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Abstract
The heterogeneity among the amyotrophic lateral sclerosis (ALS)/MND patient population is well recognized but not
well understood. Such heterogeneity may represent a significant confound in our current and prior clinical trials as cer-
tain subgroups of patients might have a selective response (or resistance) to a novel therapeutic. The basis on which to
segregate the patient population is, however, unclear. The ALS/MND Committee of the World Federation of Neurology
(WFN) convened a symposium to discuss various strategies that might be considered for separating (stratifying) the
population to further study. The results of that conference are presented here as a white paper, reflecting current under-
standing of several of the various criteria that could be implemented to divide the patient population as presented and
discussed at that meeting. Consideration of grouping patients based on phenotype, cognitive involvement, imaging, or
electrophysiology is presented here.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a complex,
progressive neurodegenerative disease. Currently,
it is widely accepted that there is significant het-
erogeneity, affecting the clinical presentation, the
underlying pathophysiology and the potential
for environmental influences contributing to the
disease.

Drug development for ALS has been con-
founded by this well recognized heterogeneity. To
date, our efforts have largely focused on ALS as a
single disease entity with a shared pathophysiology

and anticipated disease progression and survival.
Grouping of ALS patients by their phenotype in
patients entering clinical trials has been proposed
as a means of managing clinical heterogeneity
(1–4). The logistics of grouping patients by their
phenotype for the purpose of establishing more
homogeneous treatment cohorts for clinical trials
remains challenging. We do not yet know what the
optimal basis of such subgroup assignments
should be. In December 2023, the Motor
Neuron Disease/Amyotrophic Lateral Sclerosis
Subcommittee of the World Federation of
Neurology (WFN) convened a conference in
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Basel, Switzerland to explore potential strategies
for reducing the heterogeneity and enriching the
cohorts of patients entering clinical trials. The goal
of the conference was to compile expert opinions
and recommendations on whether the subgrouping
of ALS patients should be considered for forth-
coming clinical trials and furthermore, which strat-
egies show most promise to be adopted at the
present time.

Grouping patients by clinical phenotype

Defining the disease spectrum of ALS as individual
entities verses a single entity has the potential to
impact our ability to find an effective treat-
ment (2–8).

As determined by the WFN diagnostic consen-
sus guidelines, and most recently the Gold Coast
Criteria, detection of ALS is determined by three
independent primary attributes: body region of
onset, relative mix of upper motor neuron (UMN)
and lower motor neuron (LMN) deficits, com-
bined with clinical evidence of disease progression
(9–12). Defined variants of ALS include bulbar
ALS (bALS, progressive bulbar palsy) which may
be preferentially associated with cognitive and lan-
guage impairments, and ALS presenting with fron-
totemporal dysfunction which presents similarly to
frontotemporal dementia (FTD) (13–15). Various
classification schemes have been proposed, using
either phenotype or neurofilament levels, yet it
remains unresolved what the optimal clinical indi-
ces, potentially defining distinct disease subtypes,
are and which approach will be most productive
(Figure 1) (1,2,4–6,16,17). What is clearer, how-
ever, is that ignoring phenotypic subtypes of the
disease spectrum may be shortsighted as future
therapeutic advances might depend on discovering
which clinical indices are most discriminating in
defining disease subtypes.

The case for distinct phenotypic characteristics
in ALS is even more profound for UMN predom-
inant MND, termed primary lateral sclerosis
(PLS). PLS makes up approximately 3% of all
MND and is rare (18). PLS is characterized by
progressive UMN dysfunction with no clinically
apparent involvement of the LMNs for several
years (19). There is an ongoing debate as to
whether ALS and PLS lie across a continuum,
which is supported by the fact that some PLS
patients may develop clinical and/or electrophysio-
logical evidence of LMN degeneration years later,
or may be entirely separate disorders (20,21).
Interestingly, patients with PLS are found to have
an inherently small variability regarding rates of
increase of the ALS Functional Rating Scale
(ALSFRS) scores over-time compared to other
types of MND such as Charcot or flail variants
(1,22–24). Patients with no EMG abnormalities

four years after symptom onset can survive deca-
des, while those with even minor evidence of
LMN involvement may have poorer prognoses
(18,19,25). Overall, this suggests that pure PLS or
upper motor predominant ALS patients tend to
follow a slow, less variable disease progression
when compared to other ALS patients. This would
imply a relatively homogenous subpopulation
within the incredibly heterogeneous ALS
population.

A path forward

In an effort to advance our understanding of dis-
ease subtypes, defined by clinical phenotypes, a
new grading scheme was introduced that captures
phenotypic heterogeneity (6). This scheme, ini-
tially introduced several years ago has been
undergoing testing to highlight differences in the
biomarker profile and clinical course of these sub-
types (5,6). This grading scheme allows for a
qualitative description of disease subtypes for
potential use in clinical trials and highlights disease
subtypes that may potentially respond to selective
treatment (Table 1).

Thus far, using these clinical criteria (predom-
inance of UMN, LMN, bulbar phenotype) marked
differences in the disease course, measured as
slope of the ALSFRS, and survival have been
found (Rosenfeld, unpublished in preparation).
Considering the importance of ALSFRS and sur-
vival in design of our current clinical trials, ignor-
ing the opportunity to study individual phenotypic
groups may likely contribute significantly to a type
2 statistical error, missing a treatment effect that
might be present.

In summary, subgrouping ALS patients based
on clinical phenotype has been underutilized as a
means of defining meaningful ALS subtypes that
may have a selective response to novel therapeutics
under development. Despite our understanding
that the most common tools used in following
disease progression and trial outcomes are quite
different in the various phenotypic subtypes,
we regularly fail to recognize the importance of
phenotypic subtyping for cohort enrichment and
clinical trial analyses. These include the ALSFRS,
survival and forced vital capacity (FVC).

Grouping patients by cognitive and
behavioral impairment

Criteria have been developed to classify those with
cognitive and or behavioral impairment (31), into
ALS with cognitive impairment (ALSci), with
behavioral impairment (ALSbi), or both (ALScbi),
and ALS-FTD. The prevailing question is whether
study of distinct subgroups of patients separately is
useful for clinical trials. Will such an approach
help to answer questions relevant for trials: (a)
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does the intervention have an effect on cognition?
(b) do people with cognitive or behavioral impair-
ments react differently to the intervention than
those without? and (c) is the sample studied repre-
sentative of the ALS population? For subgrouping
to be useful, it may be helpful to determine
whether those with cognitive and or behavioral
impairment represent a distinct subgroup of ALS.

Cognition may serve as a biomarker, screening
for neuropathological change, justifying the identi-
fication of a distinct more homogeneous group of
patients. Brain imaging studies using a range of
methods, from early functional PET, functional
MRI, structural MRI, DTI, and FDG PET, reveal
that cognitive impairment is associated with extra-
motor cerebral dysfunction in ALS (32).

Several studies have shown a specific associ-
ation between types of cognitive/behavioral

impairment (executive functions, language—con-
cept formation, apathy) and localized cerebral
involvement (26,27,33–35). For example patients
with ALSci as defined by verbal fluency or execu-
tive dysfunction showing involvement of the dorso-
lateral and inferior frontal cortices. Fewer studies
have examined behavioral impairment and extra-
motor cerebral dysfunction in ALS but apathy and
disinhibition have been associated with involve-
ment of orbitofrontal cortices.

The strongest evidence of subgroups comes
from those imaging studies which have divided
patients based on cognition (typically verbal flu-
ency), into those with impairment and those with-
out and these extra motor changes were present or
more pronounced in severity and extent in the for-
mer only. These findings have included reduced
blood flow during cognitively activating tasks of

Figure 1. Stratification by clinical phenotype can be facilitated by numerous clinical criteria. (A) A traditional understanding of ALS as
a generalized motor neuron disease with both upper and lower motor neuron involvement. (B) Multiple additional criteria can be
considered as important variables upon which stratification can also be based (i.e. rate of progression, extent of bulbar involvement,
presence of FTLD, etc.) Related motor neuron diseases, not meeting the formal criteria of ALS, include progressive muscular atrophy
(PMA, lower motor neuron disease only) and primary lateral sclerosis (PLS, upper motor neuron disease only) (9). These latter entities
have been challenging to define, as the clinical signs can evolve over very extended time periods.

Table 1. Using this novel paradigm, a patient’s presenting phenotype can be quickly categorized by the degree of UMN, LMN,
bulbar, and cognitive involvement.

A B C D

Upper motor signs Minimal or no
involvement

Signs without symptoms,
i.e. brisk DTR

Moderate loss of
function. Increased
tone, spasticity

Prominent loss of
function

Lower motor signs Minimal or no
involvement

EMG changes, minimal or
no weakness

Moderate weakness and/
or atrophy

Prominent loss of
function

Bulbar signs Minimal or no
involvement

Signs without symptoms,
i.e. bulbar reflexes,
fasciculations, minimal
or no weakness

Mild/moderate
dysarthria and/or
dysphagia

More severe dysarthria
and dysphagia

Cognitive score (CBS) Minimal or no
involvement

ALSci (10–16) or ALSbi
(26–29)

Evidence of ALSci and
ALSbi on the CBS

CBS cognitive score
�10, behavioral
score �32

Patients are assigned a “grade (A–D)” on each of four indices (LMN, UMN, bulbar, and cognitive) (6). Cognitive phenotype is
defined here by scores on the ALS Cognitive Behavioral Screen (ALS-CBS) (30). Subgroup analyses can be specified a priori in an
effort to identify selective responders in future clinical trials. The rate of disease progression, as defined by the ALSFRS, has already
been shown to vary significantly based on the clinical phenotype, now readily identifiable with this grading scheme.

Utility of patient subgrouping in ALS clinical trials 3



verbal fluency, free movements of a joystick, struc-
tural changes in white matter volume, and meta-
bolic changes (28,29,36,37).

This work is now further expanded using the
Edinburgh Cognitive and Behavioural ALS Screen
(ECAS) a brief assessment of cognitive and behav-
ioral impairment in ALS, with for example, a rela-
tionship to white matter integrity measured by
DTI and correlating closely with disease-staging
model (26,33). Robust evidence comes from post-
mortem studies of 27 people with ALS who had
undertaken the ECAS during the course of their
illness (38). Seven of which had ALSci and all
showed TDP-43 accumulation, a pathological hall-
mark of ALS and FTD, in prespecified extra-
motor cerebral regions. For example, all three
patients with deficits on the executive functions
score had pathology in the dorsolateral prefrontal
cortex (BA46 and BA9). This study represented
the first demonstration of regional TDP43 accu-
mulation associated with the mid-spectrum range
of cognitive impairment and indicates that ECAS
deficits are a biomarker for pathological change.

Longitudinal changes in cognition

How cognitive dysfunction evolves over the course
of the disease has relevance for clinical trials and
may also shed light on whether there are distinct
subgroups. While some longitudinal studies sug-
gest there are subgroups of individuals who decline
in cognitive scores, results are mixed (39–41).
Longitudinal studies are plagued by problems of
attrition and findings are inconsistent; however,
cross-sectional studies have shown an association
between cognitive/behavioral change and disease
stage (42).

Most importantly for clinical trials, cognitive
impairment has been shown to be a negative prog-
nostic indicator in ALS and is associated with
shorter survival, resulting in increased attrition in
individuals with cognitive deficits at baseline
(43–45). It has been shown that it is not only cog-
nitive impairment at baseline but also the extent of
decline which is associated with shorter survival,
with those who changed classification having a
shorter survival than those who did not, these
patients also had worsening physical deterioration
than those who did not (43).

In summary, there is compelling evidence that
cognitive impairment may serve as a biomarker,
reflective of distinct patterns of cerebral involve-
ment and pathology outside of the motor system.

For investigating whether an intervention has an
effect on cognition, binary patient grouping may be
too simplistic and prone to classification errors, and
a continuous variable is more appropriate and pro-
vides rich data. The comparison of different neuro-
psychological tests remains challenging, but the
introduction and use of the revised consensus

criteria (31) and the availability of ALS-specific cog-
nitive measures (e.g. the ECAS and the ALS
Cognitive Behavior Scale (ALS-CBS) (30,46)) have
improved our ability to compare study findings in a
more meaningful way in the future.

Subgroup identification using neuroimaging

It has been recognized since the early 1990s that
certain ALS patients had hyperintensity of the
cortico-spinal tracts (CSTs) on T2, PD, and
FLAIR imaging (47) and some also had a hypoin-
tense rim in the precentral gyrus called “the Hand
Knob” or “the motor band sign” better seen on
SWI (48).

The presence of such CST hyperintensities
may help discriminate subgroups with different
disease mechanisms and could be a valuable basis
to discriminate amongst patients entering a clinical
trial (49,50).

Decades of research have highlighted the
advanced neuroimaging signature of ALS to differ-
entiate certain phenotypes and genotypes (51,52).
Motor cortical thickness was shown to be a more
sensitive measure of UMN degeneration than
UMN signs (53). Longitudinal studies have shown
progressive imaging changes that correlate with
disability and survival (52).

Functional MRI confirmed these findings with
abnormal motor and extra motor resting state, and
metabolic imaging using MR spectroscopy or
FDG-PET showed primary motor cortex hypome-
tabolism and metabolite alteration along the
descending CST that correlated with survival
(54–57).

These sophisticated imaging techniques allow us
to better evaluate the spinal cord as a surrogate for
both UMN and LMN degeneration. Volumetric
studies showed cord atrophy in cervical and thoracic
spine (58). Progressive cord atrophy on longitudinal
studies mirror clinical progression and cervical cord
atrophy was able to predict respiratory dysfunction
and survival (58,59).

Can advanced neuroimaging techniques predict
survival?

Using measures of cortical thickness and white
matter analysis, Schuster et al. (60) showed that
short survivors (less than 18months) had more
widespread gray and white matter degeneration
compared to long survivors. In another study, Ta
et al. (61) used texture analysis, a computational
image-processing technique that quantifies patterns
in MR images that are not detectable with visual
inspection alone, and showed greater CST and
faster progression of CST degeneration in the
short survival subgroup. Volumetric studies of the
brainstem highlighted the role of the medulla vol-
ume as a driver of survival (62,63). Using machine
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learning, a subgroup of patients where low hypo-
thalamic volume in the absence of loss of appetite
or hypermetabolism was associated with low BMI
and a greater risk of death

Summary. Is MRI ready to help with subgroup
identification?

There is significant improvement in MRI hardware
with novel head coils and new generation scanner
with fast acquisition time and more powerful post-
processing software that will make it easier for
ALS patients to be scanned. To proceed with MRI
subgrouping, we will need to implement the fol-
lowing steps that could be incorporated in any
clinical trial: design of large cross-sectional studies
that are adequately powered in a homogenous
population that is deeply phenotyped with well-
characterized UMN burden and cognitive changes.
Include controls in longitudinal studies to account
for changes due to aging. Systematic imaging of
presymptomatic until pheno-conversion and
beyond. Design multi-center imaging studies with
data harmonization. Test phantoms and traveling
heads before starting multi-center imaging studies.
Establish imaging centers of excellence. Perform
postmortem imaging studies to better understand
the pathological driver of these MRI changes, as
was demonstrated in a small rapid postmortem
imaging study that the motor neuron density in
motor cortex could be correctly estimated from
MRI metrics.

Subgrouping by electrophysiology

Any disease biomarker measure applied for group-
ing cohorts of patients in clinical trials and/or used
as a progression marker would be predictive and
fulfill the following criteria:

� Quantifiable, reliable using standard operating
procedures across multiple centers, accounting
for relevant sources of variability including
intra- and inter subject, intra- and inter assess-
ment and inter laboratory (64).

Only a few neurophysiological measures, how-
ever, have so far been tested through rigorous test/
retest paradigms (65–67).

Motor unit number estimate (MUNE) techni-
ques have been suggested to be used for identifying
separate groups of patients and not surprisingly,
many of the neurophysiological studies have shown
an excellent correlation with other clinical markers
such as the ALSFRS-R (68–71).

However, this usually requires longitudinal data
(69,71). For grouping cohorts of patients into clin-
ical trials, however, a baseline measure that pre-
dicts progression rate (e.g. neurofilaments) without
the need to generate longitudinal data would be

much better suited. Motor unit number index
(MUNIX) is a modified motor unit number esti-
mation (MUNE) technique based on surface
recordings of voluntary muscle activity. It can be
recorded in any muscle in which a maximal com-
pound muscle action potential (CMAP) can be eli-
cited (72). A MUNIX-Score, taken at baseline
shortly after the diagnosis, has been demonstrated
to be a predictor for disease progression, but the
ALSFRS does the same (70) which raises the
question of why applying a neurophysiological
method if a simple clinical measure or a combin-
ation of clinical characteristics (e.g. the ENCALS-
Prediction-Model) can achieve the same (73).

The much greater value of neurophysiological
markers is their sensitivity to change over time in
terms of progression markers. As detected by
MUNIX, the decline is faster as compared to
standard measures like the ALSFRS-R and slow
vital capacity; it can detect motor unit loss before
clinical weakness occurs and it can dissect loss of
motor units and amount of reinnervation (66,69).
Importantly, when applying a MUNIX-score com-
bining several muscles, a power calculation
revealed that based on 100 patients (25% differ-
ence between placebo and verum, each arm 50
patients) trial duration would be 26.5months for
the ALSFRS but only 11.7months for the
MUNIX-score. From a central (brain) functional
perspective, assessment of cortical motor function,
and the advent of hyperexcitability in ALS/MND,
as reflected by reduction in short interval intracort-
ical excitability, has developed as a diagnostic and
prognostic biomarker in ALS (74). Confirmation
of cortical motor dysfunction would promote ear-
lier diagnosis of ALS and recruitment into thera-
peutic trials (17,75).

Conclusions

The variability among patients affected with ALS
has been recognized since the earliest descriptions,
yet, historically, has not resulted in changes in the
way we design our clinical trials or conceptualize
the diagnosis. Studying ALS as a single entity
without regard to significance of the clinical het-
erogeneity, or the variability in imaging, patho-
physiology or electrophysiology, risks the
possibility of missing a therapeutic advance that
may be relevant to a specific subgroup of affected
patients.

Given the paucity of disease-modifying thera-
pies despite the multiple attempts of well-
intentioned clinical trials, exploring various novel
strategies, such as grouping patients (a priori) on
one or more criteria, is an alternative approach
that may be both timely and necessary. In addition
to the criteria summarized in this report, enriching
our treatment cohort groups based on selection for
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a specific biomarker that has relevance to the
mechanism being tested is another strategy that
has not been regularly employed in the prior ALS
trials.

Our clinical trials in the future might optimally
employ the use of ALS subgroups in phase 2 trials
to better inform decisions in phase 3 trial design.
This strategy of subgrouping patients, along with
data on target engagement and outcomes, would
likely result in better, more successful phase 3 tri-
als. Alternatively, if a subgroup analysis were
designed in a phase 3 trial that did not result in
significant differences, an a priori statistical plan
could be proposed to then collapse the data
between groups, increasing sample size and return-
ing to the more traditional analysis that is currently
used.

While the use of patient subgroups in the
design of our future phase 2 and 3 trials might be
perceived as an impediment to enrollment and trial
efficiency, it might also be considered as a neces-
sary advancement in a disorder as complex and
heterogeneous as ALS. Such strategy is regularly
adopted with success in other neurological condi-
tions such as multiple sclerosis (relapsing-remitting
MS is usually tested separately), epilepsy (general-
ized versus focal versus complex partial seizures
are usually tested separately), and headache (type
of migraine tested separately). These examples
should be valuable considerations as we reassess
trial designs in the future.

Our current understanding is not sufficient to
know which strategy is optimal. Our current real-
ity, however, is that the need for a paradigm
changing approach in our design and understand-
ing of disease heterogeneity cannot be ignored.

Declaration of interest

The authors report no conflicts of interest. The
authors alone are responsible for the content and
writing of this article. No funding was received in
the preparation of this manuscript.

References

1. Chio A, Calvo A, Moglia C, Mazzini L, Mora G,
PARALS Study Group. Phenotypic heterogeneity of
amyotrophic lateral sclerosis: a population based study. J
Neurol Neurosurg Psychiatry. 2011;82:740–6.

2. Talman P, Duong T, Vucic S, Mathers S, Venkatesh S,
Henderson R, et al. Identification and outcomes of clinical
phenotypes in amyotrophic lateral sclerosis/motor neuron
disease: Australian National Motor Neuron Disease
Observational Cohort. BMJ Open. 2016;6:e012054.

3. Talman P, Forbes A, Mathers S. Clinical phenotypes and
natural progression for motor neuron disease: analysis
from an Australian database. Amyotroph Lateral Scler.
2009;10:79–84.

4. Meyer T, Boentert M, Großkreutz J, Weydt P, Bernsen S,
Reilich P, et al. Motor phenotypes of amyotrophic lateral
sclerosis – a three-determinant anatomical classification

based on the region of onset, propagation of motor
symptoms, and the degree of upper and lower motor
neuron dysfunction. Neurol Res Pract. 2025;7:27.

5. Jenkins A, Furey J, Heiman-Patterson T, Rosenfeld J.
Oxidative enzyme analysis on ALS subtypes: implications
for edaravone treatment, an interim analysis UCI Annual
Neuromuscular Symposium, Irvine, CA, 2023.

6. Rosenfeld J, Jenkins A, Furey J, Darki L, Wiedau M,
Heimann-Patterson T. Oxidative enzymes in ALS disease
subtypes: implications for edaravone treatment. An interim
analysis. Muscle Nerve. 2023;68:S22.

7. Turner MR, Swash M. The expanding syndrome of
amyotrophic lateral sclerosis: a clinical and molecular
odyssey. J Neurol Neurosurg Psychiatry. 2015;86:667–73.

8. Tzeplaeff L, J€urs AV, Wohnrade C, Demleitner AF.
Unraveling the heterogeneity of ALS-A call to redefine
patient stratification for better outcomes in clinical trials.
Cells. 2024;13:452.

9. Brooks BR. El Escorial World Federation of Neurology
criteria for the diagnosis of amyotrophic lateral sclerosis. J
Neurol Sci. 1994;124:96–107.

10. Carvalho MD, Swash M. Awaji diagnostic algorithm
increases sensitivity of El Escorial criteria for ALS
diagnosis. Amyotroph Lateral Scler. 2009;10:53–7.

11. Ravits JM, La Spada AR. ALS motor phenotype
heterogeneity, focality, and spread: deconstructing motor
neuron degeneration. Neurology. 2009;73:805–11.

12. Shefner JM, Al-Chalabi A, Baker MR, Cui LY, de
Carvalho M, Eisen A, et al. A proposal for new diagnostic
criteria for ALS. Clin Neurophysiol. 2020;131:1975–8.

13. Rosenfeld J, Strong MJ. Challenges in the understanding
and treatment of amyotrophic lateral sclerosis/motor
neuron disease. Neurotherapeutics. 2015;12:317–25.

14. Burrell JR, Halliday GM, Kril JJ, Ittner LM, G€otz J,
Kiernan MC, et al. The frontotemporal dementia-motor
neuron disease continuum. Lancet. 2016;388:919–31.

15. Zweig MH, Adornato B, Van Steirteghem CV, Engel WK.
Serum creatine kinase BB and MM concentrations
determined by radioimmunoassay in neuromuscular
disorders. Ann Neurol. 1980;7:324–8.

16. Meyer T, Dreger M, Grehl T, Weyen U, Kettemann D,
Weydt P, et al. Serum neurofilament light chain in distinct
phenotypes of amyotrophic lateral sclerosis: a longitudinal,
multicenter study. Eur J Neurol. 2024;31:e16379.

17. Kiernan MC, Vucic S, Talbot K, McDermott CJ,
Hardiman O, Shefner JM, et al. Improving clinical trial
outcomes in amyotrophic lateral sclerosis. Nat Rev Neurol.
2021;17:104–18.

18. Tartaglia MC, Rowe A, Findlater K, Orange JB, Grace G,
Strong MJ. Differentiation between primary lateral
sclerosis and amyotrophic lateral sclerosis: examination of
symptoms and signs at disease onset and during follow-up.
Arch Neurol. 2007;64:232–6.

19. Gordon PH, Cheng B, Katz IB, Pinto M, Hays AP,
Mitsumoto H, et al. The natural history of primary lateral
sclerosis. Neurology. 2006;66:647–53.

20. Wijesekera LC, Leigh PN. Amyotrophic lateral sclerosis.
Orphanet J Rare Dis. 2009;4:3.

21. Le Forestier N, Maisonobe T, Piquard A, Rivaud S,
Crevier-Buchman L, Salachas F, et al. Does primary
lateral sclerosis exist? A study of 20 patients and a review
of the literature. Brain. 2001;124:1989–99.

22. Wijesekera LC, Mathers S, Talman P, Galtrey C,
Parkinson MH, Ganesalingam J, et al. Natural history and
clinical features of the flail arm and flail leg ALS variants.
Neurology. 2009;72:1087–94.

23. Sabatelli M, Zollino M, Luigetti M, Grande AD, Lattante
S, Marangi G, et al. Uncovering amyotrophic lateral
sclerosis phenotypes: clinical features and long-term
follow-up of upper motor neuron-dominant ALS.
Amyotroph Lateral Scler. 2011;12:278–82.

6 J. Rosenfeld et al.



24. Hu M, Ellis C, Al-Chalabi A, Leigh P, Shaw C. Flail arm
syndrome: a distinctive variant of amyotrophic lateral
sclerosis. J Neurol Neurosurg Psychiatry. 1998;65:950–1.

25. Gordon PH, Cheng B, Katz IB, Mitsumoto H, Rowland
LP. Clinical features that distinguish PLS, upper motor
neuron-dominant ALS, and typical ALS. Neurology.
2009;72:1948–52.

26. Chenji S, Ishaque A, Mah D, Fujiwara E, Beaulieu C,
Seres P, et al. Neuroanatomical associations of the
Edinburgh Cognitive and Behavioural ALS Screen
(ECAS). Brain Imaging Behav. 2021;15:1641–54.

27. Tsujimoto M, Senda J, Ishihara T, Niimi Y, Kawai Y,
Atsuta N, et al. Behavioral changes in early ALS correlate
with voxel-based morphometry and diffusion tensor
imaging. J Neurol Sci. 2011;307:34–40.

28. Abrahams S, Goldstein LH, Kew JJ, Brooks DJ, Lloyd
CM, Frith CD, et al. Frontal lobe dysfunction in
amyotrophic lateral sclerosis. A PET study. Brain. 1996;
119:2105–20.

29. Kew JJ, Goldstein LH, Leigh PN, Abrahams S, Cosgrave
N, Passingham RE, et al. The relationship between
abnormalities of cognitive function and cerebral activation
in amyotrophic lateral sclerosis. A neuropsychological and
positron emission tomography study. Brain. 1993;116:
1399–423.

30. Woolley SC, York MK, Moore DH, Strutt AM, Murphy
J, Schulz PE, et al. Detecting frontotemporal dysfunction
in ALS: utility of the ALS Cognitive Behavioral Screen
(ALS-CBS). Amyotroph Lateral Scler. 2010;11:303–11.

31. Strong MJ, Abrahams S, Goldstein LH, Woolley S,
McLaughlin P, Snowden J, et al. Amyotrophic lateral
sclerosis – frontotemporal spectrum disorder (ALS-
FTSD): revised diagnostic criteria. Amyotroph Lateral
Scler Frontotemporal Degener. 2017;18:153–74.

32. Abrahams S. Neuropsychological impairment in
amyotrophic lateral sclerosis-frontotemporal spectrum
disorder. Nat Rev Neurol. 2023;19:655–67.

33. Lul�e D, B€ohm S, M€uller H-P, Aho- €Ozhan H, Keller J,
Gorges M, et al. Cognitive phenotypes of sequential
staging in amyotrophic lateral sclerosis. Cortex. 2018;101:
163–71.

34. Pettit LD, Bastin ME, Smith C, Bak TH, Gillingwater
TH, Abrahams S. Executive deficits, not processing speed
relates to abnormalities in distinct prefrontal tracts in
amyotrophic lateral sclerosis. Brain. 2013;136:3290–304.

35. Libon DJ, McMillan C, Avants B, Boller A, Morgan B,
Burkholder L, et al. Deficits in concept formation in
amyotrophic lateral sclerosis. Neuropsychology. 2012;26:
422–9.

36. Canosa A, Pagani M, Cistaro A, Montuschi A, Iazzolino
B, Fania P, et al. 18F-FDG-PET correlates of cognitive
impairment in ALS. Neurology. 2016;86:44–9.

37. Abrahams S, Goldstein LH, Suckling J, Ng V, Simmons A,
Chitnis X, et al. Frontotemporal white matter changes in
amyotrophic lateral sclerosis. J Neurol. 2005;252:321–31.

38. Gregory JM, McDade K, Bak TH, Pal S, Chandran S,
Smith C, et al. Executive, language and fluency
dysfunction are markers of localised TDP-43 cerebral
pathology in non-demented ALS. J Neurol Neurosurg
Psychiatry. 2020;91:149–57.

39. Poletti B, Solca F, Carelli L, Faini A, Madotto F,
Lafronza A, et al. Cognitive-behavioral longitudinal
assessment in ALS: the Italian Edinburgh Cognitive and
Behavioral ALS Screen (ECAS). Amyotroph Lateral Scler
Frontotemporal Degener. 2018;19:387–95.

40. Trojsi F, Di Nardo F, Siciliano M, Caiazzo G, Femiano
C, Passaniti C, et al. Frontotemporal degeneration in
amyotrophic lateral sclerosis (ALS): a longitudinal MRI
one-year study. CNS Spectr. 2021;26:258–67.

41. McHutchison CA, Wuu J, McMillan CT, Rademakers R,
Statland J, Wu G, et al. Temporal course of cognitive and

behavioural changes in motor neuron diseases. J Neurol
Neurosurg Psychiatry. 2024;95:316–24.

42. Finsel J, Uttner I, V�azquez Medrano CR, Ludolph AC,
Lul�e D. Cognition in the course of ALS—a meta-analysis.
Amyotroph Lateral Scler Frontotemporal Degener. 2023;
24:2–13.

43. Bersano E, Sarnelli MF, Solara V, Iazzolino B, Peotta L,
De Marchi F, et al. Decline of cognitive and behavioral
functions in amyotrophic lateral sclerosis: a longitudinal
study. Amyotroph Lateral Scler Frontotemporal Degener.
2020;21:373–9.

44. Elamin M, Phukan J, Bede P, Jordan N, Byrne S, Pender
N, et al. Executive dysfunction is a negative prognostic
indicator in patients with ALS without dementia.
Neurology. 2011;76:1263–9.

45. Ye S, Jin P, Chen L, Zhang N, Fan D. Prognosis of
amyotrophic lateral sclerosis with cognitive and
behavioural changes based on a sixty-month longitudinal
follow-up. PLOS One. 2021;16:e0253279.

46. Abrahams S, Newton J, Niven E, Foley J, Bak TH.
Screening for cognition and behaviour changes in ALS.
Amyotroph Lateral Scler Frontotemporal Degener. 2014;
15:9–14.

47. Goodin DS, Rowley HA, Olney RK. Magnetic resonance
imaging in amyotrophic lateral sclerosis. Ann Neurol.
1988;23:418–20.

48. Hecht MJ, Fellner F, Fellner C, Hilz MJ, Neund€orfer B,
Heuss D. Hyperintense and hypointense MRI signals of
the precentral gyrus and corticospinal tract in ALS: a
follow-up examination including FLAIR images. J Neurol
Sci. 2002;199:59–65.

49. Matte GP, Pioro EP. Clinical features and natural history
in ALS patients with upper motor neuron abnormalities
on conventional brain MRI. Neurology. 2010;74:A216.

50. Rajagopalan V, Pioro EP. Graph network measures reveal
distinct white matter abnormalities in motor and extra-
motor brain regions of two UMN-predominant ALS
subtypes. J Neurol Sci. 2023;452:120765.

51. Menke RA, Agosta F, Grosskreutz J, Filippi M, Turner
MR. Neuroimaging endpoints in amyotrophic lateral
sclerosis. Neurotherapeutics. 2017;14:11–23.

52. Tan EL, Bede P, Pradat PF. Promises and pitfalls of
imaging-based biomarkers in motor neuron diseases. Curr
Opin Neurol. 2023;36:346–52.

53. Nitert AD, Tan HH, Walhout R, Knijnenburg NL, van Es
MA, Veldink JH, et al. Sensitivity of brain MRI and
neurological examination for detection of upper motor
neurone degeneration in amyotrophic lateral sclerosis. J
Neurol Neurosurg Psychiatry. 2022;93:82–92.

54. Christidi F, Karavasilis E, Argyropoulos GD, Velonakis G,
Zouvelou V, Murad A, et al. Neurometabolic alterations in
motor neuron disease: insights from magnetic resonance
spectroscopy. J Integr Neurosci. 2022;21:87.

55. Kassubek J, M€uller H-P, Del Tredici K, Brettschneider J,
Pinkhardt EH, Lul�e D, et al. Diffusion tensor imaging
analysis of sequential spreading of disease in amyotrophic
lateral sclerosis confirms patterns of TDP-43 pathology.
Brain. 2014;137:1733–40.

56. Agosta F, Spinelli EG, Filippi M. Neuroimaging in
amyotrophic lateral sclerosis: current and emerging uses.
Expert Rev Neurother. 2018;18:395–406.

57. Bharti K, Graham SJ, Benatar M, Briemberg H, Chenji S,
Dupr�e N, et al. Functional alterations in large-scale
resting-state networks of amyotrophic lateral sclerosis: a
multi-site study across Canada and the United States.
PLOS One. 2022;17:e0269154.

58. El Mendili MM, Querin G, Bede P, Pradat PF. Spinal
cord imaging in amyotrophic lateral sclerosis: historical
concepts—novel techniques. Front Neurol. 2019;10:350.

Utility of patient subgrouping in ALS clinical trials 7



59. Grolez G, Kyheng M, Lopes R, Moreau C, Timmerman
K, Auger F, et al. MRI of the cervical spinal cord predicts
respiratory dysfunction in ALS. Sci Rep. 2018;8:1828.

60. Schuster C, Hardiman O, Bede P. Survival prediction in
amyotrophic lateral sclerosis based on MRI measures and
clinical characteristics. BMC Neurol. 2017;17:73.

61. Ta D, Ishaque AH, Elamy A, Anand T, Wu A, Eurich
DT, et al. Severity of in vivo corticospinal tract
degeneration is associated with survival in amyotrophic
lateral sclerosis: a longitudinal, multicohort study. Eur J
Neurol. 2023;30:1220–31.

62. Bede P, Pradat PF. Editorial: biomarkers and clinical
indicators in motor neuron disease. Front Neurol. 2019;
10:1318.

63. Milella G, Introna A, Ghirelli A, Mezzapesa DM, Maria
U, D’Errico E, et al. Medulla oblongata volume as a
promising predictor of survival in amyotrophic lateral
sclerosis. Neuroimage Clin. 2022;34:103015.

64. van den Berg LH, Sorenson E, Gronseth G, Macklin EA,
Andrews J, Baloh RH, et al. Revised Airlie House
consensus guidelines for design and implementation of
ALS clinical trials. Neurology. 2019;92:e1610–e23.

65. Higashihara M, Menon P, van den Bos M, Pavey N,
Vucic S. Reproducibility of motor unit number index and
MScanFit motor unit number estimation across intrinsic
hand muscles. Muscle Nerve. 2020;62:192–200.

66. Neuwirth C, Barkhaus PE, Burkhardt C, Castro J, Czell
D, de Carvalho M, et al. Motor Unit Number Index
(MUNIX) detects motor neuron loss in pre-symptomatic
muscles in amyotrophic lateral sclerosis. Clin
Neurophysiol. 2017;128:495–500.

67. Neuwirth C, Burkhardt C, Alix J, Castro J, de Carvalho
M, Gawel M, et al. Quality Control of Motor Unit
Number Index (MUNIX) measurements in 6 muscles in a
single-subject “round-robin” setup. PLOS One. 2016;11:
e0153948.

68. Barp A, Lizio A, Gerardi F, Tarlarini C, Mauro L,
Sansone VA, et al. Neurophysiological indices in

amyotrophic lateral sclerosis correlate with functional
outcome measures, staging and disease progression. Clin
Neurophysiol. 2021;132:1564–71.

69. Neuwirth C, Barkhaus PE, Burkhardt C, Castro J, Czell
D, de Carvalho M, et al. Tracking motor neuron loss in a
set of six muscles in amyotrophic lateral sclerosis using the
Motor Unit Number Index (MUNIX): a 15-month
longitudinal multicentre trial. J Neurol Neurosurg
Psychiatry. 2015;86:1172–9.

70. Risi B, Cotti Piccinelli S, Gazzina S, Labella B, Caria F,
Damioli S, et al. Prognostic usefulness of Motor Unit
Number Index (MUNIX) in patients newly diagnosed
with amyotrophic lateral sclerosis. J Clin Med. 2023;12:
5036.

71. van Dijk JP, Schelhaas HJ, Van Schaik IN, Janssen HM,
Stegeman DF, Zwarts MJ. Monitoring disease progression
using high-density motor unit number estimation in
amyotrophic lateral sclerosis. Muscle Nerve. 2010;42:239–
44.

72. Nandedkar SD, Barkhaus PE, Stålberg EV, Neuwirth C,
Weber M. Motor unit number index: guidelines for
recording signals and their analysis. Muscle Nerve. 2018;
58:374–80.

73. Westeneng HJ, Debray TPA, Visser AE, van Eijk RPA,
Rooney JPK, Calvo A, et al. Prognosis for patients with
amyotrophic lateral sclerosis: development and validation
of a personalised prediction model. Lancet Neurol. 2018;
17:423–33.

74. Menon P, Geevasinga N, Yiannikas C, Howells J, Kiernan
MC, Vucic S. Sensitivity and specificity of threshold
tracking transcranial magnetic stimulation for diagnosis of
amyotrophic lateral sclerosis: a prospective study. Lancet
Neurol. 2015;14:478–84.

75. Vucic S, Pavey N, Menon P, Babayev M, Maslyukova A,
Muraviev A, et al. Neurophysiological assessment of
cortical motor function: a direct comparison of
methodologies. Clin Neurophysiol. 2025;170:14–21.

8 J. Rosenfeld et al.


	Utility of patient subgrouping in ALS clinical trials: a World Federation of Neurology white paper
	Abstract
	Introduction
	Grouping patients by clinical phenotype
	A path forward

	Grouping patients by cognitive and behavioral impairment
	Longitudinal changes in cognition

	Subgroup identification using neuroimaging
	Can advanced neuroimaging techniques predict survival?
	Summary. Is MRI ready to help with subgroup identification?

	Subgrouping by electrophysiology
	Conclusions
	Declaration of interest
	References


