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Mild motor impairment as prodromal
state in amyotrophic lateral sclerosis:
a new diagnostic entity

Michael Benatar,”" ®Volkan Granit,’ ®Peter M. Andersen,” Anne-Laure Grignon,
Caroline McHutchison,** Stephanie Cosentino,” Andrea Malaspina®
and Joanne Wuu®T

1

TThese authors contributed equally to this work.

Amyotrophiclateral sclerosis, when viewed as a biological entity rather than a clinical syndrome, probably evolves along a
continuum, with the initial clinically silent phase eventually evolving into clinically manifest amyotrophic lateral scler-
osis. Since motor neuron degeneration is incremental and cumulative over time, it stands to reason that the clinical syn-
drome of amyotrophic lateral sclerosis is probably preceded by a prodromal state characterized by minor motor
abnormalities that are initially insufficient to permit a diagnosis of amyotrophic lateral sclerosis. This prodromal period,
however, is usually missed, given the invariably long delays between symptom onset and diagnostic evaluation. The Pre-
Symptomatic Familial ALS Study, a cohort study of pre-symptomatic gene mutation carriers, offers a unique opportunity
to observe what is typically unseen. Here we describe the clinical characterization of 20 pre-symptomatic mutation car-
riers (in SOD1, FUS and C9orf72) whose phenoconversion to clinically manifest disease has been prospectively studied. In
so doing, we observed a prodromal phase of mild motor impairment in 11 of 20 phenoconverters. Among the n=12 SOD1
A4V mutation carriers, phenoconversion was characterized by abrupt onset of weakness, with a short (1-3.5 months) pro-
dromal period observable in a small minority (n = 3); the observable prodrome invariably involved the lower motor neuron
axis. By contrast, in all n=3 SOD1 I113T mutation carriers, diffuse lower motor neuron and upper motor neuron signs
evolved insidiously during a prodromal period that extended over a period of many years; prodromal manifestations
eventually coalesced into a clinical syndrome that is recognizable as amyotrophic lateral sclerosis. Similarly, in all n=3
C9orf72 hexanucleotide repeat expansion mutation carriers, focal or multifocal manifestations of disease evolved gradual-
ly over a prodromal period of 1-2 years. Clinically manifest ALS also emerged following a prodromal period of mild motor
impairment, lasting >4 years and ~9months, respectively, in n=2 with other gene mutations (SOD1 L106V and FUS
c.521del6). On the basis of this empirical evidence, we conclude that mild motor impairment is an observable state that
precedes clinically manifest disease in three of the most common genetic forms of amyotrophic lateral sclerosis (SOD1,
FUS, C9orf72), and perhaps in all genetic amyotrophic lateral sclerosis; we also propose that this might be true of non-gen-
etic amyotrophic lateral sclerosis. As a diagnostic label, mild motor impairment provides the language to describe the in-
determinate (and sometimes intermediate) transition between the unaffected state and clinically manifest amyotrophic
lateral sclerosis. Recognizing mild motor impairment as a distinct clinical entity should generate fresh urgency for devel-
oping biomarkers reflecting the earliest events in the degenerative cascade, with potential to reduce the diagnostic delay
and to permit earlier therapeutic intervention.
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ALS = amyotrophic lateral sclerosis; (bv)FTD = (behavioural variant) frontotemporal dementia; HRE =
hexanucleotide repeat expansion; LMN=lower motor neuron; MBI=mild behavioural impairment; MCI=mild
cognitive impairment; MMI =mild motor impairment; NfL = neurofilament light chain; Pre-fALS = Pre-Symptomatic

Familial ALS Study; UMN = upper motor neuron

Introduction

Amyotrophic lateral sclerosis (ALS) has traditionally been viewed
as a clinical syndrome characterized by progressive weakness of
the limbs, bulbar and respiratory muscles; and frequently also
cognitive or behavioural abnormalities of the frontotemporal var-
iety.! The emergence of biomarker evidence of disease among
clinically unaffected individuals at elevated genetic risk for
ALS,*® however, has engendered the view that ALS, like other neu-
rodegenerative diseases, should instead be regarded as a biologic-
al entity, with both pre-symptomatic and symptomatic (clinically
manifest) phases of disease.*® Furthermore, it has recently been
proposed that the clinical syndrome of ALS cannot be viewed sim-
ply as a dichotomy, with individuals categorized as either un-
affected or as having clinically manifest ALS. Instead, ALS
evolves along a continuum—passing from a clinically silent (pre-
manifest) phase, through a prodromal period of mild motor im-
pairment (MMI), before phenoconverting to the well-recognized
and readily diagnosed syndrome of clinically manifest (or clinical-
ly overt) ALS (Fig. 1).*”

Evidence for these paradigm shifts in conceptualizing ALS derives
in large part from Pre-fALS (Pre-Symptomatic Familial ALS), a pro-
spective natural history and biomarker cohort study, which was in-
itiated in 2007 and focuses on characterizing the pre-symptomatic
phase of ALS as well as identifying biomarkers of pre-symptomatic
disease that might facilitate early intervention or disease prevention
trials.® Pre-fALS enrols unaffected individuals who are carriers of an
ALS-associated gene mutation, the only population known to be at a
significantly elevated risk for ALS and in whom a pre-symptomatic
study is practicable. Participants are followed longitudinally.
Should any of them develop symptoms or signs, follow-up continues
through phenoconversion, into the early stages of clinical manifest-
ation and for as long as participants are willing and able.

Through Pre-fALS, we have now observed the emergence of ALS
in 20 previously unaffected individuals. In this report, we describe
our experience with these phenoconverters and illuminate the
early clinical evolution of ALS in a genetically and phenotypically
heterogeneous population. On the basis of these new data, we con-
clude that there is an observable prodromal period of MMI in most,
if not all, genetic ALS and propose that this might be true of non-
genetic ALS as well. We also highlight the implications for efforts
to prevent disease among those at high risk for ALS, as well as ef-
forts to reduce the long diagnostic delay that is currently the
norm for most patients with ALS.

Materials and methods

Details of the Pre-fALS study, initiated in 2007, have previously
been described.?*® Briefly, Pre-fALS recruits, from across North
America, individuals who are carriers of any ALS-causing gene
mutation [in SOD1, C9orf72 hexanucleotide repeat expansion
(HRE), TARDBP, FUS, VCP, etc.], and who, at the time of enrolment,
are clinically pre-symptomatic for ALS. Recruitment and follow-
up have been ongoing since study initiation. As of the time this re-
port was prepared, we have enrolled ~210 pre-symptomatic gene
mutation carriers, accrued ~1110 person-years follow-up and
there have been 20 phenoconverters. This study was approved
by the University of Miami Institutional Review Board. All partici-
pants provided written informed consent. The study is registered
on clinicaltrials.gov (NCT00317616).

At each in-person study visit, all participants undergo careful as-
sessments—including detailed neuromuscular examination, EMG,
cognitive/behavioural evaluation (a full neuropsychology battery”
that also includes the Edinburgh Cognitive and Behavioural ALS
Screen), environmental exposure questionnaires and other bio-
marker procedures—at a single study centre every ~12-24
months. Additional data and biological samples were also col-
lected between in-person study visits. In the early years of
Pre-fALS, EMG was only performed unilaterally (along with as-
sessment of the bulbar region and thoracic paraspinal muscles);
after the first few phenoconverters, the protocol was expanded
to include bilateral EMG in the arms and legs, with systematic
sampling of both proximal and distal limb muscles, as well as
cranial innervated and thoracic paraspinal muscles. Those
who develop motor or cognitive/behavioural symptoms or signs
suggestive of disease at any point during follow-up are further
evaluated at ad hoc visits to the study centre, and followed
with more frequent visits as needed, depending on the degree
of suspicion at the initial ad hoc assessment and the evolution
of symptoms/signs over time. We thus acquire longitudinal
data prior to the appearance of symptoms/signs; around the
time that symptoms/signs begin to emerge and in the early
(and, when possible, through the mid- or even late) stages of
manifest disease.
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Figure 1 Clinically silent, prodromal and clinically manifest ALS. The natural history of ALS, as a biological entity, includes a clinically silent (also
known as pre-manifest) stage that is typically not observable except when disease-related biomarker abnormalities are detected. These biomarker ab-
normalities, if present, serve as the first (and only) indication that the disease process has begun. The clinically silent stage is followed by a prodromal
stage characterized by mild motor, cognitive or behavioural impairment (MMI, MCI or MBI, respectively); the prodromal stage is more likely to be ob-
served in slower progressing disease. As motor deficits accumulate, the prodromal stage gives way to clinically manifest ALS. The term phenotransi-
tion describes the transition from the clinically silent to the prodromal stage, and the term phenoconversion describes the transition to clinically
manifest ALS.” The shaded gradient indicates 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.)

Neurofilament light chain (NfL) concentration was previously quanti-
fied in 50 serum samples from n=17 of the phenoconverters using a
Meso Scale Discovery (MSD) electrochemiluminescence immuno-
assay.’ In addition, NfL concentration has also been quantified in 97
plasma samples (collected in EDTA tubes) from all n=20 phenoconver-
ters using the Quanterix Simoa assay.>® A normative threshold of 30.4
pg/ml for serum MSD NfL, and 17.5 pg/ml for plasma Simoa NfL, was de-
termined on the basis of the 95th percentile of, respectively, 59 serum
samples from n=34 healthy controls and 141 plasma samples from n
=80 healthy controls; controls and Pre-fALS participants were compar-
able in age and sex distribution. All samples were measured in dupli-
cate at the same dilution, and all assays were performed blind to
clinical information. Since we have plasma Simoa NfL data available
for all phenoconverters, we rely primarily on these data to determine
the timing of NfL rise relative to phenoconversion.

Data are available from the corresponding author upon reasonable
request.

Results

The 20 Pre-fALS phenoconverters include 12 SOD1 A4V (Human
Genome Variation Society, ASV), three SOD1 I1113T (1114T), one SOD1
L106V (L107V), one FUS c.521del6 (6bp deletion at 521_IVS5+3) and
three C9orf72 HRE mutation carriers. Their demographic, clinical
and biomarker characteristics are summarized in Tables 1-3.

Age at phenoconversion varied from 33 to 76 years. The initial clin-
ical manifestation of disease was most often focal weakness in a

single limb (n=8, 67%). One additional subject (Case 10) had upper
limb onset concomitant with diaphragmatic weakness (Table 2).
Three subjects (all male) had non-limb onset—two with bulbar
weakness and one with axial (truncal) weakness (Table 2). At the
first examination after phenoconversion (typically also when the
diagnosis of ALS was made), lower motor neuron (LMN) axis was in-
volved in all 12 subjects, with concurrent upper motor neuron
(UMN) involvement in eight (67%). The initial appearance of weak-
ness (i.e. phenoconversion) was often very abrupt, with some parti-
cipants able to discern the particular day—sometimes even the
time of day or the particular activity they were engaged in—when
they first noticed weakness.

Importantly, we observed a short prodromal period of MMI be-
fore phenoconversion in three SOD1 A4V mutation carriers
(Table 2). In one subject (Case 7) with bulbar onset, weakness was
preceded by facial, neck and upper chest fasciculations 3.6 months
before. In a second subject (Case 12) with initial truncal weakness,
prescheduled evaluation 1.2 months before onset of weakness re-
vealed ongoing denervation changes in the thoracic paraspinal
muscles and the right tibialis anterior muscle. Finally, one subject
(Case 2), weakness in the left leg was preceded by a 1.9-month per-
iod during which she reported muscle twitching, cramps and sore-
ness after exercise in both legs. We did not observe prodromal
manifestation of disease before the onset of weakness in the other
nine SOD1 A4V mutation carriers.

We previously reported elevated serum NfL levels in SOD1 A4V
mutation carriers as far back as 12 months before phenoconversion.?
In the current, expanded cohort of phenoconverters, blood samples
within 12 months before phenoconversion were available in eight
SOD1 A4V mutation carriers. Among them, n=7 were found to have
had elevated plasma NfL levels (first observed elevation, median=
24.1 pg/ml, range =18.2-101.7) before phenoconversion; of them, n=
4 also had concurrent serum NfL data, which were also elevated (me-
dian=69.7 pg/ml, range =51.0-104.3). One other subject (Case 7) had
serum NfL levels (33.6 pg/ml) above normative threshold and a
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Table 1 Demographic, clinical and biomarker characteristics in Pre-fALS phenoconverters
SOD1 FUS C9orf72
A4V (n=12) 1113T (n=3) L106V (n=1) c.521del6 (n=1) HRE (n=3) All (n=20)

Sex

Male 7 1 0 0 2 10

Female 5 1 1 1 10
Age at phenoconversion

Median (range) 56 (33-76) 55 (53-58) 38 57 64 (44-69) 56 (33-76)
Region of clinical onset (i.e. region of initial weakness or non-motor impairment)

Bulbar only 2 0 0 0 0 2

Limb(s) only 8 2 1 1 1 13

Axial only 1 0 0 0 0 1

Frontotemporal only 0 0 0 0 1 1

Mixed? 1 1 0 0 1 3
Months from phenoconversion® to diagnosis

Median (range) 1.8 (0.5-5.3) 0.0 (0.0-3.1) 2.1 31 0.7 (0.0-3.0) 1.8 (0.0-5.3)
Regional distribution at time of ALS diagnosis (or first examination after phenoconversion)

Focal 12 0 1 1 2 16

Multifocal 0 3 0 0 1 4
Neuronal axis

Any LMN involvement 12 3 1 1 3 20

Any UMN involvement 8 3 1 1 2 15

Any FT involvement 0 0 0 0 1 1
Clinical prodromal period

Observed 3 3 1 1 3 11
Plasma NfL elevation observed before or shortly after® phenoconversion

Before 8 1 0 1 2 12

Shortly after® 3 0 1 0 0 4

Not elevated 0 1 0 0 1 2

N/A 1 1 0 0 0 2

FT =frontotemporal; N/A =not available, due to insufficient data.
2All were limb(s) and at least one other region.

®Or first examination after phenoconversion. A value of 0.0 indicates that a diagnosis of ALS was made at the time that phenoconversion was confirmed to have occurred based

on cumulative presence of UMN and LMN findings on examination.

°For n=4, no plasma sample was available in the 6-12 months before phenoconversion, but only shortly [i.e. median 5 (range 2-9) weeks] after phenoconversion. These NfL
levels, from shortly after phenoconversion, were significantly elevated (1.6- to 16.1-fold above normative threshold). It is likely that, had samples been available before

phenoconversion, those NfL levels would have also been elevated.

borderline plasma NfL level (13.4 pg/ml), ~7 months before phenocon-
version. Three other SOD1 A4V mutation carriers (Cases 1, 3 and 4) did
not have a blood sample available in the months preceding pheno-
conversion; however, their first samples collected shortly after pheno-
conversion (within 2-5weeks of initial symptoms) showed such
markedly elevated plasma and serum NfL (1.6- to 16.1-fold above nor-
mative threshold) that it is likely that levels would have been elevated
before phenoconversion had samples been available. NfL results were
uninformative for one other subject (Case 9) due to insufficient sam-
ple collection. Of note, in all three SOD1 A4V mutation carriers
(Cases 2, 7 and 12) with a prodromal period of MMI, NfL was elevated
at least as far back as, or even before, the emergence of prodromal
manifestation of disease (Table 2).

Age at phenoconversion ranged from 53-58years. The initial pro-
dromal manifestations of disease were invariably multifocal, and in-
cluded symptoms other than weakness and/or subtle motor findings
on examination or EMG; these were insufficient to declare pheno-
conversion to clinically manifest ALS (Table 2). These non-specific
symptoms and signs evolved into overt weakness in one subject
(Case 13); but in the other two subjects, it was the gradual accumu-
lation of LMN and UMN findings over time, along with weakness
on examination, that eventually led to confidence that

phenoconversion had occurred. In all three subjects, therefore, phe-
noconversion was preceded by a years-long prodromal period of
MMI. The exact duration of their respective prodrome is, however,
unknown, as our data only went as far back as their initial evaluation
(i.e. when they first joined the study), and all n=3 already had MMI
present by that time. We do know, however, that this duration (i.e.
from MMI onset to phenoconversion) was at least 3.4 years for one
subject (Case 13) (signs only); at least 7.5 years for another (Case 14)
(signs only) and, for the third subject (Case 15), at least 1.6years
based on signs—and possibly 2.3 years (based on an external EMG)
or as much as ~10years (based on self-reported symptoms) (Table 2).

Of the two subjects in whom we have blood samples available in
the 12 months before phenoconversion, NfL levels (plasma and ser-
um) were elevated above the normative threshold in only one (Case
13) (Table 2). This individual had more rapidly progressive symp-
tomatic disease, and the motor prodrome appeared ~2 years before
NfL elevation.

One SOD1 L106V subject (Case 16) developed ALS at age 38.
Phenoconversion was preceded by a long (at least 4.4 years) pro-
dromal period of MMI (Table 2). The initial MMI presentation was
characterized by asymmetric UMN signs in one arm, followed ~2
years later by contralateral UMN signs and a further ~2 years later
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by weakness, atrophy and fasciculations in the arm where UMN
signs were first observed. Plasma NfL levels were normal >2.5 years
before phenoconversion and were significantly elevated (15-fold
above normative threshold) within 2 months after phenoconver-
sion (Table 2). With no data available in the 2.5 years immediately
preceding phenoconversion, however, it is not possible to define
the timing of initial NfL rise, except that it was at least 1.5years
after MMI onset.

One FUS c.521del6 mutation carrier (Case 17) developed ALS at age
57. Phenoconversion was preceded by 8.8 months of prodrome
characterized by asymptomatic left sided findings of extensor digi-
torum brevis atrophy, mild toe extensor weakness and EMG evi-
dence of isolated ongoing denervation changes in tibialis anterior
and extensor hallucis longus (Table 3). Subsequently, phenocon-
version was deemed to have occurred based on the emergence of
a left foot drop, at which time examination showed diffuse weak-
ness in both legs with brisk reflexes bilaterally, as well as weakness
atrophy and brisk reflexes in the left arm. EMG showed ongoing de-
nervation changes in both legs, the left arm and the thoracic para-
spinal muscles. Plasma NfL levels were elevated 1.9years before
phenoconversion, and well before the emergence of MMI (Table 3).

Age at phenoconversion ranged from 44 to 69years, with the
youngest being a female (Case 19). Two subjects (Cases 18 and 19)
had motor onset disease (one with focal weakness, and one with
multifocal onset of weakness), with prodromal motor dysfunction
preceding the onset of weakness by ~11-12 months and neither de-
veloped cognitive/behaviour impairment (Table 3). One C9orf72
phenoconverter (Case 20) had behavioural symptoms (reported by
a reliable informant) as the first known clinical manifestation of
disease. These symptoms were reported by family members to
have begun ~12 months before his initial Pre-fALS assessment, at
which time he was found to have mild behavioural (but not cogni-
tive) impairment, based on our proposed criteria,” as well as MMI.
Within 9 months of this initial assessment (i.e. 21 months since on-
set of behavioural symptoms) he developed behavioural variant
frontotemporal dementia (bvFTD), followed ~13months later by
ALS, with initial weakness being focal in the left arm (Table 3).
Plasma NfL levels were elevated in two (Cases 18 and 20) of the
three C9orf72 HRE mutation carriers before symptom onset, one
as far back as 4.7 years before (motor) phenoconversion. There
were insufficient NfL data available for the third subject (Table 3).

Discussion

The Pre-fALS study, which follows unaffected gene mutation carriers
longitudinally from the pre-symptomatic state through phenoconver-
sion and clinically manifest ALS, provides a unique opportunity to
prospectively observe, and in turn to shed light on, the earliest clinical
and molecular features of neurodegeneration. On the basis of our em-
pirical data, it is clear that, in at least a subset of individuals, the earli-
est symptoms/signs of disease are mild or non-specific, with some of
these individuals reporting no symptoms but displaying subtle abnor-
mal findings on examination or EMG. These earliest manifestations of
motor impairment, while clearly abnormal, are of insufficient sever-
ity, extent or distribution, however, for one to conclude that the clin-
ical syndrome of ALS has definitely emerged. Examples of early motor
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manifestations that constitute MMI include very mild focal weakness
thatis asymptomatic, hyper-reflexia (especially if new or asymmetric)
and scattered ongoing denervation (e.g. fibrillations or positive sharp
waves in muscles restricted to a single peripheral nerve or nerve root).
These mild motor manifestations then evolve over varying lengths of
time, with phenoconversion (to clinically manifest ALS) becoming ap-
parent either because of the emergence of weakness, for example, or
because of the accumulation of symptoms, signs and EMG findings. In
these individuals, therefore, phenoconversion is preceded by a pro-
dromal period of MMI. This is analogous to the prodromal period of
mild cognitive impairment (MCI) that may precede Alzheimer’s dis-
ease. MCI, which is characterized by mild cognitive deficits but no de-
mentia, may or may not portend future Alzheimer’s disease.'
Similarly, MMI also lacks specificity insofar as it may represent the
first motor manifestation of ALS, but it may also be secondary to other
disease processes. In addition, we recognize that a pre-paretic phase
of ALS (with symptoms of stiffness, cramps, pain and paraesthesia)
has been described in homozygous D90A SOD1 mutation carriers re-
sembling Patrikios’ pseudopolyneuritic variant of ALS," and that per-
iods of MCI and mild behavioural impairment (MBI) may precede ALS/
FTD among gene mutation carriers who are at elevated risk for both
ALS and FTD.""?

While we have only observed a prodromal period of MMI in a
subset of Pre-fALS phenoconverters, we speculate that a prodromal
period may exist for all ALS (and ALS/FTD). It is, however, difficult to
‘catch’ the prodromal period when the onset and progression are
abrupt, or if initial symptoms are neglected because the individual
is not attuned to the possibility that these represent early ALS. For
example, the prodrome duration for SOD1 A4V ALS may be so short
(e.g. 1-3.5months as our data indicate) that, by the time symptoms
are reported and an electrodiagnostic study and detailed examin-
ation are scheduled and performed, the individual may have al-
ready phenoconverted. It is also possible that we missed
prodromal manifestations of disease in some phenoconverters in
the early years of Pre-fALS, when EMG was only performed unilat-
erally. It is for this reason that we have presented the data in terms
of whether we were able to observe and document a prodrome per-
iod in each individual, rather than whether the participant had a
prodromal period.

The temporal course of pre-symptomatic disease, and the like-
lihood that a prodromal period of MMI may be observed, appear
to vary on the basis of the underlying genotype. For example, the
prodrome for SOD1 A4V is short. By contrast, the SOD1 I1113T muta-
tion yields a prodromal period of MMI that may evolve gradually
and insidiously over many years, consistent with previous observa-
tions."® Interestingly, while there is some symmetry between the
duration of the prodrome and duration of disease following pheno-
conversion for SOD1 A4V and I113T, our experience from other phe-
noconverters, however, suggests that this may not necessarily be
the case for all genotypes. For instance, the motor prodrome of
the single SOD1 L106V phenoconverter was long (~4.5 years), but
her clinical course of symptomatic disease was much more aggres-
sive (onset of weakness to permanent assisted ventilation ~15
months, consistent with published literature'*"?). By contrast, we
observed a relatively short motor prodrome (~0.7years) in our
FUS mutation carrier, whose symptomatic course of disease ex-
tended over 2.4 years. The duration of symptomatic ALS in the three
C9orf72 HRE phenoconverters is less clear as it is confounded, for
example, by clinical trial participation.

Since the clinical phenotype of sporadic ALS more often resem-
bles that of non-SOD1-A4V genetic forms of ALS, it is possible that
many (if not all) patients with ALS of unknown aetiology also
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transition through a period of MML. If true, this would have pro-
found implications for ongoing efforts to reduce the long diagnostic
delay that is so common in ALS.*% Notably, the symptoms, signs
and EMG abnormalities that constitute MMI are not specific to ALS.
As such, the clinical syndrome of MMI will invariably carry a broad-
er differential diagnosis, with some cases of MMI reflecting early
ALS and some attributable to other causes. Accordingly, patients
with MMI will probably require additional investigative tests (and
perhaps longitudinal follow-up) before the neurologist can make
a definitive diagnosis. Diagnostic biomarkers for ALS have not
been of great practical use in the past, given the relatively late stage
in the disease course when patients are typically seen by a special-
ist, by which time the diagnosis is readily apparent based on clinical
findings alone. With MMI becoming a clinically recognizable syn-
drome, however, early ALS-specific biomarkers will become im-
portant—and indeed necessary—as patients may be seen earlier
in the disease course, when presenting with MMI rather than clin-
ically manifest ALS. Such biomarkers would, therefore, add the
most value if they could differentiate between MMI as a precursor
to ALS versus MMI due to some other cause. For example, biomark-
er evidence of TDP-43 pathology might enable attribution of MMI to
ALS, thereby permitting earlier diagnosis before emergence of the
full-blown clinical syndrome. Moreover, even in the absence of
such biomarkers, defining and recognizing MMI as a ‘grey zone’ be-
tween the unaffected state on the one hand and ALS on the other,
permits diagnosis of an intermediate and indeterminate state.
Recognition of MMI would also obviate the need for the neurologist
to categorize patients as either unaffected or as having ALS, when
such a dichotomization is an over-simplification and may be mis-
leading. Individuals suspected of having MMI should be referred
with high priority to a neuromuscular clinic for further evaluation
as needed.

As illustrated by the sorites problem,?? and as is probably true of
many diseases, the gradual accumulation of motor deficits in ALS
makes it difficult to precisely define when phenoconversion occurs.
While the emergence of ALS is a process that evolves over time, for
practical reasons, it is necessary to demarcate (at roughly the right
point in the evolution of disease) the transition between pre-
symptomatic disease and clinically manifest ALS. Clear communica-
tion that phenoconversion has occurred (i.e. that the person now has
ALS) enables the individual to access appropriate clinical care and
potentially participate in treatment trials. In addition, an operational
definition of phenoconversion enables its use as an outcome meas-
ure in early therapeutic intervention or disease prevention trials. In
Pre-fALS®’ and in the ATLAS trial,> for example, we define pheno-
conversion based on the emergence of symptoms or objective motor
signs that a trained evaluator would reasonably interpret as un-
equivocal evidence of clinically manifest ALS.

Consistent with our prior observations,”® NfL is increased be-
fore phenoconversion among SOD1 A4V mutation carriers; further-
more, for those in whom a prodrome was apparent, the elevation in
NfL levels was evident at least as far back as, or even earlier than,
the appearance of MMI. The same pattern was seen in our FUS
and one C9ORF72 phenoconverter. For one other COORF72 and the
non-A4V SOD1 phenoconverters, however, the opposite was true
—for them, MMI appeared before NfL elevation. These observations
underscore the complexity and nuances of using NfL as a biomark-
er of early disease. One hypothesis is that changes in NfL reflect the
relative contribution of LMN versus UMN pathology to the pro-
dromal syndrome. All subjects in whom the rise in NfL preceded
(or occurred concurrently with) the emergence of MMI, had a pro-
drome dominated by LMN findings; by contrast, an increase in
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NfL was not observed among those in whom UMN signs were the
dominant (or exclusive) abnormality. Alternatively, or in addition,
the timing of the rise in NfL relative to the emergence of MMI might
be a function of the aggressivity of neurodegeneration and the tem-
poral dynamics of axonal loss. Early axonal injury in a less aggres-
sive form of disease, for example, may be episodic with transient
spikes in neurofilament that return to normal as clearance me-
chanisms remove NfL from the circulation. In this scenario,
whether an increase in NfL is observed, would depend on when it
is measured relative to the axonal injury event. In a more aggres-
sive form of disease, on the other hand, axonal injury might be re-
lentless from the outset, with neurofilament continuing to rise until
reaching a plateau when production and clearance are in a steady
state. In this scenario, NfL would be elevated when measured any
time after the onset of axonal degeneration. In summary, therefore,
the foregoing considerations suggest that NfL should be regarded as
a marker of disease activity (i.e. axonal degeneration), whereas
neurological deficits reflect the cumulative degree of previous
axonal loss.

Strengths of this clinical report of 20 phenoconverters in the
Pre-fALS study include: the systematic, long-term, longitudinal
follow-up; the detailed and careful phenotyping of motor and cog-
nitive/behavioural manifestation and progression; minimal inter-
observer variability in assessment and interpretation of findings,
given that the same neurologist (MB) evaluated all phenoconverters
at almost every visit, and that this is, to date, the largest series re-
ported of individuals who were prospectively observed to convert
from the pre-symptomatic to clinically manifest phase of ALS.
Moreover, the diverse genotypes among these phenoconverters,
coupled with our having observed multiple phenoconverters with
the same genetic mutation (e.g. SOD1 A4V, SOD1 I113T or C9orf72
HRE), has enabled us to identify similarities as well as differences
among those with shared genotype, and between those with differ-
ent genotypes. The phenotypic heterogeneity among these pheno-
converters also suggests that our results may be more generalizable
to patients with other forms of ALS. A limitation of our study is that
the density of clinical observations and biological sample collection
is not as high as we would like. This is, however, intrinsic to the
practical limitations of how often study subjects are willing/able
tobe evaluated and the uncertainty of when MMI or clinically mani-
fest ALS may emerge.

In conclusion, our observations offer rare insights into the earli-
est manifestations of ALS. They support the proposed working def-
inition of phenoconversion, in which onset of the clinical syndrome
is based on the emergence of symptoms, examination findings or
EMG evidence that a trained neurologist would recognize as defin-
itely indicative of ALS. They also provide the first evidence of a pro-
dromal period of MMI that is characterized by non-specific
symptoms, mild or non-specific signs on examination, or scattered
ongoing denervation changes on EMG. The duration of this pro-
dromal period may extend over many years or may be short—lasting
only weeks or months, and possibly so short in some patients that it
is missed. As the neurodegenerative field, and ALS specifically, in-
creasingly embrace the prospect of early and pre-symptomatic
therapeutic intervention, recognition of MMI as a clinical entity, re-
presents a critical advance in our collective efforts to prevent ALS.
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