, 2004; Roemer et al., 1998; Smith et al., 2007a; Smith et al., 2007b; Smith
et al., 2007c; Southwick et al., 1997). Military-related factors evaluated in validity studies
included deployment status and frequency, number, and start dates of deployment(s) (Horner
et al., 2003; Smith et al., 2007b); occupational titles (Smith et al., 2007c); and anthrax
(LeardMann et al., 2007; Smith et al., 2007a) or smallpox vaccination (Mahan, 2004).
Reliability studies evaluated combat-related experiences, exposures, or traumatic events
(Bramsen et al., 2001; Janes et al., 1991; Roemer et al., 1998; Southwick et al., 1997) and
exposure indices created by summing or averaging participants’ responses for individual
items (Bramsen et al., 2001; Janes et al., 1991; Roemer et al., 1998; Southwick et al., 1997).
None of these studies, however, were able to assess the validity or reliability of self-reported
military-related factors extending back to WWII (the longest time between exposure and
exposure assessment in these studies was about 10 years (Horner et al., 2003)) or whether
the quality of self-report varied by war or time period.

In general, we expect military service factors, such as branch of service or rank, to be
reported more validly and reliably than military deployment factors, such as war/operation
of deployment or dates of deployment, which would be reported more validly and reliably
than specific military exposures because this pattern has been observed in other occupational
epidemiology studies (i.e., job title is reported more validly and reliably than dates of
employment or job tasks, which are reported more validly and reliably than specific
occupational exposures) (Teschke et al., 2002). Importantly, there seems to be little evidence
that cases of various diseases recall past occupational factors and exposures differently than
controls (Teschke et al., 2002). Furthermore, efforts were made to improve recall in
GENEVA by: asking participants about exposures that can be sensed (e.g., explosions within
one mile), using general terms (e.g., flea collar rather than specific pesticides), querying a
list of specific exposures, and providing benchmarks against which respondents could
compare their levels of exposure (e.g., feeling ill after exposure) (Schmidt et al., 2008).
Finally, restricting analyses to non-proxy interviews did not substantively change results.

Environ Int. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beard et al.

Page 13

5. Conclusions

In this large study that included detailed information on several military-related factors and
employed sophisticated analytic approaches to minimize bias, the odds of ALS did not differ
among veterans of the Air Force, Army, Marines, and Navy and were higher among veterans
whose longest deployment was to WWII or the Korean War. There was also a positive trend
between ALS and total time of all deployments. ALS was more common among veterans
who were exposed to specific exposures experienced during service or deployment to the
four wars—including pesticide-, chemical-, and radiation-related exposures—which are
similar to those associated with ALS in other studies of military veterans or the general
population. These results require replication and further study, especially because some of
them may have been confounded by other exposures experienced during military service or
civilian life. Nevertheless, these results are potentially important given the large number of
U.S. military veterans and they provide clues to the potential causal factor(s) underlying the
apparent increase of ALS in veteran populations.
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Highlights
We evaluate military factors in relation to amyotrophic lateral sclerosis (ALS).

We study aspects of service, deployments, and 39 military exposures among
veterans.

Veterans of the Air Force, Army, Marines, and Navy had similar odds of ALS.
Veterans deployed to World War 11 or the Korean War had elevated odds of ALS.

Nine pesticide, chemical, radiation, and other exposures increased odds of ALS.
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Figure 1.
Flow diagram depicting the ascertainment of GENEVA cases. Solid boxes or lines represent

cases who advanced past each step shown. Small-dashed boxes or lines represent cases who
were excluded after each step shown, but who were incorporated into the analysis via inverse
probability weights (see Section 2.3 and Supplementary data, p. S6, for more details).
Reasons cases were ineligible for GENEVA included dementia (n = 9), diagnosis change (n
= 2), withdrawal from the Registry DNA bank (n = 3), or interview infeasibility (n = 11).
Abbreviations: ALS, amyotrophic lateral sclerosis; GENEVA, Genes and Environmental
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Exposures in Veterans with Amyotrophic Lateral Sclerosis study; PLS, primary lateral
sclerosis.
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Figure 2.
Flow diagram depicting the ascertainment of GENEVA controls. Solid boxes or lines

represent potential controls who advanced past each step shown. Small-dashed boxes or
lines represent potential controls who were excluded after each step shown, but who were
incorporated into the analysis via inverse probability weights (see Section 2.3 and
Supplementary data, p. S6, for more details). Reasons potential controls were ineligible for
GENEVA included not being a U.S. military veteran (n = 13), ALS or other neurological
disease diagnosis (Schmidt et al., 2008) (n = 32), or other reasons (n = 46). Abbreviations:
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GENEVA, Genes and Environmental Exposures in Veterans with Amyotrophic Lateral
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Table 2

Clinical characteristics of amyotrophic lateral sclerosis cases in GENEVA.

Characteristic No. %
Most recent ALS diagnosis category
Clinically definite 148 24
Clinically probable 314 51
Clinically possible 48 8
Suspected (progressive bulbar palsy or progressive muscular atrophy) 111 18
Symptom onset site
Bulbar 89 14
Extremities 500 81
Other? 31 5
Missing 1
Time from symptom onset to diagnosis (months)
<6 117 19
> 6-12 168 28
>12-18 102 17
>18-24 46 8
>24 170 28
Missing 18
Median = IQR 13+18
Time from diagnosis to enroliment in the Registry (months)
<12 218 35
>12-24 142 23
> 24-36 73 12
> 36-48 43 7
> 48 139 23
Missing 6
Median + IQR 18+ 32
Time from enrollment in the Registry to enroliment in GENEVA (months)
<6 180 29
> 6-12 205 33
>12-18 97 16
>18-24 74 12
>24 65 10
Median + IQR 9+11
Baseline? ALSFRS-R score (possible range: 0-48)¢
<16 135 22
>16-23 118 19
>23-30 137 22
>30-35 110 18
>35 121 19
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Characteristic No. %

Median + IQR 27+ 16

Currently using riluzole (baselineb)

No 301 50
Yes 304 50
Missing 16

Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS-R, ALS Functional Rating Scale-Revised; GENEVA, Genes and Environmental
Exposures in Veterans with Amyotrophic Lateral Sclerosis; IQR, interquartile range.

alncludes “all over” (n < 50§, “cramps/fasciculations” (n = 26), and “loss of appetite” (n < 505.

b . . L .
The ALSFRS-R score or use status of riluzole that was measured closest to the time of GENEVA enrollment (i.e., interview).
cCategory boundaries were set at quintiles of the ALSFRS-R score among all cases.

dSuppressed to preserve the confidentiality of study participants.

Environ Int. Author manuscript; available in PMC 2017 May 01.



Page 27

Beard et al.

o(eak/yruow) so1nss Areliw Jo porad Jusdal Jsow Jo pu3

p*2(T6°9T = ¥OI) puaiL

0 z Buissin

0 /8 9T 10T (90ze) ST <

v 8 v 9 (00'2T) ST-0T <

6T 18T OT 66 (¥L'9) 0T-G <

Gy 6y 89 8I¥ (00€) G-T <

¢ € T & (0s0) TS
90IAJaS AJRlI|IW JO SIeaA

14 4 Buissin

¢ €l 9T 20T SOA

8. €y, 8 1§ ON
139130 JUBLIBAA 10 13210

oPuIL

4 0 Buissin

€ ¢ 1T 9 (e)e<

¢ 6T L v (@¢

9, lzL 6 TS (T = ueipain) T
9JIAI3S JO Sayouelq \A\_S___E JO JaquinN

14 4 Buissin

6T 28T L & q*3uo

6T €8T €z oYl AneN

8 ¥l 6 S (saurtepy ueydIa Bulpnioul) sauLteiy

€€ 91€ Tr IS¢ Ay

T¢ 10¢ T¢ 821 (89404 a1 Awy Buipnjour) 89104 Iy

321495 159BU0] 40 yourlq Asen|IN

% ON % ©ON d|qeLIeA

s|jonuod Ssase)

T80 '€V'0 650
GL0°LE0 €S0
180020 0V0
€.0'620 9¥'0
Juslajey 00T
G6'€ ‘€S0  SP'T
90T 67’0  2L0
Jusiajay 00T
¥S0'v20  9€0
/¥'0'900 9T
950'0c0 V€0
Juslajey 00T
¥5'0'220 GE0
2CT'090 980
9T'T'SY'0 2,0
Jusiajay 00T
9€'T'S90 ¥6°0
1D %56 d0

eP3ybloM-d|

€ a|qeL

Author Manuscript Author Manuscript

"WAINIO Ul SIS03]9s [elare] olydosjoAwe pue adiales AlelljIN

Author Manuscript Author Manuscript

Environ Int. Author manuscript; available in PMC 2017 May 01.



Page 28

Beard et al.

‘sjuedionued Apnis Jo Alljenuapiuod ay) aAlasaid 03 UmmmE&:mx

'(8002) '[e 18 IPIWYIS pue (800Z) ‘e 18 Ua|| pamoj|o) pue (G26T ABA pue 96T ISNBNY UsaMIaq Palinddo Jepn WeuldiA ayl “ha) siem Jofew ayl 40 32Ua1INII0 3Y) Yim paubije salepunog bommaom

'$10U09 |[e Buisn paleInoes alam syO| "8qeIIeA Insodxa sy} Ul 8sealoul HUN-¥O| Ue 01 YO 8y} um_womb

'$10U09 |[e Buisn paleINoes alam Jey) suelpaw A10681eo-ulym pasn,

.mm > U IS|0JIU0J {0 = U :S9SeD) 89IAISS U3eaH d1jgnd pue ‘(0 =

U :$]0JJU09 wm > U :$9S89) UoNRASIUIWPY d1iaydsowly pue 21ueadQ JeuolieN ‘(0 = U :S|0J1U09 0 = U :$ased) asuajaq Jo Juswredaq ‘(€ = U :S|0JIUOJ 6 = U :S8SBI) SaAIasay pajeAtdeu] ‘(€ = U :S|oJuod wm
> U :$85B2) pJeno) [eUOIieN PaleAnoeu] ‘(L€ = U iS|0JIU0D {/T = U :S9SeI) SISy Pajenlldy ‘(82 = U :S|0JJU0D 9 = U :$3sed) prens [euoleN PaleAndy ‘(TT = U :S|0JIU0J ‘g = U :Sased) pJens) 1seo) wmﬁz_uc_Q
"S3TRLIISA SOUBLIRA 1SNGOJ YL Pale[Nded a1am S| %S6 "(UoIoeIsul JIayl pue ‘WislsAs a1ed yiesy WA ayl

40 asn ‘[s]0u09 Jenuaiod SH1g aY) Ul uonNgLISIP 8yl Jo sausdiad Uo paseq 77/6T PUe ‘LT ‘0Z6T 1e SIoud Yl auljds o1jepenb ‘paloLiisal e Ylim pajapoll] yuiiqg Jo JesA uo [euolipuod :Sjojuod ‘[sasea
WAINIO Ul Uonngiisip sy 1o sajuadiad Uo paseq i pue ‘#€ ‘2T 18 S1ouy YlIm auljds onelpenb ‘pa1oLisal & yum pajapow] a109s ¥-SH4STV auljaseq pue ‘[Ww.a) Jeaul] e yum pajapouw ‘syyuow] Ansibay
3} UI JUBWI|[0U3 0} SIsouBelp wioly aw ‘[swisl 21gna pue ‘oelpenb ‘reaul| yum pajapouw ‘sypuow] sisoufelp 03 19suo wodwAs woiy awi ‘a)is 19suo wordwAs ‘Alobeyed sisoubelp SV 1Usdal ISOW I8Ius)
1e21PSIAl WA € JO 1ualted Jualind e Bulaq ‘AJ01UY18/a9R] UO [RUOIIPUOD :$3Sed) WAINTO ul Bunedionted pue ‘([2400s H-SH4STV auljaseq Buissiw 1ou sased Ansibiay ayl ul uonngLisip ayp Jo sajiuadsad

U0 paseq SyluoW §T"# PUB ‘90°€Z ‘#2'ST ‘22" 1e Slouy yum aulds a1repenb ‘pajolinsal e YlIm pajapow ‘syjuow] Ansifay syl ul usw|joius o) sisoulelp wodj awn pue ‘[Ww.s) Jesul] e Jo wyiiedo)

Jednyeu ay} Yum pajapouw ‘syiuowl] sisoubelp 03 19suo woldwAs woly awil ‘aus 19suo woldwAs ‘A1oba1ed sisoubeip STV JU89aJ 1SOW UO [BUOIIPUOID :AJUO Sased) 8109S ¥-SH-4STV auljaseq Buissiw jou
{(Ano1uyIa/a0RI pUR ‘Xas ‘WBISAS a1ed UYljeay WA a8y 40 ash ‘[swia) o1eipenb pue Jeaul| Ylim pajapow pue-sjosuod Buouwre abe ueipaw ayl—09 abe 1e pataiuad] abe uo [euonipuod) Buipunojuod Joy nmEm_mE(

"SIBYY SURISIBA JO JusWLRAaQ WA ‘0118 SPPO ‘YO ‘abuel ajiuenbiaul ‘YO ANjigeqosd asisAul 'd] SIS0IB1IS [elere 21ydosioAWY YlM SURISIBA Ul S8INSOdXT [2IUSIUOIIAUT pue S8Uss)
‘WAINIO ‘[eAsa]ul 30UBPIIUOD ‘1D WBISAS 1018007 SPI0J3Y pue UoIRdIUSP| AlRIolauag ‘ST 1Y ‘PasiAay-a|eas Buijey [euondund SV ‘4-SH4STV ‘SIs0lajos [elare] olydonoAwe ‘'STy (UOIRIASIGY

950620 980 po(SUIIOW €9'TT ‘s1eak 0g) puaiL
0 14 Buissin
€5T'600 L€0 6 /8 € /LT (9002/10) T002/80 <
LTT'[20 950 9T ¢ST 1T T2 (S66T/TT) TO0Z/80-066T/80
[80'6T0 TVFO 8T 0T 6 ¥S (586T/€0) 066T/20-086T/60
8’0010 T20 €T 2T L Tv (8261/80) 086T/80-5L6T/S0
walged 00T 62 182 1€ 16T (0267/20) SL6T/70—796T/80
Or6T'8CT 8% v S€ L v (€96T/10) ¥96T/L0-T9I6T/E0
6YTI YT 9% L S9 9T 16 (LS67/80) T96T/20-GS6T/20
8L€0'SST 09 € 62 6 99 (¥S6T/50) SS6T/TO-0S6T/L0
9T .GT L0 T ¢TI 8 8 (9v6T/.0) 0S6T/90 5
0% d0 % ON 9% ON algerren
ePaIyBIam-d| S|0U0D  sesed

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

available in PMC 2017 May 01.

Environ Int. Author manuscript



Page 29

Beard et al.

SET'/60 VT pPusiL
8T T€ Buissin
€9TT'9L0 9% T S T 8 (299)5<
8ZT'0OT0 980 ¢ LC [4 6 (85°€) 5€<
v6'€'zL0 89T € TE § TE (6027) ez <
or'1'050 ¥80 TT 00T <¢T 69 (eeT)e-T<
€TT'850 180 V¥2 Tz T el (290)1s
walsley 00T 65 ¥SS 65  6YE (00°0 = ueIpaN) pakojdep 10N
Q:o:ﬁmao:mg Aue 01 JuswAojdap Jo sporiad |je Jo (sreak) awin [e1o]
T 144 Buissin
80T'¥90 €80 85 8vS 8y S8 SBA
jusiajay 00T ¢v v6E <S5 <CIE ON
Anunoa Jayjo Aue 01 pakojdap Jan3
8T T€ Buissin
060'€20 S0 9 09 ¥ 2 o13H0
€9TLTO0 250 ¢ [44 [4 7 JeM\ 3IND
2€7'680 WWT LT SS¢ vZ  TvT JeAA WeulBIA
$S'TT 20T 25 V¢ 1S S 4 Iep\\ Uealoy]
VST 8T 6.7 T [4% S T€ 11 Tep\ PLIOA
Jualejay 00T 69 ¥S9 69 6VE pakojdap 10N
QEwE\Ao_Q% 1586u0] Jo uorresado/repn
[4) 0C Buissin
vYT'T'G90 980 1Tvr 06 2¢ 0S¢ SSA
juaisjey 00T 69 ¥S9 89 6VE ON
Q:o:m._mgo:m\s Aue 01 pakojdap Jan3
sjuwewAoldeqg
1D %56 40 % ON 9% ON a|qelaen
ePaybloM-d| S|0AIU0D  SaseD

Author Manuscript

"WAINIO Ul SIS043]9s [elare] alydosjoAwe pue Aed Jabuep Jo sjuswAojdap Areljin

¥ alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Environ Int. Author manuscript; available in PMC 2017 May 01.



Page 30

Beard et al.

'SIIe}J\/ SUBISIBA

40 Juswieds WA 01l Sppo ‘YO :8buel sjnsenbisiul YOI Anfigeqoud asisaul d| 4N uelsisd T66T-066T HIND ‘SIS048[0S [esete] o1ydosoAWy Yim SUeIBIBA Ul saInsodx3 [ejusluuolIAug pue Ssuss
‘WATNIO ‘[eAsalul 30UapIuOod ‘1D {WaISAS 10100 SPI0day pue UoIedIuap| Alelolauag ‘ST 19 ‘pasinay-ajeds Buitey [euonound SV ‘4-SH-4STV S1s04ajos [elare] olydonoAwe ‘STy UoNRIASIGOY

Author Manuscript

S6'0'650  2L0 pPusLL
8zt 68 Buissin
ZT'veo vso € 2 ¢z (990 z<
€80'220 L¥0 6 7. 9 O€ (60T) 2-T<
G8'0'8€'0 290 0z S9T VI ¥ (eg0) 15
(00°0) 1uswiojdap Joy sijauaq
Juaseyey 00T 89 ¥9S 8L VIV UOISN|IXa Xe} 8U0Zz Jequiod Jo Anp diyspaey ‘Aed Jabuep Juauiwiwl panladal JaAsN
JuswAoldap
104 S}1JaUa(q UOISN|IXa Xe) 8u0z Yequwiod Jo Anp diysptey ‘Aed Jabuep Jusulwiwl PaAIadal
J19A8 (S)uoiBai ess 1o salunod Aue 0y JuswAodap Jo spouad |[e Jo (Siesk) swiy [eloL
€¢ 124 Buissin
T60°050 890 Ov 69¢ 82 T9T SIA
Jusisjay 00T 09 ¥9S <L VIV ON
JuswAo|dap Joy
S11J2US( UOISN|IXa XB) 3U0Z Jequiod Jo AInp diyspaey ‘Aed Jebuep Jusuiwwi paAladal Jang
JusWAo|dap Joj S11jauag UoSN[oxe Xe) auoz Tequiod Jo Ainp diysprey ‘Aed Jebueq
80050 £9°0 J ﬁAmEcoE 66'T ‘seak 9 = ¥OI) puaiL
T 143 Buissin
€20'8T0 980 9 T9 14 14 (€667/80) 066T/L0 <
/82'T¢0 80 T ¢ T § (v861/80) 066T/.0-086T/60
LET'S00 .20 T 4" T S (8L6T/%0) 086T/80~-GL6T/S0
6LT'€L0 V¥I'T [z 25 € GET (0£6T/T0) G.6T/¥0—796T/80
9zeC'8TT ¥es ¢ ST ¢z 2T (2S6T/0T) ¥96T/L0-GS6T/20
62°LT'T0T 8TV ¢ Y4 S 8¢ (€S6T/€0) SS6T/TO-LY6T/TO
YTOT'8ET €LV 1 6 S 8¢ (Sv6T/2T) 9V6T/2T S
uaIs)ey 00T 6S VSS 6S 6vE pakojdap 10N
9 _QCS\AEEOEV uonelado/tem Aue 0} JuswAojdap Jo porsad Juadal 3sow Jo pul
10%S6 ¥O % ©ON % ON alqeLren
ePaybram-d| sjonuoy  sased

Author Manuscript

Author Manuscript

Author Manuscript

Environ Int. Author manuscript; available in PMC 2017 May 01.



Page 31

Beard et al.

‘syuedionued Apnis Jo AJifenuapiyuod ayy ansasald 0} passalddng 5

*1S8) pual) Jeaul| 1oy papnjoxa A106a1es 8ousiayay A10B81ed 8ousIa)8l 81 Ul 8soy) 180X8 S|0.1U0D [[e BuIsn pareInojed atam s "8|qelieA 8insodxe sy Ul 8seaioul Hun-yO| Ue 01 4O 8y} uw_mow\

'(8002) "I 12 Ip1WYdS pue (8002) ‘It 10 s\ pamoj|os pue (G26T AB pue 96T 1SNBny Usamiaq palindao Jepn WeulsiA syl “*6°a) siem Jofew ayl Jo 90Ua1IN20 ay) YiMm paubife saliepunoq a%&mom

'S]10J3U09 |[e BuIsn paje|ndfed aiem Jeyl sueipaw A1obared-uiyim ummzh
"(BT = U :5]0J3U0I ‘9 = U :S3sed) (1] JeM D) uoifal JIn9 uelsiad/bel] pue (Bg > u :sj0Jjuod (G > u :sased) uelsiueybyy ‘(0 = U :S|0AIU0D 0 = U :S3Sed) Bpuemy ‘(0 = U :S[0AIU0J {0 = U :S3Sed) 0n0SOY ‘(G >
U :sjo3u00 :6g > u :sased) elusog ‘(0 = U :$]0.1u0d :BG > U :$85eD) BIJEWOS ‘(62 = U S|0JIU0D ‘8 = U :S85BD) BlUBURd ‘(8 = U :S|0JU0D 'G = U :S8Sed) UoUegaT ‘(4G > U :S|0AU0D () = U :S8Se) epeuslo mmu:_o:_u

‘(11 48/ 4IND) uoiBal JNS) ueISIad/bel| pue ‘uelsiueybyy ‘epuemy ‘0A0SOY] ‘BIUSOg ‘Bl[BWOS ‘eleurd ‘UoueRgaT ‘epeuals) :uonsanb ajeledss

B UIIM 1N0QR payse Sem A11unod Yoes alaym saliunod Buimojjoy ayy 01 ., pakojdap Jan3,, paxse osje aireuuonsanb syl (T66T ‘TE Joquiadsd 01 ‘066T ‘2 1snBny wouy pouiad syl se paulyap) Jepn 4N ueisiad
ayp pue ‘(G267 ‘L AeIN 01 ‘796T ‘€ 1NNy wiouy poriad sy se paulyap) Jepn WeUIdIA Y1 (GG6T ‘T€ Arenuer 0} ‘0G6T ‘L dunr woly poliad ay) se paulap) Jep uealoy aus ‘(96T ‘T€ 48quwadsd 03 ‘Ty6T

‘] J13quwiada@ woJy poriad ay se pauisap) |1 Jepn PO sUonsanb aleledas e Yiim INoge payse Sem Jem Uoea alaym siem Buimol|oy ays . *0) pakojdap noA atapn,, paxse aireuuonsanb Apnis WAINIO ay FQ
"S9IRWIISS 8OUBLIBA 1SNCOJ YIIM PaJe|ndjed al1am S| 9%G6 "(LUONJRIaIUI J18Y) pUB ‘WalsAS a1ed Yljeay WA 8y} Jo asn ‘[sjosuod jenualod S1419

3y U1 uonnqguISIp ay} o sajnusdlad uo paseq /6T PUe ‘L¥6T ‘0Z6T Je SIouy Yiim auljds direspenb ‘paionisal e yim pajapouw] yuig 4o Jeak uo [eUOIIPUOD :S]0J1U0J ([S3Sed WATINTD Ul uolngLisIp ayy

10 s3|nusdJad Uo paseq iz pue ‘F€ ‘ZT e S1ouy Yum aulds onelpenb ‘paloLilsal e UM pajapowl] 8109 ¥-SHASTV duljaseq pue ‘(W) Jeaul] B Y1IM pajapow ‘syjuow] AnsiBay syl Ul Juswijjolus o1 sisoubelp
wouy awn ‘[swuay 21gna pue ‘onelpenb ‘Jeaul] yum pajapow ‘syiuow] sisoubeip 03 18suo woldwAs wo.y awil ‘s 19suo wordwAs ‘A1oba1ed sisoubelp STy 1Uadal 1S0W “I8jua) [eIIPSIA WA € 40 Jusijed
Jua.1Ind e Bulaq ‘A1101UY18/39R4 UO [RUOIIPUOD :$3SeI) WAINTO ul Buiredionred pue ‘([2100s H-SH4STV auljaseq Buissiw 10u sased Ansifiay ayl ul uonngLIsIp ay) Jo sajiuadiad Uuo paseq syuow 6T 7 pue
‘'90'€Z ‘PZ'ST ‘2/°/L e Slouy yum aulds onelpenb ‘paloLiisal e YiM pajapow ‘sypuow] AnsiBay ayy ul Juswijolus o) sisoubelp Wwols swiy pue ‘[Wwis) Jesul| e Jo WylLeBo] [eanyeu syl UM pajspow ‘syjuow]
sisoubBelp 0] 19su0 WwoldwAs woJy awil ‘ays 19suo woldwAs ‘A1oba1es sisoubelp SV 18231 1SOW UO [BUOIIPUOID :AJUO S8seD) 8109S H-SH-S TV auljaseq Buissiw 1ou ‘(ad1Ales 1sabu0| J0 youeiq Alejiw

pue ‘A1101UyIa/a0e. ‘Xas ‘WalSAS a1ed Uljeay WA ay) Jo asn ‘[swua) oreipenb pue Jeaul| Yylm pajapow pue-sjoiuod Buowre abe ueipaw ay1—09 abe Je palsjuad] abe uo jeuonipuod) Buipunoyuod Joy umzm_m;m

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

available in PMC 2017 May 01.

Environ Int. Author manuscript



Page 32

Beard et al.

Author Manuscript

R . (srepow
vrelrT 8T 9 0lc 89 16T ‘s1)004 ‘A1g)|11e “*B8) NoA Jo 81w dUO UIYIM punoJb ay) uo Jo Jie sy ul uoisojdx3
0TZ'sy’0  S60 0T €e L ST Buipunos swiele [eaiwayd pJesH
06C'7.0 VT S¢ ¥8 Y4 15 SSaU| |1 Jeay JaY10 J0 8X0.3S 1eay ‘UofISneyxa Jeay ‘sdwe.d JeaH

‘o fron . S|eaIwayd
egS1E0 1T <l e 1 e Aue 10 S[ewiue pesap ‘[10 ‘9OLWS UM pajeullueiuod Jajem Jo Bupjuip Jo ul buiyleg
v€C'€e90 T¢T 0S5 69T IS ETT $80104 PawIY 8y} Ag papinoad pooy uey} Jaylo pooy [eoT]
¥Z€'€90 vl TT €e 8 ST S|B2IWaYD J3Y10 JO ‘|10 ‘8X0WSs UM Pajeuleiuod poo4
8ee'680 VLT LT 2§ &SP (e

s, UeI011103[3 UonelAe ‘1ojesado oipel ‘Joyesado Jepel se “*BH8) sanem Jepel Alisuaul-ybiH
or'T'ey0 8.0 G€ 8IT €€ zL S30UEISANS [ea1WaY20.18d Jo ‘SiuaAjos ‘Jured 0} ainsodx3
02660 90T 6 OST  ¥€ 122 ainuew/ssday Buiuing Jo ysesy Butuing
¥2T090 20T ¥9 ¥Iz 99 GiT sawiny [ea1wayd0438d Jaylo 1o/pue [8salp 0} ainsodx3
Z6'2'S0T  GLT 0e 10T Gg S/ (s1are8Yy JU8] ‘sIaleay Buasolay “*fa) sioresauah Jo sisreay wouy Isneyx3
2TC'v90 6T'T 92 98 € 6 Buippag 4o Buiold 1noA uo sapronsad 4o asn
lST'v80 YT 0g 20T OF 19 SIe[]02 ea}y 10 sAelds ‘sweald axI| ‘sapronsad Jeuostad Jo asn
veg'ozo 8yt T 99> gz 88> DjesefeN/ewysoliH 40 uonednado Jo Burse) uodesm Jesjonu woly uoljelpes Buiziuoj

0] pasodx@ NOA aJeM/U1IM 10B1U0D 109.11p aney NoA

00T 8e€ 00T TEC  pp ‘pTEM HIND BU JO/PUE ‘JEM LUBUIIA BU} “JEM LUESION SUL ‘[ MMM U1 D 10M NOA 3| 1M

JZT'e50 280 0z 8T OT 76 (Areypiw ayy ui a1y Juads awi Aue Buipnjout) ueder JO BJNSUIUS 11X 8y} JO ‘BauINS)
MB8N JO SPUEJSI 38U} ‘Wens) Jo pue|sl 8y} Ul PapIsal 0 PalISIA JaAs ‘a1ep 8dualajal 0 Jolld

“a ‘on . sjuaBe anlau Jsurefie 199)01d 01 pasn aJse YdIym ‘sddvN
969507 OlT € €e € 61 pa|[ea sawnawos ‘syaed (104 ut sjjid auym ajn1| 10 ‘apiwoig aulwbnsopuAd usyel Jang

N . ERITNEN
¢LIC 160 Sy T g T £l Aseyjiw Buunp wnipel (dN) fesbuAreydoseu yiim payessl usaq Jans ‘ayep adualajal 0] Iolid

o ton . sasodund Arenjiw
S09°50T z5C € 1€ v 8l 10y sap1a1quay Buikesds 1o Buiniodsues) ‘Busal Ul PaAjOAUL JaAS ‘8Jep 8dUaIaal 0} J0Ld
T€T'850 /80 /8 0EL /8 89¥ au1aeA Xod|[ews dU} PaAIadal oA
9T'€'/80 99T 6 6. A Ge arep 89ualayal 0 Joid auIdIBA XeIUIUR BU) PAAIadaL Jang

00T 996 00T 619 lelol
1D %56 40 % ‘'ON % ‘'ON aansodx3
2 ,QnmEm_m\s-n__ ©S10411U0D ©S9seD
"WAINIO Ul SIS043]9s [elare] alydosjoAwe pue sainsodxa Arel|IN
G 9|qel

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2017 May 01.

Environ Int. Author manuscript



Page 33

Beard et al.

‘11 JeA PO ‘TIAM ‘SITep SUeIBIaA Jo Juswiedaq ‘WA ‘o1el sppo ‘YO ‘Jeabuhreydoseu ‘gN ‘Aijigqeqosd
3SI9AUL 'd] “1IND UeISIad TE6T—066T ‘1IND ‘S1S019]9S [e4a1e] 21ydonoAWy YIIM SURISISA Ul S8InsodXT [RIUSWUUOIIAUT PUR S8UsD) "WAINIO ‘wniuein paigjdap ‘NA ‘[eAlsiul 8uspiuod ‘1D ‘punodwo)
JURISISAY 1BV [edIWayD ‘DY ‘WaISAS J01eI07 SPJ0JaY pue uoledlyuap| Ateioyauag ‘STy1g (pasiney-a[eds Buney [euonound SV ‘Y-SHASTV :SIS04a[0s [elare] d1ydosioAwe ‘ST :UoieIAIqgY

|nyssalis AjaLaiIxa 1o [njuiiey Japisuod

LET'6v0 280 Te 80T e st noA yd1ym 1noge payse Jou adualiadxa Jo ainsodxa Jayio Aue ‘03 pakojdap sio1jjuod Aue uj

0,69'60T ¥58 8 85> 18 99> uoneBILINg [3n8] pUNoIS
68G‘0T0 8.0 €6 8¢ 18 €T pues/snp 4o sjans| ybiH
17 i) g 85> 1z 8S> (uononnsap suoniunw Burinp “6a) seb ansau 0} ainsodx3
v2'S'€20  9TT 69 0¢ 79 6 S8.1} ||8M |10 WOJY BYOWS
1192'0L0 TEY 6E 1T 1 85> NOA J0O 3[1W 8UO UIYIIM punolb ay) Uuo 1o Jre ay) Ul uoisojdxa a]Issiw pnas
orez'v90 88 LT 9S> ez 997 Jured (punodwod Juelsissy sy [ed1WBYD) DUVD
Zzse'l90 ety st 95> ge g Jowe 10 suomiunwi 1oy (NQ) winiueln paja|dap 4o asn
00T 0E 00T 9T pasod>® NoA 3 JeM/L} A 10BIUI0D 10811 3Ney NOK PIP “p e JIND U3 Ul aiem :o>m__£ﬁ
vWwS'vwT 08¢ v Ll 6S 89 p1ay ayy ui abuelQ by 03 ainsodx3
'€ ‘860  ST'T 9 €T A 8 abueiQ Juaby Jo uonealjdde pue Buixin
0] pasodxe
00T 6lc 00T /[eT NOA 3.8/} 108JU0D 108.11p BNeY NOA PIP ) 1o JeM WRUIBIA U} U1 @36Mm Nk 3] IUM
TT€'0S0 G271 8 14 8 4 uoljelpel aABMOIDIN
01 pasodxe NOA &MU} IM 19e3U09 199.11p aney
00T lge 00T 96T NOAPID pJ8M 4IND B} IO/PUE “JEA WEURIA BUL 'JB BB IO 3U) Uit 8.10M NOA3|IUM
0€'S‘ey0 08T 0T Te 97 ve play 8y ui syusbe Buluing 03 ainsodx3
¥2'1€'26'T  GL'L 4 9 A ST syuabe Buiuing jo uonesidde pue Buixin
AR A A 8 9¢ 9 €T plal} 8Y} Ul S3OUBISYNS |013U0J 1011 0} 8insodx3
yTTZ'€E0 S92 ¢ L T 85> S39UEISONS |03U02 101 Jo uoiyedt|dde pue Bulxin
206290 /€2 9 T L 4 PI31 3y Ul Sap1dIglay 01 ainsodx3
90'€Z '95'0  8G'€ T 89> 4 S sap121gJay Jo uoirearjdde pue Buixiy

0 pasodxa NOA 3.8/} IM 19IU0D 13911P
00T vI€ 00T 6T¢ BNy NOK PIP i JeV WBUIBIA BU} 0/PUE TV B0 U} * [V Ut @.38M NOA 3|1y

¢uawAoldap

86C'€L0 T €2 LL 44 0§ InoA Burinp uonuane [ealpaw palinbai yeyy Ainful payejal-1equiod e palayns noA aneH

1D %56 d0 % ‘ON % ‘'ON ainsodx3

o 'gPaBIBM-dI  S|0AIU0D S9seD

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Environ Int. Author manuscript; available in PMC 2017 May 01.



Page 34

Beard et al.

1D %856 Pue JO 2rewnss 0} m_nmcD%

*$10U02 (%6T) TG PUe S8sed (04 T) T 4O UOISN|IXa 8y} Ul Pa)|Nsal UONILISal SIYL “sisA[eue 10 pasn s1yBiam d| 8y} Jo JoIAeyaq
3y} panoadwi Ajjeonselp os Buiop asneaaq (G26T—796T 40 “JeAn WBUISIA U JO BWI) 8U) 18 PlO SIeak Gz—8T a1om Asy) “'8'1) SAISN|OUI /GBT PUR BEET USBMIS] LLIOG 818M OUM SURIBISA 0} SasAjeur ums_:mmmk

‘sjuediorired Apnis Jo Aljenuspiu09 sy sasesald 0} vomwma%mm

“(T66T ‘T€ Jaqwisdaq 01 ‘066T ‘Z 3snBny wouy powiad 8y) se paulap) Jepn 4N uelsiad

au pue ‘(GL6T 'L AeIN 0} ‘96T ‘€ ISNBNy Wiy poriad 3y} se paulyap) Jep WeulsIA ay) ‘(GS6T ‘T Asenuer 0) ‘0G6T ‘Lg dunf woly poriad ay) se paulyap) Jep Uealod aul ‘(9r6T ‘T€ J8quisdsd o3 'TH6T

‘) Jaquiaoa wouy poriad ayy se paulysp) 11 Jepn PIOAA :uonsanb ayesedss Y1 INOge Payse Sem Jem Lyoes a1aym siem Buimoljoy syl . 03 pakojdap noA aispn,, pavise aireuuonsanb Apnis WAINIO ay Fn
"Sa1BWIISS SOUBLIBA 1SNCOJ

UM pale|ndjed a1am S| %G6 AlljIgelsul [9pow JO asnedaq Xas 10y paiybiam jou aiam sainsodxa palejal-juswAoldap Jepn “(Uonoriaiul J1ayl pue ‘WwalsAs aled yijeay WA ayl Jo asn ‘[sjosiuod fenusiod ST1I9
3y Ul uonnguIsIp 8yl 4o sajnuaslad Uo paseq ¥/6T Pue ‘/¥6T ‘0Z6T 18 S1ouy yum aulds onelpenb ‘pajolinsas e Yiim pajapow] yuig 1o Jeak uo [euoipuod :Sjouod ([seses WAINIO Ul uonngLisip syl

10 sa]1usdJad Uo paseq yi pue ‘vg ‘T e s10Uy YIM auljds onelpenb ‘pajoLiisal B Yiim pajapouwl] 8109s H-SH-4STV auljaseq pue ‘[w.sy Jeaul] e yum pajapouw sypuow] Ansifay syl ul Juswijjolus o} sisoubelp
woJy awn ‘[swusy 21gna pue ‘onrespenb ‘Jeaul] yim pajapouw ‘styuow] sisoubelp 03 18suo woldwAs woly awi ‘als 19suo woldwAs ‘Alobs1ed sisoubelp SV Uadal 1SoW “I81uad [RIIPSIA WA e o Jusijed
1Wa.Ind & Buiaq ‘A1191uy18/a0e] UO [RUOIIPUOD :S3seD) WAINTO Ul Bunedionted pue ‘([2100s ¥-SH4STV auljaseq Buissiw 1ou sased AnsiBay syl ul uonngLIsIp syl Jo sajnuaslad uo paseq syluow 6T 7 pue
‘90°€Z ‘YZ'ST ‘2. L T8 S10U YU auljds oneipenb ‘pa1oLisal e yum pajapow ‘sypuow] AnsiBay syl Ul Juswijjoius 0] sisoubelp wolj awin pue ‘[wis) Jeaul| e Jo wylLteBo| [einyeu syl YiM pajapow ‘syuow]
sisouBelp 03 19suo woydwAs wouy awi ‘8ys 1esuo wordwAs ‘A106a1ed sisoubeip STV U881 1SOW UO [BUOIIPUOD :AJUO SBSBD) 8109S H-SH4S TV auljaseq Buissiw jou ‘(8d1A4ss 1sabuo| Jo youelq Arelljiw

pue ‘AIo1uL8/a0R. ‘Xas ‘WaISAS aled Yijeay WA 8yl Jo asn ‘[swia) onelpenb pue Jeaul] 1M pajapow pue—sjoauod Buowe abe ueipaw ayl—Q9 abe 1e paisusd] sbie uo [euonpuod) Bulpunoyuod 1o} 8&9%@

"80UBI8)8] BY) 8JaM 8Insodxa 013198dS Uoes UYlIM 10BIL0D 10841p 30USLIadX8 10U PIP OYM S|0JIU0D pue mwmmoQ

*S|0J1U0D JO %E9—( PUR S3SED JO %46—0 101 BuIssIL sem sainsodxa 014193ds 104 UOIEWIOoU ,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

available in PMC 2017 May 01.

Environ Int. Author manuscript



	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Study population and case definition
	2.2. Exposure assessment
	2.3. Statistical analyses

	3. Results
	4. Discussion
	5. Conclusions
	References
	Figure 1
	Figure 2
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

