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Abstract
Objective—An increased risk of ALS has been reported for US veterans, but the cause is
unknown. Since head injury and cigarette smoking are two previously implicated environmental
risk factors that are more common in military than civilian study populations, we tested their
association with ALS in a US veteran study population.

Methods—We used logistic regression to examine the association of ALS with head injury and
cigarette smoking in 241 incident cases and 597 controls. Since APOE is a plausible ALS
candidate gene, we also tested its main effect and its statistical interaction with these
environmental exposures.

Results—Cigarette smoking was not associated with ALS in this predominantly male and
Caucasian population. Veterans who had experienced head injuries during the last 15 years before
the reference date had an adjusted odds ratio of 2.33 (95% confidence interval 1.18–4.61), relative
to veterans without any head injuries. This association was strongest in APOE-4 carriers.

Conclusions—Our results add to the body of evidence suggesting that head injuries may be a
risk factor for multiple neurodegenerative diseases, including ALS. We hypothesize that the
strength of association between head injuries and ALS may depend upon APOE genotype.
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INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a late-onset degenerative disease of the upper and
lower motor neurons in the cortex, brain stem and spinal cord, which leads to progressive
muscle weakness and is usually fatal. The incidence of ALS is 20–60% higher in men than
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women (1;2). The etiology of sporadic ALS, which accounts for 90–95% of all patients, is
poorly understood and believed to involve a complex interplay of genetic and environmental
risk factors. Environmental factors that have previously been associated with ALS risk
include cigarette smoking (3–5), exposure to heavy metals (6–13) and pesticides (9;14;15),
intensive physical activity (16–19) and head injuries (14;20–22). A prospective study based
on ALS mortality data found that an association with cigarette smoking was restricted to
women (5). Most of these factors have not been consistently implicated, but show variation
in results across different studies. This highlights the need for both individual studies with
larger sample size, and for pooled or meta-analyses that combine results from multiple
studies. Following reports of a potentially increased risk of ALS in US veterans (23–25), we
are currently conducting a case-control study called GENEVA (Genes and Environmental
Exposures in Veterans with ALS) (26). The GENEVA cases are a subset of veterans
enrolled into the “National Registry of Veterans with ALS” (27), who are compared to a
sample of veteran controls. Here, we present results of an association analysis of ALS with
two particular environmental exposures that are more common in military than civilian
populations, and hence may contribute to an elevated risk of ALS in veterans: head injury
and cigarette smoking. Common molecular pathways, which may be triggered by shared
genetic and/or environmental contributions, are suspected to underlie multiple
neurodegenerative disorders, and these particular two environmental factors have also been
implicated in Alzheimer’s (AD) and Parkinson’s disease (PD). We note that the direction of
the association between cigarette smoking and PD is opposite of that for AD and ALS (28).

In addition to examining the main effects of head injury and cigarette smoking, we also
evaluated a specific candidate gene and its potential interaction with these environmental
exposures. We selected the apolipoprotein E (APOE) gene because it has been examined in
many previous genetic studies of ALS and other neurodegenerative diseases, both
independently and in conjunction with head injury. It is well known that the APOE-4 (ε4)
allele is a strong risk factor for AD (29). Although the evidence for an association between
AD and head injury is weaker, several studies have suggested that this association may be
stronger in carriers of the APOE-4 allele (30–32). Compared to AD, reports of the
relationship between the APOE gene and either PD or ALS have been less consistent.
Carriers of the APOE-4 allele may have an earlier age at onset of Parkinson’s disease (33),
and possibly a worse prognosis following an ALS diagnosis (34–37). In light of the
extensive previous work, we examined the association between ALS and APOE genotypes
in our study population, and tested whether APOE genotypes modify the association
between ALS and head injury and/or cigarette smoking. In the following sections, we
present the results of three sets of statistical analyses: (i) estimating the association of ALS
with environmental exposures (head injury and cigarette smoking); (ii) estimating the
association of ALS with APOE genotypes; (iii) conducting tests of interaction between
APOE and these environmental risk factors.

MATERIAL AND METHODS
Study Population

As described previously, the “National Registry of Veterans with ALS” used both active and
passive recruitment methods to enroll and review medical records of 2,122 US veterans
between April 2003 and September 2007 (27). Active recruitment methods (refusal rate
~6.5%) involved periodic searches of VA inpatient and outpatient databases for an ICD-9
(International Classification of Diseases, 9th Revision, Clinical Modification) code of
335.2X (motor neuron diseases). Passive recruitment was based on multiple advertisement
and publicity methods (see (27) for details), which generated patient self-referrals (refusal
rate <1%). Following a telephone screener for ALS symptoms, the patient’s diagnosis
recorded by the Registry was based on medical record reviews conducted by six neurologists
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with particular expertise in ALS, who used the El Escorial criteria for definite, probable or
possible ALS. Following the original (rather than revised) El Escorial criteria (38), patients
classified as “suspected ALS”, whose symptoms were consistent with a diagnosis of
progressive muscular atrophy (PMA, pure lower motor neuron symptoms), primary lateral
sclerosis (PLS, pure upper motor neuron symptoms) or progressive bulbar palsy (PBP) were
enrolled as well. DNA samples were collected from 1,167 veterans in the Registry. Follow-
up efforts consisted of biannual telephone calls during which information about vital status
and the ALS Functional Rating Scale-Revised (ALSFRS-R) (39) was obtained. Between
May 2005 and the time of this analysis, the GENEVA study team conducted structured
telephone interviews about a wide range of environmental exposures with 56% (n=657) of
the patients who participated in the Registry and contributed DNA samples, and an
additional 12 patients who consented to DNA collection but died before a sample could be
obtained. Since the goal of the present study was to examine associations with incident
sporadic ALS, we restricted the analysis to ALS patients who agreed to participate in the
Registry within 12 months of diagnosis and did not report a first-degree family history of
ALS (n=241 with interviews; n=417 with APOE genotypes). The Registry enrolled an
additional 190 incident sporadic ALS cases who contributed DNA samples, but could not be
interviewed for the GENEVA study due to death (33% of 431) or refusal to participate
(11%). Consistent with previous epidemiologic studies (1;40), our analysis dataset included
PMA patients, who typically experience a similarly progressive disease course (n=37 with
interviews; n=66 with DNA samples), while PLS patients, who typically progress much
more slowly (41), were excluded. We performed a sensitivity analysis to examine whether
the results were consistent regardless of whether PMA patients were included or excluded.

Since January 2006, the GENEVA study has also been collecting DNA samples and
environmental exposure information from US veteran controls randomly selected from a US
veterans database maintained by the Veterans Benefit Administration, as described
previously (26). The GENEVA study design paper includes a comparison of the enrolled
cases and controls with the entire population of US veterans, per 2001 National Survey of
Veterans (26). An attempt was made to frequency-match cases and controls on age (5-year
age groups, using age at ALS diagnosis for cases and age at interview for controls), gender,
and use of VA health care (for cases, prior to their ALS diagnosis). A telephone screener
was used to verify the absence of ALS and other neurological disorders. At the time of this
analysis, 41% of eligible controls had consented to participate, which is a slightly higher rate
than the 36% reported by the Millennium Cohort Study (42), and within the range reported
for contemporary population-based case-control studies (43). After the exclusion of controls
with a self-reported first-degree family history of ALS (n=5), APOE genotypes were
available for 482 controls; 597 controls had completed the study interview. The GENEVA
study was conducted in accordance with the Declaration of Helsinki of the World Medical
Association, and was approved by the Institutional Review Boards of the Durham VA and
Duke University Medical Centers. All study participants provided informed consent.

Genotyping Methods
DNA was extracted from whole blood (85% of cases), mouthwash samples (15% of cases)
and Oragene™ (DNA Genotek Inc.) saliva collection kits (100% of controls) using
PureGene reagents (Gentra Systems Inc.). The two SNPs in exon 4 that determine the three
functional alleles and six APOE genotypes, rs7412 and rs429358, were genotyped with
TaqMan assays (Applied Biosystems Inc.). We required 95% genotyping efficiency and
matching genotypes of quality control samples within and across all plates in order to
include samples in the statistical analysis.
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Definition of Analysis Variables
We used similar definitions of cigarette smoking and head injury variables as previous ALS
studies (4;21). An individual was classified as a smoker if they answered “yes” to the
question “Have you ever smoked one or more cigarettes per day for six months or longer?”
Former vs. current smokers were distinguished by their smoking status on the reference
date; smoking duration and cigarette pack-years were calculated from the participant’s
answers to several follow-up questions. During the interview, the reference date was defined
as the date of the ALS diagnosis for cases and the date of the interview for controls.
However, to account for the fact that ALS cases may stop smoking due to early signs of the
disease, smoking data (duration, dose) reported within the last two years before the reference
date were excluded and smoking status (former vs. current) was determined based on the
reference date minus two years. Thus, 17 cases who quit smoking during the last two years
preceding their diagnosis were analyzed as current rather than former smokers. To maintain
the age matching of cases and controls with respect to the reference date, the same criterion
was applied to the controls, which led to 19 controls being analyzed as current rather than
former smokers.

An individual was classified as ever having experienced a head injury if they answered
“yes” to the question “Before reference date, have you ever had a head injury where you lost
consciousness or for which you received medical care?” Follow-up questions solicited
information on the age at each reported head injury, the duration of unconsciousness,
whether medical care was sought, and whether the injury required hospitalization. To
facilitate comparisons with recent epidemiologic studies of head injury and ALS (21), we
evaluated associations with the number of injuries, the age at which the last injury occurred,
and the interval between the last reported injury and the reference date. To reduce recall
bias, and to account for the fact that injuries reported by ALS cases may be due to early
signs of muscle weakness, any head injuries reported within two years of the reference date
were excluded. Given the short average duration between symptom onset and first diagnosis
for cases in this dataset (mean 15.9 months, median 10 months; Table 1), this was
essentially equivalent to disregarding any injuries reported during the year of symptom onset
or the year immediately preceding it, and moved five cases (four with definite or probable
ALS and one with PMA) into the reference group (“never injured”). Based on the same
rationale as outlined above for smoking, we also excluded head injuries reported by nine
controls within the last two years preceding the interview. Five of these controls were move
to the “never injured” reference group and the other four reported additional earlier head
injuries that were included in the analysis.

APOE genotypes were analyzed as three functional groups, comparing carriers of the
APOE-2 allele and carriers of the APOE-4 allele to the reference group of homozygous
APOE-3 carriers. Given the reported relationship between genotypes and total cholesterol
levels, the 2/4 genotype was included in the APOE-2 carrier group (44).

Statistical Methods
Unconditional logistic regression (SAS Institute Inc., Cary, NC) was used to estimate
associations of ALS with the variables of interest, adjusted for age, sex, race/ethnicity and
education. Categorical variables were initially derived from quartiles in controls, using
absence of exposure as the reference group. A linear relationship between age and the log-
odds of ALS was supported by (i) a plot of quartile-specific odds ratios by the midpoint age
of each quartile; (ii) a Lowess smoothed scatterplot of age; (iii) fractional polynomial
analysis (45).
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We adopted a previously used strategy to conduct a comprehensive gene-environment
interaction analysis (46), where statistical interaction is defined as a deviation from
multiplicative joint effects of two factors when a linear model is fit to the log-odds of
disease. We started with a saturated logistic regression model that included the relevant
potential confounders (age, sex, race/ethnicity, education) as well as all main effects and all
possible pairwise interaction (product) terms for the variables of interest: smoking status, the
interval between the last head injury and the reference date, and APOE genotype. By
successively deleting terms from the model, we performed several likelihood ratio tests for
the three factors of interest: an omnibus test of association with disease including main
effects and all possible pairwise interactions (ranging from 5 to 8 df); a test for any pairwise
interactions after accounting for the factor’s main effect (ranging from 4 to 6 df); and
specific pairwise interactions (1 df).

RESULTS
Clinical, Demographic and Exposure Frequency Information

Clinical and demographic information for the participants who completed the GENEVA
study interview is shown in Table 1. The diagnostic distribution and the median time
between symptom onset and diagnosis were very similar in the larger dataset of cases for
whom APOE genotypes were available (n=417; data not shown). The median survival from
diagnosis in these genotyped cases was 19 months, slightly shorter than the 22 months for
those who were also interviewed (Table 1). The latter result is based on 127 deaths (52.7%)
and a median follow-up time of 19.6 months. Frequency comparisons for the environmental
variables of interest are shown in Tables 2 and 3. As expected, the prevalence of both
cigarette smoking and head injuries was higher in GENEVA controls than in population-
based studies of civilian controls of similar age (ever vs. never smoking: 64.2% vs. 53.4% in
(4); at least one head injury: 31.0% vs. 16.4% in (21)). APOE genotypes were in Hardy-
Weinberg equilibrium in both cases and controls; their frequencies (Table 4) were similar to
previous reports for the relevant age groups (44;47;48). All frequency distributions were
very similar when the sample was restricted to non-Hispanic Caucasian cases and controls.

Association of ALS with Cigarette Smoking
Odds ratios (ORs) and 95% confidence intervals (CIs) for cigarette smoking variables are
shown in Table 2. The results were similar when PMA cases were included or excluded;
therefore, we present the results obtained with the larger sample size. There was no
association between ALS and cigarette smoking, analyzed as never vs. former vs. current
smoking. Similarly, ALS was not significantly associated with smoking duration and
cigarette pack-years.

Association of ALS with Head Injury
ORs and 95% CIs for variables related to head injury are shown in Table 3. The results were
similar when PMA cases were included or excluded; therefore, we present the results
obtained with the larger sample size. While the absolute number of head injuries (0, 1 or >1)
was not associated with ALS, having incurred at least one head injury at an older age was
associated with a significantly increased risk, with an OR of 1.88 (95% CI 1.15–3.08) for the
forth quartile derived from controls (>=29 years), relative to no head injuries. A stronger
association was observed with the interval between the last injury and the reference date,
with an OR of 2.09 (95% CI 1.23–3.57) for the first quartile (<=24 years). More specifically,
Figure 1 shows that more ALS cases than controls experienced head injuries during the last
15 years preceding the reference date, while intervals of the more distant past contained
similar proportions of cases and controls, and controls somewhat outweighed cases for
injuries reported more than 40 years ago. The ORs and 95% CIs for the first three intervals
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shown in Figure 1 were 1.62 (0.52, 5.08), 2.28 (0.59, 8.88) and 3.24 (1.15, 9.12),
respectively. As expected, the confidence intervals for these shorter intervals were larger
than for the quartile-based intervals due to the reduced sample size. Based on Figure 1, we
dichotomized the interval between the last injury and the reference date at 15 years, yielding
an OR of 2.33 (95% CI 1.18–4.61) for those injured within the last 15 years before the
reference date (Table 3). Importantly, the nature of the last reported injury was comparable
for cases and controls: Of the three questionnaire categories related to the severity of the
head injury (loss of consciousness, seeking of medical care, hospitalization), 61.8% of cases
and 61.5% of controls affirmed at least two of them. This result was similar when all injuries
reported by the participants, not just the last injury, were evaluated. Therefore, the observed
head injury association is unlikely to be due to under-reporting of mild injuries by controls.
Of the cases included in this analysis, 46.5% were identified as potential Registry
participants through a search of VA databases, while 53.5% were enrolled solely via self-
referral. The association with the interval “<=15 years between last injury and reference
date” was very similar when the 46.5% of actively recruited cases were evaluated against all
controls (OR 2.49, 95% CI 1.04–5.98) or when the 53.5% of passively recruited cases were
analyzed separately (OR 2.30, 95% CI 0.99–5.32).

Association of ALS with APOE Genotypes
Association results for APOE genotypes are shown in Table 4. Being a carrier of the
APOE-2 allele was associated with a slightly elevated ALS risk, compared to homozygous
carriers of the APOE-3 allele (OR 1.32, 95% CI 0.88–1.98), but this result did not reach
statistical significance. Carriage of the APOE-4 allele was not associated with ALS risk.
Restricting the analysis to non-Hispanic Caucasian subjects generated slightly lower ORs
(data not shown). Unlike previous studies (34–37), we did not observe significant
associations between APOE genotypes and site of onset (extremities vs. non-extremities), or
between APOE genotypes and age at diagnosis (data not shown).

Gene-Environment (GxE) Interaction Analysis
Given the results of the association tests described above, our initial model for GxE
interaction analysis included cigarette smoking as a binary variable (never vs. ever), head
injury as a three-category variable (years between injury and reference date: no injuries vs.
<=15 years vs. >15 years), and APOE genotypes as a three-category variable (homozygous
APOE-3 carriers vs. APOE-2 carriers vs. APOE-4 carriers). All results were adjusted for
age, sex, race/ethnicity and education. As shown in Table 5, the global tests of “main effect
plus interaction” indicated that the head injury variable had the greatest impact on the model
fit (likelihood ratio test (LRT) 12.2 on 8 df), followed by APOE genotypes (LRT 8.8 on 8
df). The inclusion of all possible pairwise interaction terms for these variables did not lead
to a significant improvement in model fit. However, there was weak evidence for gene-
environment interaction, since the association between ALS and the head injury variable
was stronger in APOE-4 carriers (LRT 2.7 on 1 df, p=0.10) than in APOE-2 carriers (LRT
0.2 on 1 df, p=0.68). With the quartile-based categories (no injuries vs. <=24 years vs. >24
years), the interaction between the head injury variable and APOE-4 carrier status reached
statistical significance (p=0.009). The genotype-specific ORs for the shorter (<=15 years)
interval between last head injury and reference date were 1.9 (95% CI 0.8–4.4) for 3/3
genotypes; 2.2 (95% CI 0.8–5.6) for APOE-2 carriers; and 7.5 (95% CI 1.4–41.3) for
APOE-4 carriers; the reference group for these ORs included subjects with APOE 3/3
genotypes who did not report any head injuries. These results were virtually identical when
cases identified through VA databases and self-referred cases were separately compared to
all controls. The 1 df test of interaction was slightly more significant when the sample was
restricted to non-Hispanic Caucasians, but the confidence intervals for the genotype-specific
ORs were approximately twice as wide due to a smaller sample size.
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DISCUSSION
Our predominantly male and Caucasian study population of US veterans has a higher head
injury and smoking prevalence than comparable civilian cohorts and a larger sample size
than most previous studies of ALS and environmental risk factors. In this population, we did
not detect any evidence for an association between ALS and various measures of cigarette
smoking. Since our dataset had 80% power (at α=0.05) to detect an OR of 1.6 for an
exposure prevalence of 64.2%, it is unlikely that the absence of a smoking association is due
to lack of statistical power. A previous prospective study (5) identified an association
between ALS and cigarette smoking only in women, which is consistent with the lack of
association in men observed here. The proportion of current smokers in our dataset is similar
to the US adult population, with reported rates of 22.6% for ages 45–64 years, 12.4% for
ages 65–74 years, and 5.7% for ages 75+ years, per 2008 National Health Interview Survey
(Table 25, http://www.cdc.gov/nchs/data/series/sr_10/sr10_242.pdf). Thus, a bias of our
sample towards a higher proportion of health-conscious individuals is unlikely.

In contrast to smoking, we identified a significant association between ALS and a shorter
interval between the last head injury and the reference date, relative to no reported head
injuries. This indicates that head injuries experienced during childhood or young adulthood
may not confer an increased ALS risk later in life. While head injuries experienced in later
adulthood may have a greater impact on risk, they may more likely be experienced by
individuals with a lifetime history of vigorous physical activity. Consistent with this
possibility, a previous study reported that ALS patients were approximately twice as likely
as controls to have always been slim or to have been varsity athletes (19). In addition to the
observed main effect, our results support the possibility of gene-environment interaction,
since the association between ALS and head injuries was stronger in APOE-4 carriers than
non-carriers. However, given the limited number of individuals in the genotype-specific
categories and the relatively wide confidence intervals, this result requires replication in a
larger dataset.

Most previous studies of ALS and head injury did not include a more detailed analysis of the
injury-to-onset interval or the age at which head injuries occurred. None of the studies
conducted to date examined APOE genotypes jointly with head injuries. Our results are
consistent with a recently reported trend for an increasing ALS association with a decreasing
number of years between the last head injury and ALS diagnosis, and with an increasing age
at the last injury (21). In that study, the strongest association was observed for the interval
“<=10 years between last injury and diagnosis” (OR 3.2, 95% CI 1.0–10.2), with a slightly
elevated risk for the interval 11–30 years. The same study also estimated a pooled OR of 1.7
(95% CI 1.3–2.2) for at least one previous head injury, based on a meta-analysis of eight
ALS studies. An Italian case-control study, which was not included in this meta-analysis,
also reported an increased risk of ALS when the last head injury occurred at an older age
and closer to the time of diagnosis (22). While the risk of head injuries is generally twice as
high in men as in women (49), several specific attributes of the GENEVA study population,
beyond its high proportion of men, may contribute to the higher prevalence of head injuries.
These include combat-related injuries during deployment to major conflicts, and
participation (before, during or after military service) in individual or competitive team
sports that carry an increased risk of head injuries. The latter category includes professional
or intense recreational soccer playing, which has been associated with ALS in some reports
(17;50). In our dataset, a descriptive comparison of individuals in the “at risk” group (<=15
years between injury and reference date) and those not included in this group was consistent
with both possibilities: a higher proportion (61% vs. 38%) were deployed to at least one
major conflict (World War II, Korean War, Vietnam War, Persian Gulf War); a higher
proportion (55% vs. 34%) had received imminent danger pay for active duty status in an
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area that presented an imminent danger of being exposed to hostile fire or explosion of
hostile mines; a higher proportion (13% vs. 7%) reported combat-related body injuries
during deployment to a major conflict; and a higher proportion (71% vs. 58%) reported
lifetime participation in the following list of sports: football, soccer, baseball, softball,
basketball, hockey, lacrosse, rugby, water polo, boxing, wrestling, and martial arts.

Head injury has also been evaluated as a risk factor for other neurodegenerative diseases. A
meta-analysis of 15 studies yielded an estimated OR for AD of 1.6 (95% CI 1.2–2.1) due to
ever having sustained a head injury with loss of consciousness (51), and supported an earlier
hypothesis that this effect may be restricted to males (52). Synergistic effects of head injury
and APOE genotypes in AD were reported by some (30–32), but not all studies (53;54). In a
population-based study of PD, an OR of 4.3 (95% CI 1.2–15.2) was reported for head
injuries leading to loss of consciousness or hospitalization, as documented in medical
records (55). A study of 93 twin pairs who were discordant for PD replicated this association
with a similarly large effect size (OR 3.8, 95% CI 1.3–11.0) (56). All twin pairs were male
veterans and had served primarily in World War II and the Korean War; the head injury
prevalence in this dataset was 22.5%. To the best of our knowledge, the joint effect of
APOE genotypes and head injury on PD risk has not yet been examined.

As previously discussed (56), there are multiple biological mechanisms by which head
injuries may trigger the molecular pathways leading to neuronal degeneration. They range
from inflammatory and glutamate excitotoxicity pathways (57;58), which increase the
metabolic demands of neurons and microglia, to oxidative stress pathways that may impact
mitochondrial function (59). While the concept of biological interaction differs from that of
statistical interaction (60), modifying effects of the different apoe protein isoforms on these
pathways are biologically plausible and have been evaluated in experimental model systems
(61). Our observed statistical association supports a continued evaluation of apoe as a
potential “injury-response” protein in experimental studies of motor neuron degeneration
(62). Consistent with previous epidemiologic studies of head injury in PD (55;56) and ALS
(21), our data also support the existence of a relatively long period of latency between injury
and ALS onset, since head injuries up to 15 years before the reference date contributed to
the observed increased odds of ALS. This opens up the possibility of implementing
therapeutic measures that may prevent the neurodegenerative cascade triggered by such
injuries from fully unfolding. For example, an investigation of non-steroidal anti-
inflammatory medications, for which a protective effect has been reported in PD (63;64),
may be an important area of future research for ALS that has only recently begun to be
explored (40).

Limitations of our study include the fact that it is not population-based, that enrollment
methods of cases and controls were not identical, and that the case enrollment methods may
have increased the proportion of more slowly progressing individuals in the analysis sample.
However, while the median survival time (22 months from diagnosis based on follow-up
efforts to date, Table 1) was higher in the incident cases who participated in both the sample
collection and study interview than in those who did not, it is well within the range reported
by several population-based studies, which extends from 16 months (65;66) to 28 months
(67), with most studies reporting values between 19 and 23 months (68–70). Although the
control participation rate of 41% is less than ideal, Supplemental Table 1 shows that the
primary difference between the controls included in this analysis, those who refused to
participate, and those who were non-responsive to study invitations is the age distribution,
with a mean age of 61.7 in the participants (22.4% in the 18–54 years range), 61.1 in
refusers (27.2%), and 53.7 (48.9%) in non-responders. The apparent greater difficulty of
contacting and successfully recruiting younger veterans likely explains other observed
differences between these three groups in terms of VA health care, military branch and
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service period (Supplemental Table 1). However, it is reassuring that the age difference
between participants and refusers is negligible, and that the enrolled controls are very well
matched by age to the subset of incident cases included in the present analysis (Table 1). An
additional study limitation is that we did not query participants about the context of the
reported head injuries and do not have access to more detailed medical or military records
about the nature and severity of these injuries. Therefore, we cannot comment on whether or
not the head injuries were combat-related or due to other characteristics of the study sample
(e.g., participation in individual or competitive team sports that carry an increased risk of
head injuries, as mentioned above). However, the fact that the nature of the reported injuries
was very similar for cases and controls suggests that the result cannot be solely explained by
recall bias, which would be expected to lead to under-reporting of milder injuries by
controls. Strengths of our study include its relatively large sample size, the availability of
some information about the nature and severity of the reported head injuries, and the age at
which they occurred, and the ability to evaluate genetic and environmental risk factors
simultaneously. While pooled genome-wide association studies (GWAS) of thousands of
individuals are just now beginning to yield credible results that can be replicated in
independent and similarly large datasets (71), the success of GWAS in ALS has been much
more limited than for other complex human diseases. This may partially be due to an
important role of environmental risk factors, which have been completely ignored in all of
the ALS GWAS studies published to date.

In summary, our results add to the existing body of evidence suggesting that head injuries
may play an important role in multiple neurodegenerative diseases, including ALS. A novel
finding of our study is the possibility that APOE genotypes may modify the association
between ALS and head injuries experienced during adulthood, as previously proposed for
AD. It would be worthwhile to test this hypothesis with future epidemiologic studies of
ALS.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Histogram of interval between last head injury and reference date for 79 cases and 183
controls who reported at least one head injury and provided sufficient information to
calculate the interval of interest.
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Table 1

Demographic and clinical characteristics of study participants. Table entries are percentages, unless otherwise
indicated.

Cases (n=241) Controls (n=597)

Diagnosis Definite/probable ALS 74.7 -

Possible ALS 10.0 -

Lower motor neuron symptoms only (PMA) 15.4 -

Median time from symptom onset to diagnosis
(months)

10.0 -

Median survival from diagnosis (months) 22.0 -

Male 97.9 94.1

Age (at diagnosis for cases, at interview for
controls): Mean (SD)

62.4 (10.3) 61.7 (10.6)

Race/ethnicity Non-Hispanic White 94.6 88.4

Non-Hispanic Black 2.5 4.5

Hispanic 0.4 3.5

Multiple 2.1 1.8

Other/unknown 0.4 1.7

Use of VA health care# 42.7 40.0

Application for VA benefits# 79.7 84.6

Education High school or less 38.6 32.2

More than high school, less than college degree 22.4 23.6

College degree or more 39.0 44.2

Years of schooling: Mean (SD) 14.9 (2.8) 15.3 (3.2)

Branch with longest service Air Force 22.8 22.4

Army 41.1 33.5

Marines 9.5 8.4

Navy 18.7 18.8

Coast Guard 0.8 1.2

Activated Reserves 2.9 4.4

Activated Guard 1.2 3.0

Other 2.5 8.4

Years of service: Mean (SD) 8.2 (9.4) 9.7 (9.1)

Deployment World War II 3.7 2.0

Korea 5.4 6.0

Vietnam 26.1 29.8

Persian Gulf War 2.1 2.0

Not deployed to any of the above conflicts 59.8 60.3

#
Prior to diagnosis for cases; prior to interview for controls.
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Table 2

Association of ALS and cigarette smoking. Table entries for cases and controls are percentages. Odds ratios
(ORs) adjusted for age (continuous), sex, race/ethnicity (non-Hispanic Caucasian vs. all others) and education
(high school degree or less, more than high school but less than college degree, more than college degree).

Cases (n=241) Controls (n=597) OR (95% CI)

Smoking status Never 33.8 35.8 1.0

Former 50.2 47.1 1.02 (0.71, 1.46)

Current 16.0 17.1 0.90 (0.56, 1.46)

Smoking duration (years) 0 (never-smoker) 34.4 35.9 1.0

<13.0 17.6 16.0 1.12 (0.71, 1.78)

13.0–23.4 18.1 15.5 1.10 (0.69, 1.74)

23.5–35.4 15.0 14.7 0.96 (0.59, 1.58)

>=35.5 15.0 17.9 0.74 (0.45, 1.21)

Cigarette pack-years 0 (never-smoker) 34.5 36.0 1.0

<11.8 18.6 15.9 1.21 (0.77, 1.91)

11.8–23.5 12.8 16.0 0.80 (0.48, 1.32)

23.6–41.3 19.9 16.0 1.14 (0.72, 1.81)

>=41.4 14.2 16.0 0.74 (0.45, 1.23)
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Table 3

Association of ALS and head injury. Table entries for cases and controls are percentages. Odds ratios (ORs)
adjusted for age (continuous), sex, race/ethnicity (non-Hispanic Caucasian vs. all others) and education (high
school degree or less, more than high school but less than college degree, more than college degree).

Cases (n=241) Controls (n=597) OR (95% CI)

Number of head injuries Never injured 65.2 69.0 1.0

1 24.8 20.8 1.26 (0.87, 1.83)

>1 10.0 10.2 1.05 (0.62, 1.78)

Age at last injury (years) Never injured 65.8 69.2 1.0

<=13 5.3 6.8 0.84 (0.43, 1.66)

14–19 10.1 7.6 1.31 (0.76, 2.26)

20–28 4.8 8.5 0.61 (0.30, 1.21)

>=29 14.0 8.0 1.88 (1.15, 3.08)

Years between last injury and reference date Never injured 65.8 69.2 1.0

<=24 11.4 7.3 2.09 (1.23, 3.57)

25–37 9.2 7.3 1.47 (0.84, 2.58)

38–48 7.5 8.0 0.77 (0.40, 1.47)

>=49 6.1 8.3 0.69 (0.37, 1.30)

Years between last injury and reference date (dichotomized based
on Figure 1)

Never injured 65.8 69.2 1.0

<=15 7.5 3.6 2.33 (1.18, 4.61)

>15 26.8 27.3 1.03 (0.72, 1.47)
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Table 4

Association of ALS and APOE genotypes. Entries for cases and controls are percentages. Odds ratios (ORs)
adjusted for age (continuous), sex, race/ethnicity (non-Hispanic Caucasian vs. all others).

Cases (n=417) Controls (n=482) OR (95% CI)

APOE genotypes 2/2 0.5 0.4

1.32 (0.88, 1.98)2/3 13.2 8.5

2/4 1.0 2.5

3/3 63.8 65.4 1.0

3/4 19.4 19.9
0.95 (0.69, 1.32)

4/4 2.2 3.3

APOE alleles 2 7.6 5.9

3 80.1 79.6

4 12.4 14.5
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Table 5

Likelihood ratio tests (LRTs) of main effects and interactions for 221 ALS cases and 476 controls. Table
entries are LRT statistics of model term deletions from a logistic regression model for ALS case-control status
(see text for explanation). df: degrees of freedom.

Variable Effect tested LRT df P value

A. Overall tests

Years between last injury and reference date (three levels) Main effect+interaction 12.2 8 0.14

Interaction 5.3 6 0.50

Smoking (two levels) Main effect+interaction 4.0 5 0.54

Interaction 4.0 4 0.41

APOE genotype (three levels) Main effect+interaction 8.8 8 0.36

Interaction 8.3 6 0.21

B. Specific pairwise interactions

Years between last injury and reference date × APOE genotype <=15 yrs since injury × APOE-2 carrier 0.2 1 0.68

>15 yrs since injury × APOE-2 carrier 0.0 1 1.0

<=15 yrs since injury × APOE-4 carrier 2.7 1 0.10

>15 yrs since injury × APOE-4 carrier 1.8 1 0.17

Smoking × APOE genotype Smoking × APOE-2 carrier 2.5 1 0.11

Smoking × APOE-4 carrier 0.3 1 0.60

Years between last injury and reference date × smoking <=15 yrs since injury × smoking 0.4 1 0.52

>15 yrs since injury × smoking 0.2 1 0.63
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