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The phenotypic variability of amyotrophic

lateral sclerosis

Bart Swinnen and Wim Robbarecht

Abstract | Classic textbook neurology leaches that anyotrophic [ateral sclerosis (ALS) is a degenerative

disease thal selectively alfects upper and lower motor nourons and is fatal 3-5 years after onsel—a description
which suggests that the clinical presentation of ALS is vary homogenous. Howewer, clinical and postmortem
observations, as well as genetic studies, demonstrate that there is considerable vanability in the phenotypic
exprassion of ALS. Here, we review the phenotypic variability of ALS and how it s reflected in familial and sporadic
ALS, in the degree of upper and lower motor neuron imolvement, in motor and extramotor invelvemant, and in the
spactrum of ALS and frontolemporal dementia. Furthermore, we discuss some unuswal clinical characteristics
regarding presentation, age al onset and disease progression. Finatly, we address the importance of this
variability lor understanding the pathogenesis of ALS and for the development of therapeutic siralegies.

Introduction

Amyotrophic lateral sclerosis {ALS) is a heterogeneous
disorder. The genciic heterogeneity is obvious, given
the long list of genes in which mutations cause ALS.
Considering that the aetiology of ALS remains unknown
in nearly 90% of cases, the true causal heterogeneity is
likely to be even larger. The mechanistic heterogeneity
of ALS adds to the complexity of this disorder® The fact
that ALS starts in the bulbar region in some patients,
and in the limbs in others, has always been evidem 1o
clinicians, and is often used as stratification parameter in
clinical trials. Phenotypic variability goes far beyond the
site of onset, however, and can be observed with regard
to age at onset, familial ocourrence, type of motor neuren
inviolvement, extent of cxtramotor involvement, and
disease duration, among other parameters. Here, we will
review several aspects of this phenotypic heteragencity
of ALS and discuss some of its implications.

A student’s vignette: classic ALS

Variability in location of onset

Epinal onset

In mnst patients, ALS starts around the age of 60 years
with asymmiiric, painless weakness in a Hmb, referred
to as spinal-onset ALS (Figure 1)."* Clinical examina-
tion usually reveals astrophy and weakness of muscles,
fasciculations, hyperreflexia (or at least brisk reflexes),
and ofien a mild to severe hypertonia,’ Clinicians desig-
nate weakness, muscle atrophy and fasciculations as
lower motor neuron signs, whereas hyperreflexia and
hypertonia indicate upper motor neuron involverent
(Figure 2). Interestingly, the Babinski sign—also known
as the extensor plantar reflex—is often absent. and
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hypertonia is often ‘glue-like, reminiscent of what one
finds in frontal or even extrapyramidal syndromes, and
different from the clasp-knife phenomenon of the upper
limbs in stroke and the spastic kick of the lower limbs
in familial spastic paraparesis. Initially, the abnormal
findings can be patchy, but the disorder spreads relent-
lessly ower time. In many but not all patients, this spread
seems contiguous, 2 phenomenon hypothesized by some
authors to reflect the spread at the cellular level.!

Bulbar onset

Doy aubseuat 20% of patients with ALS, the weakness starts in
bulbar muscles, with dysarthria, dysphagia and tongue
fasciculations { Figure 23.** A brisk jaw jerk is often found
in these patiesits, and pseudobulbar affect (an inaccurate
term mainly referring to uncontralled crying or faugh-
ing) is sometimes present. The presence of limb hyper-
reflexia suggests that the discase has already spread.
Bulbar-onset ALS was originally considered to be a dif-
ferent disease from ALS, and was iermed “progressive
bulbar palsy.”

Thi onset of symploms i gradual in most patients, but
some become aware of their problems quite abrupily;
neurologisis often need to consider siroke and myasthenia
in the differemtial disgnosis of these patients. Bulbar-
onset ALS must also be distinguished from Kennedy's
discase (bulbar and spinal muscular atrophy) or from
Brown-Vialetto-Van Lacre syndrome (see below).*

Patients with bulbar-onset ALS have a worse prognosis
than paticnts with spinal onset, with a mean survival of
2 years and long-term (=10 years) survival of only 3%.*
The poor prognosis is mostly attributable to the fact that
patients with bulbar-onset ALS are prone to aspiration and
nutritbonal problems, and is possibly also related to earlier
respiratory dysfunction due to invelvement of the cervical
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Figure 1 | Pattern of motor involvement in different ALS phenotypes. Red indicates
LM invotvenment. blue indicates UMM invalvement. Darker shading indicates more-
sovers imvolvement. a | In spinal-onset ALS, patehy UMM and LMN irvohsement

Is observad Inall limbs. b | In bulbaronset ALS. UMN and LMK Involvement is
obsarvied in the bulbar muscles. @ | In prograssive muscular dtrophy, LMNS in anms
and legs are imvobosd, often proxmally, d | In primarny Hiteral Sclanosis, UMNS of
arms and Iogs ane primarily imwohed, bul latigr in the disease, discrebe LMM
invalvement can be detected. o | In pseudopobmeuritic ALS, only LMNs restricted
to the distsd Embs are imvolved, 1] In hemiplegic ALS, unilateral UMN involvemen
with sparing of the fagce, and semelimes discrete LMN invalament, can be
observed. g | In flall arm syndieme, LMN ivolvement is restrcted to the upper
iimbs. but mid UMM signs can be detected in the legs. h | In Mall leg syndrome,
LME imvoteement ks restrcted 1o the lower limbs, and is often asymmaetiic.
Abbreviations: ALS, armyotrophic lateral selerasis: LM, lower molor neuron; UMBN,
upper motor nauran,
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phrenic motor newrons.” Loss of ambulation i an ominous
sign for these patients, indicating mean life expectancy of
only 3 months,” The site of onset is, therefore, used as a
stratification parameter in ¢linical trials,
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Respiratary onset

In about 3-5% of patients, ALS is characterized by res-
piratery onset, with orthopnoca or dyspnoea, and mild
or even absent spinal or bulbar signs.* Respiratory-
omzet ALS has a male predominance *' The prognosis
is notoriously poor, with a mean survival of 14 years and
no long-term survival ™

Genes and lype of 6nset

The factors that determine the nature of ALS onsct
remain unknown. Sex hormones are suspected 1o con-
tribute to the type of onset because of the striking female
predominance in bulbar-onset patients.” Bulbar onset is
very frequent in ALS associated with Corf72 mutations;
by contrast, ALS assoctated with mutations in superoxide
dismutase | (5002} almost never starts in the bulbar
motor neurens {see below). Such associations between
the type of onsel and genetic cawses suggest that the site
of onset ks unlikely to merely reflect a stochastic process,

Famitial versus sporadic ALS
About 10% of patients with ALS have an affected rela-
tive and are, thus, considered to have familial ALS
Those who do not have an affected relative are consid-
ered to have sporadic ALS. It is likely that many if not
all cases of familial ALS will turn ot to be hereditary in
nature, because in a growing number of the pedigrees of
patients with familial ALS, a causal mutation is eventu-
ally identified. In some populations, such @ hereditary
cayse 15 idemtifiable in nearly 80% of familial ALS cases)!
Mutations in SO0, TARDEF (the gene that encodes
TAR DNA-binding protein 43 [TRP-43]), FUS and
Coorf72 explain more than half of cases of familial ALS.
The cause of sporadic ALS is unknown, but twin
studics suggest that it has a genetic component as well,
possibly in interaction with as yet unknown environmen-
tal factors."" Some patients with sporadic ALS initially
receive a wrong classification, as they are later found
to have a hereditary form of the disease when they are
found te carry a cansal mutation. Reduced penctrance
and a low number of offspring are the main explanations
for the misclassifications," but other contributory factors
include a lack of complete information of the medical
history of the patienis’ relatives, non-paternity events,
and varfability of the phenotypic expression.'® In most
populations, nearly 10% of the patients with so-called
sporadic ALS carry a C%orf72 mutation;' the advanced
age at which Corf72-associated ALY often beging and
unexpected variability of the phenotype associated with
Coorf72 mutations (see below) are the main reasons why
these patients are misclassified.

Age at onset

Although ALS usually starts in the fifth or sicth decade of
life, omset at almost any age has been deseribed. Juvenile
ALS iz defined as ALS with age at onset before 25 years,
and the course of progression is generally slower than in
other forms of ALS.'™™ Mutations in ALS2, SETX and
FUS are well-known causes of juvenile ALS. "™ Patients
carrying the FUS Pro525Leu mutation have s notoriously
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Figura 2 | Preferential Sies of neunonal involvement in ALS, UMNS in the pramary
mater coriex (blue}and bulbospinal LMNs (red) are the preferentially affected
sites in ALS. Mewrons in the frontotemporal cortes (orango), however, ane
frequently irmoboed as well; the resufting phenotype will be in the frentotemporal
dementia-ALS spectrum. Ocular (grnon) and vesicorsctal (yellow] motor meuron
imvabement is rare, and happens mostly in cases of longstanding disease.
Abbreviations: ALS. amyotrophic fateral sclerosis; LMN, lower motor neuron; UMK,
URRHET MO0 MiE e,

poor prognosis.”** In some forms of ALS, such as the
SETX-associated ALS type 4, the phenotype i 5o atypical
that some authors suggest they should be considered as
separate disease entities rather than ALSS

6% of paticnts with discase onset between 20 and
A0 years of age have predominantly upper motor neuren
tnvolvement. and relatively few of these patients (15%)
hiave bulbar-onset disease.”” Older age at onset is associ-
ated with decreased likelihood of upper motor neuron
involvement {20%), increased probability of bulbar onset
{some studies report up o 50% with onset after 80 years
of age}, and poor prognosis.™~" Onset after 80 years is
associated with a particularly short survival,™

Rate of progression

Although median survival in ALS is generally around
3 years from diagnosis, vartabality in survival is remark-
able and reflects the variability in the rate of disease pro-
gression. The difference in individual rates of functional
decline, even in small series of patients, demonstrates
this high variability (Figure 3}, and i one of the factors
that complicate clinical rials in ALS.
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At one end of this continuum are the 10% of patients
wh live longer than 10 years with ALS.™ At autopsy, their
disease does not differ from classic ALS Long survival
|3 seen more frequently in patients with juvenile ALS and
upper maotor peuron-predominant ALS. ™ Some forms
of hereditary ALS are known to be associated with par-
ticularly long or short survival. For example, long survival
hias becn reported in association with the SO Asp90Ala
miutation, whereas the SO AladVal mutation can induce
a very aggressive disease.' Patients with a hexanucleotide
(GGGHOC) expansion mutation in the CRar72 gene have
shorter survival than the average ALS patient.™ ™

Even within families in which members carry the same
mustation, variability in progression rates is large.™ " This
finding suggests that there is no straight forward relation.
ship between the genetic cause and phenotype but, rather,
that factors—either genetic or environmental—maodify
the phenotypic expression, and in particular age ai onset
and discase progression. It s important 1o identify these
muodifying factors, as they could be targets for therapeu-
tic intervention, evenin the absence of knowledge of the
cause of disease. Delaying age at onsel or attenualing pro-
gression rate and, thus, functional decline is of obvious
therapeutic interest. Several small animal models, such
as Drosoplila and zebrafish, have been used o sereen
for such modifiers, resulting in the idemification of
‘druggable’ targets or even novel causes of ALS®

Motor neuron involvement

Lower motor neuron deminance

Evidence of both upper and lower motor neuron invobve.
ment is required for the diagnosis of ALS, and has been
incorporated in the so-called El Escorial criteria,” OF
note, however, these criteria were developed to reduce
the phenotypic variability in clinical trials, and were not
intended for clinical decision-making.

Assesaing the involvement of upper motor neurons
relies on clinical judgement—largely, evaluation of the
briskness of decp tendon reflexes. Neurologists some-
times disagree on the interpretation of this measure:
some consider a preserved reflex inan otherwise atrophic
muscle to be a sign of upper motor neuren involvement,
while others require the reflex to be hyperactive 1o reach
the same conclusion. A patient can, thus, be considered
o have ALS by one clintcian, and to have progressive
muscular atrophy (PMA ) by another (Figures 2 and 4).

Progressive muscilar atrophy

PMA refers to an aduli-onset lower motor neuron dis-
order that differs from the rare instances of adult-onset
spinal muscular atrophy (SMA) in several respects: PAA
is wanally asymmetric, can have distal and/or proximal
onsel, and progresses much fasier than SMA Thus,
PMA cssentially equals ALS minus (convincing) upper
motor newron findings, PMA i3 believed to constitute
about 5% of all patients with motor newron discase
{MND)LY The question arises as to whether PMA and
ALS have differemt pathophysiological backgrounds
and thereby represent differenmt disorders, or whether
PMA represemts the end of a spectrum of lower versus
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Figunre 3 | Voasnbilsty of diseass progression m ALS, ALSFRS scores of 30 randomiy selected patients (Lewsen Unkagysity Hospaak,
Balgasm) with ALS, from irst visd to death, Patbents with bulbaronsel disease are indicated in red, pathenis with spinalonset
dizease ane indicaied in blue. Abbreviations: ALS, amyoirophic lateral scherosis: ALSFRS. ALS Functional Rating Scale.

upper motor nevron invelvement {Figure 4). Support for
the lanter hypothesis comes from the finding that some
SODT mutations give rise o a syndrome that primar-
ity affects lower motor neurons: patients with the SOD4
AladVal mutation are classified a5 having ALS, but they
lack upper motor neuron involvement. ™ Furthermore,
imaging studies have shown widespread, progressive
frontal abnormalitics in PMA that are similar to those in
ALS ™ and postmortem studies of patkents with lower
motor neuron signs only often show classic lateral spinal
cord involvement.” Patients with PMA fare slightly
betber than those with clinical evidence of both lower
and upper motor neuron involvement (see below),

Flail arm syndrome

Some paticnls have lower motor neuron invelvement that
remaing limited to the upper limbs for at least 12 months
{Figure ). These limbs are often non-functional, while the
lower limbs remiain normal, although hyperreflexia and
some hyperionia may be present.”™* This variant is called
flail arm syndrome (also referred 10 as the scapulohumeral
form of ALS, Vulpian-Bernart syndrome, hanging arm
syndrome, neurogenic man-in-a-barrel syndrome or
brachial amyotrophic diplegia), and has a striking male
predominance, with a maledemale ratio of 4:1,% Afier
shout 20 months, almost all patients with this syndrome
develop more-widespread disease; the prognaosis is some-
what better than that of classic ALS, with mean survival of
i years and long-term survival of 17%.2

Fiall leg syndrame and dropped head syndrome

Even less frequent than flail arm syndrome is Dail leg
syndrome. characterized by often asymmetric, and pri-
marily distal, lower motor neuren involvement in the
bower limbs for at Beast 12 months" Subtle upper motor
neuron signs usially emerge over tme,"* and after a

864 | NOVEMBER 214 | VOLUME 10

mean of 16 months, the upper limbs and bulbar region
also become affected.” Progression s slightly slower
than in classic ALS.* Flail leg syndrome with mainly
distal and bilateral involvement is also referred to as the
‘peudopolymeuritic, ‘Marie-Patrikios or ‘perencal” form
orﬂl_ |“ Al

Equally rare is onset in the cervical region, limited
to the extensors of the neck. resulting in dropped head
syndromve.” Such clintcal presentation needs to be
differentiated from myasthenia gravis or a (1ypically
inflaimmatory ) myopathy.

Upper motor neuren dominance
Some patients present with upper motor neuron findings
only and, therefore, do not meet the standard criteria
for ALS, These paticnts are considered to have primary
lateral sclerosis (PLS): however, most of these individuals
gradually develop lower motor newron involvement. "
The diagnosis of PLS can, therefore, only be made after
a sulficiently long period of observation, as 23% of those
who eventually develop lower motor neuron signs do so
only after 4 years.™

PLS constitutes about 5% of all cazes of MND.™ This
condition is characterized by slower progression, more.
prolonged retention of functionality, sparing of respira.
tory function and less-severe weight loss than seen in
ALY Even in patients with FLS, lower motor neuron
involvernent is often evident at autopsy,™ which, tegether
with the fact that known ALS-causing mutations can
present with upper motor neuron involvement only,!
suggests that PLS could be considered 1o be at one end
of a spectrum of upper motor neuron involvement, with
PMA being at the other end {Figure 4).

Interestingly, upper motor ncuron involvement
can be strikingly asymmtetric, An extreme form is the
unusual hemiplegic variant also called Mills syndrome or
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Figura 4 | ALS, & spectium disorder. & | BMA (iselated LMN invelvement) and PLS
{isclated UMM imvalvement) constitute the ends of 8 specirum of LMN and UMN
imvalvement; itermodiate phenolypes ane congidered 10 be different cxpressions
of ALS. b | ALS and FTD constitute the ends of 8 spectiem of moted neuron and
Trontotemposal neuron irmvolvement. This spectrum includes patients with ALS who
expreass (solated ALScl or ALShI, and patients with ALS who meat the Neary crtena
for FTD and arg, thus, disgnosed with ALS-FTD. Somie palkents with FTD have
Insutficiont moter neuran involvament fﬂr{ldlﬂgﬁﬁls of ALS, and are clpssified as
FTD-MHND. e | A spectrum of extramotor involvament ks possible in ALS. ranging
from classic ALS with no to mild sxtramotor Invohaemeant 1o ALS with extrapyrimidal,
cirgbadlan songsory, sutonomic, urinary or etulometor imeament, designated as
ALS with mullisystem degentralon”, AbBfnailions: ALS, amydtrophic lateral
schengsis; ALSDI, ALS with behavioural lmpairment; ALSci, ALS with cognithe
impairment; FTD. frontemporal dementia: LN, lower motor neunon: MND, motor
neuron disease: PLS, primary lateral sclerosis: PMA, progressive muscular atraphy;
UMM, upeer molor neuran.

progressive hemiplegia.** This form usually begins with
unilateral upper moter neuren involvement in the lower
limb, followed by slowly progressive ipsilateral involve-
ment of the arm, with relative sparing of the face. Aftera
variable time period, the discase spreads to the initially
unaffected side.

To conclude, several lines of evidence suggest that ALS,
PMA and PLS are expressions of one biological entity:
patients in the same family, or patients carrying mutations
in the same ALS-associated allele, can have classic ALS,
PMA or PLS; the clinical characteristics of a patient can
vary over time; and detection of upper and lower motor
nearon involvement depends on the method of assess-
ment, The main reason for distinguishing these pheno-
iypes is the difference in prognosis, Pattents with iselated
lower motor neuron invelvement live only stighily longer
than patients with clinical evidence of both apper and
lower motor neuron invalvement,"™ " whereas patients
with PLS. on average, live longer than those with ALS."
The mean survival of ALS patients with predominam
upper motor neuron signs—~6 years, with about 30% of
cases exhibiting long-term (> 10 years) survival—lies
between that of PLS and classic ALS.*** This differ-
ence may simply reflect the biological burden of disease
{Figure 5), It also implies that the best approach is o
stucly patients with both lower and upper motor neuron
involvement enly if one intends to (prognostically)
homogenize a study population, as is needed, for example.
in clinical trials that investigate the effects of a drug on
function or survival,
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Nonmotor invelvement in ALS

ALS has long been believed to be a nearedegenerative dis-
order with iselated motor neuren involvement. Absence
of cognitive deterioration was Initially even postulated asa
prevequisite for a diagnaosis of ALS, Nowadays, however, it
is evident that other neurological systems can be affected,
with cognitive impairment being the most frequent
manifestation of sonmotor involvement,

Cognitive impairment

Ower the past few decades, a spectrum of cognitive involve-
mient has been increasingly acknowledged as a part of
ALSM Diegenerative changes in layer V of the fronto-
temporal lobe represent the anatemical substrate of this
cognitive decline. hence the name frontotemporal lobar
degencration (FTLD). Up 1o 25% of patients with ALS
maeel all eriteria for the clinical manifestation of FTLID,
froniotemporal dementia (FTD), mostly of the behay-
fomral varkant, ™™ Mild 1o moderate frontal dysfunction
or language abnormalities are even more frequent, but
can escape rouline clinical examination and be detected
on detailed testing only. Apathy (scen in 60% of patients),
disinhibition, delusions and stereotypic behaviour are the
most frequently encountered behavioural changes.'™*
Whether depression (reported in up to 75% of patients™')
can also be atiributed 1o the ALS pathelogy is difficult 1o
judge, as patients have obwvious reasons for reactive depres-
sion. It should be kept in mind that even mild frontal
impairment can contribute to non-compliance with
percutancous endoscopic gastrostomy therapy and non-
invasive ventilation, difficulties handling communication
machines, psychosocial problems and decision-making,
and undoubtedly Increases careglver burden, ™

ALS=FTD spectrum

ALS is now acoepted to constitute & continuum with FTT
Pure ALS (without any evident cogmitive abnormality) and
pure FTD (without any obvions metor abnormality) are
located at the opposite ends of this spectrum { Figure 4},
ALS patients with mild behavioural dysfunction are classi-
fied as having ALS with behavioural impairment (ALShi)™
whereas patients with mild executive and language dys-
function are said 10 have ALS with cognitive impairment
(ALScE)™ Patienis with ALS who meet the Neary criteria
for FTD are considered to have ALS-FTTL Of note, up to
50% of patients with a diagnosis of FTTY have somie motor
neuron involvement (which may go unnoticed by the
patient), and are safd to have FTD-MNDE™

In ALS, the onset of cognitive problems usually pre-
cedes that of motor dysfunction.” " Fromotemporal
involvement can only become evident in retrospect,
when motor problems bring the patient under medical
atiention. Interestingly, eye movement disorders, prob.
ably related to frontal network dysfunction, are especially
prevalent in these patients,

The prognosis of patients with subtle cognitive impair.
ment is similar to that in classic ALS,™ but patients with
ALSbi or ALS<FTD have a worse prognosis than do
patiemts with ALS alone,® The life expectancy in ALS-
FTD 5 2.4 years from disease onset, approximately | year
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Flgura 5 | (esease seventy correlatos with extent of neuronal invohement. In ALS,
UMN, LMN and frontotemparal neurons ane affected to vardabbe catents, rasulting in a
wiche range of chinical ropresentations and giacase severity, which ks refleciod by Buge
progndstic vinabaity, The hoarsatal iaos @epcts the propertion of UMN werius LMN
irvohement, and frgniofemporal imohemeon is gepicted in the diagonal asrs, Disease
Levelily 15 depeciod in the verlical Bxis, and comelales imersely wilh survival. In the
UMB-LMN spectrum, pee UMN mvohemaent, 48 in PLS (1), and pure LMN imaoheemant,
as in PFMA {2) have a better prognosis than disease with both UM and LMN
irvolvement {3). Increasing frontotemporal ivvolvement is associated with shortenad
suryival. Degenoration of all three neuronal systems (4] Is associated with the highest
disease sevarnity and, honoe, the worst prognosis. Abbaoviations: ALS, amyotrophic
lateril Sechivosis: FTD, fromotemporal demantia: LMN, iwer nvdlor iduidn; PLS,
primary lateral sclarasis; PMA, primary muscular atrophy; UMN, uppor motor neurgn,
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less than in pure ALS.™ Problems with compliance with
therapy and suppert could coniribuie to this differ-
ence, ** Aliernatively, the difference in prognosis mighi
simply reflect the disease burden {Figure 4).

Lessans from Cor72 expansions

The clinical observations discussed above establish a
clear link between ALS and FTD. Pathogenic evidence
for such link came from the observation that very similar
aggregates containing TDP-43, among other proteins,
can be found in brain tisswe in the majority of patients
with either FT'D or ALS.* However, it was the discovery
of & hexamucleotide expanzion mutation in the /72
gene—Coprf7 Fuestitios _than unequivocally linked the
two ends of the spectrum.* ™' Thiz mutation under-
lies nearly half of cases of familial ALS and a quarter
of cases of familial FTD The pathogenic mechanisms
underpinning the connection between Cprf7aicacciy

VOLUME 10
& L8 M atm

and ALS-FTI} remain poorly understood, but the studies
connecting the two have already changed our perceptions
of these neurodegenerative disorders?

Patients with Cforff200 =00 aesaciated ALS show
marked phenotypic variability. In patients from within
the same family with a Carf72 expansion, onset can be
frontotemporal. bulbar or spinal.®*** The length of the
repeat section does not seem Lo correlate with the sever-
ity of disvase or site of onset, and patients who are homao-
aygous for the mutition do not have more-severe discase
than heterozygous patients.” Bulbar onset is more fre-
quent in ALS patients with Cprf720050000r than in
those without.™ Interestingly. bulbar onset is {almost)
never seen in mutant-300 -associated ALS, and cog-
nitive impairment s equally rare in patients with this
mutation, = It should be noted that cognitive assess-
ment in patients with bulbar failure can be challeng-
ing because of the speech problems and pscudobulbar
affect that these patients experience, and instruments for
bedside evaluation are still being developed.

The spectrum of neuropsychiatric symploms assogi-
ated with CforfF2EE0 S gesnciated ALS s much
broader than previously thoughi, even encompassing
psychosis and depressive pseudodementia 40404
Furthermaore, motor symptoms in these patients can be
variable, manifesting as ataxia, parkinsonism or chorea
(discussed below).

In conclusion, FTD and ALS form a spectrum, with
‘pure ALS and ‘pure FTD' at the extreme ends. The
factors that modify the phenotypic expression and,
thus, determine a patient’s position on that continuum
ar¢ unknown. The biological basis of such a discase con-
tinuum is likely to be complex, which is alecady evident
from the observation that the 'FITY component seems
to be susceptible to different modifying factors than the
‘ALY component, as discussed below,

ALS as a multisystem degeneration

Although the symptoms and signs in an patient with ALS
are predominantly motor in nature, it should be kept in
mind that the lines defining neurodegenerative disorders
are blurring. Some evidence for this phenomenon again
comes from the study of CRorf72 5000, This muta-
tion gives rise to clintcal characteristics well beyond
ALS-FTD: it can also manifest as cerchellar abnormali-
ties and autonomic dysfunction, leading to a diagnosis of
mutiple system atrophy, or as chorea and neuropsychi-
atric abnormalities, leading to a diagnosis of Huntingion
disease (HID), ™"

Surprisingly, some genes associated with ALS-FTD
can also influence phenotypic traits that are not directly
refated to the function of the nervous system, Mutations
in VOF, HNRNPAZRI and HNANPATL can induce
ALS andfor FTLD combined with inclusion body myo-
sitis and bone abnormalities, such as those seen in Pagel
disease. ™" These phenotypes again demonstrate the
multisystemic character of ALS.

Evidence for the widespread nature of ALS-induced
pathology has also come from the carelul clinical obser.
vation of patients with unusually long survival in the
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setting of sustained ventilatory and nutritional support.
In these patients, eye movement abnormalities, auto-
nomic dysfunction and sensory involvement eventu-
ally become evident,™ In rare cases, such multisystem
invalvement it already apparent at disease onsel, and
sometimes the clinical presentation is so different from
that of classic ALS that clinicians consider the pattent to
have a different discase, In the sections that follow, we
discuss somie of these presentations,

ALS with extrapyramidal involvement

Besides the endemic ALS-Parkinson dementia syn-
dromes of Guam™ and the Kii peninsula,™ extrapyra-
midal involvemcent can sometimes be observed in patients
with ALS, ALS associated with Parkinson discase (PD) is
known as Brait- Fahn-Schwartz syndrome or ALS-PD
complex, and is very rare.™ The parkinsonism in these
pattents s usually typical for PD, including the response
to levodopa™ Onsel of motor newron dysfunction usually
follows a few years later, but simultaneous onset hasbeen
reported. ™ Frogression is similar to that of classic ALS™
These rare patients are thought te have two separate dis-
cases, although muiations in PARKT (also known as D1}
have been reported to canse a PD-ALS-FTD syndrome,
providing a possible genetic link.*

AL%-parkinsonizsm i much more common than ALS-
PD complex. ALS-parkinsonism refers to the presence
of extrapyramidal findings that are unresponsive to leva-
dopa in patients with ALS. Mild parkinsonism is present
in 5-15% of patients with ALS, and is typleally characier-
ized by postural instability and backward falls.™" In such
patients, abnormalities in the nigrostriatal system can be
seem on dopamine transporter imaging or ol autepsy, ™"
In our experience, distinguishing the spastic, extra-
pyramidal and frontal motor findings in such patients is
not trivial, which could explain why different studics have
reported vartable frequencies of ALS-parkinsonism,

Chorea and/or hemiballismus can occur late in the
disease course in rare cases of ALS**** Az mentioned
above, chorea is seen in some paticnts with a Clorf72
mutation. To date, about 15 ¢ases of ALS-chorea—
concomitant ALS and HD—have been reported.™ Most
of these patients have late-onset (=50 years) HIY, and
developed ALS 5-10 years later.™ Neuropathological evi-
dence for motor neuron invelvement has been reporied
in a subset of patients with HILY

ALS and cerebeliar alaxia

Alaxia is a rare finding in ALS. As mentioned above, it s
known toocour in patients with C9erf2 4, In addi-
tiom, & few patients with spinocerchellar ataxia (SCA) have
been reporicd to develop rapidly progressive ALS in the
late stage of their discase (SCA-ALSL™ Interestingly,
SCA type 2, which is caused by a CAG expansion in
ATXN2, s genotypic and phenotypic overlap with ALS.
Intermediate-length expansions in ATXNZ are o risk factor
for ALS—but, strangely enough—not for ALS-FTD or
FTom=—and ATXNZ mutations can present as ALS.™
The biotogical basis for the link between SCA and ALS
is unknown.

REVIEWS

ALS with sensory involvement

Subjective sensory symptoms are reported to occur in
50%, and objective sensory signs in 10%, of patients
with ALS, but atrue sensory neuropathy s rare in ALS
Thie SO mypation gives rise 1o prominent sensory
symproms, with posterior column invelvement evident
al autopsy, 't

ALS with wrisdry and Sulanamic ivalveont

Apart from paticnts with a CRerf720 =0 mutation,™
symptoms indicative of awtonomic nervous system
involvement are rare in ALS, although specific testing
can indicate subclinical involvement of cardiovascu-
lar, gastrointestinal and sudomotor systems, and the
salivary and lacrimal gland.**" Bladder problems are
commonly believed not to be a feature of ALS, because
Onutl’s nucleus is typically spared or only minimally
affected.” OF note, urinary incontinence and retention
certainly do cccur in patients with ALS, but these prob-
lemis are usually attributed 1o the use of muscle relaxants
and anticholinergics, or to the patient’s mator problems.
However, it should be noted that patients with 3001
Asp90Ala mutations offen have urinary sympioms,'
and that urgency of micturition is a very frequent
symptom of PLS, affecting 50-70% of patients.****

ALS with ophthalmoplegia

As mentioned above, ophthalmoplegia, resulting from
widespread brainstem pathology. can be observed in
very late stages of ALS, and is only seen in patients with
unusually long survival: it very rarely occurs shortly after
discase onsel.

ALS with deafness

Deafness is not a feature of ALS or any of its genetic
ar phenotypic variants; however, it can be part of rare
syndromes with ALS-like features, the most famous of
which is Brown-Vialetto-Van Laere syndrome, a genetic
disease caused by mutations in genes coding for ribo-
flavin transporters.™ This syndronie is closely related
to Faxio-Londe syndeome, in which auditory function
1s spared.’

Summary

In summary, the extrapyramidal, cerebellar, sensory
or autonomic systems are rarely affected by ALS, and
usually only with advanced disease. Similarly, urinary
and ocular motor neuron involvement is only seen in
patients with very long survival and advanced disease.
Disruption of these systems usually has limited clinical
importance, but it confirms the viewpoint that ALS isa
muliisystem neurological disease,

From biology to therapy

As described above, ALS has high phenotypic variability,
Some of the phenotypie differences might be of a quanti-
tative rather than a qualitative nature, as their detection
depends on the method of observation. For example, if
sophisticated testing is used, all patients with ALS might
show evidence of frontal dysfunction,™ and transcranial
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1.  Renton, A E. Chib, A & Traymod, B, J. S1ate of
plary in armyotrophic kel sclorosks gonotcs,
Motk Meuvosed, 47, 17=23 (2014}

magnetic stimulation of the cortex might wncover
corticospinal abnormalities that would go unnoticed by
a climical examination,"'

The molecular and cellular biology underlving the
phcnnl:'rph: variation remain elusive. Motor neurons
seem strikingly vulnerable to ALS, those with a large
diameter more so than small ones, ™™ whereas the
oculomotor neurons and these in Gnul's nucleus are
far more resistant. Why ALS starts in spinal neurons in
some patients, but in bulbar newrons in others, remains
puezling. The Jarge layer V neurons in the frontal and
temparal cortex are generally less vulnerable than maotor
nearons. bul in some patients this situation is reversed,
Why do some patients with Car P20 develop
ALS, whereas others develop FTD or ALS-FTD? Why
do some paticnts with the SORI Gly?3Cys mutations die
after I years of discase, while others with the same muta-
tion survive for more than 20 years? Why do some indi-
viduals carrying 4 pathogenic SODN or Coor(72 nutation
never get ALS or FTDE Are they resistant to the discase,
or is their age at onset beyond the normal human lifespan?

Several factors contributing to different aspecis of this
vulnerability have been identified, but the pathophysio-
logical mechanisms remain poorly understood. The size
of the motor nenrons, the length of their axons, their
metabelic rate and many other characieristics have been
hypothesized as contribuiors, but never proven to have
a role. Some evidence suggests that the low abundance
of calcium buffering proteins®™ and the presence of
mitochondrial matrix metalioproteinase-9' underlie
the difference in vulnerability between oculomaotor and
other motor neurons. Expression of the ephrin type- A
receptor 4 protein (encoded by EPHA4)™ as well as
excitability characteristics,"™ have been suggested 1o con-
tribute to the difference in vulnerability of targe versus
small motor newrons. Susceptibility of motor neurons to
excitotaxicity could explain why spinal sensory neurons
are less vulnerable 10 ALS than are motor neurons.'™
Morcover, studies in SO0 mutant mice suggest that
the vulnerability of motor neurons is related to specific
excitabilivy-related pathways in these cells '

Polymerphisms in the UNCI3A gene and expression
levels of EPHAL have been suggested to contribute to the
variability in disease severity. ™' ATXN2 expansions
are a risk factor for ALS but not for FTI,™ whereas the
TMEM 108 risk allele is a risk factor for FTTY but not
for ALS. " Phenoypic variability across the ALS-FTD
spectrum (and probably other spectra) s, thus, believed
to be largely due to various genetic polymorphisms with
different cytatoxic or cytoprotective effects according
to neuronal cell type. Better knowledge of these factors,

5. Raets, UM E La Spada, A, R ALS
mator phenotype heterogene ity focality,

whether they be environmental or genetic in nature, is
important, as they could be targets for intervention, even
in patients in whom the cause of the disease is unknown.

Concluslons

Simee its initial description by Charcot, ALS has been con-
sidered 1o be a homogenous neurodegenerative discase
with selective involvement of both upper and bower mator
neurens, Progress in genctics and in precise phenotyp-
ing of ALS has revealed shortcomings in the 19* century
semiological approach, Abundant evidence has redirected
the view towards the concept of @ heterogeneous multi-
system neurodegenerative disease. Cognitive impairment
is thought to be an intrinsic characteristic of this discase,
as refllected in the ALS-FTD spectrum, Involvement of
upper and lower motor neurons forms a similar spec-
trum, Variability in clinical presentation, onset, duration
and hereditability is considerable, Clinieally relevant
involvement of extrapyramidal, cerebellar, autonomic
and sensory systems is rare, but shows ALS to be a
multisystem degeneration disorder.

Some of the clinical variability certainly depends an
the method and fiming of assecssment, but the majority
seems to reflect differences in vulnerahility of neurons.
Clinical, genetic and biological studies are underway
to bdentify the factors that underlic this variabilivy. It is
unknown whether this variability alse implies differen-
tial response to therapy, It remains to be seen whetherall
phenotypic presentations will respond to the same drug
aned, if 50, to the same extent. Phenomics, genomics, pro-.
teomics, metabolomics and other unbiased approaches
will need to be brought together. Such approaches will
require large sets of very carefully and uniformly pheno.
typed patient populations, Hopefully, such studies
will allow the development of strategies to change the
phenotypic expression of ALS and find a cure for this
dreadiul disease,
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