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Abstract: Background/Objectives: To examine if head injury (HI) is associated with
age at ALS diagnosis in the United States. Methods: In this cross-sectional populationf-
based analysis, we identified patients with ALS who were registered from 2015 to 2023
who completed the Registry’s head trauma survey module. The association between
HI and age at ALS diagnosis was assessed using multivariate analysis. Results: Of the
3424 respondents, 56.6% had experienced a HI. The adjusted odds ratio (aOR) for an ALS
diagnosis before age 60 years for patients with a HI was 1.24 (95% CI, 1.07–1.45). One or
two HIs had an aOR of 1.15 (95% CI, 0.97–1.36), and five or more HIs had an aOR of 1.58
(95% CI, 1.19–2.09). HI before age 18 years yielded an aOR of 2.03 (95% CI, 1.53–2.70) as
well as HI between the ages of 18 and 30 years (aOR = 1.48, 95% CI: 1.06–2.06)). When
narrowing the analysis to patients with HI before age 18 compared with patients with
no HI, we found an association with HI that led to an emergency department or hospital
visit (aOR = 1.50 (95% CI: 1.21–1.86)). Conclusions: In this cross-sectional analysis of ALS
patients, HIs occurring in childhood and early adulthood and the number of HIs increased
the odds of being diagnosed before age 60 years. These results suggest that HI continues to
be a risk factor for ALS and could be associated with a younger age of diagnosis.

Keywords: amyotrophic lateral sclerosis; head injury; age of diagnosis; traumatic brain
injury; epidemiology

1. Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that leads to

progressive limb and bulbar weakness, respiratory impairment, and death, generally
within three to five years from the onset of symptoms. The incidence of ALS in the United
States [1] is estimated at one to two per 100,000 person-years, and the lifetime risk is
estimated to be one in 400 persons [2]. The average age of onset is age 58–63 years for
sporadic ALS cases [3,4], with a diagnosis occurring approximately nine to 14 months
after symptom onset [5]. There is great interest in identifying potential risk factors for
ALS [6]. The current understanding of risk factors include male sex, smoking, and military
service. Other potential risk factors include exposure to heavy metals, pesticides, high
BMI and nutritional state, β-N-methylamino-l-alanine (BMAA) [7], high levels of physical
activity [8–10], and head injury (HI) [11].
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HI refers to any transfer of mechanical injury to the head through external forces and
exists along a spectrum of severity. When accompanied by specific clinical signs, symp-
toms, and laboratory or radiographic findings, HI may meet the criteria for a diagnosis of
traumatic brain injury (TBI) [12]. Previous work suggests a possible association between
history of TBI [12], especially moderate or severe injury, and increased risk of neurode-
generative diseases such as dementia and Parkinson’s disease [11,12]. TBI is thought to
trigger neurodegeneration through a cascade of oxidative stress, dysregulated proteostasis,
neuroinflammation [13], and TDP-43 mislocalization [14]. While the association between
mild TBI and neurodegenerative disease is less strong, there is evidence suggesting that
repetitive mild TBI is associated with an increased risk for neurodegenerative diseases such
as chronic traumatic encephalopathy (CTE) [15]. For the purposes of this paper, HI will be
used as a general term to refer to an exposure consisting of any trauma to the head region.

Previous studies have explored the association between HI and ALS, but the relation-
ship remains inconclusive. Due to the higher incidence of ALS in military veterans, raising
concerns about occupational exposure to HI, several studies have also focused on TBI in
active-duty service members and veterans [16–19]. Meta-analyses in 2007 [20], 2017 [21],
and 2021 [22] have summarized earlier epidemiological reports on this association. In addi-
tion, there is interest in histopathological overlap with accumulations of TAR DNA-binding
protein 43 (TDP-43) and cytosolic accumulations in both HI and ALS [23]. An animal model
involving SOD1 mice found early onset of ALS with repetitive mild HI [24], suggesting
potential interplay between genetic risk factors and environmental triggers. Despite the
growing evidence suggesting an association between HI and ALS, some studies have
reported conflicting results. A meta-analysis conducted by Perry et al. found no significant
association between HI and ALS risk in four studies [25]. Questions have also been raised
about “reverse causation” due to the often-short time interval between HI and the diagnosis
of ALS [21]. It is possible that early undiagnosed weakness from ALS could be the cause
rather than the effect of HIs [21]. The meta-analyses conducted by Watanabe and Watanabe
concluded that the association between ALS and TBI weakened when excluding cases with
very short time lag (<1 year) between events [16]. Another meta-analysis reached similar
conclusions in support of reverse causation, reporting a strong association between ALS
risk and HIs that occurred for less than one year, while the association weakened when the
time lag was set at fixed intervals greater than one year [22].

Due in part to the increasing awareness of late sequelae of HI, there has been an
increase in research on the identification and prevention of sports-related and youth con-
cussions [23]. Postmortem examinations of youth contact athletes who died before age
30 years [26] have shown evidence of CTE. Previous studies have examined the association
between youth or nonprofessional athletics and a diagnosis of ALS [27–29], but the correla-
tion appears to be weaker than with professional athletics [30]. A systematic review found
no conclusive evidence relating repetitive sports-related concussion in amateur athletes
to a diagnosis of neurological disease [31]. The aim of this data analysis was to examine
whether HI is associated with age at ALS diagnosis in the United States based on analyzed
survey data from the National ALS Registry web portal.

2. Materials and Methods
2.1. Analytic Population

In 2008, Congress authorized the establishment of the National ALS Registry (Reg-
istry) [32] through the federal Agency for Toxic Substances and Disease Registry (ATSDR),
an environmental health agency administratively linked to the Centers for Disease Control
and Prevention (CDC) [33]. The Registry was tasked with identifying epidemiologic trends,
examining environmental and occupational factors that could be associated with ALS,
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and determining the disease’s public health burden [1]. While details about the Registry’s
objectives are presented elsewhere [34], briefly, the Registry’s purpose is to quantify the in-
cidence and prevalence of ALS in the United States, describe the patient demographics, and
examine potential risk factors [35]. In October 2010, ATSDR launched the Registry [1]. To
verify the ALS status of people who enroll online to the Registry, ATSDR uses six questions
from the U.S. Department of Veterans Affairs ALS registry, which are reliable indicators for
accurate ALS diagnoses [36].

Persons enrolling online can complete exposure modules that currently consist of
18 surveys related to possible risk factors for ALS (e.g., environmental exposure, job history,
physical activity, pesticide use, head and neck injuries) [37]. These surveys were designed
by the ALS Consortium of Epidemiologic Studies [38] at Stanford University [39,40] and do
not require a healthcare provider’s help to complete [41]. To date, more than 100,000 surveys
have been completed, representing the largest, most geographically diverse collection of
ALS risk factor data available.

The Registry’s head trauma survey module launched on December 1, 2014. Partici-
pants are determined to have head trauma via the following question: “Have you ever
had an injury to your head or neck?”. The module examines all types of HIs including
severity and how the HI occurred throughout their lifetime. The survey contains eight
questions assessing HIs prior to ALS diagnosis and covers the number of HIs, severity, and
when and how the HI occurred (car crash, fall, fight, and explosion). Patients who had
registered before the survey launched were able to log back in and take the survey. If the
patient did not respond to a question about military history, for example, they would show
missing information for that variable. Therefore, this analysis included HI data completed
by patients between 1 December 2014 and 31 December.

2.2. Outcomes

The main predictor variable for this analysis was the self-report of a HI (yes/no).
The primary outcomes were: age at ALS diagnosis, number of HIs, age at first HI, loss of
consciousness (yes/no), time spent unconscious (no loss of consciousness, <5 min, 5–59 min,
1–24 h), HI requiring emergency department or hospitalization (yes/no), HI causing a skull
fracture (yes/no), HI causing a seizure (yes/no), and HI causing memory loss (yes/no).
We used prior to 60 years to define early diagnosis—ALS can affect people at any age, but
sporadic cases typically start around then [42]. A secondary outcome included patients
with ALS younger than 60 years who had a HI before the age of 18.

2.3. Covariates

Selected demographic characteristics including race, age at diagnosis, body mass index
(BMI), military status (yes/no), and physical activity level not related to their occupation
(never vigorous activity/vigorous activity) were abstracted for those who completed the
HI survey module. Because of the high percentage of persons who were White, the
race was coded as “White”, “Black”, or “Other”. If participants selected more than one
race, we categorized them as “Other”. BMI was calculated with the standard formula:
BMI = weight (lb)/[height (in)] 2 × 703 [43].

2.4. Statistical Analysis

We analyzed diagnosis before age 60 years versus at or after age 60 years. We used
adjusted logistic regression models to estimate the odds ratios (ORs) and 95% confidence
intervals [44] for multivariate analysis. Backward elimination was used to establish the final
reduced logistic regression model. We included variables into the final model only if their
p-value was <0.05. The excluded variables did not meaningfully impact the estimated odds
ratios of the variables retained in the final model. The models adjusted for number of HIs,
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age at first HI (<18, 18–39, 40+), loss of consciousness (none, less than 5 min, less than one
hour, less than one day, longer than one day), emergency department (ED) or hospitalization
from HI (yes/no), skull fracture (yes/no), seizure history from HI (yes/no), memory
loss (yes/no), sex (male/female), race, ethnicity (Non-Hispanic/Hispanic), education
(high-school or less, some college or trade school degree, Bachelor’s degree or more),
vigorous physical activity, military history, and BMI at age 40 years (below/ideal weight,
overweight/obese). Categorical variables were assessed with Chi-square tests. Statistical
significance was considered at 0.05. We performed all data analysis using SAS 9.4 [45].

3. Results
From the start of the HI survey, 5866 adults (53% of those who had enrolled) completed

at least one of the Registry’s 18 surveys. Of these individuals, 3424 (58%) completed the
head trauma survey and the basic demographic survey. Of those who responded to both,
1937 (56.6%) reported a history of HI. Table 1 lists the demographic characteristics of these
3424 patients, stratified by HI. Some 42.6% of respondents with a history of HI and 38.1% of
those with no HI were diagnosed with ALS before the age of 60 years (p < 0.001). Persons
with history of HI were statistically more likely to be males (60.5%) compared with those
without HI (51.5%) (p < 0.001). ALS patients with HI exposure were also more likely to be
White (97.3% vs. 95.3%, p = 0.008).

Patients with HI were more likely to be overweight/obese at age 40 years and at time
of registration than the patients without HI (age 40 years: p = 0.03, at time of registration:
p = 0.002) (Table 1). Military history was not significantly different for those reporting HI
(p = 0.66). Respondents with HI were more likely to engage in vigorous leisure physical
activity compared with those without HI exposure (88.9% vs. 84.0%, p < 0.001) (Table 1).

Table 2 shows the association of HI events (history of head trauma, number of injuries,
and complications) with an ALS diagnosis before the age of 60 years. Patients with HI,
either before or after ALS diagnosis, had 22% higher odds of developing ALS before the
age of 60 years than those without HI (aOR = 1.22, 95% CI: 1.06–1.41, p = 0.007). However,
via a sensitivity analysis, the adjusted odds ratio of 1.22 could be explained away by
an unmeasured confounder that was associated with both the head injury and the ALS
diagnosis before the age of 60 by an odds ratio of 1.7-fold each, above and beyond the
measured confounders, but weaker confounding could not do so. The odds of a diagnosis
before age 60 years increased monotonically with the number of HIs. In the crude and
adjusted models, patients with one or two injuries were not statistically different from
patients with no HI (aOR = 1.13, 95% CI: 0.96–1.33, p = 0.14). With five or more injuries,
there was a 53% higher odds of diagnosis before age 60 years (aOR = 1.53, 95% CI: 1.11–2.00,
p = 0.002). In the crude model, those patients with a HI before age 18 years were twice
as likely to be diagnosed before age 60 years than those who experienced HI as an adult
(aOR = 2.03, 95% CI: 1.53–2.70, p < 0.001). Patients who experienced HI between the ages of
18 and 39 years also had a higher odds of being diagnosed with ALS before age 60 years
compared with those with HI at or after age 40 (aOR = 1.48, 95% CI: 1.06–2.06, p = 0.02).
When examining complications from HI, we found that loss of consciousness and skull
fracture were statistically significant in the crude models, but only loss of consciousness
remained statistically significant after adjustment (aOR = 1.44, 95% CI: 1.18–1.75, p < 0.001).
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Table 1. Demographics of ALS patients a (n = 3424) stratified by head injury (HI), National ALS
Registry, United States, December 2014–December 2023.

Characteristic
No. (%)

Overall
(N = 3424)

Patients with HI (n
= 1937)

Patients Without HI
(n = 1487) p Value

Age at ALS diagnosis (years) <0.001
18–39 101 (3.0) 53 (2.7) 48 (3.2)
40–49 335 (9.8) 195 (10.1) 140 (9.4)
50–59 956 (27.9) 577 (29.8) 379 (25.5)
60–69 1336 (39.0) 758 (39.1) 578 (38.9)
70–79 624 (18.2) 327 (16.9) 297 (20.0)
≥80 72 (2.1) 27 (1.4) 45 (3.0)
Sex <0.001
Male 1936 (56.5) 1171 (60.5) 765 (51.5)
Female 1488 (43.5) 766 (39.5) 722 (48.5)
Race b 0.008
White 3303 (96.5) 1885 (97.3) 1418 (95.3)
Black 54 (1.6) 22 (1.1) 32 (2.2)
Other 67 (2.0) 30 (1.6) 37 (2.5)
Ethnicity 0.04
Non-Hispanic 3331 (97.3) 1894 (97.8) 1437 (96.6)
Hispanic 93 (2.7) 43 (2.2) 50 (3.4)
BMI at registration 0.002

Below/ideal weight 1150 (33.8) 607 (31.6) 543 (36.6)
Overweight/obese 2254 (66.2) 1314 (68.4) 940 (63.4)

BMI at age 40 0.03
Below/ideal weight 1105 (33.6) 597 (32.0) 508 (35.6)
Overweight/obese 2188 (66.4) 1268 (68.0) 920 (64.4)

Education level <0.001
High-school or less 517 (15.1) 282 (14.6) 235 (15.8)
Some college or trade school
degree 772 (22.6) 486 (25.1) 286 (19.2)

Bachelor’s degree or more 2135 (62.3) 1169 (60.3) 966 (65.0)
Leisure physical activity
level <0.001

Never vigorous activity 441 (13.2) 211 (11.1) 230 (16.0)
Vigorous activity 2893 (86.8) 1685 (88.9) 1208 (84.0)
Military status 0.66
Yes 554 (16.2) 323 (16.7) 231 (15.6)
No 2867 (83.8) 1613 (83.3) 1254 (84.4)

a ALS patients who completed the HI survey. b Other races included Asian, Native American/Alaska Native, and
Unknown.

When stratifying by loss of consciousness duration, less than five minutes was the only
category that was statistically associated with ALS being diagnosed before age 60 years (in
the crude model, aOR = 1.62, 95% CI: 1.27–2.06, p < 0.001) compared with those without
loss of consciousness.
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Table 2. Crude and adjusted odds ratios for an ALS diagnosis before age 60 years, National ALS
Registry a, United States, December 2014–December 2023.

Outcome Number (N = 3424) Crude OR
(95% CI) p Value Adjusted OR

(95% CI) b p Value

Head injury, any
mechanism (HI)
Yes c 1937 1.20 (1.05, 1.38) 0.008 1.22 (1.06, 1.41) 0.007

0 injuries 1487 1.00 (ref) 1.00 (ref)
1–2 injuries 1275 1.10 (0.94, 1.28) 0.24 1.13 (0.96, 1.33) 0.14
3–4 injuries 372 1.32 (1.05, 1.66) 0.02 1.31 (1.03, 1.67) 0.03
5+ injuries 292 1.59 (1.24, 2.05) <0.001 1.53 (1.17, 2.00) 0.002

Age at first HI (years)
<18 1171 2.29 (1.75, 2.99) <0.001 2.03 (1.53, 2.70) <0.001
18–39 466 1.83 (1.34, 2.48) <0.001 1.48 (1.06, 2.06) 0.02
40+ 348 1.00 (ref) 1.00 (ref)

Loss of consciousness
Yes 538 1.38 (1.15, 1.66) <0.001 1.44 (1.18, 1.75) <0.001

Time unconscious
No loss of
consciousness 2721 1.00 (ref) 1.00 (ref)

< 5 min 334 1.56 (1.24, 1.96) <0.001 1.62 (1.27, 2.06) <0.001
5–59 min 95 1.01 (0.66, 1.53) 0.97 1.06 (0.69, 1.63) 0.79
1–24 h 34 1.40 (0.71, 2.77) 0.33 1.65 (0.82, 3.35) 0.16
Longer than 1 day 21 1.18 (0.50, 2.82) 0.70 1.32 (0.55, 3.19) 0.54

HI requiring emergency department or hospitalization c

Yes 861 1.13 (0.96, 1.32) 0.13 1.15 (0.98, 1.36) 0.09

HI causing a skull fracture c

Yes 70 1.75 (1.09, 2.82) 0.02 1.55 (0.93, 2.60) 0.09

HI causing a seizure c

Yes 20 1.46 (0.61, 3.53) 0.40 1.66 (0.67, 4.12) 0.27

HI causing memory
loss c

Yes 106 1.32 (0.89, 1.94) 0.17 1.28 (0.85, 1.91) 0.24
a ALS patients who completed the HI survey. b Adjusted model, controlling for sex, race, ethnicity, education,
vigorous physical activity, military history, and BMI at age 40. c Referent group was no HI. Significant associations
are bolded.

Table 3 compares the respondents who experienced a HI before age 18 years to those
who never had any HI, since this age group had the highest adjusted odds of any age
group. Age 64 years was the median age at diagnosis of ALS for respondents without
HI. White, Non-Hispanic, and male respondents were more likely to have a HI exposure
before age 18 years than the respondents without HI (race: p = 0.001, ethnicity: p = 0.01, sex:
p < 0.001). Vigorous leisure physical activity and a high BMI (overweight or obese) were
also associated with HI exposure before age 18 years (physical activity: p < 0.001, BMI at
age 40: p < 0.001, BMI at registration: p < 0.001).
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Table 3. Demographics of ALS patients a (n = 2456) stratified by those who experienced head injury
(HI) before age 18 years and those never experiencing HI, December 2014–December 2023.

Characteristic

No. (%)

Patients with HI
Before 18 Years (n = 1171)

Patients
Without HI
(n = 1487)

p Value

Median age at ALS diagnosis 59 64 0.05
Age at diagnosis (years) <0.001
18–39 38 (3.2) 48 (3.2)
40–49 133 (11.4) 140 (9.4)
50–59 379 (32.4) 379 (25.5)
60–69 442 (37.8) 578 (38.9)
70–79 169 (14.4) 297 (20.0)
≥80 10 (0.8) 45 (3.0)
Sex <0.001
Male 776 (66.3) 765 (54.5)
Female 395 (33.7) 722 (48.5)
Race b 0.001
White 1147 (98.0) 1418 (95.4)
Black 10 (0.9) 32 (2.1)
Other 14 (1.1) 37 (2.5)
Ethnicity 0.01
Non-Hispanic 1150 (98.2) 1437 (96.7)
Hispanic 21 (1.8) 50 (3.3)
BMI at registration <0.001

Below/ideal weight 336 (28.9) 543 (36.6)
Overweight/obese 825 (71.1) 940 (63.4)

BMI at age 40 years <0.001
Below/ideal weight 328 (29.2) 508 (35.6)
Overweight/obese 794 (70.8) 920 (64.4)

Education level <0.001
High-school or less 146 (12.5) 235 (15.8)
Some college or trade school degree 303 (25.9) 286 (19.2)
Bachelor’s degree or more 722 (61.6) 966 (65.0)
Leisure physical activity level <0.001
Never vigorous activity 103 (8.9) 230 (16.0)
Vigorous activity 1049 (91.1) 1208 (84.0)
Military status 0.38
Yes 200 (17.1) 231 (15.6)
No 971 (92.9) 1254 (84.3)

a ALS patients who completed the HI survey. b Other races included Asian, Native American/Alaska Native,
and Unknown.

Table 4 shows the crude and adjusted odds ratios for respondents with an ALS diag-
nosis before age 60 years for patients with at least one HI prior to the age of 18 years. In
the crude model, patients with HI before age 18 years had an almost 50% higher odds of
developing ALS before age 60 years (aOR = 1.45, 95% CI: 1.23–1.71, p < 0.001) compared
with ALS patients without HI. In Table 2, the number of HIs was not significant until the
individual had three or more HIs. However, when we examined only the respondents with
HIs before age 18 years, those respondents with one or two HIs, with the first before age
18 years, had an almost 30% higher odds of being diagnosed before age 60 years compared
with the respondents with no HIs (in the adjusted model, aOR = 1.28, 95% CI: 1.05–1.56,
p = 0.015). The odds of a diagnosis before age 60 increased further among those with five or
more HIs (in the adjusted model, aOR = 1.70, 95% CI: 1.28–2.26, p < 0.001) for patients with
HI before age 18. Respondents with HIs before age 18 years reporting complications such
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as loss of consciousness, ED visit or hospitalization, and skull fracture were statistically
significant in the crude models to have an ALS diagnosis before age 60. After adjustments,
only loss of consciousness and a visit to the ED or hospital remained statistically significant.
When stratifying by length of time of unconsciousness, again, less than five minutes was
the only statistically significant category for respondents with HI before age 18 years who
were diagnosed with ALS before age 60 years (in the adjusted model, aOR = 1.83, 95% CI:
1.37–2.44, p < 0.001) when compared with patients without loss of consciousness. When
considering all ages for HI exposure requiring an ED or hospitalization, the adjusted odds
of being diagnosed with ALS before age 60 years (Table 2) were only slightly elevated and
not statistically significant (aOR = 1.13, 95% CI: 0.96–1.32, p = 0.13). However, for those
with HI requiring ED or hospitalization before 18 years, the odds remained significant after
adjustment (in the adjusted model, aOR = 1.50, 95% CI: 1.21–1.86, p < 0.001). For all four
mechanisms of HI (car crash, fall, fight, and explosion), there was a strong association be-
tween age at time of first HI and ALS diagnosis before age 60 years (Figure 1). Respondents
with their first HI exposure from a car crash before age 18 years had the odds of an ALS
diagnosis before age 60 years of 1.48 (95% CI: 1.20–1.82) times that of the respondents with
no head injury (from any mechanism). A first HI from a car crash at or after age 40 years
was not associated with a higher odds ratio of ALS diagnosis before age 60 years (OR = 0.87,
95% CI: 0.33–1.39) when compared with individuals without a head injury. We observed a
similar pattern for HI from falls and fights. The odds of being diagnosed with ALS before
age 60 years for respondents with HI by explosion remained constant (around the null
value), regardless of the age at the time of the explosion (Figure 1).
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Figure 1. Adjusted odds ratios for ALS by age at time of first head injury relative to ALS diagnosis
before age 60 years, United States, December 2014–December 2023. Patients were respondents from
the National ALS Registry who completed the HI survey, n = 3424. The reference group comprised
persons in the ALS Registry without head injury. Vertical bars represent 95% confidence intervals.
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Table 4. Crude and adjusted odds ratios for an ALS diagnosis before age 60 years for ALS patients
with head injury (HI) before age 18 years compared with those diagnosed at or after age 60, National
ALS Registry, December 2014–December 2023.

Number Crude
OR (95% CI) p Value Adjusted

OR (95% CI) a p Value

HI
Yes 1171 1.44 (1.23, 1.70) <0.001 1.45 (1.23, 1.71) <0.001
0 injuries b 1487 1.00 (ref) 1.00 (ref)
1–2 injuries 653 1.23 (1.02, 1.49) 0.03 1.28 (1.05, 1.56) 0.01
3–4 injuries 266 1.70 (1.31, 2.21) <0.001 1.69 (1.29, 2.23) <0.001
5+ injuries 252 1.79 (1.37, 2.33) <0.001 1.70 (1.28, 2.26) <0.001
Loss of consciousness
Yes/No 350 1.48 (1.18, 1.85) <0.001 1.55 (1.22, 1.96) <0.001
Time unconscious
No loss of
consciousness 2183 1.00 (ref) 1.00 (ref)

<5 min 227 1.74 (1.32, 2.29) <0.001 1.83 (1.37, 2.44) <0.001
5–59 min 58 1.06 (0.62, 1.79) 0.84 1.10 (0.64, 1.90) 0.72
1–24 h 25 1.38 (0.63, 3.04) 0.42 1.66 (0.74, 3.70) 0.22
HI requiring emergency department or hospitalization
Yes c 453 1.52 (1.24, 1.86) <0.001 1.50 (1.21, 1.86) <0.001
HI causing a skull
fracture
Yes c 43 1.76 (0.96, 3.2) 0.07 1.47 (0.77, 2.83) 0.25
HI causing a seizure
Yes c 11 1.15 (0.35, 3.78) 0.82 1.17 (0.35, 3.95) 0.80
HI causing memory
loss
Yes c 60 1.06 (0.63, 1.77) 0.84 1.03 (0.61, 1.76) 0.79

a Adjusted model, controlling for sex, race, ethnicity, education, vigorous physical activity, military history, and
BMI at age 40. b Referent group was no HI. c Referent group was no history. Significant associations are bolded.

4. Discussion
The relationship between HI and ALS has been researched previously, with mixed

results. Our analyses of more than 3400 survey respondents support the association
between HI before age 18 years and the onset of ALS before age 60 years. This is a novel
and important finding and needs to be investigated further. This relationship contrasts with
the “reverse causation” noted with later experiences of HI, occurring after age 40 years,
occurring relatively close to the time of ALS diagnosis, which may be ascribed to effects of,
rather than the cause of ALS.

Multiple biological mechanisms could explain the role of head injuries in ALS devel-
opment. TDP-43 is a protein that has been implicated in neurodegeneration, TBIs, and
ALS pathology [13]. Patients with traumatic brain injuries have been found to have an
overexpression of this protein, which contributes to the neurocognitive dysfunction seen in
these patients [46–48]. TDP-43 aggregates have also been associated with approximately
97% of ALS cases [49]. It is possible that repeated head injuries can result in the long-
term accumulation of TDP-43 aggregates, which can create the neurotoxic effects that
increase the risk of ALS [50]. Additionally, TBIs and head traumas are associated with
neuroinflammation, which can persist for decades following the initial incident [51–53].
Neuroinflammation has also been observed in patients with ALS, in which inflammatory
microglial hyperactivity in these patients has been linked to disease progression [50,54].
Thus, the continual neuronal damage generated from a head injury could put patients at a
higher risk of developing ALS.
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Existing research is inconclusive on the association between head injuries and ALS
development. For example, in 2015, Fournier et al. conducted a study of 100 ALS cases that
found that head injuries were not associated with ALS disease progression, earlier age at
symptom onset, or TDP-43 in the brain [55]. Similarly, Peters et al. also found no association
between ALS and head injuries, overall or occurring more than three years, but did find a
significant association for head injuries that occurred less than a year before ALS diagnosis,
suggesting reverse causation [56]. However, a case–control study conducted in Italy by
Pupillo et al. of 458 cases and 820 controls found that head injuries were associated with a
59% odds of ALS [57]. In a case–control study of 722 ALS patients and 2268 controls in the
Netherlands, Seelen et al. also found that head injuries were associated with a 95% odds of
developing ALS [58]. Other case–control studies have reached similar conclusions [59,60].
Differences across these studies may be due to the methodology and study limitations
such as small sample sizes, recall and interview bias, and the inability to investigate the
head injuries in detail or account for the time the head injury took place. Some studies
have reported that multiple head injuries and age at first head injury were associated with
ALS, which is also consistent with the findings we observed in our study [18,20,61,62]. We
report that having more than one head injury or a head injury before the age of 40 was
associated with the odds of an ALS diagnosis. Collectively, these findings suggest that there
are several nuances that contribute to a head injury increasing the risk of developing ALS.
A single head injury event may not be the triggering event, as multiple head injuries may
be required to induce significant neuroinflammation. Since the impacts of a severe head
injury can be sustained for years after the incident, the effects of a head injury received at a
younger age may not appear until later stages of life [51–53].

In this study, we also report that ALS diagnosis is associated with a loss of conscious-
ness. However, interestingly, we found that spending less than 5 min unconscious following
a head injury was also associated with ALS diagnosis, which conflicts with previous re-
search on head injuries. It has been established that loss of consciousness and time spent
unconscious following a head injury are indicative of the severity of a head injury and
neurological damage [63–66]. Longer periods of unconsciousness are linked to more severe
head injuries and neurological deficits [63–66]. A prospective study investigating loss
of consciousness and subarachnoid hemorrhage found that almost half of the patients
who were unconscious for less than 10 min scored 1 or 2 on the Hunt and Hess scale,
suggesting these patients had less severe brain damage [67]. Over half of the patients who
were unconscious for 10–60 min or more than 60 min scored 4 or higher on the Hunt and
Hess scale, demonstrating that the longer a patient is unconscious, the more severe the
neurological damage. Similarly, a study on head injuries in children in India also found
that as the duration of time spent unconscious increased, so did the severity of head injury,
as determined by increasing scores on the Glasgow Coma Scale [65]. It is unclear why the
inverse was true among our population. Further studies are needed to assess the time spent
unconscious following a head injury and ALS diagnosis.

In this study, we report that, in the adjusted models, there was no association between
ALS diagnosis before age 60 years and skull fracture or between head injury before age
18 years and skull fracture. There is sparse research that has investigated the association
between skull fractures and ALS. However, the results from existing research agrees with
our findings. A case–control study conducted in 2013 found that there was no association
between ALS risk and fractures as a result of head injury [56]. Gresham et al. also reported
in their 1987 case–control study that there was no association between the development
of ALS and skeletal fractures, even after taking into account the location of fractures [68].
Similarly, Williams et al. did not find an association between concussion or skull fracture
and ALS risk [69]. However, a prospective study investigating the association between
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fractures and ALS risk found a positive association between fractures and ALS risk and that
osteoporotic, non-osteoporotic, traumatic, and non-traumatic were all associated with ALS
risk. When assessing the time since fracture, however, the association was significant up to
18 years, suggesting that ALS may be impacting bone health [70]. As much of this research
is antiquated, further studies are required to investigate the association between head
injuries, ALS risk, and skull fractures. Patients with ALS have been shown to have a higher
incidence of fractures, deteriorating bone health, and lower bone density. A cross-sectional
study investigating clinical markers of bone health in participants with ALS found that
participants with ALS had lower bone quality compared with healthy individuals and that
bone quality was poor across age groups [71]. Another cross-sectional study came to similar
conclusions, reporting that patients with ALS had low bone density [72]. It has been theo-
rized that the deterioration in bone health may be due to increased bone turnover, exposure
to environmental toxins such as lead, or vitamin D deficiency [73–76]. Additionally, as the
muscular system degenerates as ALS progress, the bone system gradually loses support,
which can alter the stability and integrity of the bone’s structure [77,78]. Therefore, it is
likely that skeletal function and health are impacted as the disease progresses, increasing
the risk of fractures, and not that skull fractures increase the risk of ALS [70–72,79]. Further
studies should investigate biomarkers of bone health in patients with ALS and the risk
of fractures.

Head injuries are a growing area of public concern because of common and frequently
disabling comorbidities such as cognition, vision problems, tinnitus, and pain [80]. Sur-
prisingly, our analysis did not show a link between military history and ALS. Active-duty
service members are at increased risk of TBI, and the short- and long-term morbidities
related to HI in the veteran population have been a recent focus of attention [81]. Military
service is a well-recognized risk factor for ALS [82]. Relatively low absolute numbers
of survey respondents reporting history of military service limited the interpretation of
the findings.

There were several limitations in the interpretation of this data analysis. The head and
neck injury module questions did not comprehensively screen for all factors or precisely
define “injury” using clinical or scientific terminology, which could permit the identification
and classification of severity of TBI in this cohort. While the respondents were asked about
loss of consciousness, other symptoms such as post-traumatic amnesia, alteration of mental
status, or other acute physical, cognitive, or emotional sequelae following HI were not
queried. That stated, we might be able to presume that the HIs recalled decades later by the
survey respondents represented more serious injuries. The survey was not a random sample
from the database, and it is likely that the self-identification process could have introduced
some biases. Other studies identified cases through the provision of free or subsidized
medicine, regardless of age or socioeconomic status [83–85]. Patients with Internet access
were presumably more likely to participate, which could have skewed the population
toward a younger, more educated patient sample. The proportion of patients younger than
age 50 years (12.8%) was slightly overrepresented in our sample when compared with the
National ALS Registry as a whole (10.5%) [86]. The respondents’ spatial distribution was
comparable to the overall Registry, but racial diversity appeared to be underrepresented
in the sample. Only 3.6% of respondents were Non-White compared with 11.6% in the
Registry as a whole [86]. The lack of diversity in the sample and in the Registry limits the
generalizability of the study to Non-White populations. Another possible limitation is the
recall bias. Respondents were asked to enter ages and complications from HI before they
were diagnosed with ALS. Some respondents might have estimated their ages and times if
they did not remember the exact details. Additionally, younger individuals may have a
better recall of past head traumas, especially those that occurred at a younger age, compared
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to older individuals. This could have impacted the age-related associations observed. We
were also unable to clinically verify information regarding their HI or medical background.
Considering that the survey was voluntary and not everyone who enrolled in the Registry
necessarily took the survey, voluntary response bias is also possible. Additionally, genetic
data were not available for the survey respondents. Approximately 10% of all ALS cases
are familial or caused by genetic mutations [87]. Additional questions regarding clinical
symptoms surrounding HI could better identify and stratify the severity of TBI.

5. Conclusions
The analyses of risk factors and the identification of etiologies in the ALS population

is an ongoing effort by the National ALS Registry to reduce the burden of this disease
nationally. The prevention and mitigation of diseases is the mission of CDC/ATSDR. The
etiology of ALS remains unknown. This population-based data analysis of ALS patients
found an overall increase in the likelihood of being diagnosed before age 60 years for
patients who had a head injury before age 18 years, had three or more head injuries, or
lost consciousness from a head injury. Head injuries caused by a car crash, fall, or fight
before age 18 years and 18–39 years showed a higher likelihood of being diagnosed before
age 60 years than the same injury types occurring at or after age 40 years. Therefore, HI
risk reduction efforts, particularly in children, are imperative. Additional studies to further
evaluate and build on these findings will support efforts to reduce the overall ALS risk.
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19. Sagiraju, H.K.R.; Živković, S.; VanCott, A.C.; Patwa, H.; de Porras, D.G.R.; Amuan, M.E.; Pugh, M.J.V. Amyotrophic lateral

sclerosis among Veterans deployed in support of post-9/11 US conflicts. Mil. Med. 2020, 185, e501–e509. [CrossRef]
20. Chen, H.; Richard, M.; Sandler, D.P.; Umbach, D.M.; Kamel, F. Head injury and amyotrophic lateral sclerosis. Am. J. Epidemiol.

2007, 166, 810–816. [CrossRef]
21. Watanabe, Y.; Watanabe, T. Meta-analytic evaluation of the association between head injury and risk of amyotrophic lateral

sclerosis. Eur. J. Epidemiol. 2017, 32, 867–879. [CrossRef] [PubMed]
22. Liu, G.; Ou, S.; Cui, H.; Li, X.; Yin, Z.; Gu, D.; Wang, Z. Head injury and amyotrophic lateral sclerosis: A meta-analysis.

Neuroepidemiology 2021, 55, 11–19. [CrossRef]

https://doi.org/10.1001/jamaneurol.2019.2044
https://www.ncbi.nlm.nih.gov/pubmed/31329211
https://doi.org/10.1002/ana.26752
https://www.ncbi.nlm.nih.gov/pubmed/37528491
https://doi.org/10.1016/S0140-6736(17)31287-4
https://doi.org/10.1080/21678421.2019.1612435
https://www.ncbi.nlm.nih.gov/pubmed/31131638
https://doi.org/10.2147/CLEP.S37505
https://www.ncbi.nlm.nih.gov/pubmed/25709501
https://doi.org/10.1016/j.etap.2013.04.007
https://www.ncbi.nlm.nih.gov/pubmed/23688553
https://doi.org/10.1093/brain/awac470
https://www.ncbi.nlm.nih.gov/pubmed/36918362
https://doi.org/10.1007/s00415-022-11555-4
https://www.ncbi.nlm.nih.gov/pubmed/36670248
https://doi.org/10.1080/21678421.2021.1910308
https://www.ncbi.nlm.nih.gov/pubmed/33896281
https://doi.org/10.3390/ijms20112616
https://www.ncbi.nlm.nih.gov/pubmed/31141951
https://doi.org/10.1016/j.apmr.2023.03.036
https://www.ncbi.nlm.nih.gov/pubmed/37211140
https://doi.org/10.3390/biomedicines11041154
https://www.ncbi.nlm.nih.gov/pubmed/37189772
https://doi.org/10.1186/s40478-023-01625-7
https://www.ncbi.nlm.nih.gov/pubmed/37608352
https://doi.org/10.1016/j.mcn.2015.03.001
https://doi.org/10.1212/WNL.61.6.750
https://doi.org/10.1159/000136648
https://doi.org/10.1016/j.jns.2010.01.011
https://www.ncbi.nlm.nih.gov/pubmed/20129626
https://doi.org/10.1093/milmed/usz350
https://doi.org/10.1093/aje/kwm153
https://doi.org/10.1007/s10654-017-0327-y
https://www.ncbi.nlm.nih.gov/pubmed/29080013
https://doi.org/10.1159/000510987


Brain Sci. 2025, 15, 143 14 of 16

23. Franz, C.K.; Joshi, D.; Daley, E.L.; Grant, R.A.; Dalamagkas, K.; Leung, A.; Finan, J.D.; Kiskinis, E. Impact of traumatic brain injury
on amyotrophic lateral sclerosis: From bedside to bench. J. Neurophysiol. 2019, 122, 1174–1185. [CrossRef] [PubMed]

24. Thomsen, G.M.; Ma, A.M.; Ko, A.; Harada, M.Y.; Wyss, L.; Haro, P.S.; Vit, J.-P.; Shelest, O.; Rhee, P.; Svendsen, C.N.; et al. A model
of recurrent concussion that leads to long-term motor deficits, CTE-like tauopathy and exacerbation of an ALS phenotype. J.
Trauma Acute Care Surg. 2016, 81, 1070–1079. [CrossRef]

25. Perry, D.C.; Sturm, V.E.; Peterson, M.J.; Pieper, C.F.; Bullock, T.; Boeve, B.F.; Miller, B.L.; Guskiewicz, K.M.; Berger, M.S.; Kramer,
J.H.; et al. Association of traumatic brain injury with subsequent neurological and psychiatric disease: A meta-analysis. J.
Neurosurg. 2016, 124, 511–526. [CrossRef] [PubMed]

26. McKee, A.C.; Mez, J.; Abdolmohammadi, B.; Butler, M.; Huber, B.R.; Uretsky, M.; Babcock, K.; Cherry, J.D.; Alvarez, V.E.; Martin,
B.; et al. Neuropathologic and clinical findings in young contact sport athletes exposed to repetitive head impacts. JAMA Neurol.
2023, 80, 1037–1050. [CrossRef]

27. Felmus, M.T.; Patten, B.M.; Swanke, L. Antecedent events in amyotrophic lateral sclerosis. Neurology 1976, 26, 167. [CrossRef]
28. Janssen, P.H.; Mandrekar, J.; Mielke, M.M.; Ahlskog, J.E.; Boeve, B.F.; Josephs, K.; Savica, R. High School Football and Late-Life Risk

of Neurodegenerative Syndromes, 1956–1970; Elsevier: Amsterdam, The Netherlands, 2017; pp. 66–71.
29. Longstreth, W.; McGuire, V.; Koepsell, T.; Wang, Y.; Van Belle, G. Risk of amyotrophic lateral sclerosis and history of physical

activity: A population-based case-control study. Arch. Neurol. 1998, 55, 201–206. [CrossRef] [PubMed]
30. Blecher, R.; Elliott, M.A.; Yilmaz, E.; Dettori, J.R.; Oskouian, R.J.; Patel, A.; Clarke, A.; Hutton, M.; McGuire, R.; Dunn, R.; et al.

Contact sports as a risk factor for amyotrophic lateral sclerosis: A systematic review. Glob. Spine J. 2019, 9, 104–118. [CrossRef]
[PubMed]

31. Iverson, G.L.; Castellani, R.J.; Cassidy, J.D.; Schneider, G.M.; Schneider, K.J.; Echemendia, R.J.; Bailes, J.E.; Hayden, K.A.; Koerte,
I.K.; Manley, G.T.; et al. Examining later-in-life health risks associated with sport-related concussion and repetitive head impacts:
A systematic review of case-control and cohort studies. Br. J. Sports Med. 2023, 57, 810–821. [CrossRef] [PubMed]

32. Mehta, P.; Antao, V.; Kaye, W.; Sanchez, M.; Williamson, D.; Bryan, L.; Muravov, O.; Horton, K.; Division of Toxicology and
Human Health Sciences, Agency for Toxic Substances and Disease Registry, Atlanta, Georgia; Centers for Disease Control and
Prevention (CDC). Prevalence of amyotrophic lateral sclerosis—United States, 2010–2011. MMWR Suppl. 2014, 63, 1–14. [PubMed]

33. Wonder, C. Bridged-Race Population Estimates 1990–2020. 2022. Available online: https://wonder.cdc.gov/Bridged-Race-v2020.
HTML (accessed on 28 June 2022).

34. Mehta, P.; Kaye, W.; Raymond, J.; Punjani, R.; Larson, T.; Cohen, J.; Muravov, O.; Horton, K. Prevalence of Amyotrophic Lateral
Sclerosis—United States, 2015. Mmwr-Morb. Mortal. Wkly. Rep. 2018, 67, 1285–1289. [CrossRef] [PubMed]

35. Brooks, B.R. El Escorial World Federation of Neurology criteria for the diagnosis of amyotrophic lateral sclerosis. Subcommittee on
Motor Neuron Diseases/Amyotrophic Lateral Sclerosis of the World Federation of Neurology Research Group on Neuromuscular
Diseases and the El Escorial “Clinical limits of amyotrophic lateral sclerosis” workshop contributors. J. Neurol. Sci. 1994, 124,
96–107. [CrossRef]

36. Allen, K.; Kasarskis, E.; Bedlack, R.; Rozear, M.; Morgenlander, J.; Sabet, A.; Sams, L.; Lindquist, J.; Harrelson, M.; Coffman, C.;
et al. The National Registry of Veterans with amyotrophic lateral sclerosis. Neuroepidemiology 2008, 30, 180–190. [CrossRef]

37. Rechtman, L.; Brenner, S.; Wright, M.; Ritsick, M.; Rahman, F.; Han, M.; Raymond, J.; Larson, T.; Horton, D.K.; Mehta, P. Impact of
the National Amyotrophic Lateral Sclerosis Registry: Analysis of Registry-funded Research. Ann. Clin. Transl. Neurol. 2022, 9,
1692–1701. [CrossRef] [PubMed]

38. (ACES) ACoES. ALS Consortium of Epidemiologic Studies (ACES): Stanford School of Medicine. Available online: http:
//aces.stanford.edu/ (accessed on 11 April 2024).

39. Horton, D.K.; Mehta, P.; Antao, V.C. Quantifying a nonnotifiable disease in the United States: The National Amyotrophic Lateral
Sclerosis Registry model. JAMA 2014, 312, 1097–1098. [CrossRef] [PubMed]

40. US Department of Health and Human Services. HHS Regional Offices; US Department of Health and Human Services: Washington,
DC, USA, 2017. Available online: https://www.hhs.gov/about/agencies/iea/regional-offices/index.html (accessed on 11 April
2024).

41. Bryan, L.; Kaye, W.; Antao, V.; Mehta, P.; Muravov, O.; Horton, D.K. Preliminary Results of National Amyotrophic Lateral
Sclerosis (ALS) Registry Risk Factor Survey Data. PLoS ONE 2016, 11, e0153683. [CrossRef]

42. Cedarbaum, J.M.; Stambler, N.; Malta, E.; Fuller, C.; Hilt, D.; Thurmond, B.; Nakanishi, A. The ALSFRS-R: A revised ALS
functional rating scale that incorporates assessments of respiratory function. BDNF ALS Study Group (Phase III). J. Neurol. Sci.
1999, 169, 13–21. [CrossRef] [PubMed]

43. World Health Organization. Physical Status: The Use and Interpretation of Anthropometry, Report of a WHO Expert Committee; World
Health Organization Technical Report Series 854; World Health Organization: Geneva, Switzerland, 1995; pp. 1–452.

44. Luna, J.; Diagana, M.; Aissa, L.A.; Tazir, M.; Pacha, L.A.; Kacem, I.; Gouider, R.; Henning, F.; Basse, A.; Cisse, O.; et al. Clinical
features and prognosis of amyotrophic lateral sclerosis in Africa: The TROPALS study. J. Neurol. Neurosurg. Psychiatry 2019, 90,
20–29. [CrossRef]

https://doi.org/10.1152/jn.00572.2018
https://www.ncbi.nlm.nih.gov/pubmed/31116639
https://doi.org/10.1097/TA.0000000000001248
https://doi.org/10.3171/2015.2.JNS14503
https://www.ncbi.nlm.nih.gov/pubmed/26315003
https://doi.org/10.1001/jamaneurol.2023.2907
https://doi.org/10.1212/WNL.26.2.167
https://doi.org/10.1001/archneur.55.2.201
https://www.ncbi.nlm.nih.gov/pubmed/9482362
https://doi.org/10.1177/2192568218813916
https://www.ncbi.nlm.nih.gov/pubmed/30775214
https://doi.org/10.1136/bjsports-2023-106890
https://www.ncbi.nlm.nih.gov/pubmed/37316187
https://www.ncbi.nlm.nih.gov/pubmed/25054277
https://wonder.cdc.gov/Bridged-Race-v2020.HTML
https://wonder.cdc.gov/Bridged-Race-v2020.HTML
https://doi.org/10.15585/mmwr.mm6746a1
https://www.ncbi.nlm.nih.gov/pubmed/30462626
https://doi.org/10.1016/0022-510x(94)90191-0
https://doi.org/10.1159/000126910
https://doi.org/10.1002/acn3.51660
https://www.ncbi.nlm.nih.gov/pubmed/36259277
http://aces.stanford.edu/
http://aces.stanford.edu/
https://doi.org/10.1001/jama.2014.9799
https://www.ncbi.nlm.nih.gov/pubmed/25057819
https://www.hhs.gov/about/agencies/iea/regional-offices/index.html
https://doi.org/10.1371/journal.pone.0153683
https://doi.org/10.1016/S0022-510X(99)00210-5
https://www.ncbi.nlm.nih.gov/pubmed/10540002
https://doi.org/10.1136/jnnp-2018-318469


Brain Sci. 2025, 15, 143 15 of 16

45. SAS Institute, Inc. SAS User’s Guide: Statistics; SAS Institute: Cary, NC, USA, 1985.
46. Wang, H.-K.; Lee, Y.-C.; Huang, C.-Y.; Liliang, P.-C.; Lu, K.; Chen, H.-J.; Li, Y.-C.; Tsai, K.-J. Traumatic brain injury causes

frontotemporal dementia and TDP-43 proteolysis. Neuroscience 2015, 300, 94–103. [CrossRef]
47. Anderson, E.N.; Morera, A.A.; Kour, S.; Cherry, J.D.; Ramesh, N.; Gleixner, A.; Schwartz, J.C.; Ebmeier, C.; Old, W.; Donnelly,

C.J.; et al. Traumatic injury compromises nucleocytoplasmic transport and leads to TDP-43 pathology. Elife 2021, 10, e67587.
[CrossRef] [PubMed]

48. Scotter, E.L.; Chen, H.J.; Shaw, C.E. TDP-43 Proteinopathy and ALS: Insights into Disease Mechanisms and Therapeutic Targets.
Neurotherapeutics 2015, 12, 352–363. [CrossRef] [PubMed]

49. Ling, S.C.; Polymenidou, M.; Cleveland, D.W. Converging mechanisms in ALS and FTD: Disrupted RNA and protein homeostasis.
Neuron 2013, 79, 416–438. [CrossRef]

50. Brettschneider, J.; Libon, D.J.; Toledo, J.B.; Xie, S.X.; McCluskey, L.; Elman, L.; Geser, F.; Lee, V.M.-Y.; Grossman, M.; Trojanowski,
J.Q. Microglial activation and TDP-43 pathology correlate with executive dysfunction in amyotrophic lateral sclerosis. Acta
Neuropathol. 2012, 123, 395–407. [CrossRef] [PubMed]

51. Johnson, V.E.; Stewart, J.E.; Begbie, F.D.; Trojanowski, J.Q.; Smith, D.H.; Stewart, W. Inflammation and white matter degeneration
persist for years after a single traumatic brain injury. Brain 2013, 136 Pt 1, 28–42. [CrossRef]

52. Ramlackhansingh, A.F.; Brooks, D.J.; Greenwood, R.J.; Bose, S.K.; Turkheimer, F.E.; Kinnunen, K.M.; Gentleman, S.; Heckemann,
R.A.; Gunanayagam, K.; Gelosa, G.; et al. Inflammation after trauma: Microglial activation and traumatic brain injury. Ann.
Neurol. 2011, 70, 374–383. [CrossRef]

53. Kumar, A.; Loane, D.J. Neuroinflammation after traumatic brain injury: Opportunities for therapeutic intervention. Brain Behav.
Immun. 2012, 26, 1191–1201. [CrossRef] [PubMed]

54. Brettschneider, J.; Toledo, J.B.; Van Deerlin, V.M.; Elman, L.; McCluskey, L.; Lee, V.M.-Y.; Trojanowski, J.Q. Microglial activation
correlates with disease progression and upper motor neuron clinical symptoms in amyotrophic lateral sclerosis. PLoS ONE 2012,
7, e39216. [CrossRef] [PubMed]

55. Fournier, C.N.; Gearing, M.; Upadhyayula, S.R.; Klein, M.; Glass, J.D. Head injury does not alter disease progression or
neuropathologic outcomes in ALS. Neurology 2015, 84, 1788–1795. [CrossRef] [PubMed]

56. Peters, T.L.; Fang, F.; Weibull, C.E.; Sandler, D.P.; Kamel, F.; Ye, W. Severe head injury and amyotrophic lateral sclerosis. Amyotroph.
Lateral Scler. Front. Degener. 2013, 14, 267–272. [CrossRef] [PubMed]

57. Pupillo, E.; Messina, P.; Logroscino, G.; Zoccolella, S.; Chiò, A.; Calvo, A.; Corbo, M.; Lunetta, C.; Micheli, A.; Millul, A.; et al.
Trauma and amyotrophic lateral sclerosis: A case-control study from a population-based registry. Eur. J. Neurol. 2012, 19,
1509–1517. [CrossRef]

58. Seelen, M.; van Doormaal, P.T.C.; Visser, A.E.; Huisman, M.H.B.; Roozekrans, M.H.J.; de Jong, S.W.; van der Kooi, A.J.; de Visser,
M.; Voermans, N.C.; Veldink, J.H.; et al. Prior medical conditions and the risk of amyotrophic lateral sclerosis. J. Neurol. 2014, 261,
1949–1956. [CrossRef] [PubMed]

59. Lian, L.; Liu, M.; Cui, L.; Guan, Y.; Liu, T.; Cui, B.; Zhang, K.; Tai, H.; Shen, D. Environmental risk factors and amyotrophic lateral
sclerosis (ALS): A case-control study of ALS in China. J. Clin. Neurosci. 2019, 66, 12–18. [CrossRef] [PubMed]

60. Filippini, T.; Fiore, M.; Tesauro, M.; Malagoli, C.; Consonni, M.; Violi, F.; Arcolin, E.; Iacuzio, L.; Oliveri Conti, G.; Cristaldi, A.;
et al. Clinical and Lifestyle Factors and Risk of Amyotrophic Lateral Sclerosis: A Population-Based Case-Control Study. Int. J.
Environ. Res. Public. Health 2020, 17, 857. [CrossRef] [PubMed]

61. Seals, R.M.; Hansen, J.; Gredal, O.; Weisskopf, M.G. Physical Trauma and Amyotrophic Lateral Sclerosis: A Population-Based
Study Using Danish National Registries. Am. J. Epidemiol. 2016, 183, 294–301. [CrossRef]

62. Binazzi, A.; Belli, S.; Uccelli, R.; Desiato, M.T.; Talamanca, I.F.; Antonini, G.; Corsi, F.M.; Scoppetta, C.; Inghilleri, M.; Pontieri, F.E.;
et al. An exploratory case-control study on spinal and bulbar forms of amyotrophic lateral sclerosis in the province of Rome.
Amyotroph. Lateral Scler. 2009, 10, 361–369. [CrossRef] [PubMed]

63. Kelly, J.P. Loss of Consciousness: Pathophysiology and Implications in Grading and Safe Return to Play. J. Athl. Train. 2001, 36,
249–252.

64. Levin, H.S.; Williams, D.H.; Eisenberg, H.M.; High, W.M., Jr.; Guinto, F.C., Jr. Serial MRI and neurobehavioural findings after
mild to moderate closed head injury. J. Neurol. Neurosurg. Psychiatry 1992, 55, 255–262. [CrossRef] [PubMed]

65. Ratan, S.K.; Pandey, R.M.; Ratan, J. Association among duration of unconsciousness, Glasgow Coma Scale, and cranial computed
tomography abnormalities in head-injured children. Clin. Pediatr. 2001, 40, 375–378. [CrossRef] [PubMed]

66. Kay, T. Neuropsychological treatment of mild traumatic brain injury. J. Head. Trauma. Rehabil. 1993, 8, 74–85. [CrossRef]
67. Suwatcharangkoon, S.; Meyers, E.; Falo, C.; Schmidt, J.M.; Agarwal, S.; Claassen, J.; Mayer, S.A. Loss of Consciousness at Onset of

Subarachnoid Hemorrhage as an Important Marker of Early Brain Injury. JAMA Neurol. 2016, 73, 28–35. [CrossRef]
68. Gresham, L.S.; Molgaard, C.A.; Golbeck, A.L.; Smith, R. Amyotrophic lateral sclerosis and history of skeletal fracture: A

case-control study. Neurology 1987, 37, 717–719. [CrossRef] [PubMed]

https://doi.org/10.1016/j.neuroscience.2015.05.013
https://doi.org/10.7554/eLife.67587
https://www.ncbi.nlm.nih.gov/pubmed/34060470
https://doi.org/10.1007/s13311-015-0338-x
https://www.ncbi.nlm.nih.gov/pubmed/25652699
https://doi.org/10.1016/j.neuron.2013.07.033
https://doi.org/10.1007/s00401-011-0932-x
https://www.ncbi.nlm.nih.gov/pubmed/22210083
https://doi.org/10.1093/brain/aws322
https://doi.org/10.1002/ana.22455
https://doi.org/10.1016/j.bbi.2012.06.008
https://www.ncbi.nlm.nih.gov/pubmed/22728326
https://doi.org/10.1371/journal.pone.0039216
https://www.ncbi.nlm.nih.gov/pubmed/22720079
https://doi.org/10.1212/WNL.0000000000001522
https://www.ncbi.nlm.nih.gov/pubmed/25832660
https://doi.org/10.3109/21678421.2012.754043
https://www.ncbi.nlm.nih.gov/pubmed/23286749
https://doi.org/10.1111/j.1468-1331.2012.03723.x
https://doi.org/10.1007/s00415-014-7445-1
https://www.ncbi.nlm.nih.gov/pubmed/25059395
https://doi.org/10.1016/j.jocn.2019.05.036
https://www.ncbi.nlm.nih.gov/pubmed/31155341
https://doi.org/10.3390/ijerph17030857
https://www.ncbi.nlm.nih.gov/pubmed/32019087
https://doi.org/10.1093/aje/kwv169
https://doi.org/10.3109/17482960802382313
https://www.ncbi.nlm.nih.gov/pubmed/19922125
https://doi.org/10.1136/jnnp.55.4.255
https://www.ncbi.nlm.nih.gov/pubmed/1583509
https://doi.org/10.1177/000992280104000702
https://www.ncbi.nlm.nih.gov/pubmed/11491131
https://doi.org/10.1097/00001199-199309000-00009
https://doi.org/10.1001/jamaneurol.2015.3188
https://doi.org/10.1212/WNL.37.4.717
https://www.ncbi.nlm.nih.gov/pubmed/3561788


Brain Sci. 2025, 15, 143 16 of 16

69. Williams, D.B.; Annegers, J.F.; Kokmen, E.; O’Brien, P.C.; Kurland, L.T. Brain injury and neurologic sequelae: A cohort study of
dementia, parkinsonism, and amyotrophic lateral sclerosis. Neurology 1991, 41, 1554–1557. [CrossRef] [PubMed]

70. Peters, T.L.; Weibull, C.E.; Fang, F.; Sandler, D.P.; Lambert, P.C.; Ye, W.; Kamel, F. Association of fractures with the incidence of
amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. Front. Degener. 2017, 18, 419–425. [CrossRef] [PubMed]

71. Caplliure-Llopis, J.; Escriva, D.; Benlloch, M.; de la Rubia Orti, J.E.; Estrela, J.M.; Barrios, C. Poor Bone Quality in Patients With
Amyotrophic Lateral Sclerosis. Front. Neurol. 2020, 11, 599216. [CrossRef]

72. Morini, E.; Portaro, S.; Leonetti, D.; De Cola, M.C.; De Luca, R.; Bonanno, M.; Quartarone, A.; Calabrò, R.S. Bone Health Status
in Individuals with Amyotrophic Lateral Sclerosis: A Cross-Sectional Study on the Role of the Trabecular Bone Score and Its
Implications in Neurorehabilitation. Int. J. Environ. Res. Public. Health 2023, 20, 2923. [CrossRef]

73. Fang, F.; Kwee, L.C.; Allen, K.D.; Umbach, D.M.; Ye, W.; Watson, M.; Keller, J.; Oddone, E.Z.; Sandler, D.P.; Schmidt, S.; et al.
Association between blood lead and the risk of amyotrophic lateral sclerosis. Am. J. Epidemiol. 2010, 171, 1126–1133. [CrossRef]
[PubMed]

74. Kamel, F.; Umbach, D.; Hu, H.; Munsat, T.; Shefner, J.; Taylor, J.; Sandler, D. Lead exposure as a risk factor for amyotrophic lateral
sclerosis. Neurodegener. Dis. 2005, 2, 195–201. [CrossRef] [PubMed]

75. Karam, C.; Barrett, M.J.; Imperato, T.; MacGowan, D.J.; Scelsa, S. Vitamin D deficiency and its supplementation in patients with
amyotrophic lateral sclerosis. J. Clin. Neurosci. 2013, 20, 1550–1553.

76. Camu, W.; Tremblier, B.; Plassot, C.; Alphandery, S.; Salsac, C.; Pageot, N.; Juntas-Morales, R.; Scamps, F.; Daures, J.-P.; Raoul, C.
Vitamin D confers protection to motoneurons and is a prognostic factor of amyotrophic lateral sclerosis. Neurobiol. Aging 2014, 35,
1198–1205. [CrossRef] [PubMed]

77. Nair, R.; Maseeh, A. Vitamin D: The “sunshine” vitamin. J. Pharmacol. Pharmacother. 2012, 3, 118–126. [CrossRef] [PubMed]
78. Shevroja, E.; Mo Costabella, F.; Gonzalez Rodriguez, E.; Lamy, O.; Hans, D. The fracture predictive ability of lumbar spine BMD

and TBS as calculated based on different combinations of the lumbar spine vertebrae. Arch. Osteoporos. 2022, 17, 83. [CrossRef]
[PubMed]

79. Zhou, J.; Yi, J.; Bonewald, L. Muscle-Bone Crosstalk in Amyotrophic Lateral Sclerosis. Curr. Osteoporos. Rep. 2015, 13, 274–279.
[CrossRef] [PubMed]

80. US Department of Health and Human Services. What Are the Possible Effects of Traumatic Brain Injury (TBI)? 2024. Available
online: https://www.nichd.nih.gov/health/topics/tbi/conditioninfo/effects#:~:text=Cognition,%20such%20as%20difficulty%
20learning,and%20explaining%20feelings%20or%20thoughts (accessed on 23 January 2024).

81. Swanson, T.M.; Isaacson, B.M.; Cyborski, C.M.; French, L.M.; Tsao, J.W.; Pasquina, P.F. Traumatic Brain Injury Incidence, Clinical
Overview, and Policies in the US Military Health System Since 2000. Public Health Rep. 2017, 132, 251–259. [CrossRef] [PubMed]

82. McKay, K.A.; Smith, K.A.; Smertinaite, L.; Fang, F.; Ingre, C.; Taube, F. Military service and related risk factors for amyotrophic
lateral sclerosis. Acta Neurol. Scand. 2021, 143, 39–50. [CrossRef] [PubMed]

83. Hardiman, O.; Al-Chalabi, A.; Brayne, C.; Beghi, E.; Berg, L.H.v.D.; Chio, A.; Martin, S.; Logroscino, G.; Rooney, J. The changing
picture of amyotrophic lateral sclerosis: Lessons from European registers. J. Neurol. Neurosurg. Psychiatry 2017, 88, 557–563.
[CrossRef] [PubMed]

84. Stephens, H.E.; Joyce, N.C.; Oskarsson, B. National Study of Muscle Cramps in ALS in the USA. Amyotroph. Lateral Scler. Front.
Degener. 2017, 18, 32–36. [CrossRef]

85. Rooney, J.P.; Visser, A.E.; D’Ovidio, F.; Vermeulen, R.; Beghi, E.; Chio, A.; Veldink, J.H.; Logroscino, G.; Berg, L.H.v.D.; Hardiman,
O. A case-control study of hormonal exposures as etiologic factors for ALS in women. Neurology 2017, 89, 1283–1290. [CrossRef]

86. Mehta, P.; Mehta, P.; Raymond, J.; Raymond, J.; Zhang, Y.; Zhang, Y.; Punjani, R.; Punjani, R.; Han, M.; Han, M.; et al. Prevalence
of amyotrophic lateral sclerosis in the United States, 2018. Amyotroph. Lateral Scler. Front. Degener. 2023, 24, 702–708. [CrossRef]

87. White, M.A.; Sreedharan, J. Amyotrophic lateral sclerosis: Recent genetic highlights. Curr. Opin. Neurol. 2016, 29, 557–564.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1212/WNL.41.10.1554
https://www.ncbi.nlm.nih.gov/pubmed/1922795
https://doi.org/10.1080/21678421.2017.1300287
https://www.ncbi.nlm.nih.gov/pubmed/28316249
https://doi.org/10.3389/fneur.2020.599216
https://doi.org/10.3390/ijerph20042923
https://doi.org/10.1093/aje/kwq063
https://www.ncbi.nlm.nih.gov/pubmed/20406759
https://doi.org/10.1159/000089625
https://www.ncbi.nlm.nih.gov/pubmed/16909025
https://doi.org/10.1016/j.neurobiolaging.2013.11.005
https://www.ncbi.nlm.nih.gov/pubmed/24378089
https://doi.org/10.4103/0976-500X.95506
https://www.ncbi.nlm.nih.gov/pubmed/22629085
https://doi.org/10.1007/s11657-022-01123-8
https://www.ncbi.nlm.nih.gov/pubmed/35678937
https://doi.org/10.1007/s11914-015-0281-0
https://www.ncbi.nlm.nih.gov/pubmed/26223903
https://www.nichd.nih.gov/health/topics/tbi/conditioninfo/effects#:~:text=Cognition,%20such%20as%20difficulty%20learning,and%20explaining%20feelings%20or%20thoughts
https://www.nichd.nih.gov/health/topics/tbi/conditioninfo/effects#:~:text=Cognition,%20such%20as%20difficulty%20learning,and%20explaining%20feelings%20or%20thoughts
https://doi.org/10.1177/0033354916687748
https://www.ncbi.nlm.nih.gov/pubmed/28135424
https://doi.org/10.1111/ane.13345
https://www.ncbi.nlm.nih.gov/pubmed/32905613
https://doi.org/10.1136/jnnp-2016-314495
https://www.ncbi.nlm.nih.gov/pubmed/28285264
https://doi.org/10.1080/21678421.2016.1245755
https://doi.org/10.1212/WNL.0000000000004390
https://doi.org/10.1080/21678421.2023.2245858
https://doi.org/10.1097/WCO.0000000000000367
https://www.ncbi.nlm.nih.gov/pubmed/27538057

	Introduction 
	Materials and Methods 
	Analytic Population 
	Outcomes 
	Covariates 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

