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RESEARCH ARTICLE
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Abstract
Objective: To identify occupational risk factors for ALS using well-characterized participants with ALS (P-ALS), sibling
controls (S-controls), and matched population controls (P-controls) within the National ALS Registry. We also com-
pared oxidative stress (OS) biomarkers between groups. Methods: P-ALS were recruited over 4 years. Demographic, soci-
oeconomic, and medical data were ascertained from medical records and structured interviews. P-ALS were followed
prospectively for 2 years or until death, whichever came sooner. S-controls and age-, sex-, race/ethnicity-, and residential
location-matched P-controls were recruited over 3 years. Occupational exposure to lead and agricultural chemicals
(ACs) were assigned by an occupational hygienist, blinded to case status. OS biomarkers in urine were measured.
Results: P-ALS (mean age 62.8 years; 63% males) resided across the United States. Demographic and socioeconomic
variables did not differ among P-ALS, S-controls, and P-controls. P-ALS were more likely to report occupations with
exposure to lead (adjusted OR (aOR)¼2.3, 95% CI 1.1, 4.6) and ACs (aOR ¼ 2.4, 95% CI 1.2, 4.6) compared to
pooled controls. Among those with occupations with exposure to both lead and ACs, aOR was 7.2 (95% CI 2.0, 26.1).
Urinary 8-oxo-dG was significantly elevated among P-ALS (11.07±5.42ng/mL) compared to S-controls, P-controls, or
pooled controls (pooled 7.43±5.42ng/mL; p< 0.0001) but was not associated with occupational exposure to either lead
or ACs. Conclusions: Findings reveal increased risk of ALS diagnosis among those with occupational exposure to lead
and ACs and increased OS biomarkers among cases compared to controls. OS may be an important pathogenic mechan-
ism in ALS.

Keywords: ALS, risk factors, case-control study

Introduction

Although there has been moderate progress on
the therapeutic front in ALS over the past sev-
eral years (1,2), the etiology of ALS remains

largely unknown. While up to 10% of ALS cases
are considered familial ALS (fALS) and many
genetic mutations have been discovered, more
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than half of fALS cases have unknown mutations
(3). The remaining 90% of ALS cases, sporadic
ALS, represent a complex disease hypothesized
to be caused by gene-environment interac-
tions (4–6).

Previous investigations find increases in the odds
of exposure to lead and agricultural chemicals (ACs)
among ALS cases compared to controls (7–12). A
recent meta-analysis confirmed these findings, report-
ing risk ratios for lead exposure in the range of
1.07–1.90, and for ACs, 0.70–4.70 (13).
Electromagnetic field (EMF) is considered another
common risk factor in ALS, although its relationship
to ALS has been inconsistent (11,14–16). A recent
large European study found positive associations
between electric shock and low-frequency magnetic
field exposure and ALS (17).

Environmental and occupational risk factors may
increase overall oxidative stress (OS), hypothesized
to be a factor in the pathway leading to ALS (18).
Many different environmental risk factors trigger OS
inside and outside of the central nervous system
(18). In vitro and in vivo studies have shown that
lead alone or in combination with other biochemical
stressors results in oxidative injury (19–23). Most
agricultural organophosphates, along with other
ACs, are clearly linked to OS (24–28). Increases in
OS biomarkers have been extensively reported in
ALS (18,29–32). Repeated exposures to these agents
could induce a process that results in epigenetic
modifications that accumulate to enhance the degen-
eration of motor neurons (33). The potential rela-
tionship between hazardous occupational exposures
and OS in ALS is not yet understood.

To investigate underlying mechanisms of ALS,
large studies that include careful assessment of
environmental exposures are needed (34). The
CDC National ALS Registry (Registry), launched
in October 2010, is the largest ALS registry in the
USA (35). The Registry is a valuable resource for
studies of ALS (36), particularly for environmental
studies. Using the Registry, we enrolled participants
with ALS (P-ALS) from across the USA. We con-
ducted a case-control study with two control
groups: sibling controls (S-controls) and popula-
tion-based controls (P-controls). Data collection
methods were largely based on our previous study of
355 P-ALS, the ALS Cohort Study of Multicenter
Oxidative Stress (ALS COSMOS) (37), one of the
studies that best characterized the natural history of
ALS and included the establishment of telephone-
based data ascertainment methods (38–41). Here,
we extend upon ALS COSMOS by considering
occupational risk factors for ALS onset. We
hypothesize that exposure to occupational factors
which increase OS (notably lead and ACs) will
increase risk of ALS onset compared to con-
trols (18).

Methods

Study approval

The study protocol was approved by the Columbia
University IRB, and all participants gave written
informed consent. Research Triangle Institute
International (RTI) (tasked to identify population
controls [P-controls]) received separate IRB
approval. CDC IRB approval was not required as
the research was supervised by Columbia
University and was investigator-initiated.

P-ALS eligibility criteria

All members of the Registry (�9000) were consid-
ered eligible and invited to participate in this
study. Once a participant indicated interest, we
applied our a priori inclusion and exclusion criteria
used in ALS COSMOS (37) that included profi-
ciency in English.

Publicizing the study project

ARREST ALS (ATSDR Risk Epidemiologic
Study of ALS) recruitment relied on potential par-
ticipants’ interest and willingness to volunteer.
Multiple study flyers were sent to US ALS clinics
and disease organizations. Additionally, the
ATSDR disseminated a brochure to Registry
enrollees every three months throughout the
study period.

Confirming ALS diagnosis

Upon obtaining medical records, the research
team (HM) carefully evaluated neurological exami-
nations, including any necessary ancillary tests, to
confirm the diagnosis of ALS. Because recruited
P-ALS were diagnosed at major ALS centers, all
diagnoses were confirmed (42).

Caregiver involvement

Caregivers provided informed consent to partici-
pate and assisted in the study when P-ALS were
unable to speak due to dysarthria.

Control participants

To recruit siblings (S-controls), we asked each P-
ALS about their family composition and selected
the same-sex sibling closest in age to the P-ALS.
In the event that this sibling could not participate,
we chose another sibling who was also close in
age. Siblings were included to control for early life
factors (43,44).

The second group of controls was population-
based (matched on age ±5 years, sex, race/ethni-
city, and residential area) (P-controls). We con-
tracted with RTI International (Research Triangle
Park, NC, USA) to identify eligible potential con-
trols. They used geographic Federal Information
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Processing Standards (FIPS) (the five-digit num-
bers which uniquely identify geographic area: the
first two digits identify state-level and the last three
digits identify county-level areas) to find geo-
graphic-area matched controls. During the study,
age matching was relaxed to ±10 years, sex match-
ing was removed, and FIPS matching was relaxed
in order to increase the number of eligible controls
who indicated that they would participate. P-con-
trols were required to be fluent in English. RTI
only identified potential control candidates who
agreed to be interviewed by the Columbia
University research staff and did not participate in
obtaining study data.

Occupational risk factors

We used a structured interview (designed to min-
imize recall bias for occupational exposures) to
query basic information on occupational and mili-
tary history with additional questions designed to
identify occupations with exposure to lead, EMFs,
and ACs. ACs comprised 180 potential neurotoxi-
cants, including most common pesticides, herbi-
cides, and insecticides. The interview was
developed by an experienced occupational hygien-
ist (45) and used previously in studies of essential
tremor (37,46). Table 1 describes the content of
the structured interview. The occupational hygien-
ist, blinded to case/control status, coded all data
for potential exposures (Table 2) (45).

Structured interview

Interviewers trained by senior investigators admin-
istered structured interviews over the telephone for
all participants, as in ALS COSMOS (37). Three
hours were required for the baseline interview,
which was carefully paced to prevent P-ALS’
fatigue. After each interview, data were entered
into a web-based database system.

Survival

Death was defined as when the P-ALS died of any
cause, received a tracheostomy, or required
chronic assisted ventilation for 23 h daily for 14
consecutive days. Survival status for all enrolled P-
ALS was ascertained with a closing date of 15
June 2020.

Biosample collection

For all cases and controls, overnight fasting urine
samples were collected by participants at home
and shipped overnight in chilled packages to the
EHS Laboratory at Columbia University (RMS)
(37). Urinary OS biomarkers, isoprostane, and 8-
oxodeoxyguanosine (8-oxo-dG) were measured
using ELISA. The isoprostane ELISA was well
correlated with a GC/MS method of analysis

(Oxford Biomedical, Oxford, UK). We previously
demonstrated a correlation between 8-oxo-dG
ELISA and HPLC using electrochemical detec-
tion (30).

Statistical analyses

We compared distributions of continuous variables
using means when normally distributed and
medians when skewed. Two-sample t-tests were
used to compare means of normally distributed
continuous variables. Chi-squared tests were used
to evaluate associations between categorical varia-
bles; Fisher’s exact test was implemented when
cell numbers were sparse (<5). Spearman correla-
tions were used to assess the correlation between
OS biomarkers. An alpha level of 0.05 was used
for all significance testing. Data were analyzed
using all available cases, and missing data were
minimal (noted in tables).

To evaluate the associations between OS bio-
markers and occupational exposures with case sta-
tus, we used multivariable logistic regression
models, adjusted for age. We excluded occupa-
tional exposures in the most recent five years to
approximate a latency period between exposure
and disease onset. As a sensitivity analysis, we var-
ied the latency period using 3, 7, and 10 years and
then re-ran our logistic regression models. We also
dichotomized occupational exposure duration at
the median to create “long” vs. “short” duration
categories (3.0 years (lead) and 3.7 years (ACs)).

We first performed all statistical analyses keep-
ing S-controls and P-controls separate. After
observing no meaningful differences in occupa-
tional exposures between S-controls and P-con-
trols, we combined the two control types to
increase power. Due to the low frequency of occu-
pational exposures, we limited covariate adjust-
ment, although we did evaluate sex, age, and race
as potential confounders. Regarding age, there
were only 6 P-ALS, 2 S-controls, and 2 P-controls
under age 50; we included them in the primary
analysis but dichotomized age at 65 to account for
a possible skewed distribution. In a secondary ana-
lysis, we excluded those under age 50 and used
age as a continuous variable.

We accounted for matching by adjusting for
matched variables in logistic regression models for
our primary analysis (48). Due to the limited sam-
ple size, we adjusted for age and sex in separate
models and compared results, rather than adjust-
ing for both in the same model. We did not adjust
for race/ethnicity due to the extremely low preva-
lence of nonwhite individuals in the sample (Table
3). In a sensitivity analysis, we compared condi-
tional logistic regression models to account for
matching by age, sex, race/ethnicity, and geo-
graphic area in cases with P-controls to

Case-control study in ALS using the national ALS registry 3



unconditional models in the same group, adjusting
separately for age and sex (Supplemental Table 1).

To evaluate if lead, AC exposure, and OS bio-
markers were associated with time to death in
cases, we used Cox proportional hazards models,
adjusted for binary age (and months between
symptom onset and baseline for OS biomarkers).
Person-time was calculated from the time of symp-
tom onset until death, loss to follow up, or study
end. The proportional hazards assumption was
assessed by evaluating the interaction between
exposure and the natural log of person-time.

Results

Participants with ALS (P-ALS)

A total of 227 potential candidates were screened;
103 (45.4%) were enrolled over a 46-month
period. Among those not enrolled, 54 had symp-
toms for a longer duration than the enrollment cri-
teria (initially <18 months); 15 had fALS; 18
could not be recontacted; 17 declined; seven died
or received tracheostomy; and 13 were ineligible
for other reasons. Because of slow enrollment in
the first two years, we relaxed criteria to include

Table 1. Environmental exposure assessment.

Questionnaire Data collected

Occupational history
List all occupations from age 16 to current that were held for
one year or longer, excluding military service.

� Job title
� Company
� Full/part time
� Start/end date of employment
� Duration of employment
� Description of duties

Specific occupations with potential exposure
Identify occupations that involve duties with potential
exposure to agricultural chemicals, lead, and/or
electromagnetic fields (EMFs). After an occupation is
identified, the next questions as to protective measures will
be defined.

Categories include:
� Farming, horticulture, fishing; or production, processing,

and distributing food products
� Construction, demolition, or maintenance work
� Mining, refining, or fabrication of metals; work on metal

products, machinery, or structures
� Work with chemicals, solvents, coatings, plastics, or

rubber products
� Law enforcement
� Electrical work; production, maintenance, or operation of

electrical or electronic products; or work within a computer
or electronics-intensive workspace

� Healthcare occupations
� Glass or ceramic work
� Commercial printing or photocopying
� Commercial video editing or production

Military history
Includes active duty in the United States Armed Forces or in
armed forces in a country other than the USA, either in the
regular military, the National Guard, or military reserve unit.

� Current status (on active duty, retired, discharged, etc.)
� Dates of service
� Branch(es) of military
� Service group
� Specialty title
� Rank/position
� Posting location
� Countries served in (if other than USA)
� Vaccinations received
� Ever exposed to known toxic agents, including

Agent Orange?
� War/conflict involvement
� Active combat involvement

Specific military work with potential exposure
Identify postings that involve duties with potential exposure to
agricultural chemicals, lead, and/or electromagnetic fields
(EMFs). After a posting is identified, an occupational history
appendix is completed.

Participants were asked 36 questions specific to possible
exposures in a military setting. For example “Did/do you use
small arms, in any aspect?” and “Did/do you use lasers for
communications, weaponry, etc.?”

Protective measures
Gather data about occupations or military postings that were
identified as being of interest for possible exposures to risk
factors. Participants are provided with a visual aids guide to
identify types of personal protective equipment (PPE),
machinery, ventilation, etc. For potential exposures to
agriculture, participants are also provided with a list of
agricultural chemicals (e.g. pesticides, insecticides,
herbicides, etc.)

� Description of task
� Frequency (hours/day; days/week)
� Location (indoors/outdoors)
� Ventilation
� Sanitation (workplace and personal)
� Clothing/uniform
� Personal protective equipment (PPE)
� (Agriculture only) Agricultural chemicals involved
� (EMF only) Brand/model of equipment
� (EMF only) EMF control methods
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symptom onset in the past 24 months (46 partici-
pants were already enrolled when this change was
made). The US geographic distribution was wide
for both recruited ALS participants and controls
(Figure 1). Disease characteristics of enrolled P-
ALS are shown in Table 4.

Controls

We recruited 40S-controls. Less than half of P-
ALS had available siblings, and the majority were
of the opposite sex (Table 3). For P-controls, RTI
International identified 186 potential candidates,
representing 0.5% of all recruitment telephone
calls. Details of control recruitment are shown in
Figure 2.

Sociodemographic characteristics are summar-
ized in Table 3.

Occupational risk factors. Compared to S-con-
trols and P-controls, P-ALS were more frequently
classified as having possible or probable occupational
exposure to lead and ACs (Table 5). Although
EMF exposures were included as part of the study
goals, exposure to EMF was extremely low in all
groups to make meaningful comparisons. Because
sociodemographic features did not differ between
S-controls and P-controls, we combined them in
further analyses.

Adjusting for age, P-ALS had approximately
two times the odds of being exposed to lead com-
pared to pooled controls and two times the odds
of being exposed to ACs compared to controls
(Table 6). Results were consistent when we
adjusted for age, sex, or accounted for P-control
matching using conditional logistic regression
models (Table 6, Supplemental Table 1), indicat-
ing robustness in methods used to adjust
for matching.

Four times as many P-ALS (12%) experienced
exposure to both lead and ACs than controls (3%)
(Table 7). Compared to controls, P-ALS had
approximately seven times the odds of being
exposed to both lead and ACs (Table 6). While
there were no significant differences in median
years of exposure comparing cases and controls
(data not shown), longer duration of lead exposure
was significantly associated with ALS, controlling
for age. For ACs, aORs for long and short dur-
ation of exposure were similar (Table 6). When
lead and ACs were included in the same model,
the resulting odds ratios were of similar magnitude
to those found in models which evaluated expo-
sures separately. Exposure to lead and ACs were
only slightly correlated (Spearman r¼0.2,
p< 0.01), indicating that bias amplification should
not be expected in these models (49). When we
varied the length of the latency period used in a
sensitivity analysis, resulting ORs were nearly iden-
tical (Supplemental Table 2).

Biomarker results. Urinary concentrations of 8-
oxodG and isoprostane were significantly positively
correlated (r¼ 0.30, p<0.0001). Urinary 8-oxodG
in P-ALS was significantly higher than in controls
(Table 8) but isoprostane concentrations were not
different. In logistic regression models combining
control types and adjusting for binary age, the
odds ratios for isoprostane and 8-oxodG were 1.2
(0.9, 1.7) (p¼ 0.28) and OR 1.2 (1.1, 1.3) for 8-
oxo-dG (p<0.0001), respectively, per one unit
increase in concentration. There were no signifi-
cant correlations between OS biomarker values
and duration of occupational exposure to lead (iso-
prostane: r¼ 0.05, p¼0.75, 8-oxo-dG: r¼ 0.14,
p¼ 0.39) or ACs (isoprostane: r¼�0.05, p¼ 0.75,
8-oxo-dG: r¼�0.17, p¼ 0.23).

Table 2. Blinded analyses of exposure levels to lead and AC based on structured interviewsa.

Unlikely
� No plausible exposure to lead or AC
Possible
� There is plausible exposure to lead or AC
� However. the subject’s exposure period was minimal (�6 months)
� The workplace environmental conditions would have been effective in minimizing exposure with protective measures
Probable
� The subject worked in an occupation where there was plausible exposure to lead or AC
� The workplace environmental conditions indicated that the exposure was not effectively controlled, primarily to the absence of

those factors previously described as effective controls for mitigating exposure

Due to difficulty distinguishing Possible and Probable, we decided to combine these categories (see Table 4)
EMF was classified into 2 groups:
Unlikely/low/medium
� The majority of exposures to EMF were within the range of medium (0.1–0.3 mT), which is characteristic of individuals’

exposure in a modern, technologically-based economy (47).
High
� EMF is a special category as there is almost universal exposure to it in modern society; high exposures occurred among power

plant operators, timber cutting, welders, electricians, metal fabricating and textile setup operators, textile and apparel workers,
duplicating and other office machine operators, and electrified railroad operators.

aAll structured interviews were conducted in an identical manner for P-ALS, siblings, and P-controls.
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Survival data. As of June 2020, survival status
was available for 72 of 103 P-ALS, all others were
censored. There was a wide range of survival dur-
ation; the mean total survival (from symptom
onset to death) was 38.0 months (SD 16.8) with a
minimum of 9.0 and maximum of 94.3 months,
within previously reported ranges (50). Ever-lead
and ever-AC exposure were not significantly asso-
ciated with time to death in age-adjusted models
(Table 9). OS biomarker 8-oxo-dG may be related
to survival (HR 1.03 (0.99, 1.08)), while isopros-
tane was not appreciably associated (HR 1.06
(0.80, 1.39)) when adjusted for age and months
between symptom onset and baseline, consistent
with previous findings (51).

Sensitivity analyses. Excluding the few cases
and controls under age 50 years and using age as a

continuous covariate did not substantially change
the associations of interest nor did it change the
interpretation of the results (Supplemental Tables
3 and 4).

Discussion

Our results suggest that ALS patients were more
likely to have experienced occupational exposure
to lead and/or ACs compared to controls, confirm-
ing the work of previous studies. We found that
longer duration of lead exposure may have a dose-
response association with ALS, whereas any dur-
ation of exposure to ACs conferred higher odds
of ALS.

Detailed assessment of occupational exposures
is a strength of our study. The structured interview
was designed by a board-certified industrial

Table 3. Sociodemographic characteristics of P-ALS and S-controls and P-controls controls.

Characteristic

P-ALS
(n5 103)
N (%)

S-controls
(n540)
N (%)

S-controls
vs. P-ALS

(p)

P-controls
(n5 67)
N (%)

P-controls
vs. P-ALS

(p )

S-controls vs.
P-controls

(p)

Age at study start (years) 63.4 (8.7) 63.0 (6.7) 0.97 64.9 (8.7) 0.16 0.31
Age range (years) 34–81 46–75 – 35–81 – –

Sex 0.02 0.55 0.01
Male 63 (61.2) 16 (40.0) – 44 (65.7) – –

Female 40 (38.8) 24 (60.0) – 23 (34.3) – –

Latin ancestry 0.67� 0.62� 0.60
Yes 5 (4.9) 2 (5.0) – 2 (3.0) – –

No 96 (93.2) 38 (95.0) – 65 (97.0) – –

Missing 2 (1.9) 0 – 0 – –

Race 0.74� 0.99� 0.19
White 100 (97.0) 39 (98.0) – 67 (100.0) – –

Black 1 (1.0) 0 – 0 – –

Other/multiple/missing 2 (2.0) 1 (2.0) – 0 – –

Education level 0.43 0.18 0.20
Less than high school 0 0 – 1 (1.5) – –

High school—some college 36 (34.9) 17 (42.5) – 18 (26.9) – –

College graduate or higher 64 (62.1) 23 (57.5) – 48 (71.6) – –

Missing 3 (2.9) 0 – 0 – –

Income 0.96 0.41 0.59
Less than 20,000–60,000 22 (21.4) 9 (22.5) – 13 (19.4) – –

60,000–150,000 46 (44.7) 19 (47.5) – 33 (49.3) – –

150,000 or more 31 (30.1) 11 (27.5) – 21 (31.3) – –

Missing 4 (3.9) 1 (2.5) – 0 – –

Insurance status 0.15� 0.68� 0.60
Private 47 (45.6) 23 (56.1) – 31 (46.3) – –

Medicare/Medicaid/VA 55 (53.4) 15 (37.5) – 34 (50.7) – –

None/missing 1 (1.0) 2 (6.4) – 2 (3.0) – –

Smoking status 0.49 0.36 0.77
Ever smoker 42 (40.8) 15 (37.5) – 27 (40.3) – –

Never smoker 58 (56.3) 25 (62.5) – 40 (59.7) – –

Missing 3 (2.9) 0 – 0 – –

Alcohol (past 12 months) 0.85 0.27 0.58
> 1 drink/week 46 (44.7) 16 (40.0) – 29 (43.3) – –

Up to 1 drink/week 34 (33.0) 15 (37.5) – 27 (40.3) – –

None 18 (17.5) 8 (20.0) – 11 (16.4) – –

Missing 5 (4.9) 1 (2.5) – 0 – –

P-ALS: participants with ALS; S-controls: sibling controls; P-controls: population-based controls.
�p Value from Fisher’s exact test due to small cell numbers.
When a same-sex sibling was not available, we recruited the sibling closest in age, regardless of sex. Few differences were noted
comparing P-ALS, S-controls, and P-controls. Due to the similarity of S-controls and P-controls, we combined the two control
groups to form a pooled control category for some analyses to increase statistical power.
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hygienist, who assigned exposures blinded to case-
control status. In a study of essential tremor using
this instrument, higher blood lead concentrations
were found in individuals who were identified as
having possible or probable occupational exposure
to lead (46), which confers increased confidence in
the utility of this tool. We observed a significant
difference in exposure to lead among P-ALS com-
pared to siblings that were particularly striking,
and P-ALS also had significantly increased expos-
ure to ACs as compared to S-controls and
P-controls.

Also striking was that independently, associa-
tions between lead and AC exposures and ALS
were modest; however, exposure to both lead and
ACs resulted an aOR that appeared supermultipli-
cative. This suggests the possibility of synergistic
neurotoxic effects, but we are cautious in interpret-
ation due to the relatively small number of individ-
uals exposed to both lead and ACs. Nonetheless,
this finding has support from experimental models.
Concurrent exposure to exogenous glutamate and
lead increases neuronal cell death via mechanisms
that increase OS and decrease intracellular gluta-
thione defenses against OS (52). In another model,
spinal cord and dorsal root ganglion cells obtained

from E12 mouse embryos were exposed in culture
to low levels of the ACs paraquat, glutamate, and
thermal stress, individually and in combination
(53). Paraquat administered alone was associated
with cell death in a dose-dependent manner, and
this effect was multiplied when paraquat-treated
cultures were subjected to heat shock (53). This
model is particularly intriguing as the combination
of low-level oxidative stressors was associated with
motor neuron vulnerability to environmental stres-
sors and may in part explain the mid- to late-life
symptom onset among both familial and sporadic
ALS (53). In vitro studies attempt to mimic the
human environment in which multiple stressors
are likely involved, resulting in interac-
tions (54,55).

We have hypothesized that there may not be a
single environmental risk factor associated with
ALS. Rather, diverse risk factors that adversely
affect individuals susceptible to different environ-
mental neurotoxicants are more likely (18). A final
common path to neuronal damage may be OS.
Our finding that the urinary OS biomarker, 8-oxo-
dG (reflecting oxidized DNA), was elevated
among P-ALS compared to siblings and P-controls
was striking. Isoprostane (a lipid peroxidase

Figure 1. Geographic distribution of P-ALS (participants with ALS), S-controls (siblings), and P-controls (population). P-ALS are
widely distributed throughout the USA, as are S-controls and P-controls.
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product) level, although not statistically different
between cases and controls, was highly correlated
with 8-oxo-dG, supporting some involvement of
both OS biomarkers. Because OS biomarker meas-
urements only reflect recent OS status, we cannot
conclude that abnormal OS markers were the
result of previous environmental exposures;
indeed, OS biomarkers did not differ among those
with or without exposure to lead and ACs (data
not shown). To better elucidate this relationship,
studies will need to acquire biosamples to measure
OS more proximally to when occupational expo-
sures have occurred. Increased OS has direct
implications for treatment, as demonstrated in past
studies of vitamin E (56,57), CoQ10 (58), and
Edaravone, the second approved medication for
the treatment of ALS (1). Edaravone treatment
reduced 3-nitrotyrosine (3NT), a nitrosative stress
biomarker, in a previous study (32).

The residential geographic range of recruited
P-ALS and controls broadly reflects the USA,
likely representing a microcosm of the Registry dis-
tribution in this country (36). Still, our case-con-
trol study has several limitations, mainly related to
our sample size and characteristics. First, the
Registry relies on voluntary participation; partici-
pation in ancillary studies, particularly observa-
tional studies, like this one requires a second level
of volunteerism. Thus, generalizability to the entire
ALS population is likely limited, and our results
should only be generalized to those cases who
would agree to participate in such research.
Nonetheless, our study sample did not differ in

Table 4. Baseline disease characteristics of participants with
ALS (N¼103).

Characteristic Mean (SD) N (%)a

Months since symptom onset 17.3 (6.5) 102
Missing 1

Months since diagnosis 8.7 (5.0) 100
Missing 3

Region of symptom onset –

Bulbar 24 (23.3)
Other 79 (76.7)
Missing 0

EES diagnosis category –

Definite ALS 17 (16.5)
Probable ALS 46 (44.7)
Possible ALS 27 (26.2)
PMA 13 (12.6)
Missing 0

ALSFRS-R (out of 48) 33.8 (6.9) 100
Missing 3

%FVC 76.8 (19.4) 89
Missing 11

BMI 26.5 (6.1) 95
Missing 8
Riluzole –

Yes 62 (60.2)
No 40 (38.8)
Missing 1 (1.0)

Feeding –

PEG 4 (4.0)
Independent/assisted 97 (96.0)
Missing 0

aN’s varied slightly due to missing data.
EES: El Escorial; PMA: progressive muscular atrophy;
ALSFRS-R: ALS functional rating scale-revised; %FVC:
percent of normal forced vital capacity; BMI: body mass
index; PEG: percutaneous endoscopic gastroscopy.

Figure 2. Recruitment and enrollment of P-ALS, S-controls, and P-controls are shown in a flow chart. All the participants (P-ALS, S-
controls, and P-controls) received identical structured interviews.
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many disease characteristics when compared to
ALS COSMOS (37–41,59). In ALS COSMOS,
P-ALS were recruited from multiple ALS clinics,
and no differences were found between enrolled P-
ALS and those eligible but not enrolled (37).
Thus, we assert that the ARREST P-ALS were

similar to the ALS COSMOS cohort and likely
represent P-ALS seen at ALS Clinics (37).

Second, we had a relatively small number of P-
ALS and controls and could therefore not adjust
for many covariates in our analyses. Interpretation
of our regression models must be done cautiously.

Table 5. Occupational exposure to lead, electromagnetic fields, and agricultural chemicals.

P-ALS
(n595)a

N (%)

S-controls
(n5 40)
N (%)

P-ALS vs.
S-controls
p value

P-controls
(n5 65)a

N (%)

P-ALS vs.
P-controls
p value

S-controls vs.
P-controls
p value

S-controls1
P-controls

(n5 10)N (%)

P-ALS vs.
pooled controls

p value

OE to lead
Unlikely 68 (71.6) 38 (95.0) <0.01� 52 (80.0) 0.23 0.04� 89 (85.6) 0.02
Possible/probable 27 (28.4) 2 (5.0) – 13 (20.0) – – 15 (14.4) –

OE to EMFs
Unlikely/low/medium 86 (90.5) 39 (97.5) 0.28� 63 (96.9) 0.20� 0.99� 101 (97.1) 0.07�
High 9 (9.5) 1 (2.5) – 2 (3.1) – – 3 (2.9) –

OE to AC
Unlikely 60 (63.2) 34 (85.0) 0.01 52 (80.0) 0.02 0.52 85 (81.7) <0.01
Possible/probable 35 (36.8) 6 (15.0) – 13 (20.0) – – 19 (18.3) –

OE: occupational exposure; P-ALS: participants with ALS; S-Controls: sibling controls, P-controls: population-based controls; AC:
agricultural chemicals; EMF: electromagnetic fields.

aN’s vary slightly due to missing data; eight P-ALS and one population control did not complete occupational surveys. Frequencies
were compared using chi-squared tests, unless otherwise noted.

�p Value from Fisher’s exact test due to small cell numbers.

Table 6. Logistic regression models for associations between occupational exposures and case/control status.

Full sample (all cases and pooled controls)

(n5 95 cases, 106 controls)

Adjusted for age only Adjusted for sex only

OR (95% CI) p Value OR (95% CI) p Value

Ever-exposure
Lead evera 2.26 (1.1, 4.6) 0.03 2.24 (1.0, 4.9) 0.04
AC everb 2.38 (1.2, 4.6) <0.01 2.51 (1.3, 5.0) 0.01
Lead controlling for ACc 1.94 (0.9, 4.1) 0.08 2.07 (0.9, 4.6) 0.07
AC controlling for leadc 2.13 (1.1, 4.2) 0.03 2.38 (1.2, 4.7) 0.01
Lead and AC bothd 7.17 (2.0, 26.1) <0.01 7.97 (2.1, 30.5) 0.00
Either lead or ACd 1.49 (0.8, 2.8) 0.22 1.66 (0.8, 3.3) 0.15
Neither lead nor ACd 1.0 (referent) ref. 1.0 (referent) ref.
Ever exposed to any toxicant 2.04 (1.1, 3.7) 0.02 2.19 (1.1, 4.2) 0.02
Never exposed to any 1.0 (referent) ref. 1.0 (referent) ref.

Duration of exposure
Lead
Long duration 3.87 (1.3, 11.2) 0.01 3.92 (1.3, 11.9) 0.02
Short duration 1.43 (0.6, 3.6) 0.45 1.44 (0.5, 3.7) 0.46
None 1.0 (referent) ref. 1.0 (referent) ref.

AC
Long duration 2.19 (0.9, 5.2) 0.07 2.44 (1.0, 5.9) 0.05
Short duration 2.59 (1.1, 6.2) 0.03 2.58 (1.0, 6.3) 0.04
None 1.0 (referent) Ref. 1.0 (referent) Ref.

Either lead or AC
Long duration 2.43 (1.1, 5.3) 0.02 2.71 (1.2, 6.2) 0.02
Short duration 1.76 (0.9, 3.6) 0.12 1.82 (0.8, 4.0) 0.13
None 1.0 (referent) Ref. 1.0 (referent) Ref.

OR: odds ratio; AC: agricultural chemicals; Long duration: greater than median; Short duration: less than
median. Lead median years ¼ 3.0; AC median years ¼ 3.7 years.

aLead is the primary exposure in the model. bACs are the primary exposure in the model. cBoth Lead and ACs
are included together as exposures in the model. dA new 3-level categorical variable was constructed and used
as the primary exposure in the model: exposed to both lead and ACs, exposed to either lead or ACs, and
exposed to neither (reference category).
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Larger studies have recently been completed that
improve on these limitations by utilizing a pooled
case-control study design which achieved a much
larger sample size (17). These investigators were
therefore able to investigate the relationship
between EMFs and ALS, an exposure which we
could not study here due to very small numbers of
highly exposed individuals (17). We aim to investi-
gate exposure to EMFs in future pooled analyses
of ARREST and COSMOS studies in order to
address this limitation. This will be important, as
previous studies have found relationships between

white collar jobs and increased risk of death due to
ALS (60). Therefore, further understanding of
how occupations relate to ALS is needed.

Third, the telephone-based recruitment meth-
ods were time-consuming, which may have
deterred participation. Fourth, only one industrial
hygienist coded the exposures, representing both a
strength and weakness; a strength for consistency
in ratings and a weakness, as a panel may have
minimized the potential for systematic misclassifi-
cation. However, resource limitations precluded
more than one rater. Nevertheless, we identified
environmental risk factors and demonstrated that
conducting a successful case-control study nested
within an ALS disease registry is possible.

Based on our study and other reports, we stress
the need for use of protective equipment and other
measures by those who work in occupations associ-
ated with exposure to lead, ACs (pesticides, insecti-
cides, and herbicides), and especially multiple
neurotoxicants. In summary, we designed a case-
control study using P-ALS enrolled in the CDC
National ALS Registry along with S-controls and P-
controls. We found evidence that lead and ACs
may be significant risk factors for ALS, possibly
causing OS. In support of our hypothesis, we found
elevated urinary OS biomarkers in P-ALS (18).
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