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Preventing amyotrophic lateral sclerosis:
insights from pre-symptomatic
neurodegenerative diseases

Michael Benatar,1 Joanne Wuu,1 Caroline McHutchison,2,3 Ronald B. Postuma,4

Bradley F. Boeve,5 Ronald Petersen,5 Christopher A. Ross,6,7,8,9 Howard Rosen,10

Jalayne J. Arias,10 Stephanie Fradette,11 Michael P. McDermott,12,13 Jeremy Shefner,14

Christine Stanislaw,15 Sharon Abrahams,2,3 Stephanie Cosentino,16

Peter M. Andersen,17 Richard S. Finkel,18 Volkan Granit,1 Anne-Laure Grignon,1

Jonathan D. Rohrer,19 Corey T. McMillan,20 Murray Grossman,20

Ammar Al-Chalabi21,22 and Martin R. Turner23 on behalf of the attendees of the First
International Pre-Symptomatic ALS Workshop

Significant progress has been made in understanding the pre-symptomatic phase of amyotrophic lateral sclerosis.
While much is still unknown, advances in other neurodegenerative diseases offer valuable insights. Indeed, it is
increasingly clear that the well-recognized clinical syndromes of Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, spinal muscular atrophy and frontotemporal dementia are also each preceded by a pre-
symptomatic or prodromal period of varying duration, during which the underlying disease process unfolds, with
associated compensatory changes and loss of inherent system redundancy.
Key insights from these diseases highlight opportunities for discovery in amyotrophic lateral sclerosis. The devel-
opment of biomarkers reflecting amyloid and tau has led to a shift in defining Alzheimer’s disease based on
inferred underlying histopathology. Parkinson’s disease is unique among neurodegenerative diseases in the num-
ber and diversity of non-genetic biomarkers of pre-symptomatic disease, most notably REM sleep behaviour dis-
order. Huntington’s disease benefits from an ability to predict the likely timing of clinically manifest disease based
on age and CAG-repeat length alongside reliable neuroimaging markers of atrophy. Spinal muscular atrophy clinic-
al trials have highlighted the transformational value of early therapeutic intervention, and studies in frontotempo-
ral dementia illustrate the differential role of biomarkers based on genotype. Similar advances in amyotrophic lat-
eral sclerosis would transform our understanding of key events in pathogenesis, thereby dramatically accelerating
progress towards disease prevention.
Deciphering the biology of pre-symptomatic amyotrophic lateral sclerosis relies on a clear conceptual framework
for defining the earliest stages of disease. Clinically manifest amyotrophic lateral sclerosis may emerge abruptly,
especially among those who harbour genetic mutations associated with rapidly progressive amyotrophic lateral
sclerosis. However, the disease may also evolve more gradually, revealing a prodromal period of mild motor im-
pairment preceding phenoconversion to clinically manifest disease. Similarly, cognitive and behavioural impair-
ment, when present, may emerge gradually, evolving through a prodromal period of mild cognitive impairment or
mild behavioural impairment before progression to amyotrophic lateral sclerosis.
Biomarkers are critically important to studying pre-symptomatic amyotrophic lateral sclerosis and essential to
efforts to intervene therapeutically before clinically manifest disease emerges. The use of non-genetic biomarkers,
however, presents challenges related to counselling, informed consent, communication of results and limited

Received June 07, 2021. Revised September 16, 2021. Accepted October 08, 2021. Advance access publication October 22, 2021
VC The Author(s) (2021). Published by Oxford University Press on behalf of the Guarantors of Brain.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/
by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial
re-use, please contact journals.permissions@oup.com

https://doi.org/10.1093/brain/awab404 BRAIN 2022: 145; 27–44 | 27

https://orcid.org/0000-0003-4241-5135
https://orcid.org/0000-0003-0103-8580
https://orcid.org/0000-0002-4153-8187
https://orcid.org/0000-0003-1882-5847
https://orcid.org/0000-0002-5191-6479
http://orcid.org/0000-0003-0094-5429
https://orcid.org/0000-0002-6519-7225
https://orcid.org/0000-0003-0267-3180


protections afforded by existing legislation. Experiences from pre-symptomatic genetic testing and counselling,
and the legal protections against discrimination based on genetic data, may serve as a guide.
Building on what we have learned—more broadly from other pre-symptomatic neurodegenerative diseases and
specifically from amyotrophic lateral sclerosis gene mutation carriers—we present a road map to early interven-
tion, and perhaps even disease prevention, for all forms of amyotrophic lateral sclerosis.
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Introduction
Emerging evidence from the study of a host of neurodegenerative

diseases has made it abundantly clear that the well-recognized

clinical syndromes of Alzheimer’s disease, Parkinson’s disease,

Huntington’s disease, frontotemporal dementia (FTD) and amyo-

trophic lateral sclerosis (ALS) are preceded by periods of variable

duration during which the underlying disease process is active

despite the absence of even mild, prodromal symptoms. The same

may also be true of all but the most severe type of spinal muscular

atrophy (SMA). The impact of this understanding has been pro-
found, revealing a disjunction between the presence of disease at
the molecular, cellular and network levels versus its clinical mani-
festations, the latter being influenced by a variety of adaptive proc-
esses permitting functional tolerance despite underlying
pathology. Increasing opportunity and ability to study the pre-
symptomatic phases of these diseases (Fig. 1) has heightened
interest in the possibility that early therapeutic intervention—or
even prevention—may offer the best hope for the millions predis-
posed to these devastating neurodegenerative diseases.
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This background served as the impetus for the First
International Pre-Symptomatic ALS Workshop (27 January 2020, in
Miami, FL; Supplementary material) and on which this paper is
based. First, we review the state-of-the-field as well as experiences
and lessons shared by attendees who study the pre-symptomatic
phases of various neurodegenerative diseases and their relevance
for the study of pre-symptomatic ALS. We then summarize our
recommendations for the study of motor, cognitive and behaviour-
al manifestations of early ALS; the critical importance of bio-
markers to this endeavour; the challenges of genetic and
biomarker counselling; the pertinent ethical, legal and social
implications; and considerations for the design of early interven-
tion or disease prevention clinical trials.

Pre-symptomatic neurodegenerative
diseases
Alzheimer’s disease

Alzheimer’s disease is the most common adult-onset neurodege-
nerative disorder, with symptoms typically emerging when indi-
viduals are in their mid-seventies. The clinical syndrome of
Alzheimer’s disease is preceded by a prodromal stage, encom-
passed under the rubric of mild cognitive impairment (MCI), a syn-
dromic label that does not necessarily imply Alzheimer’s disease
as the underlying aetiology. In turn, MCI may be preceded by a
phase of disease sometimes referred to as pre-MCI1 or preclinical
Alzheimer’s disease. There is also increasing interest in subjective
cognitive decline as a risk state preceding MCI.2–5 Most
Alzheimer’s disease is sporadic; autosomal dominant gene muta-
tions, in amyloid precursor protein (APP), presenilin-1 (PSEN1), or
presenilin-2 (PSEN2), account for 55% of cases. These mutations
typically cause earlier onset disease (in the forties and fifties), and
penetrance is �100%. Susceptibility to late-onset, sporadic
Alzheimer’s disease is mediated, at least in part, by apolipopro-
tein-E (APOE) with three allelic forms: APOE2 (protective), APOE3
(neutral) and APOE4 (increased risk for Alzheimer’s disease).
Numerous other susceptibility alleles confer a small but increased
risk of developing Alzheimer’s disease.6

In the past, ‘probable Alzheimer’s disease’ or ‘Alzheimer’s dis-
ease dementia’ was diagnosed based on the typical clinical syn-
drome of progressive impairments in two or more specific
cognitive domains, including memory, executive, language and
visuospatial functions, resulting in impairment in daily function,7

with supporting neuroimaging and CSF biomarkers when avail-
able. MCI, in turn, is diagnosed based on objective cognitive im-
pairment in at least one aspect of cognition, along with report of
decline by the patient, informant or clinician, in the absence of sig-
nificant functional impairment.8 Significant work has been done
to characterize the early features of mild Alzheimer’s disease
including MCI (and even pre-MCI). The rate of progression from
cognitively unimpaired to MCI varies between 3% and 6% per
year,9 and the rate of progression from MCI to dementia varies
from 5% to 20% per year with most studies suggesting a �10–15%
range.10 Rates of conversion are heavily age-dependent; in the
presence of Alzheimer’s disease biomarkers, 3- and 5-year progres-
sion rates may be as high as 35% and 85%, respectively.11

Previously, the diagnosis of ‘definite Alzheimer’s disease’ was
restricted to those with post-mortem evidence of neuritic plaques
and neurofibrillary tangles. More recently, however, there has
been a shift in conceptualizing Alzheimer’s disease within an ATN
[amyloid (A), tau (T) and neurodegeneration (N)] framework, which
defines disease based on A and T, and characterizes progression
based on N.12,13 This advance was facilitated by development of
biomarkers reflecting the underlying biology of Alzheimer’s

disease, initially CSF measures of A and T, but more recently PET
ligands that permit in vivo imaging of both A and T. N is deter-
mined via MRI measures of brain atrophy or hypometabolism on
fluorodeoxyglucose PET, and potentially by elevation of CSF or
blood neurofilament light chain (NfL).14 Indeed, plasma NfL is ele-
vated 6.8 estimated years before symptom onset (EYO) of familial
Alzheimer’s disease, and trajectories of NfL among mutation car-
riers diverge from non-mutation carriers �16 years before EYO.15

Layered on top of this underlying biological classification is staging
by clinical features that, while correlated with ATN state, is inde-
pendent of the biological framework.16 The ATN framework has
thus driven a paradigm shift towards conceptualizing Alzheimer’s
disease as a biological, rather than a clinical–pathological, entity.12

Extensive research is underway to develop disease-modifying
therapies, and this is an active area of investigation, primarily
focusing on A and T as therapeutic targets.17 With the availability
of biomarkers for A, T and N, these clinical trials are becoming in-
creasingly sophisticated, using biomarker criteria for entry as well
as outcome measures. In fact, the FDA’s accelerated approval of
aducanumab, a monoclonal antibody that binds aggregated forms
of amyloid-b, was based on a lowering of amyloid, a biomarker of
Alzheimer’s disease pathology, with the supposition that it would
be ‘reasonably likely to predict’ a clinical benefit. This approval
has generated significant controversy since clinical benefit has not
yet been demonstrated.18–20 While the initial FDA label included a
broad indication for Alzheimer’s disease, it has since narrowed to
include patients with MCI or mild dementia due to Alzheimer’s
disease, reflecting the clinical trial population.

Recognition of earlier clinical presentations of Alzheimer’s dis-
ease (e.g. MCI or subjective cognitive decline) has moved back the
clinical detection threshold to allow for earlier intervention in clin-
ical trials. On the assumption that earlier therapeutic targeting of
the underlying disease process is more likely to be successful,
early detection of clinical features has become paramount. Several
trials are now underway involving participants who are amyloid
positive but cognitively unimpaired, and these disease-modifying
trials will inform the potential prevention of symptomatic
Alzheimer’s disease.21–23

Parkinson’s disease

Parkinson’s disease is the second most common neurodegenera-
tive disease, affecting 1–2% of the population over 65 years of
age.24 Most Parkinson’s disease is sporadic, but a family history is
present in �15% of patients. An identifiable genetic cause is found
in �7%,25 with mutations in LRRK2, GBA, PRKN (parkin), SNCA and
PINK1 most commonly implicated.26

There is a striking number and diversity of clinical markers and
biomarkers of early Parkinson’s disease, making it unique among
neurodegenerative diseases. Olfactory loss, one of the first
markers documented to predict Parkinson’s disease, is associated
with a �5-fold relative risk of Parkinson’s disease/dementia with
Lewy bodies.27 Olfactory loss may start as early as 20 years before
clinical Parkinson’s disease.28 Constipation, although associated
with a lower relative risk (�2.5), has perhaps an even longer la-
tency,28–30 suggesting it may be a Parkinson’s disease risk factor
and a prodromal marker. Other autonomic variables, including
urinary and erectile dysfunction, are also associated with
Parkinson’s disease, although with a lower relative risk.
Laboratory-confirmed neurogenic orthostatic hypotension has
very high risk, with up to 10% of affected patients phenoconverting
per year.31 Subtle motor impairment is modestly associated with
Parkinson’s disease on non-expert examination (relative risk = 1.9),
with a stronger association if clinical experts document subtle par-
kinsonism (relative risk = 8).32 Loss of dopamine transporter on
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imaging is associated with an 18-fold relative risk of Parkinson’s
disease.33 New MRI biomarkers and tissue-based diagnoses (espe-
cially skin biopsy and synuclein-seeding assays) have considerable
promise. Unlike other neurodegenerative diseases, NfL is less like-
ly to predict Parkinson’s disease, as levels are, at most, only mod-
estly increased. However, NfL could potentially be used in
differential diagnosis of prodromal synucleinopathy, as more rap-
idly progressive neurodegenerative diseases (e.g. multiple system
atrophy) have robust increases in NfL.34 Overall, the strongest
known predictor of Parkinson’s disease/dementia with Lewy
bodies is REM sleep behaviour disorder. Long-term studies show
that 480% of patients with REM sleep behaviour disorder eventu-
ally develop neurodegenerative synucleinopathy (i.e. Parkinson’s
disease, dementia with Lewy bodies or multiple system atrophy).35

These clinical/biomarkers define the presence of a syndrome in
which symptoms/signs of disease are evident (prodromal
Parkinson’s disease), but insufficient to permit diagnosis of clinical
Parkinson’s disease. In addition to this prodromal state, the
International Parkinson and Movement Disorders Society (MDS)
recognizes a preclinical state, in which neurodegeneration has
started, but clinical symptoms/signs have not yet emerged.36

Preclinical stages are not currently definable, because most bio-
markers become abnormal only at prodromal stages. As noted pre-
viously, however, there are at least 16 prospectively established
clinical markers or biomarkers of prodromal disease.29 Because
Parkinson’s disease-related neurodegeneration generally starts
outside the dopaminergic motor areas (in the olfactory bulb/nu-
cleus, lower brainstem, and peripheral autonomic system), most
markers are non-motor. Moreover, the prodromal state can be very

long; the average duration is �10 years and many patients mani-
fest subtle signs 15–20 years before clinical Parkinson’s disease is
diagnosed.36 Most clinical prodromal Parkinson’s disease markers
identify all prodromal synucleinopathies, including dementia with
Lewy bodies and multiple system atrophy (of note, dementia with
Lewy bodies and Parkinson’s disease are no longer considered mu-
tually exclusive conditions by MDS criteria37).

Research criteria for prodromal Parkinson’s disease have been
developed by the MDS.29,36 Since no neuroprotective therapy for
Parkinson’s disease is currently available, the criteria are mainly
for research purposes, especially to help identify candidates for
prevention trials of putative neuroprotective treatments. These
criteria were designed to solve a particular problem, namely the
existence of a broad array of strikingly varied markers with very
different predictive strengths. A Bayesian naı̈ve classifier was used
to estimate an individual’s prodromal Parkinson’s disease prob-
ability. First, the baseline risk of prodromal Parkinson’s disease is
identified based on age. Then, diagnostic tests for markers of pro-
dromal Parkinson’s disease are sequentially added; positive tests
increase likelihood of disease (by a strength that depends on their
predictive value), whereas negative tests decrease likelihood. If the
threshold of 80% probability is reached, probable prodromal
Parkinson’s disease is diagnosed. These criteria have now been
validated in several studies that have found that the positive pre-
dictive value is high (i.e. once diagnosis is made, there is a high
chance of clinical Parkinson’s disease). Sensitivity, however,
depends entirely on the markers assessed; in general, because
Parkinson’s disease is relatively uncommon, only very powerful
markers (REM sleep behaviour disorder, dopamine transporter

Figure 1 Terminologies most commonly used in different neurodegenerative diseases. Different fields have used different terms to describe the
prodromal phase of disease that precedes clinically overt disease. For Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease
(HD) and FTD, this period is designated as MCI, prodromal Parkinson’s disease, prodromal Huntington’s disease and prodromal FTD, respective-
ly. In some parlance, prodromal FTD encompasses both MCI-cognition and MCI-behaviour. Similarly, each of these disorders is also character-
ized by an even earlier stage of asymptomatic disease (pre-MCI, preclinical Parkinson’s disease, pre-symptomatic Huntington’s disease and
preclinical FTD, respectively), during which clinical symptoms and signs are absent, but biomarker evidence may be present. Terminology for
SMA is less well-defined.
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imaging, etc.) can increase the probability of prodromal
Parkinson’s disease up to the 80% threshold.

Huntington’s disease

Huntington’s disease is a fully penetrant, autosomal dominant
neurodegenerative disorder caused by a CAG-trinucleotide repeat
expansion in the huntingtin (HTT) gene on chromosome 4.38

Manifest Huntington’s disease is characterized clinically by the
triad of motor, cognitive and psychiatric manifestations.39

Predictive genetic testing has made possible the definition of a
prodromal stage, during which subtle motor, cognitive and emo-
tional changes evolve before the extrapyramidal motor (and cogni-
tive) signs are of sufficient severity to warrant a clinical diagnosis
of Huntington’s disease.40–47 Prodromal Huntington’s disease, in
turn, is preceded by a pre-symptomatic period with no signs or
symptoms attributable to Huntington’s disease. Together, the pre-
symptomatic and prodromal phases comprise pre-manifest
Huntington’s disease.

The clinical diagnosis of manifest Huntington’s disease has
traditionally been based on motor signs, with the severity of the
extrapyramidal movement disorder quantified using the Unified
HD Rating Scale,48 yielding a ‘total motor score’ (range 0–124). The
study of pre-manifest CAG-repeat expansion carriers and individu-
als with a family history of Huntington’s disease, by contrast, has
relied on a ‘diagnostic confidence’ scale, with motor abnormalities
rated as: 0 = normal (no motor abnormalities); 1 = non-specific
motor abnormalities; 2 = motor abnormalities that may be signs of
Huntington’s disease (50–89% confidence); 3 = motor abnormalities
that are likely signs of Huntington’s disease (90–98% confiden-
ce);and 4 = motor abnormalities that are unequivocal signs of
Huntington’s disease (599% confidence).49 More recently, a Task
Force of the MDS proposed that cognitive changes be added as
important components of the diagnosis of Huntington’s disease,
effectively upgrading some previously ‘pre-symptomatic’ individu-
als to prodromal, and some ‘prodromal’ individuals to manifest
disease.49

The age at which manifest Huntington’s disease is likely to ap-
pear may be predicted using the CAG-repeat length. A useful vari-
able for studying natural history is the CAG Age Product (CAP)
score, calculated as: age � (CAG – L), where age is current age, CAG
is the repeat length, and L is a constant close to the threshold of
CAG length for onset of Huntington’s disease. The value chosen
for L varies among researchers but is generally close to 30. As is ap-
parent from the formula, the greater the CAG length, the higher
the CAP score at any age. The CAP score can be thought of as a
measure of cumulative exposure to the effects of the expanded
CAG repeat.39,50,51 The higher the CAP score, the closer in time
the individual is to phenoconversion to clinically manifest
Huntington’s disease.52 Genetic modifiers also contribute to the
variance in age of onset and rate of progression.53

With remarkable consistency in single-54 and multi-centre
studies such as PREDICT-HD55 and TRACK-HD,56 structural MRI
shows that atrophy of the striatum and other brain regions begins
at least 15 years before emergence of clinically manifest
Huntington’s disease, at a CAP score of �200. The progressive atro-
phy of these regions is remarkably steady, reaching �40–50% at
the time of motor onset. The size of the striatum in the pre-mani-
fest period can predict time to motor onset even after accounting
for CAG-repeat length.57

CSF and blood biomarkers have also proven strikingly effective
in tracking natural history and response to therapeutics in
Huntington’s disease. Mutant HTT (mHTT), derived from dying
neurons58 and present at femtomolar concentrations in CSF, can
be measured with high sensitivity and accuracy.58–60 It is elevated

in Huntington’s disease, both in the pre-manifest and manifest
stages, is associated with clinical decline, and correlates with
markers of neuronal degeneration. Quantification of CSF mHTT
has also provided essential evidence of target engagement in the
first trial of a HTT-lowering therapy.61

NfL is also increased in Huntington’s disease CSF,62–64 but has a
different trajectory; and CSF levels appear to have a more powerful
predictive effect on future disease status.65 Remarkably, blood NfL
levels increase with progression, including in pre-manifest indi-
viduals over 10 years from predicted onset, and are also associated
with clinical progression, brain atrophy and emergence of clinical
disease.62 Recently, it was demonstrated that alterations of specif-
ic peptide neuromodulators in CSF may provide the first markers
of involvement of striatal medium spiny neurons that are prefer-
entially involved in early Huntington’s disease, thus further facili-
tating studies of natural history and possibly experimental
therapeutics.66,67

Antisense oligonucleotide-based approaches have been
developed to target HTT mRNA via both non-allele-specific
(Tominersen/Roche) and mutant allele-specific (Wave Life
Sciences) approaches. Promising phase 1/2a results61 prompted
a phase 3 trial (GENERATION HD1), but this was unfortunately
halted due to worsening clinical outcomes in the treated groups,
raising the question of whether the poor outcomes were due to
knockdown of wild-type HTT or off-target effects. Two other
antisense oligonucleotide trials by Wave have also been halted,
though a third, using a different backbone, continues, as do sev-
eral other therapeutic strategies. Despite these setbacks, there is
increasingly interest in the possibility of early intervention stud-
ies in the pre-manifest population.

Spinal muscular atrophy

SMA is an autosomal recessive neuromuscular disease character-
ized by progressive degeneration of motor neurons in the anterior
horn of the spinal cord and brainstem, resulting in muscle weak-
ness and atrophy.68 In classic SMA, homozygous deletions or com-
pound heterozygous mutations in the SMN1 gene on chromosome
5q13 prevent production of full-length functional survival of motor
neuron (SMN) protein, necessary for motor neuron survival and
function.69 Disease onset and rate of progression are roughly in-
versely correlated with the number of copies of the SMN2 gene, a
paralogous gene that produces �10% functional protein/copy.70

SMA manifests as a continuum of phenotypic severity which
has been historically classified, based on age at symptom onset
and highest attainment of function, with five subtypes ranging
from the most severe phenotype with prenatal onset (type 0) to
the mildest phenotype with adult onset (type 4). Most individuals
with SMA type 1, representing about 50–60% of incident cases,
have a symptom-free period after birth,71 followed by an abrupt
decrease in motor function, which eventually progresses to gen-
eral hypotonia and quadriparesis over several weeks.72 SMA may
be characterized by a period of mild prodromal symptoms prior to
clinically definite disease.73,74 This ‘pauci-symptomatic’ phase,
characterized by mild hypotonia, blunted infantile motor
responses, reduced to absent deep tendon reflexes, or reduced
compound muscle action potential (CMAP) may be identified in
some patients by the neurologist, prior to any gross abnormality
being noted by parents or even primary care physician. While
there is no consensus around a formal definition of the clinical
onset of disease (i.e. phenoconversion) of SMA among SMN1 dele-
tion carriers, clinical onset may operationally be described as the
age at which the first clear signs of weakness (delayed motor de-
velopment, loss of motor function, etc.) are reported/identified by
parents or physicians.75 Trials in pre-symptomatic SMA patients
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have required an absence of definitive clinical signs or symptoms
in a baby with a homozygous deletion of SMN1, and 2 or 3 copies of
SMN2. Eligibility in two of these trials, however, also required a
minimal ulnar CMAP.

While not a definitive prognostic biomarker in isolation, SMN2
copy number can inform anticipated age of onset and phenotypic
severity. This biomarker and the well-characterized penetrance
and natural history of SMA enabled initiation of clinical studies
in pre-symptomatic infants with homozygous SMN1 deletions
who were identified by newborn screening or positive family his-
tory.76–78 Moreover, data from the nusinersen studies in pre-symp-
tomatic patients have demonstrated the potential utility of the
phosphorylated neurofilament heavy chain (pNfH) level as a prog-
nostic biomarker; in pre-symptomatic infants in the NURTURE
study, baseline plasma and CSF pNfH levels were meaningfully
elevated, particularly in those with two copies of SMN2, who are
predicted to have a more severe phenotype.76,79

With recent advances in therapeutic approaches for the treat-
ment of SMA, the importance of early intervention has become
clear. Within the symptomatic population, the strongest predictors
of treatment response have been age at treatment initiation and
disease duration.72,80,81 Interventional studies in pre-symptomatic
individuals have demonstrated efficacy far beyond what has been
observed from the same treatment in post-symptomatic individu-
als.76,80,82,83 These data may inform other neurodegenerative dis-
eases in which a pre-symptomatic or prodromal phase can be
identified to trigger early intervention.

Frontotemporal dementia

Frontotemporal lobar degeneration (FTLD) is the overarching term
for a group of disorders characterized by CNS accumulation of toxic
protein aggregates, most commonly composed of either microtubule
associated protein tau (abbreviated tau) or transactive response
DNA-binding protein of �43kD (TDP-43, encoded by TARDBP).84,85

The clinical, pathological, and genetic aspects of FTLD, and the
associated nomenclature, are complex. The sporadic FTLD syn-
dromes (s-FTLD) include behavioural variant FTD (bvFTD), FTD
plus ALS (FTD-ALS), the semantic variant of primary progressive
aphasia (svPPA), the non-fluent/agrammatic variant of PPA
(nfPPA), corticobasal syndrome (CBS) and the classic progressive
supranuclear palsy syndrome (PSP-RS), also called Richardson’s
syndrome.86 The clinical syndromes of bvFTD, svPPA and nfPPA
are commonly referred to by the collective term ‘FTD’. Moreover,
mutations in genes encoding microtubule associated protein tau
(MAPT), progranulin (GRN), or chromosome 9 open reading frame
72 (C9orf72)86,87 cause a dominantly inherited form of familial
FTLD (f-FTLD).86,87 These mutations (found in 420% of all FTLD
patients) account for 450% of f-FTLD,86,87 providing a unique op-
portunity to study the pre-symptomatic and prodromal stages of
disease among unaffected mutation carriers. Age of onset varies
significantly in f-FTLD, ranging from �30–80 years even within
the same family, and there are no reliable algorithms for predict-
ing age of onset, except among MAPT mutation carriers.86,87 Such
models would be critical to guide participant selection for clinical
trials using symptom onset as an outcome.

While the presence of an overt FTLD phenotype can be defined
based on established criteria,88,89 defining the initial onset of
symptoms in f-FTLD is significantly more difficult. This is especial-
ly so for bvFTD, the most common phenotype, in which an initially
subtle change in behaviour, personality or comportment is com-
mon. Determining which symptoms are manifestations of a neu-
rodegenerative process (rather than part of the normal spectrum
or a primary psychiatric disorder) is challenging. Furthermore, loss
of insight, an inherent aspect of bvFTD, complicates reliance on

patient self-report and necessitates information from a know-
ledgeable informant. Similarly, a change in language functioning—
particularly word-finding difficulty—is a common complaint
among individuals in general and often increases with age; differ-
entiating anomia due to evolving primary progressive aphasia
from age-related anomia may be difficult. And while memory im-
pairment is relatively uncommon in early sporadic bvFTD, it is
more common in familial bvFTD. These issues underscore the
need for a broadly defined prodromal stage of evolving f-FTLD,
which has led some to apply the Alzheimer’s disease concept of
MCI90 to f-FTLD,91,92 with the terms MCI-cognitive and MCI-behav-
iour used by some in the FTLD community to describe the period
of uncertainty where cognitive and behavioural manifestations
representing a departure from normal are present, but not yet of
sufficient severity to warrant designation of dementia. Importantly,
each term (MCI-cognitive and MCI-behaviour) requires that clinical
manifestations represent a change from a premorbid state and pre-
vious level of functioning.

The concept of MCI-behaviour (or simply mild behavioural im-
pairment, MBI93) has been built on the foundation of the inter-
national consensus criteria for bvFTD and is purposefully loosely
defined.91 Specifically, while possible bvFTD requires three or more
abnormal behaviours (disinhibition; apathy/inertia; loss of sym-
pathy/empathy; perseverative, stereotyped or compulsive/ritualistic
behaviour; hyperorality and dietary changes), MCI-behaviour
requires only either the presence of one of these behaviours, or the
emergence of delusions or hallucinations or other odd behaviours.
Therefore, this definition of MCI-behaviour is intended to be sensi-
tive but not necessarily specific to evolving FTLD. Operationally, the
emergence of MCI-behaviour has been determined based on a
change (rating4 0) in the Behavioural/Personality/Comportment
domain of the Clinical Dementia Rating Dementia Staging
Instrument plus National Alzheimer Coordinating Center (NACC)
FTLD Module Behaviour and Language Domains, which is common-
ly abbreviated to CDRVR plus NACC FTLD (additional details are pro-
vided in the Supplementary material). This is still an emerging field
without consensus on terminology to describe prodromal FTLD.

There is growing evidence for the utility of biomarkers in FTLD,
particularly based on data from the GENFI94 and ARTFL/LEFFTDS/
ALLFTD (‘ALLFTD’) cohorts.86,91 Of note, the symptomatic onset of
disease is defined differently in these two cohort studies: whereas
GENFI considers it to be the time of diagnosis of overt FTLD (e.g.
diagnosis of bvFTD, PPA, or similar phenotype), ALLFTD considers
it to be the time of CDRVR plus NACC FTLD score 40 and/or the
diagnosis of MCI or an overt FTLD syndrome. Plasma and CSF NfL,
and phosphorylated tau isoforms in plasma, are the most promis-
ing fluid biomarkers reported to date. NfL is elevated in s-FTLD
and most of the f-FTLD syndromes95; importantly, longitudinal
measurements from GENFI showed that increasing levels of NfL
could identify MAPT, GRN and C9orf72 mutation carriers approach-
ing symptom onset.96 A recent cross-sectional analysis from
ALLFTD showed that plasma pTau181 levels were increased in pre-
symptomatic (FTLD-CDR score = 0) MAPT mutation carriers with
AD-like mixed 3R/4R tau pathology compared to controls.95 Among
the many MRI measures evaluated in cross-sectional and longitu-
dinal studies in FTLD,96,97–103 volumetric MRI has shown the most
promise in characterizing changes during the pre-symptomatic
phase of f-FTLD (FTLD-CDR score = 0), with the topography of
changes depending on the mutated gene.94,98,99,101 Initial enthusi-
asm for use of tau PET ligands has faded, however, since none so far
are adequately sensitive or specific for FTLD-associated tau fibrils;104

current tau PET tracers do not seem to differentiate tau versus TDP-
43 proteinopathies. Similarly, these PET tracers are not considered
useful in s-FTLD associated with tau pathology (e.g. PSP, CBD,
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bvFTD-tau, PPA-tau) or in f-FTLD associated with MAPT mutations
(except in rare instances).105

Lessons for amyotrophic lateral sclerosis

ALS is a disorder characterized principally by degeneration of
upper and lower motor neurons, as well as frontotemporal sys-
tems to a variable extent. While the cause of disease remains
largely unknown, 10–20% have a clear genetic aetiology. An intron-
ic C9orf72 hexanucleotide repeat expansion and missense muta-
tions in SOD1 are the most common genetic causes, with a variety
of other genes occasionally implicated. Asymptomatic carriers of
mutations in these genes comprise the only population known to
be at high risk for ALS, and in whom a study of pre-symptomatic
disease may realistically be considered.

Biomarkers are critically important for studying pre-symptomat-
ic disease. For Alzheimer’s disease, biofluid and imaging biomarkers
capture the underlying biology of amyloid and tau pathology. For
Huntington’s disease, biofluid and imaging biomarkers partially re-
flect disease biology (e.g. CSF mHTT), and partially reflect the result-
ing neurodegeneration (e.g. neurofilament release and striatal
atrophy). In ALS, available biomarkers overwhelmingly reflect neu-
rodegeneration (e.g. neurofilament, p75ECD) or neuroinflammation
(e.g. chitinases), which may simply represent a reaction to neurode-
generation. Nuclear clearance and cytoplasmic aggregation of TDP-
43, however, is the neuropathological hallmark of all ALS (except for
�3% of cases associated with SOD1 and FUS mutations). Biomarkers
reflective of this core biology are urgently needed. These would per-
mit a shift away from conceptualizing ALS as a clinical syndrome
and empower the study of ALS as one or more biological entities, in
the same way that the identification of CSF and PET-imaging
markers of amyloid and tau permitted for Alzheimer’s disease. In
turn, these biomarkers might be used to enrol subgroups of patients
into different clinical trials where the investigational agent targets
the relevant underlying biology. Such biomarkers would also facili-
tate clinical trials that aim to prevent the emergence of clinical dis-
ease, akin to how amyloid and tau biomarkers are being used in the
field of Alzheimer’s disease.

The study of pre-symptomatic disease for any neurodegenera-
tive disorder benefits enormously from knowledge of penetrance
as well as the ability to predict the timing with which clinically
manifest disease is likely to emerge. The Huntington’s disease
community is most advanced in this regard, with the CAP score
providing information on how close someone is to phenoconver-
sion. Similarly, in SMA, SMN2 copy number and the experience of
affected siblings (when available) may be useful in predicting the
timing of symptom onset and disease course.76 By contrast, age at
onset of parents (or other family members) does not reliably pre-
dict FTD age of onset (except among MAPT mutation carriers)87 or
of ALS; neither does C9orf72 repeat expansion length.106 Discovery
of biomarkers that predict age of onset in ALS and FTD could trans-
form the study of the pre-symptomatic stage of these diseases.

Pre-symptomatic Parkinson’s disease may yield the greatest
insights into the pre-symptomatic stage of sporadic ALS. Currently,
because the incidences of both ALS and Parkinson’s disease are low
(although that of Parkinson’s disease is significantly higher), both
fields share the same challenge that pre-symptomatic and pro-
dromal disease can only be studied in those at significantly elevated
risk of disease; but ALS lacks the Parkinson’s disease field’s advan-
tage of diverse and highly predictive markers. While in ALS there is
currently no clinical prodromal marker to mimic the Parkinson’s
disease approach, analogous probability-estimation mathematical
models might be considered if/when markers in ALS are discovered;
these might be used, for example, to identify, study and even treat
those at risk for sporadic ALS. Moreover, carriers of ALS-associated

genetic mutations resemble individuals with prodromal synucleino-
pathies in that they are at risk of either motor or cognitive-predom-
inant degeneration. ALS prevention trials in gene mutation carriers

extra-motor syndromes.
In SMA, pre-symptomatic trials have proceeded despite the

absence of a uniformly accepted definition of pre-symptomatic
disease. Eligibility criteria and definitions indicative of symptom
onset have, therefore, varied across studies. These differences
confound cross-study interpretation and limit translatability into
clinical practice, highlighting the importance of establishing these
disease state definitions prior to conducting similar trials in
carriers of ALS-associated gene mutations.

Of all the neurodegenerative disorders discussed before, ALS
and FTD have the most in common given their overlapping genetic
risk, pathology and clinical manifestation. In addition, those with
FTD are at risk for developing ALS, and vice versa. Strategies for
studying and defining prodromal cognitive/behavioural syn-
dromes in individuals at genetic risk for FTD, therefore, have direct
implications for ALS, especially for genetic factors that predispose
to both diseases. It is also likely that progress in uncovering
biomarkers of pre-symptomatic FTD, especially C9orf72 mutation
carriers, will be immediately relevant to ALS.

Pre-symptomatic amyotrophic lateral
sclerosis
The existing conceptual framework for ALS recognizes two phases
of disease: pre-symptomatic and symptomatic.107 The symptom-
atic phase represents the clinical syndrome of ALS that is readily
recognized based on progressive weakness with upper and lower
motor neuron signs in the same body region.108 And as described
next, we have found the pre-symptomatic phase to comprise a
pre-manifest (or clinically silent) stage and, at least in some indi-
viduals, a prodromal stage characterized by mild motor, cognitive
or behavioural abnormalities (Fig. 2). Importantly, we draw a dis-
tinction between the underlying disease versus what is observable
and can be operationally defined.

Motor manifestations

Minimal assessments required when studying pre-
symptomatic amyotrophic lateral sclerosis
To be confident that an ALS gene mutation carrier does not have
clinically manifest disease, one needs evidence for the absence of
motor neuron dysfunction (or evidence that only minor abnormal-
ities that do not amount to clinically manifest disease, are pre-
sent). This requires a careful history, combined with detailed
neuromuscular examination by an ALS expert and a comprehen-
sive EMG (sampling at least three to four muscles innervated by
different peripheral nerve and nerve roots bilaterally in the cer-
vical and lumbosacral regions; at least one bulbar muscle; and the
thoracic paraspinal muscles at four levels).109,110

Pre-manifest disease
The pre-manifest (clinically silent) stage begins at disease onset,
which is currently undefinable. We rely, therefore, on biomarker
abnormalities (e.g. increased neurofilament above an accepted nor-
mal range) as evidence that disease has already begun. In addition,
the designation of pre-manifest requires evidence for the absence of
relevant motor symptoms, examination findings indicative of motor
neuron dysfunction or ongoing denervation changes on EMG. An
important caveat is that minor clinical or EMG changes due to an-
other cause (e.g. carpal tunnel syndrome, cervical/lumbar spine
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disease) may be permitted, with clinical judgement (incorporating
results of relevant investigations, if needed) being essential in attrib-
uting these to the confounder. While mild chronic reinnervation
changes are frequently encountered and are likely attributable to
some other underlying disorder, ongoing denervation changes are
rare. Thus, if clinical judgement is that minor observed abnormal-
ities are due to something other than ALS, then an ALS gene muta-
tion carrier may still be deemed pre-manifest.

Prodromal mild motor impairment
Clinically manifest ALS is preceded, at least in some patients, by a
prodromal stage that is characterized by non-specific symptoms
(e.g. muscle cramps, reduced exercise tolerance), signs (e.g. fasci-
culation, isolated loss of ankle reflexes, diffuse hyperreflexia) or
EMG abnormalities (e.g. positive sharp waves in a single limb
muscle or thoracic paraspinal muscles) in the absence of progres-
sive muscle weakness. Importantly, to meet the criteria for pro-
dromal disease, these findings—which represent a departure from
the spectrum of healthy physiology—should be insufficient to per-
mit an experienced neurologist to declare the unequivocal emer-
gence of clinically manifest ALS and should not obviously be
attributable to another cause.

By analogy to the recognized clinical syndromes of MCI and
MBI in other neurodegenerative diseases, we have proposed the
term mild motor impairment (MMI) to describe this prodromal
period. Of note, prodromal manifestations are still considered
‘pre-symptomatic’ since they are insufficient to permit determin-
ation that clinically manifest disease has emerged. We suggest the
term phenotransition to describe the initial appearance of mild
impairment and the shift from the pre-manifest to the prodromal
stage of pre-symptomatic disease. The rationale for this term is
multifold: it differentiates the emergence of MMI from clear clinic-
al evidence of ALS; captures the essential observation that MMI

has an overt phenotype; and embodies the notion that the individ-
ual is entering a transitional stage (e.g. MMI). As discussed next,
this same framework is also applicable to the early changes in cog-
nition/behaviour in prodromal FTD and ALS. The timing of onset
of these prodromal manifestations may be difficult to define, ei-
ther because they are insidious or because they are observed post
hoc by the examiner rather than reported real-time by the subject.
As such, operationally, it is often only feasible to declare that phe-
notransition has occurred than to define when it occurred.

Phenoconversion to amyotrophic lateral sclerosis
Phenoconversion, the transition between pre-symptomatic and
symptomatic phases of disease, may emerge from the prodromal
stage or, in the absence of a prodrome, directly from the pre-mani-
fest state. Operationally, phenoconversion is defined by the emer-
gence of symptoms or objective motor (clinical or EMG) signs that a
trained evaluator would reasonably interpret as unequivocal evi-
dence of clinically manifest ALS. Sudden onset of focal weakness,
arising from a background of normality, can easily be identified as
evidence of phenoconversion, especially with subsequent confirm-
ation of motor neuron dysfunction based on clinical and EMG
examinations soon after symptom onset. In such instances, there
may be no apparent prodromal period of MMI, and the timing of
phenoconversion may be reliably determined. By contrast, when
non-specific symptoms emerge gradually, and clinical or EMG find-
ings accrue over time, the determination of phenoconversion may
be based on the totality of evidence accumulated to date. Under
such circumstances, it is often only feasible to declare that pheno-
conversion has occurred than to define when it occurred (with at-
tendant implications for use of phenoconversion as a clinical trial

tiated from the uncertainty that exists when mild motor findings
are the manifestation of some co-existing/confounding illness.

Figure 2 Conceptual framework for studying pre-symptomatic ALS. The natural history of ALS, as a biological entity, includes a pre-manifest (i.e.
clinically silent) stage that is typically not observable except when disease-related biomarker abnormalities are detected. These biomarker abnormal-
ities, if present, serve as the first (and only) indication that the disease process has begun. The pre-manifest stage may be followed by a prodromal
stage that is characterized by mild motor, cognitive or behavioural impairment (MMI, MCI or MBI, respectively); the prodromal stage is most likely to
be observed in individuals with more slowly progressing disease. In turn, this prodromal clinical stage gives way to clinically manifest ALS. The term
phenotransition describes the transition from the pre-manifest to the prodromal stage, and the term phenoconversion describes the transition to
clinically manifest ALS. The shaded gradient reflects the fact that these periods exist along a continuum. Note that the figure is not drawn to scale, as
the relative duration of each period is largely unknown and may vary between individuals.
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Cognitive/behavioural manifestations before
phenoconversion to amyotrophic lateral sclerosis

Frontotemporal spectrum dysfunction in amyotrophic
lateral sclerosis
Carriers of certain genetic mutations (e.g. C9orf72, VCP, FUS,
TARDBP) may develop ALS, FTD or both. Those who phenocon-
vert to clinically manifest FTD likely pass through a pre-mani-
fest stage as well as a prodromal stage during which there are
disturbances of cognition (including language) or behaviour
that represent a departure from normal, but which are of insuf-
ficient severity to warrant a diagnosis of FTD. Although criteria
describing cognitive and behavioural impairment in those with
ALS exist (ALSci/ALSbi),111,150 a method for characterizing these
neuropsychological features in gene mutation carriers without
ALS is currently lacking. Borrowing from the Alzheimer’s dis-
ease literature, we suggest the term MCI to also describe the
early cognitive changes that may precede FTD, emphasizing
that while these deficits occur most frequently in the executive
and language domains, other domains might also be affected
and should be addressed through formal testing. By analogy to
MCI, we recommend the term MBI to reflect the emergence of
behaviours (e.g. apathy, disinhibition) that reflect a departure
from normal, but which do not warrant a diagnosis of FTD. In
both cases, disturbances represent a clear change from prior
level of functioning. Individuals meeting criteria for MCI and
MBI would receive both classifications. While conceptually

simple, operationally defining MCI and MBI in the context of
pre-symptomatic ALS is challenging. Here we provide broad
recommendations for making these assessments and for deter-
mining the emergence of MCI or MBI. Of note is the difference
between ALSci/ALSbi and MCI/MBI: their designations apply to,
respectively, those who have and those who have not devel-
oped clinically manifest ALS.

Prodromal mild cognitive impairment
Our conceptual framework for characterizing MCI differs some-
what from that used by the FTD community, which relies heavily
on the clinical judgement of a behavioural neurologist, combined
with subjective informant report and results of neuropsycho-
logical testing. By contrast, in the study of pre-symptomatic ALS,
we rely on formal objective neuropsychological assessment, con-
ducted or supervised by a qualified neuropsychologist, as the
principal means for assessing cognition. This approach is
informed by the practical consideration that ALS neurologists
may feel less comfortable than cognitive/behavioural neurolo-
gists in relying on clinical judgements of MCI. In addition, while
subjective cognitive complaints may manifest in the prodromal
stage, such symptoms may also be non-specific and of uncertain
significance. Moreover, subjective cognitive complaints may be
absent despite clinically significant cognitive decline due to lim-
ited awareness. We have, therefore, elected to classify those with
only subjective cognitive symptoms as ‘uncertain’, and those
with deficits on neuropsychological testing (if representing a

Table 1 Neuropsychological assessment for MCI in pre-symptomatic ALS

Cognitive domain Cognitive processes Neuropsychological testsa Recommended number of tests

Multi-domain Multiple Edinburgh Cognitive and Behavioural ALS
Screen (ECAS)136,b

One test

Executive Concept formation Card Sort from the Delis Kaplan Executive
Function System112 or

Wisconsin Card Sorting Test:
128- or 64-item113,114,b

Three tests of different cognitive
processes

Set-shifting Trail Making Testb,c,d,e

Inhibition Stroop Testb,c,f,g

Social cognition Reading the Mind in the Eyes116,b

Fluencyh Executive and language
functioning

FAS letter fluencyb,c One test

Language Naming Boston Naming Test115,b,i Two non-overlapping tests
Comprehension Token Test subtest from the Multilingual

Aphasia Examination117

Semantic processing Semantic fluencyb,c,j

Visuospatial Spatial perception Judgement of Line Orientation118,b Two tests
Object perception Object Decision subtest from the Visual

Object and Space Perception Battery119,b

Memory Visual and verbal Visual Reproduction subtest from the
Wechsler Memory Scale–IV120,b,k

Two tests

Immediate, delayed and
recognition

California Auditory Verbal Learning Test121,b

aIncludes examples of tests that may be used to assess cognition in ALS gene carriers. Alternative tests are available and should be selected depending on research study

requirements.
bCurrently used for longitudinal neuropsychological assessment in the ongoing Pre-Symptomatic Familial ALS (Pre-fALS) study.133

cTimed tests may limit their continued utility following motor dysfunction onset.
dComparison between Parts A and B would allow continued testing following motor dysfunction onset.
ePart A assesses processing speed.
fComparison between interference and control conditions would allow continued testing following motor dysfunction onset.
gMay be affected by colour-blindness.
hFluency assesses both executive and language functioning and does not represent a stand-alone domain. We include it separately due to its sensitivity to cognitive deficits in

ALS and FTD.122,123,125

iMay be substituted with the Multilingual Naming Test (MINT)124; however, no alternate forms are available for longitudinal assessment.
jPerformance on this task may contribute to the criteria for impairment in fluency.
kMay be substituted with the Benson Complex Figure task126; however, the recognition component of this test is very simple.
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change from premorbid function) or where clinically meaningful
decline on neuropsychological testing is detected (even in the ab-
sence of impairment) among those with high premorbid func-
tioning, as MCI.

Formal neuropsychological assessment should include com-
prehensive testing that: (i) assesses all major cognitive domains
(executive, language, memory and visuospatial); (ii) includes an
adequate number of tests per domain, depending on the domain’s
complexity; and (iii) uses standardized measures with appropriate
age, education, sex and race/ethnicity-adjusted normative data
whenever possible. Our approach (Table 1) to such an assessment
conforms to these principles and builds on experience from the
Pre-Symptomatic Familial ALS (Pre-fALS) study.133 We recommend
including (but not solely relying on) a standardized brief multi-do-
main assessment such as the Edinburgh Cognitive and
Behavioural ALS Screen (ECAS)136–138 or similar battery139–141 that
is sensitive to impairment in ALS and FTD and for which estab-
lished norms exist, have alternate versions and published reliable
change indices to enable continued longitudinal assessment even
after phenoconversion to ALS or FTD.

Evidence that the current level of cognitive functioning repre-
sents a decline from a previous level is essential. This may be
determined based on any of three metrics. The first is demon-
stration of longitudinal decline on serial neuropsychological as-
sessment. This requires selecting tests for which a clinically
meaningful change can be defined (e.g. a reliable change
index,142 standardized regression-based formula143 or standard
deviation index144) consideration of practice effects, which may
mask decline; and recognition and control of confounding fac-
tors. Alternatively, a decline from an estimate of prior cognitive
functioning, assessed at baseline, using standardized tests (e.g.
North American Adult Reading Test145 or Test of Premorbid
Functioning146,147) or demographic-based methods (e.g. Barona
Index148) may be used. Where available, differences between esti-
mated premorbid IQ and performance on neuropsychological
tests may be examined using established prediction equations.
Alternatively, both scores may be standardized with a difference
of two standard deviations representing a clear meaningful de-
cline.149 Finally, in the absence of objective measures of decline,
one might rely on evidence of change based on other sources of
information (e.g. participant interview, self- or informant-
reported cognitive decline, or measures such as the CDRVR plus
NACC FTLD). However, information from these sources is chal-
lenging to operationalize as interpretation requires clinical
judgement to determine the impact of confounding factors (e.g.
poor insight of the test subject, uncertain informant reliability)
and this, in turn, is difficult to standardize across assessors and
research centres.

We suggest that MCI in the context of ALS mutation carriers
may be defined based on evidence of impairment with meaningful
decline on at least two tests assessing two or more different cogni-
tive processes, or a single measure of letter fluency due to its sen-
sitivity in detecting cognitive impairment in ALS150 (Fig. 3). Those
with high premorbid functioning may be classified based on the
same criteria even in the absence of impairment.

Prodromal mild behavioural impairment
The principal means of assessing behaviour is an interview with
a reliable informant (e.g. ECAS behaviour interview,136 the
Frontal Behavioural Inventory151) Since such assessments specif-
ically probe changes in behaviour compared to a previous time
point, documenting ‘change’ is simpler than for cognition. If an
interview is not possible, the informant may provide information
about behavioural changes using a validated self-completed
form (e.g. Cambridge Behaviour Inventory–Revised,152 Beaumont

Behavioural Inventory,153 Frontal Lobes Systems Behaviour
Scale154). Other supportive methods of data collection or sources
of information may be used, including participant self-report of
changes in behaviour, noting that lack of insight is common.
Observer report of behaviour during clinical/research encounters
may also be used, noting the limited scope and sensitivity of
such observations, as well as the inability to determine whether
observed behaviours represent a change. Behaviours of interest
include apathy, disinhibition, loss of sympathy/empathy, ritual-
istic/compulsive behaviours (perseveration) and hyperorality,
but not depression and anxiety.91 As assessment of behavioural
impairment typically relies on subjective measures, more em-
phasis on clinical judgement is required (e.g. to determine the re-
liability of an informant or influence of confounding variables),
and this may best be accomplished through a formal multi-dis-
ciplinary consensus meeting. In the absence of published litera-
ture to inform the relative utility of these different approaches to
gathering information about behavioural impairment, we sug-
gest defining MBI based on evidence of changes in one or more
behaviours on a standardized interview or a validated self-com-
pleted questionnaire, completed by a reliable informant or the
participant (Fig. 3).

Differentiating ‘mild’ from ‘uncertain’
In recognizing MCI and MBI as prodromal states that may not al-
ways progress to FTD, it is essential to differentiate mild impair-
ment from uncertain cases. Uncertainty may arise when: (i) it is
unclear whether impairment represents a change from a previous
level of functioning (e.g. cognitive assessment at only a single

only a single cognitive test (excluding letter fluency); or (iii) it is un-
clear whether observed deficits or behaviours might be attribut-
able to confounding factors (e.g. depression). For MCI, uncertainty
may also arise when evidence of cognitive decline is obtained sole-
ly from subjective and/or informant reports. For MBI, uncertainly
may arise when behaviours represent an ‘extreme’ example of a
longstanding personality style, or a single instance of abnormal
behaviour that might be attributed to a specific set of circumstan-
ces. Cases with no or minimal evidence of impairment or decline
are considered normal.

Other considerations

Pre-symptomatic amyotrophic lateral sclerosis biomarkers
Since pre-symptomatic ALS is, by definition, characterized by an
absence or paucity of clinical manifestations (pre-manifest and
prodromal stages, respectively), biomarkers are essential tools
for studying this phase of disease. The first emergence of bio-
marker abnormalities, for example, may serve to characterize
that pre-symptomatic disease has begun, and longitudinal
changes in these biomarkers may serve as critically important
predictors of when clinically manifest disease might appear. In
individuals at genetic risk for ALS, neurofilaments have emerged
(so far) as the most promising biomarkers of impending pheno-
conversion to clinically manifest ALS, based on the: (i) ease with
which neurofilaments can be measured in serum/plasma; (ii)
technical maturity of available assays with high sensitivity and

pre-symptomatic changes in concentration before emergence of
clinical manifestations of disease.155,156 Based on the currently
available assays, NfL appears superior to pNfH: Among gene mu-
tation carriers who progress to clinically manifest disease, NfL
(but not always pNfH) levels are elevated above a normative
threshold before phenoconversion.155,156
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Amyotrophic lateral sclerosis prevention trials
A clinical trial that tests whether an experimental therapeutic pre-
vents (or delays) the emergence of clinically manifest ALS might
use a change in biomarker as the primary outcome measure. In
the absence of validated surrogate markers, the most appropriate
primary outcome measure would have to be clinical (e.g. pheno-
conversion), analysed either as time-to-phenoconversion or the
frequency of occurrence of phenoconversion within a defined time
period. Regardless of the primary outcome measure, due to the
overall low annual phenoconversion rate even among ALS gene
mutation carriers, it will be necessary to enrich the trial cohort.
Since the power of a study with phenoconversion as a central com-
ponent of the primary outcome depends on the number of events,
eligibility criteria should enrich for individuals most likely to phe-
noconvert within the period of follow-up. Some eligibility criteria
to consider include genotype, neurofilament concentration and
age. Enrichment strategies, of course, may complicate interpret-
ation and generalizability of trial results to segments of the popu-
lation that were excluded from the trial. For example, assumptions
about phenoconversion rates and the temporal course of rise in
serum NfL probably differ between those with SOD1 mutations
associated with rapidly versus slowly progressing disease.156

Since disease prevention trials are challenging to implement,
adaptive elements of study design should be considered. Examples
include seamless phase II/III and group sequential designs that
allow dropping of a treatment arm during the trial if probably fu-
tile, and sample size re-estimation based on interim data. Such
designs require extensive planning and organization to overcome
logistical and procedural challenges. Given the challenge of identi-
fying sufficient number of people with pre-symptomatic ALS, par-
ticularly if the trial has an enrichment design that enrols only a
subset of this population, it might be useful to incorporate infor-
mation from natural history studies to supplement the random-
ized placebo group using a Bayesian or frequentist approach, even
though this is not without its own set of challenges.157–159 This
could reduce sample size requirements but would require carefully
documented natural history data from people who would meet eli-
gibility criteria for the trial.127

In addition, the broad geographic area over which study partici-
pants are likely to be distributed provides incentive to incorporate
remote assessments, to the extent that these can be done rigor-
ously. This approach is especially important in the context of the
current COVID-19 global health crisis. Fortunately, serum and
plasma are easily collected in the home setting through a remote
phlebotomy service, and analytes such as NfL are robust to pre-
analytic factors that might be impacted by remote collection.

Genetic and biomarker counselling
Published recommendations for genetic testing and counselling
for pre-symptomatic ALS are based on experience from the Pre-
fALS study.128 In addition to people already known to carry an ALS
gene mutation, the Pre-fALS study enrols participants into disclos-
ure and non-disclosure groups, based on participant choice
whether to learn results of genetic testing, with pre-decision
counselling offered to those with uncertain preference. By con-
trast, a disease prevention trial would almost certainly only
enrol individuals with a confirmed and disclosed genetic muta-
tion. Pre-decision counselling during trial screening would help
potential participants decide whether to opt for disclosure and
proceed with pre-test counselling. This additional counselling
step may be especially important given the potential for pres-
sure (e.g. from family members) to participate in a trial.
Counselling should include discussion of legal considerations
in the context of how genetic results will be handled in the
medical record, as well as regional safeguards that might exist
to protect such information. Within the USA, individual state
laws vary as to the legal protections provided, including privacy
and antidiscrimination legislation. Additionally, studies con-
ducted outside the USA should consider the legal and ethical
norms specific to that geographic area.

Insights from genetic counselling may also inform best practi-
ces for disclosure of biomarker results, especially if the biomark-
er is used to determine trial eligibility. Communicating risk based
on biomarker results, such as plasma neurofilament levels, is in-
crementally more complex than sharing genetic test results
given: (i) the (current) greater uncertainty about the clinical
implications of these biomarker data; and (ii) that, unlike genetic

Figure 3 Decision-tree for the classification of MCI and MBI in pre-symptomatic ALS. An approach to determining the presence of MCI and MBI,
based on the results of formal neuropsychological testing and an interview with a reliable informant. This decision-tree emphasizes the need to
document changes in cognition and behaviour, and incorporates a hierarchical approach to weighing data from different sources. These guide-
lines also distinguish mild impairment from instances in which there is uncertainty about cognitive or behavioural impairment.
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results, which are largely static (an individual either carries, or
does not, a pathogenic mutation, although recognizing that a
variant of uncertain significance may be ‘upgraded’ to pathogen-
ic as more information emerges), biomarker results are likely to
change over time. Biomarker counselling, therefore, may need to
be repeated, especially when new results emerge. Similar to best
practices in genetic counselling, consent should be fully
informed and free of coercion, and may need to be revisited be-
fore disclosure of new biomarker data. The advantages, disad-
vantages and implications of learning the results should be fully
explained and reinforced in writing. Psychosocial readiness to
undergo genetic testing and receive results must be adequately
appraised, and an infrastructure is necessary to support and
manage the potential psychosocial impact of learning biomarker
results (normal or abnormal).

Ethical, legal and social considerations
We have previously highlighted the importance of an array of
ethical, legal and social issues that arise from studying a popula-
tion at genetic risk for ALS: the evaluation of psychosocial readi-
ness to undergo genetic testing; the personal and family
implications of learning genetic status; the potential repercus-
sions for employment, health and disability insurance; the im-
portance of strict separation between research and medical
records to minimize the potential for discrimination and a com-
mitment to communicate a diagnosis of ALS if clinically mani-
fest disease emerges, thereby respecting the participants’ right-
to-know and permitting the initiation of early treatment or par-
ticipation in therapeutic trials.128,129,133

Historically, individuals at elevated genetic risk for ALS were
thought of as either having or not having clinically manifest ALS.
The recognition of prodromal disease (MMI) as an intermediate
clinical syndrome, however, poses new ethical challenges—specif-
ically, what to communicate when MMI is diagnosed and how to
convey this information, while balancing the individual’s auton-
omy and their need to make optimal healthcare decisions on the
one hand, with the potential to precipitate stress, anxiety, depres-
sion and possible suicidal ideation on the other hand. In the con-
text of a research study, the informed consent should explicitly
state whether the emergence of MMI or phenoconversion to ALS
will be communicated. Moreover, in both research and clinical

settings, this communication should always be done in the context
of counselling that includes discussion of both the uncertainties
around the implication of an MMI diagnosis and the probability of
phenoconversion.

The recognition of MMI as a clinical entity and the emergence
of non-genetic biomarkers of pre-symptomatic ALS and other neu-
rodegenerative disorders pose unique challenges relevant to po-
tential employment and insurance discrimination. These risks are
heightened where prodromal status or biomarker results are docu-
mented in the medical record or communicated to study partici-
pants, who may intentionally or unintentionally disclose this
information to employers or insurers. In the USA, federal laws pro-
vide some, but inadequate, protection (i.e. the Genetic Information
Nondiscrimination Act (GINA),130 the Americans with Disabilities
Act, and the Affordable Care Act]. The effectiveness of protections
against discrimination based on biomarker status depends on defi-
nitions of disease and functional impairment (Table 2). For ex-
ample, GINA affords protections in the context of genetic risk for
disease, but only so long as disease has not yet manifested.131

GINA does not define ‘disease manifestation’, leaving room for in-
terpretation about non-genetic biomarker evidence of disease or a
prodromal state such as MMI. Similarly, the Americans with
Disabilities Act prohibits discriminatory employment decisions
based on a disability [42 U.S.C.A §12112(a)]. While arguments
might be ventured that a prodromal state or preclinical markers of
neurodegenerative disorders should explicitly be labelled as a dis-
ability for purposes of the Americans with Disabilities Act, the con-
servative approach would be to assume that protections under the
Americans with Disabilities Act do not currently apply to pro-
dromal disease or biomarker status. Finally, the Affordable Care
Act provides protection against unfair underwriting practices for
health insurance based on ‘pre-existing conditions’, but not for life
and long-term care insurance. Therefore, if life or long-term care
insurers are informed of an individual’s prodromal or biomarker
status—either through requests for medical records or disclosure
by the individual—they may be permitted to use the information
as grounds for denying a policy application or for charging prohibi-
tively high premiums. Use of a certificate of confidentiality in re-
search studies can keep prodromal disease, as well as genetic and
biomarker information outside of the medical record. It is unclear
from a legal perspective, however, whether someone who has

Table 2 Protections afforded by the Genetic Information Nondiscrimination Act, Affordable Care Act and Americans with
Disabilities Act in the USA

Applicable party Context Information category GINA ACA ADA

Employers Employment Genetic status Yesa N/A N/A
Biomarker status Nob N/A Maybec

Functional status N/A N/A Yes
Insurers Health insurance Genetic status Yes N/A N/A

Biomarker status Nob No N/A
Functional status N/A Yes N/A

Long-term care
insurance

Genetic status No No N/A
Biomarker status No No N/A
Functional status N/A No N/A

Life insurance Genetic status No N/A N/A
Biomarker status No N/A N/A
Functional status N/A N/A N/A

ACA = Affordable Care Act; ADA = Americans with Disabilities Act; GINA = Genetic Information Nondiscrimination Act; N/A = designated legislation is not applicable/rele-

vant; No = protection not afforded; Yes = protection afforded.
aThe protections afforded by GINA apply only so long as disease has not yet become manifest. If a biomarker is taken to imply evidence of disease, then GINA no longer

applies.
bThe protections afforded by GINA relate to genetic risk for disease, but do not cover non-genetic biomarkers that indicate risk of disease.
cIf the biomarker evidence of disease is (i) ‘regarded as’ a disability; or (ii) is taken to represent impairment of a ‘major bodily function’, then the Americans with Disabilities

Act might provide protection (but this argument is legally unproven).
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learned of their prodromal, genetic or biomarker status exclusively
through research participation that employs a certificate of
confidentiality has a requirement to disclose such information to
an underwriter. The legal uncertainty in this area is likely reflected
outside the USA as well. It is, therefore, essential that researchers
and clinicians evaluate the potential benefits and risks associated
with disclosure and establish practices that apply consistently
within a study or clinical setting. Additionally, the potential dis-
criminatory risks are a critical component of genetic and biomark-
er testing and should be discussed before testing is offered.

As research advancements improve our ability to identify those
at risk for overt disease before the emergence of clinically manifest
disease, researchers and clinicians will face an increasing number
of ethical challenges in the context of consent procedures, docu-
menting results in research and medical records, and disclosing
results to individuals. Further work is needed to incorporate, into
the informed consent process, a discussion of the potential social
and legal consequences in advance of testing. Additionally, re-
search and education are needed to prepare clinicians and
researchers for how to disclose results and to communicate risk to
patients and research participants.132

Conclusion
The road to ALS prevention began with the meticulous study of
pre-symptomatic disease in individuals at genetic risk for
ALS.107,128,129,133,155,156 The emergent natural history and biomark-
er data have been critical to the design and implementation of the
first pre-symptomatic ALS trial.134 The focus of this trial on asymp-
tomatic carriers of highly penetrant SOD1 mutations associated
with rapidly progressive disease is due to two key factors. First,
phenoconversion to clinically manifest ALS is typically abrupt, and
we have observed the largest number of phenoconversion events
in this subgroup of the Pre-fALS cohort. Second, understanding of
the temporal course of blood-based NfL levels during the pre-
symptomatic phase of disease, and of the predictive value of a rise
in NfL for imminent phenoconversion, is most advanced in this
subgroup. In addition, intrathecally administered SOD1 antisense
oligonucleotide is ready for investigation in this population given
the emerging evidence for its safety and potential efficacy in the
symptomatic SOD1 population.135

In addition to advancing the understanding of pre-symptomat-
ic ALS and phenoconversion among this subset of SOD1 mutation
carriers, we have also shed light on the pre-symptomatic stage of
disease among other mutation carriers. Notably, we observed the
presence of a prodromal period of mild motor, cognitive or behav-
ioural impairment that precedes phenoconversion to clinically
manifest disease. While the more gradual evolution of disease in
these populations poses challenges for operationally defining phe-
noconversion, recognition of this prodromal stage is vital to shap-
ing and refining our thinking about how pre-symptomatic disease
evolves into clinically manifest disease—which will, importantly,
inform future early therapeutic intervention (and disease preven-
tion) efforts.

While the study of gene mutation carriers offers the most prox-
imate opportunity to potentially prevent the clinical onset of gen-
etic ALS, the long-term goal is to prevent all forms of ALS. To
empower the study of pre-symptomatic disease in populations at
risk for developing sporadic ALS, however, we will need to first
identify non-genetic risk factors and expand the repertoire of
available biomarkers. Although the study of neurofilaments in
mutation carriers has provided a first glimpse into pre-symptom-
atic ALS and will probably be informative for the non-genetic form
of the disease, additional biomarker discovery, including those re-
flective of underlying TDP-43 pathology or markers reflecting

broader compensatory mechanisms, will be key. Moreover, the dis-
covery of prodromal clinical markers that predict the future emer-
gence of clinical ALS, akin to progress made in Parkinson’s disease,
could be transformative in facilitating the study of pre-symptom-
atic sporadic ALS and the prevention of its clinical onset.

The challenges ahead are significant. We can, however, forge a
path forwards by building on what we have learned through the
study of other neurodegenerative diseases, as well as the study of
individuals at genetic risk for ALS. This, we believe, is the road
map to early intervention for—perhaps even prevention of—all
forms of ALS.
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