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Abstract

Objective—To determine if Amyotrophic Lateral Sclerosis (ALS) risk varies according to body
mass index (BMI) captured up to three decades earlier.

Methods—At baseline 537,968 women and 562,942 men in five ongoing cohorts reported

height, current weight and weight at age 18/21. During 14-28 years of follow-up 1,153 participants
developed ALS. Cohort-specific Cox proportional hazards models were used to estimate rates that
were then pooled with random effects models.

Results—Lower BMI at baseline was associated with ALS; for each 5-unit increase in BMI,
ALS rates were 21% lower (95%Cl: 14% to 27%). Compared to individuals with healthy BMI,
ALS rates were significantly lower among the overweight (RR=0.76 [95%CI: 0.62-0.93]) and
obese (RR=0.73 [95%CIl: 0.55-0.96]). Among never-smokers the association persisted: RR=0.75
(95%Cl: 0.65-0.85) for each 5-unit increase. Excluding the first seven years of follow-up, the
associations were materially unchanged suggesting that weight loss from undiagnosed disease
does not fully explain the findings. Overall, 75% of men and women had a healthy BMI at age
18/21, 15% of men and 8% of women were overweight or obese; there was no association with
ALS risk although power was limited.

Conclusion—These findings support an association between lower premorbid BMI and ALS.
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INTRODUCTION

It has been reported that amyotrophic lateral sclerosis (ALS) patients tend to be lean and
physically active in life,(1) and exhibit hypermetabolism at diagnosis.(2-5) Likewise, in the
Cu/Zn superoxide dismutase-1 animal model of ALS, metabolism is higher and weight is
lower in mutant mice compared to wildtype.(4) However, the epidemiological evidence in
humans of an association between pre-morbid body mass index (BMI) and future ALS risk
is scarce and the few published studies have conflicting results, possibly due to
methodological limitations. A small case-control study from a US clinical setting found that
ALS patients were twice as likely to have “always been slim” as controls with other
neurological conditions.(1) In a case-control study set in a tertiary clinic in the Netherlands
ALS patients reported having a lower BMI during adulthood than controls and were less
likely to be obese.(6) The time frame of the recalled pre-morbid or adulthood BMI in
relation to disease onset was not given in either study nor was smoking (which is related to
weight and to ALS risk) considered in either analyses. Conversely, in a population-based
case-control study in Washington State those with a BMI>=26 kg/m? five years prior to
diagnosis had a 70% higher risk of ALS compared to those with BMI<21 kg/m2, whereas at
the time of diagnosis the same ALS cases had significantly lower BMI than controls (>=26
kg/m2 vs <21kg/m2: OR=0.4; 95% CI:0.2-0.8).(7, 8) BMI at diagnosis is an inadequate
proxy for adulthood BMI because some weight loss will have occurred by then. There is an
absence of large-scale, prospective data on pre-morbid BMI and risk of ALS. We therefore
examined the association in five well-established large cohorts where BMI was reported
prior to disease onset.

METHODS
Study Population

The study population comprised participants in the following cohorts: the Nurses’ Health
Study (NHS), the Health Professionals Follow-up Study (HPFS), the Cancer Prevention
Study 1l Nutrition Cohort, the Multiethnic Cohort (MEC), and the National Institutes of
Health—-AARP Diet and Health Study (NIH-AARP).

The NHS cohort was established in 1976 when 121,700 female registered nurses from 11
US states, aged 30 to 55 years, responded to a mailed questionnaire about disease history
and lifestyle.(9) In 1980, 103,298 women returned an expanded questionnaire including diet.
The HPFS began in 1986 when 51,529 male health professionals (dentists, optometrists,
pharmacists, podiatrists, and veterinarians), aged 40 to 75 years, answered a similar mailed
questionnaire.(10) Follow-up questionnaires are mailed to the participants in both studies
every 2 years to update information on potential risk factors for chronic diseases and to
ascertain whether major medical events have occurred. The CPS-II Nutrition cohort
comprises over 86,400 men and 97,700 women, aged 50 to 79 years, from 21 states with
population-based cancer registries who completed a mailed questionnaire in 1992 to
investigate the relation between diet and other lifestyles factors and the risk of incident
cancer.(11) Similar questionnaires were sent in 1997 and every 2 years afterwards to update
exposure information and newly diagnosed diseases. The MEC study consists of over
96,900 men and 118,800 women, aged 45 to 75 years at baseline, living in Hawaii and
California (primarily Los Angeles) and mainly from the following 5 self-reported racial/
ethnic groups: African -American, Japanese -American, Latino, Native Hawaiian, and white.
(12) From 1993 to 1996, participants entered the cohort by completing a self-administered
mailed questionnaire. Additional questionnaires were mailed to the participants at 5-year
intervals. The NIH-AARP cohort included over 340,000 men and 227,000 women, aged 50
to 71 years, residing in 1 of 6 states or 2 metropolitan areas with high quality cancer
registries in 1995-1996.(13) A total of 318,261 participants (187,499 men and 130,762
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women) responded to the follow-up survey in 1996-1997. All studies included were
reviewed and approved by the institutional review board of the institution at which each
study was conducted.

Ascertainment of ALS

Follow-up of ALS in the CPS-I1 Nutrition, MEC, and NIH-AARP was through a search of
the National Death Index. Vital status of the participants in these studies was determined by
automated linkage with the National Death Index. The underlying and contributing causes of
death were coded according to the International Classification of Diseases, Ninth Revision.
All individuals with code 335.2 (motor neuron disease) listed as the underlying or
contributing cause of death were considered to have had ALS. In a previous validation
study,(14) it was found that ALS was the primary diagnosis listed on death certificates in the
majority of instances where code 335.2 was listed as a cause or contributory cause of death.

In NHS and HPFS, incident ALS was also documented. In each biennial follow-up
questionnaire, participants were asked to report a specific list of medically diagnosed
conditions (initially not including ALS) and “any other major illness.” ALS was added to the
list of specific conditions on the NHS questionnaires in 1992 onwards and on the HPFS
questionnaires in 2000 onwards. We requested permission to contact the treating neurologist
and for release of relevant medical records from participants who reported a diagnosis of
ALS on the open question on major illnesses or on the specific question. Because of the
rapidly progressive nature of the disease (median survival 1.5 to 3 years),(15-17) many
participants with ALS died before we could send the release request for medical records, so
the request was sent to the closest family member. After obtaining permission, we asked the
treating neurologists to complete a questionnaire to confirm the diagnosis of ALS and to rate
the certainty of the diagnosis (definite, probable, or possible) and send medical records.
Starting in 2004 the questionnaire was modified to include the EIl Escorial criteria. The final
confirmation for our study purposes was made by a neurologist with experience in ALS
diagnosis based on the review of medical records. We relied on the diagnosis made by the
treating neurologist if the information in the medical record was insufficient or if it could not
be obtained. Only participants with definite and probable ALS are included as cases in the
primary analyses. When we were unable to confirm (i.e., obtain a copy of the medical record
or the neurologist's questionnaire) incident self-reported ALS, we classified the participant
as having ‘possible ALS’ and excluded him or her from the primary analysis unless death
occurred during follow-up and ALS was listed on the death certificate.

Exposure Ascertainment

In HPFS, MEC, NIH-AARP and CPSII-N height, current weight, and weight in early
adulthood (ages 18 or 21 depending on the cohort) were self-reported at baseline. BMI was
calculated as weight (kg) divided by height (m) squared. Similarly, in the NHS, height was
reported at study entry in 1976, and combined with weight at age 18 and with current weight
reported on the 1980 and 1994 questionnaires to calculate BMI. Correlations between self-
reported height and weight and direct measurements have been high, r>0.9.(18, 19) BMI
was categorized using standard World Health Organization categories for underweight (BMI
<18.5 kg/m?), healthy weight (18.5 to 24.9 kg/m?; reference), overweight (25.0 to 29.9 kg/
m?2) and obese (= 30.0 kg/m? ). Where sample size permitted these categories were further
divided to determine, for example, the risk associated with a modestly increased BMI of 23
to <25 kg/m? compared to a reference of 18.5 to <23 kg/m?.

Data Analysis

Each participant contributed person-time of follow-up from the return date of the baseline
questionnaire to the date at onset of first ALS symptoms (in NHS and HPFS), death from
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ALS or any other cause, or the end of follow-up, which ever came first. The end of follow-
up was June 2008 for the NHS, January 2008 for the HPFS, December 2006 for the CPS-11
Nutrition, December 2007 for the MEC, and December 2008 for the NIH-AARP.

The analyses were conducted separately in each cohort. Because of the long follow-up in the
NHS, the cases and person-time experienced during follow-up were split into the following
2 uncorrelated segments: 1980 to 1994 and 1994 to 2008. In accordance with the underlying
theory of survival analysis, blocks of person-time in different periods are asymptotically
uncorrelated, regardless of the extent to which they are derived from the same persons.
Therefore, pooling the estimates from the 2 periods is equivalent to using a single period but
takes advantage of the updated weight and confounder assessment in 1994.

Cox proportional hazards regression analysis was used to estimate the relative rates (RRS)
and 95% confidence intervals (Cls) for BMI for each cohort. Men and women were
analyzed separately in MEC, CPS-II Nutrition and NIH-AARP. To obtain better age
adjustment, the Cox proportional hazards models were stratified by age in single years. The
log RRs were pooled using a random-effects model and were weighted by the inverse of
their variances. Multivariable Cox proportional hazards regression was used to adjust for
additional potential confounders, including: smoking (never smoked, pack-years:<10, 10-
<20, 20-<30, 30-<40, 40+), vitamin E from food and supplements (quintiles), education
attained (less than high-school, high-school, more than high-school), and physical activity
(low, moderate, high). There are few established risk factors for ALS. When considering
potential confounders, we chose variables strongly associated with BMI for which there is
also some evidence of their being risk factors for ALS. Because smoking is strongly
associated with lower BMI, we repeated the analyses among never smokers. To minimize
the possibility of including participants who already had symptoms of ALS, including
weight loss, at the time of completing the baseline questionnaire or participants with
underlying undiagnosed disease, additional analyses that excluded the first four years and
the first seven years of follow-up were conducted. Analyses were performed using a
commercially available statistical software package (SAS version 9.2; SAS Institute, Cary,
North Carolina) and STATA (StataCorp. 2009. Stata Statistical Software. Release 11.
College Station, Texas).

Table 1 gives the baseline characteristics of the five cohorts combined. We documented
1,153 participants with ALS in over 562,942 men and 537,968 women. Following
exclusions of individuals with missing or extreme BMI there remained 1,124 participants
with ALS among 552,455 men and 520,059 women. At baseline 49% of women and 39% of
men had a healthy BMI (18.5 to <25 kg/m?2), while 49% of women and 66% of men were
overweight or obese (>=25 kg/m?). Underweight (<18.5 kg/m?) participants were more
likely to smoke or use supplemental vitamin E than participants with a healthy BMI (18.5-
<25 kg/m?2) who in turn were more likely to smoke or use supplemental vitamin E than
overweight (25-<30 kg/m?) or obese (30+ kg/m?2) participants. Those with healthy BMI
were more physically active than the underweight, overweight or obese. Education level did
not vary greatly with BMI except that obese participants were less likely to have obtained
education beyond high-school. (Table 1)

We found that lower BMI at baseline was associated with higher rates of ALS. For a 5 unit
increase in BMI the pooled multivariable relative rate (RR) of ALS was 0.79 (95% CI: 0.73,
0.86, p<0.0001; p for heterogeneity across cohorts=0.32). Compared to individuals with a
healthy BMI, the risk of ALS was significantly lower among the overweight (RR=0.76 [95%
Cl: 0.62-0.93]) and obese (RR=0.73 [95% CI: 0.55-0.96]). Finer categorization of WHO
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BMI categories revealed a trend where RRs were further lowered with the degree of excess
weight: compared to participants with BMI of 18.5 to <23 kg/m? the pooled multivariable-
adjusted RR of ALS was 0.80 for those with a BMI of 23 to <25 kg/m?; 0.71 for BMI of 25
to <27.5 kg/m?; 0.62 for BMI of 27.5 to <30 kg/m?, and 0.63 for BMI of > 30.0 kg/m?2.
(Table 2) Results were similar when men and women were analyzed separately.(Table 2)
Smoking appeared to be a risk factor for ALS and was strongly correlated with BMI in all
five cohorts. However, the findings were materially unchanged when restricted to never
smokers (Table 2): pooled multivariable-adjusted RR was 0.75 (95% CI: 0.65-0.85,
p<0.0001; p for heterogeneity across cohorts=0.83) for a 5 unit increase in BMI. (Figure)
When the first four years or seven years of follow-up were excluded the associations were
slightly attenuated. For a 5 unit increase in BMI the four year lag pooled multivariable-
adjusted RR was 0.80 (95% ClI: 0.72-0.89, p<0.0001; p for heterogeneity across
cohorts=0.20), and the seven year lag pooled multivariable RR was 0.82 (95% CI: 0.72-0.93,
p=0.002; p for heterogeneity across cohorts=0.11).

Overall, 75% of men and women had a healthy BMI at age 18/21, 13% of men and 6% of
women were overweight, under 2% were obese; the remaining 10% of men and 17% of
women were underweight. The correlation between BMI at baseline and BMI at age 18/21
was 0.40, p<0.001. There was no association between BMI at age 18/21 and ALS risk which
may in part be due to low power. (data not shown)

DISCUSSION

This study, comprising data from five large cohort studies, prospectively examined the
association between BMI measured before disease onset and future ALS risk. Men and
women in the lower healthy BMI range (18.5-<23 kg/m2) were found to have higher rates of
ALS than those with a BMI of 23 kg/m? or above, and rates monotonically decreased as
BMI increased. These findings persisted when analyses were restricted to never smokers
who have on average higher BMls than smokers and when the first seven years of follow-up
were excluded.

A number of case-control studies have examined the association between premorbid BMI
and ALS. Two studies reported that recalled adulthood BMI (the timeframe in relation to
diagnosis was not indicated) was lower in ALS patients than their matched controls(1, 6)
although neither adjusted for smoking (in one study the authors also found that ALS patients
were more likely to report having “always been slim” than controls with other neurological
disorders). A third study found that BMI at diagnosis, but not recalled BMI from five years
prior to diagnosis, was lower among ALS patients than population-based controls.(7, 8)
While the low incidence of ALS necessitated a case-control design for past studies there is
potential for methodological bias. For example, even with in-person interview rather than
self-reporting, case-control studies are susceptible to recall bias in the assessment of the
exposure or confounders. In addition, selection bias is difficult to avoid; volunteer controls
in a population-based study may be more health conscious, including weight conscious, than
the general population of the same age and gender resulting in an obfuscation of lower
premorbid BMI in ALS patients, if it existed. Smoking is among the strongest correlates of
BMI(20) and unless adjusted for could result in confounding bias of a BMI and ALS
association.(1, 6) In addition, weight is affected by disease, and perhaps by underlying
disease prior to diagnosis, rendering weight around the time of diagnosis a poor correlate of
pre-morbid BMI in a study of ALS etiology (reverse causation).

The strengths of the current study include the prospective design and the many participants
with ALS. Taken together, these cohorts are more likely to be representative of the whole
spectrum of patients with ALS, avoiding selection that is likely when patients are recruited
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in ALS tertiary care centers. In addition, recall bias is minimized because BMI was
ascertained prospectively before participant knowledge of their future disease outcome. An
important limitation of the present study is the use of ALS mortality as a proxy for ALS
incidence which may result in underreporting of ALS occurrence. The short duration of the
disease course suggests that mortality may be a good surrogate for incidence. Bias due to
underreporting is unlikely to explain the findings unless the underreporting of ALS on death
certificates is strongly related to premorbid BMI. In addition, the use of mortality could
result in inclusion of prevalent ALS at baseline. By excluding ALS occurrence in the first
four years or seven years of follow-up, the chance of our findings being wholly explained by
reverse causation are reduced, but it remains possible that the hypermetabolic state reported
in ALS starts many years before the onset of neurological symptoms. The findings of the
current study support previous studies that suggested ALS patients are leaner.

BMI at diagnosis is one predictor of disease progression and survival. A recent analysis of
clinical trial data found a U-shaped association with BMI at enrollment; patients with BMI
of 30 to <35 kg/m? had better survival than those with BMI of <30 kg/m? or with BMI of
35+ kg/mZ2.(21) These findings confirmed a previous report of poorer survival among
malnourished (BMI < 18.5 kg/m?) ALS patients.(22) Energy balance is impaired in ALS.
(23, 24) Patients have decreased food intake as a consequence of dysphagia and denervation
of muscle leads to loss of lean body mass. At the same time, and paradoxically,(25) resting
energy expenditure is higher than expected.(3-5) A possible explanation for the association
between BMI and ALS, if causal, is that individuals at risk for ALS are more likely to be
hypermetabolic throughout adulthood. One study of hypermetabolism in ALS reported that
50% of patients exhibited hypermetobolism at diagnosis and 80% showed no change in
metabolic status over a 2 year follow-up suggesting that hypermetabolism occurs early in the
disease course.(4) Further, prior to their diagnosis ALS patients have been reported to have
used cholesterol-reducing drugs less frequently and have better lipid profiles,(6) and to have
been hospitalized less for cardiovascular disease than controls.(26) Another possibility is
that strenuous physical activity explains the association between low BMI and ALS risk. In
theory, excessive physical activity results in physiological changes that correspond with
proposed pathogenesis of ALS: increased oxidative stress and excitotoxicity of motor
neurons.(27, 28) One case-control study suggested that self-reported vigorous activity was
associated with a two-fold increase in the risk of ALS,(29) while two case-control studies
using validated questionnaires for assessing physical activity levels in leisure and work time
throughout life found no association with ALS.(28, 30) One of these studies did report that
cases were 50% more likely to have participated in organized sports in high school
compared to control subjects.(28) Similarly, it was reported by Scarmeas et a/that ALS
patients were twice as likely to have been varsity athletes as controls with other neurological
conditions.(11)

In summary, in this large longitudinal investigation we found that ALS risk was about
30-40% lower among overweight or obese individuals than in those with healthy weight.
This finding suggests that either the hypermetabolic state observed in ALS may start many
years before the clinical disease onset, or that some factor associated with obesity may be
protective against ALS.
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Study Risk (95% Cl)

NIH-AARP women —.— 0.73 (0.55, 0.97)
CPS II-N women = = 0.84 (0.61, 1.16)
MEC women = 0.70 (0.45, 1.08)
NHS 1980-1994 —— 0.96 (0.52, 1.76)
NHS 1994-2008 —a— 0.85 (0.60, 1.22)
NIH-AARP men = 0.67 (0.50, 0.89)
CPS II-N men - 0.80 (0.49, 1.32)
MEC men . 0.47 (0.24, 0.92)
HPFS . 0.70 (0.33, 1.45)
Overall <> 0.75 (0.66, 0.85)

2 5 1

Figure. Pooled Relative Risks (95% Confidence I ntervals) of Amyotrophic Lateral Sclerosis by
Body Mass Index Among Never Smokers

Study-specific and pooled multivariable relative risk and 95% confidence interval of
amyotrophic lateral sclerosis for a 5 unit increase in BMI among never smokers (375 cases).
The squares and horizontal lines correspond to the study-specific multivariable relative risk
(RR) and 95% confidence interval (Cl), respectively. The area of the squares reflects the
study weight (inverse of the variance). The diamond represents the pooled multivariable RR
and 95% CI. Pooled RR =0.75 (95% CI: 0.65-0.85; p<0.0001); p for heterogeneity =0.83.
Among never smokers, with a BMI of 18.5-<23 as the reference category the RRs (95% CI)
were 2.74 (1.39, 5.41) for BMI <18.5; 0.85 (0.63-1.14) for BMI 23-<25; 0.71 (0.53-0.96) for
BMI 25-<27.5; 0.69 (0.48-1.00) for a BMI 27.5-<30; and 0.59 (0.41-0.86) for BMI of 30+
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