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Summary

Background Neurodegenerative diseases often feature a prolonged phase of subtle changes preceding diagnosis. In
amyotrophic lateral sclerosis (ALS), defining this prodromal period is critical for identifying early disease features
and intervention windows.

Methods In this case-control study, 475 patients with ALS and 285 controls from 20 centres in Germany and
Switzerland completed a digital questionnaire on prodromal symptoms and health-related factors. Logistic
regression included subgroup analyses by sex and clinical strata.

Findings Patients with ALS reported a higher burden of prodromal complaints (OR 7.50, 95% CI 4.27-13.17;
P < 0.001), particularly neuro-motor, sensory, and pain-related symptoms. Before symptom onset, patients consulted
neurologists more often (OR 1.26, 1.10-1.44; P < 0.001) and females more often received speech therapy (OR 2.35,
1.05-5.28; P = 0.038). Prodromal herniated discs were more common in males (OR 2.21, 1.04-4.68; P = 0.038) and
spinal-onset patients (OR 2.14, 1.25-3.67; P = 0.006). Patients more often had lower secondary education (OR 1.93,
1.24-3.01; P = 0.004), physically demanding occupations (OR 2.21, 1.42-3.43; P < 0.001), and higher consumption
habits (P < 0.005). Weight trajectories differed by sex (P = 0.009), with pre-onset weight loss in male patients
(P < 0.001).

Interpretation Patients with ALS retrospectively reported subtle motor impairment before recognised symptom
onset, alongside altered healthcare use and sex- and subgroup-specific patterns. These findings suggest that sporadic
ALS may be preceded by a prodromal period and identify mild motor impairment as a potential marker, pending
prospective validation.

Funding DGM e. V.

Copyright © 2026 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords: Motor neuron disease; Early disease detection; Preclinical neurodegeneration; Environmental risk factors;
Sex-specific differences; Case—control study

Research in context

Evidence before this study

Prodromal phases are well established in several
neurodegenerative diseases. In amyotrophic lateral sclerosis
(ALS), early changes, including mild motor impairment
(MMI), have mainly been described in genetic cohorts,
whereas evidence in predominantly sporadic ALS remains
limited. Prodromal symptoms, healthcare utilisation,
comorbidities, lifestyle factors, and weight trajectories have
not been systematically integrated within a single framework
in predominantly sporadic ALS.

Added value of this study

In this multicentre case-control study of 475 patients with
ALS and 285 controls, we identified patterns consistent with
a prodromal period associated with MMI, increased
neurological and speech therapy consultations, and sex- and
subgroup-specific patterns. By integrating symptom profiles,
healthcare interactions, environmental exposures,

sociobiographical factors, and metabolic change, this study
provides a comprehensive view of early ALS beyond purely
genetic cohorts. Our findings support the concept of MMI in
predominantly sporadic ALS and identify potentially
actionable early signals for clinical recognition.

Implications of all the available evidence

Taken together with existing literature, our findings support
the possibility that ALS is not an abrupt clinical event but
evolves through a detectable prodromal phase. Recognition
of early motor and metabolic changes, alongside patterns of
healthcare utilisation, may facilitate earlier diagnosis and risk
stratification. More broadly, systematic characterisation of
prodromal features may help align ALS with other
neurodegenerative diseases in which early-stage
identification is increasingly central to therapeutic
development.

Introduction

Neurodegenerative diseases typically evolve through a
presymptomatic phase before clinical diagnosis. This
includes a clinically silent stage in which biomarkers

may indicate disease presence (premanifest stage), fol-
lowed by early symptoms that signal progression but
remain insufficient for diagnosis (prodromal stage),
and ultimately a clinically manifest stage defined by
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characteristic symptoms.' Identifying these early stages
is critical for understanding disease mechanisms and
enabling therapeutic and preventive interventions while
neuronal damage may still be limited.

Prodromal phases are well recognised in several
neurodegenerative disorders. In Parkinson’s disease,
features such as REM sleep behaviour disorder may
precede motor symptoms by years and strongly predict
disease.” In Alzheimer’s disease, mild cognitive
impairment defines the prodromal stage,’ while in
Huntington’s disease, subtle motor, cognitive, or psy-
chiatric changes can occur long before clinical diag-
nosis.** In contrast, prodromal markers in amyotrophic
lateral  sclerosis  (ALS) remain  incompletely
characterised.

Evidence, mostly from genetic cases, indicates that
ALS is preceded by measurable prodromal changes.
Early motor neuron dysfunction without disease-
defining weakness has been reported, particularly in
carriers of pathogenic genetic variants, including mus-
cle cramps, reduced exercise tolerance, fasciculations,
hyperreflexia, and electromyographic abnormalities,
collectively referred to as mild motor impairment
(MMI).° Subtle cognitive and/or behavioural changes
not meeting criteria for overt frontotemporal dementia
(FTD), consistent with mild cognitive and/or behav-
ioural impairment (MCI/MBI), may also precede overt
muscle atrophy and weakness.”* Prodromal weight loss
is increasingly recognised as an early feature of ALS,
associated with poorer prognosis®'' and hypothalamic
atrophy, even in presymptomatic carriers of pathogenic
variants.”” Despite these observations, non-motor
symptoms remain poorly studied, underdiagnosed,
and underreported in ALS, despite their substantial
impact on quality of life, particularly during prodromal
stages."”

ALS is increasingly considered a multistep disease
in which several pathogenic processes accumulate over
time before clinical onset. As most ALS cases are
sporadic and genetic variants explain only part of dis-
ease heritability, cumulative lifetime environmental
exposures and lifestyle factors, collectively termed the
exposome, are likely to play an important role. In line
with the gene-time-environment hypothesis, interaction
between genetic susceptibility, ageing, and environ-
mental exposures is thought to shape disease onset and
progression.” Understanding the ALS exposome is
therefore critical as a potentially modifiable component
of disease risk.

A wide range of environmental factors have been
investigated in ALS, including occupational and envi-
ronmental exposures (e.g., heavy metals, pesticides, air
pollution, viruses), lifestyle-related factors (e.g., smok-
ing, physical activity, dietary habits), and comorbid
medical conditions (e.g., metabolic disorders, cancer,
neuroinflammation), yet most reported associations
lack consistent or convincing evidence.'*'® A meta-
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analysis  identified five environmental factors
including heavy metals, pesticides, physical trauma,
electric shock, and organic solvents as being associated
with ALS onset.” Nevertheless, research in this field
remains challenging, as environmental exposures are
heterogeneous, often subtle, and accumulate over de-
cades, making them difficult to quantify and posing
substantial methodological limitations for epidemio-
logical studies.”

In this multicentre study, we aimed to systematically
assess self-reported symptoms, environmental expo-
sures, and life events in the period preceding ALS
onset. By comparing patients with ALS with controls
largely drawn from the same environment, we enabled
an integrated evaluation of individual symptoms
alongside environmental and lifestyle factors within a
single study framework.

Methods

Patient recruitment

This multicentre case—control study was conducted
between September 2020 and March 2024 using an
online questionnaire. Participants were aged >18 years
and had a diagnosis of possible, probable, or definite
ALS according to the revised El Escorial criteria,” or a
related ALS phenotype (Table 1). Patients were
recruited at 20 specialised ALS clinics in Germany and
Switzerland, mostly affiliated with the Network for
Motor Neuron Diseases (MND-NET).”? Ethnicity was
not systematically recorded as part of the study protocol.
To minimise selection bias, all patients meeting the
inclusion criteria and attending the ALS clinics during
the recruitment period were identified as potential
participants. Proxy-assisted completion was permitted
for patients, who were not physically able to fill out the
questionnaire themselves.

Participants with another neurodegenerative dis-
ease, a neuroinflammatory disorder, or dementia were
excluded. Controls consisted primarily of family mem-
bers, partners, friends, or caregivers recruited either
during study visits or via patient invitation. In the same
setting, the questionnaire was also administered to
patients with motoneuron diseases other than ALS,
including spinal muscular atrophy (SMA), hereditary
spastic paraplegia (HSP) and spinal and bulbar
muscular atrophy (SBMA); analyses of these cohorts
will be reported elsewhere. No formal sample size
calculation was performed; the study aimed to include
all eligible participants recruited at the participating
centres during the predefined recruitment period.

Data collection

The digital questionnaire was developed and conducted
using the open-source survey software tool LimeSurvey
(https://www.limesurvey.org). The questionnaire was
designed de novo by the study investigators based on
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ALS (n = 475) Controls (n = 285) P
Demographics
Age [years], median (IQR) 63 (57, 70) 61 (54, 68) 0.002°
n.a., n (%) 79 (16.63) 137 (48.07)
Sex, n (%)
Female 180 (37.90) 168 (58.95) <0.001°
Male 289 (60.84) 114 (40.00)
na. 6 (1.26) 3 (1.05)
Composition of control group
Relationship to proband, n (%)
Parents 20 (7.02)
Siblings 10 (3.51)
Children 31 (10.88)
Uncle 1 (0.35)
Partners 214 (75.09)
Other 6 (2.11)
na. 3 (1.05)
Disease characteristics
Age-at-onset
Median (IQR), years 0 (53, 67) =
Early, n (%) 191 (40.21) -
Late, n (%) 85 (38.95) -
n.a. n (%) 9 (20.84)
Site of onset, n (%)
Spinal 378 (79.58) -
Bulbar 75 (15.79) =
na. 2 (4.63)
ALSFRS-R, median (IQR) 33 (25, 38) -

Progression rate (AFRS)

Median (IQR) 0.48 (0.26, 0.82) -
Slow, n (%) 153 (33.77) -
Moderate, n (%) 146 (32.23) -
Fast, n (%) 154 (34.00) =
n.a. n (%) 2 (4.63)

Disease duration
Median (IQR), months 9 (17, 50) -
Short, n (%) 228 (50.33) -
Long, n (%) 225 (49.67) =
n.a. n (%) 2 (4.63)

Known pathogenic variant, n (%)
C9orf72 9 (1.89) =
soD1 4 (0.84) -
TARDBP 1(0.22) -
ANXA11 1 (0.21) =
TBK1 1(0.21) =
SETX 1(0.22) -
na. 458 (96.42)

ALS phenotype, n (%)
Classical ALS (Charcot-type) 330 (69.47) -
Progressive bulbar palsy (PBP) (8 21) -
Flail-arm syndrome 2 (4.63) -
Primary lateral sclerosis (PLS) 2 (4.63) -
Flail-leg syndrome 7 (3.58) -

(Table 1 continues on next page)

clinical expertise and literature review. Detailed infor-
mation regarding questionnaire development and
implementation is provided in the Supplementary

Methods. Participants accessed the survey via a secure
HTTPS connection using unique personal registration
tokens provided during routine clinical visits. Both the
questionnaire and completed responses were hosted on
a secure web server, and patient questionnaires were
matched to controls using these tokens. The digital
platform enabled a personalised survey flow, with
follow-up questions displayed conditionally based on
previous responses. The survey comprised seven sec-
tions: 1) demographics; 2) disease-related aspects
including self-reported ALS phenotype, genetic testing
status and results, and medication; 3) prodromal com-
plaints and early non-motor changes across organ sys-
tems; 4) healthcare system interactions; 5)
comorbidities; 6) lifestyle changes including occupa-
tion, physical activity, diet, and social life; and 7) the
self-assessed ALS Functional Rating Scale-Revised
(ALSFRS-R). Most questions referred to the 10-year
period preceding ALS symptom onset or, in controls,
the 10 years prior to survey completion. The reference
period was subdivided into four intervals (5-10 years,
1-5 years, 1-12 months, and <1 month). Most ques-
tions were closed-ended, with predefined response op-
tions, and several included an “Other” option allowing
free-text input. One open-ended question in the pro-
dromal complaints section (3) invited participants to
describe any notable changes in the 10-year reference
period that could not be explained by known
comorbidities.

Ethics

The study was approved by the Ethics Committee of
TUM University Hospital (reference number 383/20 S)
and by the ethics committees of all participating sites.
Written informed consent was obtained from all par-
ticipants prior to study participation. The study was
conducted in accordance with the principles of the 2024
Declaration of Helsinki.

Statistics

Data collected via LimeSurvey were exported to CSV
format for analysis and comprised continuous, cate-
gorical, binary, and date-time variables. Date-time var-
iables were converted into continuous measures by
calculating time in years relative to the questionnaire’s
reference date. Given the adaptive conditional logic of
the survey and the instruction for participants to leave
non-applicable items blank, missing values in binary
variables were imputed as zero to mitigate data sparsity
(details provided in the Supplementary Methods). In
addition, continuous variables were normalised to ac-
count for scaling differences. Age data were missing for
a substantial proportion of participants, particularly
controls, owing to a data capture error affecting this
variable alone. To avoid bias and loss of statistical po-
wer, age was therefore not included as a covariate in the
primary analyses, as its inclusion would have required
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exclusion of these participants and markedly reduced
sample size and statistical power. To assess the poten-
tial impact of age-related confounding, sensitivity ana-
lyses were performed excluding participants aged <40
years and, separately, within the subset of participants
with available age data.

Univariate comparisons between patients with ALS
and controls were performed using logistic regression,
with statistical significance assessed using the Wald
test. All analyses were stratified and adjusted by sex.
Given the self-administered design and sparsity, ana-
lyses were conducted within an exploratory analytical
framework, using a conventional P-value (P) threshold
of P < 0.05. Effect sizes were reported as odds ratios
(OR) with 95% confidence intervals (CI). False discov-
ery rate (FDR) was controlled wusing the
Benjamini-Hochberg method, and adjusted P-values
(Pagj) were reported when significance (P < 0.05) was
observed. Complete lists of univariate results with both
nominal and FDR-adjusted P-values are provided in the
Supplementary Tables. Demographic and clinical group
differences were additionally assessed using t-tests or
Mann-Whitney tests for continuous variables,
depending on distribution and sample size, and
Fisher’s exact test for categorical variables.

Subgroup analyses were restricted to questionnaire
items significantly enriched in patients with ALS in the
primary statistical analyses and with sufficient data
completeness. Analyses were stratified by sex, site-of-
onset, progression rate, disease duration, and age-at-
onset. Sex-specific effects were assessed using
separate logistic regression models for males and fe-
males. Effects by site-of-onset, progression rate, disease
duration, and age-at-onset were evaluated using multi-
nomial logistic regression adjusted for sex with a multi-
level outcome variable comprising controls and ALS
subgroups, followed by pairwise contrasts. Site-of-onset
was classified as bulbar-onset ALS or spinal-onset ALS.
Progression rate was calculated as (48-ALSFRS-R)/dis-
ease duration, and patients were categorised into slow-,
moderate-, and fast-progressors based on tertiles. Dis-
ease duration, defined as the number of months from
the symptom onset to questionnaire completion, was
dichotomised at the median into short- and long-
duration subgroups. Age-at-onset was dichotomised at
the median into early- and late-onset subgroups. Sub-
group results were reported as OR with 95% CI and
associated P-values.

Weight trajectories were analysed using linear
mixed-effects models (LMMs) with time as a categorical
variable and participant-specific random intercepts.
Models included group (ALS vs. controls), sex, time,
and their interactions to assess disease- and sex-specific
effects.

All the analyses were performed in RStudio version
4.4.2.
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ALS (n = 475) Controls (n = 285) P
(Continued from previous page)
Progressive muscular atrophy (PMA) 13 (2.74) -
ALS-FTD 4 (0.84) -
n.a. 28 (5.89)

Continuous variables are presented as median and interquartile range (IQR), and categorical variables are
reported as absolute numbers and percentages. Within the control group, the “Other” category included
friends, caregivers, stepchildren and sons- or daughters-in-law. The progression rate was categorised into
slow-, moderate-, and fast-progressors based on tertiles. Disease duration and age-at-onset were
dichotomised at the median into short- and long-duration and early- and late-onset subgroups, respectively.
ALS, Amyotrophic lateral sclerosis; ALSFRS-R, Amyotrophic Lateral Sclerosis Functional Rating Scale—Revised;
FTD, Frontotemporal dementia, n.a., not available. *Mann-Whitney test. PFisher's exact test.

Table 1: Study group characteristics of patients with ALS and controls.

Role of funders

The study was funded by the Deutsche Gesellschaft fiir
Muskelkranke e. V. (DGM). The funder had no role in
study design, data collection, data analysis, data inter-
pretation, or writing of the manuscript. The authors
retained full responsibility for the content of the
manuscript and for publication.

Results

Demographics and characteristics of the study
groups

Demographic and clinical characteristics of the study
groups in the EARLY-ALS multicentre case—control
study were derived from 818 enrolled participants,
including 513 patients with ALS and 305 controls; 58
participants (38 ALS and 20 controls) only partially
completed the questionnaires and were excluded,
resulting in a final analytic cohort of 760 participants,
comprising 475 patients with ALS and 285 controls
(Supplementary Fig. S1).

The cohort captures a broad demographic and clin-
ical landscape of ALS spanning disease onset, pheno-
type, functional status, and genetic background
(Table 1). In the ALS group, there were significantly
more males. Significant differences in both sex
(P < 0.001, Fisher’s exact test) and age (P = 0.002,
Mann-Whitney test) were observed between patients
with ALS and controls. The ALS symptom onset was
reported with a median of 2 years (interquartile range
[IQR]: 1-4 years) before questionnaire completion.
Most patients with ALS reported a “classical ALS”
phenotype (70%), while a minority presented with
related phenotypic variants. A genetic cause of disease
was reported by approximately 4% of patients with ALS.

Questionnaire overview

Both the ALS and control group completed a core
questionnaire covering seven categories. Including all
main, sub-, and conditional items, 558 questions were
presented, with patients with ALS answering an
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additional 52 disease-specific questions (Supplementary
Tables S1 and S2). Excluding free-text responses yielded
491 questions for univariate analysis (Supplementary
Fig. S2A), comprising 196 continuous, 191 binary,
and 104 categorical variables. As the survey employed
an adaptive conditional logic and non-applicable items
were left blank by design, missing values in binary
variables and questions concerning doctor visits were
imputed as zero (see details in Supplementary Methods
and Supplementary Fig. S2B).

Prodromal complaints and non-motor changes
The ALS cohort reported significantly more prodromal
changes prior to symptom onset compared with con-
trols in response to an open-ended question (OR = 7.50,
CI 4.27-13.17; P < 0.001; P,q; < 0.001). After exclusion
of non-informative free-text entries, 117 patients with
ALS (25%) and 15 controls (5%) reported 198 and 25
prodromal changes, respectively. Among patients with
ALS who reported prodromal changes, 62% described
two or more changes and 38% reported only one. Re-
ported changes were manually categorised into 13
distinct symptom domains (Fig. 1A). Prodromal
changes reported by patients with ALS were dominated
by neuro/motor (57%) and sensory/vestibular (20%)
symptoms (Fig. 1B and C). Within the neuro/motor
domain, motor complaints predominated (76%), most
commonly muscle weakness, followed by muscle
cramps and gait disturbances. In the sensory/vestibular
category, pain was most frequent (50%), particularly
back pain, followed by muscle and limb pain. Notably,
both neuro/motor and sensory/vestibular symptoms
were commonly reported to have been present several
years before ALS onset (defined based on symptoms in
Supplementary Table S3), with median intervals of 1
year (IQR: 0-3) and 2 years (IQR: 1-7), respectively
(Supplementary Fig. S3).

Prodromal non-motor changes assessed across pre-
defined categories were reported more frequently by
controls than by patients with ALS. Using 78 targeted
questions across ten symptom categories (Fig. 1D), 40
symptoms were significantly more common in controls
(OR<1; P < 0.05), whereas only one was enriched in
patients with ALS (OR > 1; P < 0.05; Fig. 1D-F).
Symptoms less frequently reported by patients with
ALS clustered predominantly in the domains of sensory
perception, sleep and fatigue, and behaviour; the most
frequently reported symptoms within each of these
domains are shown in Fig. 1E. Only a few non-motor
symptoms were enriched in patients with ALS and
clustered close to symptom onset. Trembling of the
arms or legs was the most frequent prodromal
complaint (OR = 3.24, CI 1.55-6.78; P = 0.002;
P,g; = 0.011), while we observed a trend for excessive
saliva (OR = 2.22, CI 1.00-4.95; P = 0.05), and cold, pale
extremities (OR = 1.58, CI 0.82-3.03; P = 0.17). These

symptoms were most commonly reported within 1-12
months before ALS onset (Fig. 1G-I).

Healthcare interactions

Prodromal healthcare utilisation in ALS was charac-
terised by increased neurology consultations. Over the
10 years preceding ALS symptom onset or survey
completion, patients with ALS reported more frequent
visits to neurologists than controls (OR = 1.26, CI
1.10-1.44; P < 0.001; P,qg; = 0.007; Fig. 2A), with most
visits occurring within 1-12 months before symptom
onset (Fig. 2B). Visits to speech therapists were also
more common in patients with ALS, particularly in
women, but did not reach statistical significance when
considering the full cohort (OR = 1.11, CI 0.99-1.25;
P =0.08; Fig. 2C). In contrast, controls more frequently
consulted with specialists in oncology (OR = 0.89, CI
0.82-0.97; P = 0.011; P, = 0.048), dermatology
(OR = 0.93, CI 0.87-0.99; P = 0.027; P,g; = 0.10) and
endocrinology (OR = 0.92, CI 0.85-0.99; P = 0.032;
Pygj = 0.12) (Fig. 24).

Comorbidities

Musculoskeletal disorders prior to ALS symptom onset
were more common in the ALS group (OR = 1.46, CI
1.04-2.05; P = 0.029; P,q; = 0.11; Fig. 3A). Within this
category, herniated disc was the only condition reaching
statistical significance, reported by 14% of patients with
ALS compared with 7% of controls (OR = 1.85, CI
1.10-3.13; P = 0.021; P,q; = 0.09; Fig. 3B). We assessed
whether this finding might reflect workplace physical
load factors and found a negligible attenuation between
the sex-adjusted model and the model additionally
adjusting for intensive occupational physical activity
(OR = 1.90, CI 1.13-3.30; P = 0.018). Of the patients
with ALS reporting herniated disc, 40 (61%) provided
timing information. Most events (68%) occurred 5 or
more years prior to ALS symptom onset (Fig. 3C).

Lifestyle changes and sociobiographical events
Social and life-event profiles differed between patients
with ALS and controls. Patients with ALS were more
likely to report being single (OR = 2.07, CI 1.26-3.39;
P =0.004; P,gj = 0.022), and to have children (OR = 1.41,
CI 1.01-1.98; P = 0.045; P,4;=0.16; Fig. 4A). In contrast,
when major life events were considered collectively,
controls reported significantly more personal and pro-
fessional changes (OR = 0.31, CI 0.22-0.43; P < 0.001;
P,4j < 0.001), largely accounted for by reports of serious
illness affecting a close person (OR = 0.13, CI
0.09-0.18; P < 0.001; P,q; < 0.001), consistent with the
predominance of relatives among controls (Fig. 4A,
Table 1). Other major life events did not differ between
groups (Supplementary Table S4).

Infection-related experiences differed minimally
between groups: only common colds were reported
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Fig. 1: Prodromal complaints of patients with ALS and control participants. (A-C) Prodromal complaints provided by patients with ALS
(n =117) in response to an open-ended question. (A) Pie chart showing the relative frequencies of the 13 symptom domains into which the
open-ended responses were manually categorised. Subcategories within the most frequently reported domains, (B) neuro/motor domain and
(C) sensory/vestibular domain are visualised. (D) Forest plot for ten predefined categories of prodromal non-motor changes reported by
patients with ALS and healthy individuals. (E and F) Forest plots of the eight significant prodromal non-motor changes (P < 0.05) and their
top three subcategories (based on lowest P-values). In all forest plots, points to the left of the vertical axis indicate complaints more frequent
in controls, and points to the right indicate complaints more frequent in patients with ALS. Within each forest plot, main categories are
displayed in bold and followed by their respective subcategories. These reflect results from univariate analyses based on the full sample (ALS:
n = 475; controls: n = 285), i.e,, all participants adjusted for sex (black), and sex-stratified analyses (female in salmon, male in blue). The
significance stars in the forest plots are based on nominal P-values of the full sample analysis, and indicated as P < 0.05 (*), P < 0.01 (**), P <
0.001 (***) (logistic regression, Wald test). Error bars represent 95% confidence intervals. (G-1) Bar plots based on the full sample (ALS:
n = 475; controls: n = 285) displaying the frequency of the three prodromal symptoms reported more frequently by patients with ALS than
controls, originating from the miscellaneous and skin/sensation categories: (G) trembling of arms or legs, (H) excessive saliva, and (1) cold,
pale extremities. The percentage of participants reporting each symptom is shown for four time intervals: 5-10 years, 1-5 years, 1-12 months,
and <1 month before symptom onset (patients with ALS) or questionnaire completion (controls).

more frequently by controls (OR = 0.45, CI 0.30-0.67;

P < 0.001; P,g; = 0.001) (Fig. 4A).

Educational attainment differed between patients
Patients with ALS more
frequently reported completion of lower secondary
school (OR =1.93, CI 1.24-3.01; P = 0.004; P,g; = 0.020),
whereas controls more often reported holding a general

with ALS and controls.
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qualification for university entrance (OR = 0.52, CI

0.38-0.71; P < 0.001; P.g; < 0.001) and university de-

(Fig. 4B).

grees (OR = 0.67, CI 0.48-0.95; P = 0.023; P,q; = 0.09)

Occupational but not recreational physical activity
differed between patients with ALS and controls. Pa-
tients with ALS were more likely to engage in physically
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Fig. 2: Healthcare interactions of patients with ALS and control participants. (A) Frequency of interactions with 24 different medical
specialists reported by patients with ALS and controls. In the forest plot, points to the left of the vertical axis indicate specialists consulted
more frequently by controls, and points to the right indicate specialists consulted more frequently by patients with ALS. Results illustrate
univariate results based on the full sample (ALS: n = 475; controls: n = 285), i.e., all participants adjusted for sex (black), and sex-stratified
analyses (female in salmon, male in blue). The significance stars are based on nominal P-values of the full sample analysis, and indicated as P <
0.05 (*), P < 0.01 (**), P < 0.001 (***) (logistic regression, Wald test). Error bars represent 95% confidence intervals. (B and C) Percentage of
participants who consulted neurologists and speech therapists, respectively, at four time intervals prior to symptom onset (patients with ALS)
or questionnaire completion (controls). Percentages represent the number of participants who consulted each specialist during a specific
period divided by the total number of participants (ALS: n = 475; controls: n = 285).

demanding occupations (OR = 2.21, CI 1.42-3.43;
P < 0.001; P,g = 0.003), whereas controls more
frequently reported jobs involving moderate physical
activity (OR = 0.62, CI 0.45-0.86; P = 0.004; P,q; = 0.022)
(Fig. 4C). In contrast, no group differences were
observed in regular sports participation. The distribu-
tion of intensity of recreational activity or the frequency
of exceptionally intense physical exertion within the 10
years preceding ALS symptom onset or survey
completion was not different. Only contact sports were
reported more frequently by controls, although this did
not reach adjusted significance (OR 0.60, CI
0.40-0.90; P = 0.014; P,g; = 0.06) (Fig. 4C).
Consumption habits in ALS were characterised by
higher past but lower current consumption. Patients
with ALS more frequently reported past consumption
of caffeinated drinks (OR 7.21, CI 3.27-15.89;
P < 0.001; P, < 0.001), alcohol (OR = 2.25, CI

1.47-3.43; P < 0.001; P,q; = 0.002), and cigarettes or
other tobacco products (OR 1.64, CI 1.20-2.24;
P = 0.002; P,gj = 0.011) (Fig. 4D). In contrast, controls
were more likely to report current use of caffeine
(OR = 0.43, CI 0.29-0.64; P < 0.001; P,4; < 0.001) and
alcohol (OR 0.56, CI 0.41-0.77; P < 0.001;
P,4; = 0.003), and to have never smoked (OR = 0.61, CI
0.45-0.82; P 0.001;  Py.g; 0.008) (Fig. 4D;
Supplementary Fig. S4). Quantities of consumption
were not significantly different between groups
(Supplementary Fig. S5).

Diet and weight

Dietary patterns were largely comparable between
groups, apart from calorie-restricted diets. Over the 10
years preceding symptom onset or survey completion,
controls more frequently reported following a calorie-
restricted diet (OR = 0.58, CI 0.39-0.85; P = 0.006;
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Fig. 3: Comorbidities in patients with ALS and control participants. (A) Forest plot of univariate analyses comparing the frequency of 14
main categories of comorbidities between patients with ALS and healthy controls. While the original questionnaire assessed 15 comorbidity
categories, those related to miscellaneous conditions were answered using free-text and were therefore excluded from this plot. (B) Visu-
alisation of top three specific conditions within the musculoskeletal disorders category. In all forest plots in panels A and B, points to the left
of the vertical axis indicate comorbidities more frequent in controls, and points to the right indicate comorbidities more frequent in patients
with ALS. Results are from univariate analyses based on the full sample (ALS: n = 475; controls: n = 285), i.e,, all participants adjusted for sex
(black), and sex-stratified analyses (female in salmon, male in blue). P-values correspond to the full sample analysis and significance is
indicated as P < 0.05 (*), P < 0.01 (**) (logistic regression, Wald test). Error bars represent 95% confidence intervals. (C) Distribution of
herniated disc cases across time intervals: (>)5-10 years, 1-5 years and 1-12 months prior to symptom onset (patients with ALS) or prior to
questionnaire completion (controls). Participants (ALS: n = 40; controls: n = 15) reported the exact date of onset for herniated disc diagnoses.
For consistency, these dates were manually grouped into time intervals aligned with those used in other questions. Cases reported more than
10 years before symptom onset or questionnaire completion were included in the “(>)5-10 years” interval. Specifically, 22 of the 27 responses
(ALS) and 5 of the 6 responses (controls) assigned to this interval referred to events occurring more than 10 years before symptom onset or

questionnaire completion.

P,g = 0.029). No significant differences were observed
for fasting, adopting a vegetarian or vegan diet, or other
dietary modifications (Supplementary Table S4).

Weight loss emerged before symptom onset and
progressed over time in patients with ALS. At ques-
tionnaire completion, patients with ALS weighed
significantly less than controls (OR = 0.63, CI 0.53-0.75;
P < 0.001; P,g; < 0.001), corresponding to an average
difference of 6.4 kg (Fig. 5A). While no significant
group differences were observed at earlier time points,
controls generally maintained stable or slightly
increased weight over the preceding 10 years. In
contrast, patients with ALS reported weight loss
beginning 1-12 months prior to symptom onset, with
mean loss of 5.6 kg from the year before onset to study
completion. Additional weight loss was reported be-
tween symptom onset and diagnosis (1 kg), and from
diagnosis to study completion (3.4 kg).

Sensitivity analyses

Age-related sensitivity analyses were performed by
excluding participants younger than 40 years (n = 21; 5
ALS and 16 controls) and, separately, within the subset
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with available age data (ALS n = 396; controls n = 148)
(Supplementary Fig. S6; Supplementary Table S5).
Overall, findings were broadly consistent with the pri-
mary analyses. Exclusion of participants younger than
40 years strengthened associations between current
caffeine, alcohol, and cigarette consumption and ALS.
In the age-available subset, associations for current
caffeine and alcohol consumption changed direction,
whereas associations for musculoskeletal disorders and
past cigarette consumption no longer reached statistical
significance. The principal findings regarding prodro-
mal symptoms, healthcare utilisation, and weight tra-
jectories remained unchanged.

Subgroup analyses

Exploratory subgroup analyses by sex, site-of-onset,
progression rate, disease duration, and age-at-onset
revealed differences in reported prodromal symptom
patterns between ALS subgroups and controls
(Supplementary Fig. S7 and Tables S6-S11). For brev-
ity, only ALS subgroup-versus-control comparisons are
described below; results of within-subgroup compari-
sons for ALS clinical strata are provided in
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Fig. 4: Lifestyle differences between patients with ALS and control participants. (A) Forest plots illustrating differences in relationship and
parental status, major life events, and infection frequency. For life events and infections, only the top three subcategories (based on the
lowest P-values) are displayed. (B) Distribution of educational and professional qualifications, presented in descending order where applicable.
(C) Differences in physical activity, including work-related physical exertion (categorised from intensive to low), recreational engagement in
sports, types of sports practised and the occurrence of episodes of exceptionally high physical activity (e.g., running a marathon). (D) Patterns
of consumption habits, including caffeine, alcohol, and cigarette consumption, categorised by current use, past use, or never. In all forest
plots, points to the left of the vertical axis indicate factors more frequent in controls, and points to the right indicate factors more frequent in
patients with ALS. Within panels A, C, and D, main categories are displayed in bold and followed by their respective subcategories. All panels
show univariate analyses results for the full sample (ALS: n = 475; controls: n = 285) adjusted for sex (black), and sex-stratified analyses
(female in salmon, male in blue). Depicted significance is based on nominal P-values of the full sample analysis, and indicated as P < 0.05 (*),
P < 0.01 (**), P < 0.001 (***) (logistic regression, Wald test). Error bars represent 95% confidence intervals.

Supplementary Tables S8-S11. While trembling of the
arms and legs was more frequently reported by both
female and male patients with ALS (ORs >3; P < 0.05),
excessive saliva was only reported more often by female
patients (OR = 10.87, CI 1.39-85.06; P = 0.023).
Trembling of arms and legs was more frequently re-
ported by spinal-onset patients with ALS (OR = 3.33, CI
1.56-7.11; P = 0.002), remained consistently enriched
across all progression-rate strata (ORs >3; all P < 0.05),
was observed in both short- and long-duration patients
(ORs >2; all P < 0.05), and showed its strongest asso-
ciation among early-onset patients (OR = 5.31, CI

2.44-11.53; P < 0.001). In contrast, bulbar-onset pa-
tients were significantly more likely to report excessive
saliva (OR = 6.16, CI 2.37-16.06; P < 0.001), as well as,
fast-progressors (OR = 5.11, CI 2.19-11.91; P < 0.001),
patients with short-duration (OR = 3.90, CI 1.71-8.90;
P = 0.001) and those with early-onset (OR = 2.54, CI
1.03-6.26; P = 0.042).

Prodromal neurology visits were more frequently
reported in both female and male patients (ORs >1.2; all
P <0.05) and were significantly increased across all ALS
subgroups (ORs >2; P < 0.001; Supplementary Fig. S7).
Although speech therapy visits did not reach
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Fig. 5: Retrospective weight trajectories in patients with ALS and control participants. (A) Weight data for patients with ALS (n = 469)
and controls (n = 283) across six retrospective time periods, 5-10 years, 1-5 years, and 1-12 months before symptom onset (ALS) or time of
questionnaire completion (controls), as well as at symptom onset (ALS), at diagnosis (ALS), and at questionnaire completion (both groups).
Weight trajectories are shown as marginal means adjusted for sex, estimated from a linear mixed-effect model (LMM) with patient as a
random effect and fixed effects for group, sex and time. (B) Weight data for patients with ALS and controls stratified by sex, across the same
time periods as in (A). Trajectories were obtained from an LMM with patient as a random effect and fixed effects of time and group. Solid
lines represent male participants and dashed lines represent female participants. In both panels, lines indicate mean values with 95%
confidence intervals. Statistical significance between groups was assessed using pairwise contrasts from the LMM, and is indicated as P < 0.05

(*), P < 0.01 (**), P < 0.001 (***) (LMM, pairwise contrasts).

significance in the full cohort (P = 0.08), they were more
frequently reported by female patients and across all
ALS disease strata (ORs >2; all P < 0.05).

Overall musculoskeletal disorders and its subcate-
gory herniated disc were the only pre-existing condi-
tions showing significant associations across ALS
subgroups. Musculoskeletal disorders were more
frequently reported by spinal-onset patients (OR = 2.56,
CI 1.67-3.93; P < 0.001), and remained significantly
associated across all progression rates, disease-duration
groups and both early- and late-onset patients (ORs
>1.5; all P < 0.01). In contrast, herniated disc was more
frequently reported only by male patients (OR = 2.21, CI
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1.04-4.68; P = 0.038), spinal-onset patients (OR = 2.14,
CI 1.25-3.67; P = 0.006), slow- and moderate-
progressors (ORs > 2; P < 0.05), short- and long-
duration patients (ORs > 1.5; P < 0.05), and those
with early-onset disease (OR = 2.36, CI 1.31-4.26;
P = 0.004). Adjustment for physically demanding oc-
cupations did not affect the significance of these asso-
ciations (P < 0.05).

Being single was more frequently reported in both
sexes and across most ALS subgroups (ORs >2;
P < 0.05), with the exception of slow-progressors and
early-onset patients. Having children was more com-
mon among female patients with ALS (OR = 1.83, CI

11
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1.13-2.97; P = 0.015), spinal-onset patients (OR = 1.64,
ClI 1.14-2.36; P = 0.008), moderate-progressors
(OR = 1.79, CI 1.10-2.90; P = 0.019), and patients
with late-onset disease (OR = 1.69, CI 1.08-2.61;
P = 0.019). Educational differences were more pro-
nounced among females (Supplementary Fig. S8), who
more frequently reported lower secondary school
(OR = 2.20, CI 1.10-4.40; P = 0.026), and vocational or
technical qualifications (OR = 2.05, CI 1.08-3.90;
P =0.028). Across disease strata, lower secondary edu-
cation was also significantly more reported by spinal-
onset patients (OR = 1.96, CI 1.23-3.10; P = 0.004),
moderate- and fast-progressors (ORs > 1.5; P < 0.05),
patients with both short- and long-duration (ORs > 1.5;
P < 0.05), and those with late-onset (OR = 2.22, CI
1.30-3.77; P = 0.003). Vocational school attendance was
more common in spinal-onset patients (OR = 1.66, CI
1.08-2.54; P = 0.020), slow-progressors (OR = 2.15, CI
1.29-3.59; P = 0.003) and long-duration groups
(OR =1.93, CI 1.21-3.08; P = 0.006). Male patients were
more likely to report physically demanding occupations
(OR = 1.80, CI 1.04-3.11; P = 0.035; Supplementary
Fig. S9). Similar associations were observed among
spinal-onset patients (OR = 2.59, CI 1.64-4.07;
P < 0.001), slow- and fast-progressors (ORs > 2;
P < 0.01), and patients with both short- and long-
duration, as well as with both early- and late-onset
ALS (ORs > 1.5; all P < 0.05). Past consumption
habits showed marked sex-specific patterns: among fe-
males, past caffeine, alcohol, and smoking (ORs > 1.5;
all P < 0.05) were more frequent in ALS, whereas
among male patients only caffeine and alcohol use
(ORs > 1.5; all P < 0.05) were increased (Supplementary
Fig. S10). Across several disease strata, past consump-
tion habits remained consistently and significantly
enriched among patients with ALS, with the strongest
association observed for caffeine (ORs > 2; all P < 0.05),
followed by alcohol and cigarette consumption (ORs >
1; all P < 0.05; Supplementary Fig. S7). Only cigarette
smoking was not significantly associated with ALS
among moderate progressors (P = 0.12).

Detailed analyses of weight trajectories revealed that
weight loss in ALS differed by sex, began years before
symptom onset, and progressed over time. Across the
study period, ALS males reported a mean loss of 5.6 kg
and ALS females of 2.3 kg, whereas control males and
females reported a gain of 2.2 kg and 4.0 kg, respec-
tively. Across most time points up to 10 years before
onset, male patients reported numerically lower weight
than male controls, while no such group difference was
observed among females (Fig. 5B). An ALS-only linear
mixed-effects model showed a significant time-by-sex
interaction during the pre-onset period (P = 0.009)
(Fig. 5B), and sex-stratified models indicated greater
weight loss only in male patients compared with con-
trols (P < 0.001) (Supplementary Table S12). Reported
weight loss continued after symptom onset, with males

losing 1.3 kg from onset to diagnosis and a further
3.7 kg thereafter, and females losing 0.3 kg and 2.9 kg,
respectively. At questionnaire completion, male pa-
tients weighed —7.4 kg relative to controls (OR = 0.58,
CI 0.45-0.75; P < 0.001), and females -4.7 kg
(OR = 0.69, CI 0.54-0.89; P = 0.004). Furthermore,
disease subgroup analyses identified early weight dif-
ferences across several clinical strata. At questionnaire
completion, both bulbar- and spinal-onset (ORs < 1;
P < 0.05), moderate- and fast-progressors (ORs < 1;
P < 0.05), short-duration patients (OR = 0.76, CI
0.63-0.91; P = 0.003), and late-onset ALS (OR = 0.71, CI
0.58-0.87; P = 0.001) weighed less than controls
(Supplementary Fig. S7 and Tables S8-S11).

Discussion

While a prolonged prodromal phase is well recognised
in other neurodegenerative diseases, it is less well
defined in ALS. By the time diagnostic criteria are ful-
filled, substantial motor neuron loss has already
occurred.” Identifying early disease-related changes is
critical to enable earlier diagnosis, improve patient
stratification, optimise clinical trial design, and ulti-
mately improve therapeutic outcomes.'

In this study, patients with ALS reported a markedly
higher burden of prodromal complaints in response to
an open-ended question than controls, with symptoms
predominantly affecting the neuromuscular system.
Despite explicit instructions to report only symptoms
preceding recognised ALS onset, 19% of patients
described motor-related complaints, most commonly
weakness and muscle cramps. Trembling of extremities
was the most frequently reported prodromal complaint;
however, this likely reflects subtle early motor involve-
ment rather than a true non-motor feature. Together,
these findings suggest that some patients retrospec-
tively perceive neuromuscular changes before recog-
nised ALS onset, potentially consistent with very early
motor dysfunction. However, many of these symptoms
likely represent very early symptomatic disease rather
than a clearly separable prodromal phase, particularly
as several findings clustered within the 1-12 months
preceding recognised ALS onset.

Healthcare utilisation increased in the period pre-
ceding ALS onset, potentially suggesting an opportunity
for early clinical recognition. Patients with ALS re-
ported more frequent consultations with neurologists
(35%) and speech therapists (8%), consistent with the
possibility that some patients sought medical attention
for early neurological symptoms prior to formal
diagnosis.

Our findings can be interpreted within the emerging
framework of mild motor impairment (MMI), a pro-
posed prodromal state preceding clinically manifest
ALS.** MMI is characterised by subtle upper and/or
lower motor neuron abnormalities, including clinical
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signs and electromyographic evidence of lower motor
neuron denervation, that may precede the development
of definite ALS by months or years. In the Pre-fALS
study, a prospective cohort study of presymptomatic
carriers of ALS-associated mutations, MMI was
observed in more than 50% of individuals who later
developed clinically manifest ALS.* This is consistent
with recent reports showing prodromal, primarily mild
motor symptoms occurring within six months before
recognised ALS onset in approximately one quarter of
patients.”” Together with our findings, these observa-
tions suggest that MMI may also be relevant to pre-
dominantly sporadic ALS. However, these early
symptoms are non-specific and should be interpreted
cautiously, as they may also occur in other neurological
or age-related conditions. Therefore, we support the
view that ALS may evolve along a continuum in which
prodromal and early clinical manifestations partially
overlap, making a clear distinction between these stages
inherently challenging, particularly in retrospective
designs.

Sensory complaints represented the second most
frequent prodromal feature, with pain being the most
common. Sensory abnormalities, including paraes-
thesia, hypoesthesia, and features of sensory neuropa-
thy, have been reported in 20-30% of patients with ALS,
depending on the method of assessment.?*”” Pain can
arise at any disease stage, and up to half of patients
recall pain or sensory symptoms months to years before
motor onset or diagnosis.”**° Consistent with a recent
questionnaire-based study reporting altered sensory
perception and pain among the most common pro-
dromal non-motor symptoms,” our cohort reported
predominantly back, limb, and muscle pain a median of
two years before recognised ALS onset. These findings
should be interpreted cautiously, as pain in prodromal
ALS is likely heterogeneous and may partly arise sec-
ondary to other disease-related changes, such as muscle
denervation, cramps, altered biomechanics, or muscu-
loskeletal strain rather than primary sensory neuron
pathology. This is supported by our observation, and
previous reports, that MMI-associated features such as
muscle cramps precede clinically manifest weakness,
particularly in limb-onset disease,”’' potentially
reflecting early neuromuscular dysfunction before overt
motor neuron degeneration becomes clinically
apparent. The prominence of back and limb pain may
also contribute to diagnostic uncertainty, particularly in
patients initially evaluated for orthopaedic or spinal
disorders. Recognising sensory- and pain-related com-
plaints as a potential early feature of ALS warrants
further investigation, as these symptoms may delay
diagnosis and treatment initiation.”’

We observed a higher incidence of prodromal
musculoskeletal disorders, particularly herniated discs.
This may partly reflect diagnostic bias, as early non-
specific neuromuscular complaints often lead to
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spinal imaging and detection of incidental, but not
necessarily causative disc pathology. However, because
most herniated discs were reported 5 or more years
before ALS onset, simple misattribution of early
symptoms seems less likely. Nevertheless, orthopaedic
misdiagnosis remains common in ALS, with some
patients undergoing inappropriate spinal surgery.’>*
Alternatively, disc prolapse itself may contribute to
focal neural injury that could initiate or accelerate
neurodegeneration,’ although this cannot be addressed
by the present study.

In contrast to the open-ended prodromal com-
plaints reports, and unlike findings in other neuro-
degenerative disorders, relatively few specific
prodromal non-motor changes were identified in ALS
when assessed using predefined symptom categories.
This may reflect systematic underreporting, as pa-
tients retrospectively prioritise salient motor deficits
while subtle non-motor changes fade from memory
leading to recall bias. Supporting this interpretation,
patients with ALS may report normal subjective sleep
despite marked alterations in sleep architecture,”
potentially related to involvement of von Economo
neurons in the anterior cingulate cortex, which are
critical for subjective judgement.”* Moreover, since
impaired self-awareness or agnosia is common in
frontotemporal dementia (FTD),”*° and (mild)
cognitive/behavioural impairments occur in around
50% of patients with ALS,**' reduced awareness of
symptoms cannot be excluded.

As many controls were spouses or relatives of pa-
tients with ALS, the elevated burden of prodromal non-
motor changes in controls including sensory, sleep- and
fatigue-related, and behavioural symptoms, as well as
increased healthcare utilisation outside neurology and
higher rates of infections, may partly reflect caregiving-
related psychosocial stress previously reported among
caregivers** and increased healthcare engagement. By
contrast, patients with ALS, who have been described as
exhibiting high agreeableness,* may be less inclined to
modify life circumstances despite emerging difficulties,
potentially contributing to lower reporting of such non-
motor changes.

Patients with ALS, particularly females, more
frequently reported lower educational attainment,
alongside a higher prevalence of physically demanding
occupations, especially among males. These findings
align with prior evidence linking manual labour and
lower socioeconomic status to increased ALS risk.“~ In
contrast, lifetime engagement in recreational sports
was similar between groups, suggesting that occupa-
tional exposures, characterised by sustained intensity
and cumulative burden, may be more relevant than
leisure activity.*** Potential exposure to environmental
toxins, more common in physically demanding occu-
pations, including heavy metals, pesticides, or solvents,
also has been implicated in ALS pathogenesis.”*°
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Patients with ALS reported higher past but lower
current use of caffeine, alcohol, and cigarettes, whereas
controls more often reported ongoing consumption,
likely reflecting lifestyle changes following symptom
onset or diagnosis. While overall consumption habit
exposure was similar, patients with ALS showed a trend
towards higher high-level smoking in the past, consis-
tent with epidemiological evidence reporting associa-
tions between smoking and ALS risk.** In contrast,
evidence for alcohol remains inconsistent.”*** While
caffeine has been suggested to exert neuroprotective
effects in Parkinson’s disease even at relatively low
intake,” current and prospective studies show no as-
sociation between pre-diagnostic caffeine intake and
ALS risk,” with experimental data suggesting potential
harm in SODI mouse models.**

Controls more frequently reported calorie-restricted
diets, possibly reflecting a reduced need for dietary re-
striction in ALS due to disease-related weight loss.
Consistent with previous studies, patients with ALS
showed substantial early weight loss,* a key non-
motor feature associated with poorer prognosis.'' In
our cohort, weight loss was reported 1-12 months
before symptom onset and continued thereafter.
Although weight loss may partly result from reduced
nutritional intake secondary to dysphagia,”® loss of
appetite, reduced caloric intake, and weight loss have
also been documented in ALS independently of
dysphagia.® The mechanisms underlying weight loss in
ALS are likely complex and multifactorial, involving
interactions among dysphagia, appetite loss, reduced
energy intake, altered hypothalamic regulation, changes
in metabolic demand, muscle wasting, behavioural
factors, and psychosocial influences such as anxiety and
depression during the period preceding diagnosis.'¢'-*
Altogether, these findings highlight the potential value
of early and sustained nutritional assessment and
management in ALS.

Subgroup analyses revealed distinct patterns across
clinical subgroups, suggesting that the prodromal
phase may not be uniform but instead differ according
to clinical phenotype. Several associations, most notably
increased prodromal neurology consultations and,
more variably, higher past caffeine, alcohol, and ciga-
rette consumption, were observed across sex, site-of-
onset, progression, disease-duration, and age-at-onset
strata, suggesting that these may represent general
features of the ALS prodrome rather than phenotype-
specific markers. By contrast, symptom-related find-
ings showed greater clinical specificity. Excessive saliva
was particularly prominent in females, bulbar-onset
patients, and fast-progressors, and was accompanied
by increased pre-diagnostic speech therapy visits, likely
reflecting the higher prevalence of bulbar-onset ALS
among females and the established association between
bulbar involvement and more aggressive disease.®*
Interestingly, prodromal trembling of the extremities

showed its strongest association in early-onset ALS.
Although this finding requires replication, it raises the
possibility that the presentation of MMI may vary ac-
cording to age at disease onset. Whether this reflects
age-related differences in disease biology, symptom
perception, or healthcare-seeking behaviour remains
unclear. Musculoskeletal disorders and herniated discs
were more frequent in spinal-onset ALS, with herniated
discs also more common among males. The epidemi-
ology of disc herniation is inconsistent, with some
surgical cohorts reporting a slight male predomi-
nance,” while others describe higher rates in women.*
In our cohort, males and spinal-onset patients were also
more likely to have held physically demanding jobs.
Although lumbar disc herniation has been linked to
manual labour,*® intensive physical work did not
explain this association in our cohort, suggesting
additional contributions from chronic spinal micro-
trauma, sex-specific biology, or delayed healthcare-
seeking in men. Consistent with prior reports of
greater weight loss during disease progression,” we
found that pre-morbid weight loss was more pro-
nounced in men. Together with emerging evidence of
greater molecular alterations in male ALS,” these sex-
specific patterns may be associated with differential
motor neuron vulnerability, providing a hypothesis-
generating framework for exploring sex differences in
ALS prevalence and clinical phenotype.

This study has several limitations. Recall bias is a
major concern, particularly for vague or nonspecific
symptoms. Because data were collected retrospectively
after ALS diagnosis, patients may have reinterpreted
prior bodily changes and other health-related experi-
ences in light of their disease, potentially influencing
retrospective reporting and leading to overreporting of
prodromal symptoms and related health events. Tem-
poral relationships cannot be established reliably, and
some associations may reflect reverse causality rather
than true prodromal changes. Patients and controls also
differed in their temporal reference points (symptom
onset/diagnosis versus questionnaire completion), an
inherent limitation of retrospective prodromal
case—control studies that complicates temporal com-
parisons. Reliance on self-reported questionnaires may
have reduced accuracy, particularly in patients with
mild cognitive impairment or proxy-assisted comple-
tion. The absence of clinical, biomarker, neurophysio-
logical, or imaging measures precluded independent
validation of reported prodromal features, highlighting
the need for prospective multimodal studies.” Controls
were primarily relatives, partners, and caregivers,
potentially including selection bias, shared environ-
mental exposures, and agerelated confounding,
thereby limiting generalisability. Future studies should
therefore include more representative population-based
control groups. Residual confounding from unmea-
sured factors cannot be excluded. Incomplete age data
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precluded adjustment in the primary analyses. Never-
theless, age-related sensitivity analyses yielded broadly
consistent results, supporting the robustness of the
main findings. Finally, despite the relatively large
cohort, multiple testing, sparse responses, and sub-
group analyses increase the risk of false-positive find-
ings and limited power for smaller effects. In particular,
borderline associations that did not survive FDR
correction should be interpreted cautiously and require
replication in independent cohorts.

Our findings suggest that a subset of patients with
ALS retrospectively report a prodromal phase during
which neurological and/or speech therapy services were
already engaged, highlighting potential opportunities
for earlier recognition. By providing evidence consistent
with prodromal mild motor impairment in a large,
multicentre, predominantly sporadic ALS cohort, this
study provides a foundation for refining clinical
frameworks aimed at identifying ALS at earlier stages.
Moreover, the observation that weight loss may emerge
closer to motor symptom onset raises the possibility
that early weight changes could represent an under-
recognised feature of prodromal ALS and may warrant
further prospective investigation in the context of future
risk stratification and trial enrichment strategies.
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