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PERSPECTIVE

Is it accurate to classify ALS as a neuromuscular disorder?
Michael A. van Esa, H. Stephan Goedeea, Henk-Jan Westenenga, Tanja C.W. Nijboer b,c and Leonard H. van den Berga

aDepartment of Neurology, UMC Utrecht Brain Center, University Medical Center Utrecht, Utrecht, The Netherlands; bCenter of Excellence for 
Rehabilitation Medicine, UMC Utrecht Brain Center, University Medical Center Utrecht, and De Hoogstraat Rehabilitation, Utrecht, Netherlands; 
cDepartment of Experimental Psychology, Helmholtz Institute, Utrecht University, Utrecht, The Netherlands

ABSTRACT
Introduction: Amyotrophic lateral sclerosis (ALS) is a fatal disorder characterized by the progressive loss 
of upper and lower motor neurons. ALS has traditionally been classified within the domain of neuro-
muscular diseases, which are a unique spectrum of disorders that predominantly affect the peripheral 
nervous system. However, over the past decades compounding evidence has emerged that there is 
extensive involvement of the central nervous system. Therefore, one can question whether it remains 
accurate to classify ALS as a neuromuscular disorder.
Areas covered: In this review, the authors sought to discuss current approaches toward disease 
classification and how we should classify ALS based on novel insights from clinical, imaging, patho-
physiological, neuropathological and genetic studies.
Expert opinion: ALS exhibits the cardinal features of a neurodegenerative disease. Therefore, classifying 
ALS as a neuromuscular disease in the strict sense has become untenable. Diagnosing ALS however does 
require significant neuromuscular expertise and therefore neuromuscular specialists remain best equipped 
to evaluate this category of patients. Designating motor neuron diseases as a separate category in the ICD- 
11 is justified and adequately deals with this issue. However, to drive effective therapy development the 
fields of motor neuron disease and neurodegenerative disorders must come together.
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1. Introduction

Through classification diseases that have more in common 
with one another than with others are grouped together[1]. 
Classification is of major importance as it shapes medicine and 
guides its practice. The World Health Organization (WHO) 
states that the international classification of disease (ICD) 
defines the universe of diseases, disorders, injuries and other 
related health conditions. By doing so, it provides the diag-
nostic classification standard for all clinical and research pur-
poses. This data subsequently forms the foundation for 
evidenced-based decision-making, permits the monitoring of 
the incidence and prevalence of diseases, guides the alloca-
tion of resources and reimbursement, allows for the tracking 
of safety and quality guidelines, facilitates the sharing and 
comparison of health information between hospitals, regions, 
settings, and countries as well as across different time periods 
(https://icd.who.int/en).

There needs to be a solid rationale for grouping diseases 
together, ensuring that there are enough similarities for items 
in a category to be associated, while not obfuscating differ-
ences. Therefore, effective classifications must recognize dif-
ferences as well as similarities[1].

Although one can classify neurological disorders in 
a variety of ways (e.g., etiology, symptoms or pathology), 
clinical anatomical reasoning formed the foundation and still 
is the cornerstone of modern neurology [2,3]. Localizing the 

site of the lesion is essential to making any neurological 
diagnosis. The first major step is to determine whether the 
lesion is in the central or peripheral nervous system.

Diseases of the peripheral nervous system are categorized 
as neuromuscular diseases. There are over 600 distinct neuro-
muscular disorders, each with a unique set of signs and symp-
toms, depending on which part of the peripheral nervous 
system is (predominantly) affected (Figure 1)[4]. Also, the het-
erogeneity of underlying causes at specific anatomical sites 
results in variability in the age of onset (ranging from neonatal 
to late-onset), rate of progression, and disease severity. 
Nevertheless, most neuromuscular diseases converge to simi-
lar downstream effects, ultimately presenting with muscle 
weakness and atrophy, sensory disturbances, and/or reduced 
tendon reflexes. Other features that have been listed in sub-
sets of patients with neuromuscular disorders, include marked 
bulbar signs, involvement of cranial nerves, and respiratory or 
cardiac dysfunction[4]. A detailed summary of all neuromus-
cular disorders falls outside the scope of this article.

Amyotrophic lateral sclerosis (ALS) has classically been 
viewed as a neuromuscular disorder, because there is impair-
ment of lower motor neurons at a different extent leading to 
muscle atrophy, fasciculations, severe weakness, respiratory 
failure, and death[5]. However, ALS does not solely affect the 
peripheral nervous system and in fact pathological hyperre-
flexia (indicating involvement of the central nervous system) is 
even required for the diagnosis[6]. Over the past 15 years, it 
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has become evident that the involvement of the central ner-
vous system is far more wide-spread than previously recog-
nized. We, therefore, ask the question whether it remains 
accurate to classify ALS as a neuromuscular disorder.

2. Amyotrophic lateral sclerosis (ALS)

ALS is a fatal disorder characterized by the progressive loss of 
upper and lower motor neurons with a prevalence 2.6–3.0 
cases per 100,000 people in European populations. The life-
time risk of developing ALS for women is 1:400 and is slighter 
higher for men at 1:350. The disease may run in families 
(familial ALS, FALS) or be (apparently) sporadic (SALS). On 
average, onset is in the early sixties, but with a wide range. 
Patients in their late teens and early twenties have been 
reported as well as cases well over the age of 90 [7,1602]. At 
present, several drugs have been approved for ALS, which 
include riluzol [9], nuedexta [10] and edaravone[11]. 
Unfortunately, all of these drugs have limited effects and the 
prognosis remains grim with a median survival of 3 to 4 years.

Patients gradually develop progressive motor deficits over 
the course of weeks or months, which can affect any voluntary 
muscle. This means that the initial presentation is very hetero-
geneous and ranges from dysarthria to a foot drop. Disease onset 
is usually focal, but with subsequent spreading to other regions 
of the body. Spread of the disease may be within the same 
region (from hand to upper arm) as well as between neuro- 
anatomically connected regions (rostro-caudal or contra-lateral) 
[12]. The degree of involvement of upper and lower motor 
neurons is also variable. Some patients predominantly show 
upper motor signs, with lower motor neuron involvement only 

Figure 1. Overview of the peripheral nervous system and corresponding neuromuscular disorders.

Article highlights

● ALS is disorder characterized by the loss upper and lower motor 
neurons. The diagnosis is made by exclusion, which means that 
alternative causes for lower motor neuron dysfunction (other neuro-
muscular diseases) need to be ruled out. Hence, ALS patients are 
commonly seen by neuromuscular specialist.

● Frontotemporal dementia as well as cognitive and behavioral 
changes within the FTD spectrum are common in ALS and is seen 
in up to 50% of cases. Many now view ALS and FTD as the pheno-
typic extremes of a continuum (FTD-MND continuum).

● Aggregation and mislocalization of TDP-43 is the pathological hall-
mark of ALS.

● The genetic architecture of ALS is highly heterogeneous. Over 30 
different genes have now been implicated in ALS, many of which are 
pleiotropic and are also involved in other neurodegenerative diseases 
such as FTD, parkinsonism, spinocerebellar ataxia and HSP.

● Current insights from clinical, imaging, neuropathological and genetic 
studies show that ALS exhibits the cardinal features of 
a neurodegenerative disease.

● Due to the highly heterogeneous nature of ALS, it seems highly 
unlikely that we will be able to treat the disease with a single 
drug. Multiple targeted therapies will need to be developed.
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becoming evident through neurophysiological studies or over 
the course of time. Similarly, there are patients with predominant 
lower motor neuron presentations[13]. Whether pure upper 
motor neuron (primary lateral sclerosis) and pure lower motor 
neuron syndromes (progressive spinal muscular atrophy) actu-
ally exist, should be seen as separate diseases or are restricted 
phenotypes of ALS remains a topic of debate [14–16].

These highly heterogeneous presentations make diagnos-
ing ALS challenging. In particular, because there is no diag-
nostic test that definitively demonstrates ALS (with the 
exception of DNA testing). ALS is therefore a diagnosis, 
which is made per exclusion and is based on the El Escorial 
[6] or Awaji criteria[17]. Summarized, these criteria require 
a history of progressive weakness that has spread within 
a region or to other regions (bulbar, cervical, thoracic, or 
lumbar), with evidence of lower motor neuron (clinical or 
electrophysiological) and upper motor neuron (clinical) invol-
vement, and that no other disease processes explain the pre-
sentation [6,17].

The loss of lower motor neurons in ALS leads to muscle 
atrophy, fasciculations, severe weakness and sometimes regional 
hyporeflexia. Underlying these LMN signs are degeneration and 
loss of peripheral axons, destruction of the neuromuscular junc-
tion, and even muscle changes. Whether these peripheral 
changes in muscle, NMJ, and axons are a primary event or 
secondary to pathological changes in the cell bodies of the 
LMNs is unclear. Nevertheless, given the clear involvement of 
the peripheral nervous system and the requirement in the diag-
nostic criteria to rule out other causes of LMN signs is perhaps 
why neuromuscular specialists are most experienced at evaluat-
ing this category of patients. Indeed, some of the most relevant 
alternative diagnoses that may mimic ALS are neuromuscular 

diseases such as Kennedy’s disease, myasthenia gravis (in parti-
cular with MuSK antibodies), distal hereditary motor neuropa-
thies (dHMNs), multifocal motor neuropathy, pure motor CIDP, 
and inclusion body myositis and may require detailed neurophy-
siological studies (Figure 2)[4].

However, in 2006 a major breakthrough was made in our 
understanding of ALS. Neumann and colleagues demonstrated 
that the presence of TDP-43-positive, ubiquitinated cytoplasmic 
inclusions is the main characteristic neuropathological feature of 
degenerating motor neurons. Importantly, they show that these 
TDP-43 inclusions are not only the hallmark of ALS, but also 
frontotemporal dementia (FTD)[18]. This landmark discovery 
subsequently sparked a lot of research that has focused on the 
overlap between these two diseases[19].

3. Frontotemporal dementia (FTD)

FTD is one of the most common forms of young onset demen-
tia and is characterized by focal atrophy of the frontal and/or 
anterior temporal lobe. There are two major forms of FTD; 
behavioral variant (bvFTD) and a language variant, which is 
also divided into two subtypes: semantic dementia (SD) and 
progressive non-fluent aphasia (PNFA)[20].

bvFTD is characterized by a progressive deterioration of 
behavior and/or cognition. Patients develop prominent 
changes in personality with disinhibition (socially inappropri-
ate behavior, loss of manners or impulsive actions), apathy, 
loss of sympathy or empathy, stereotyped or compulsive 
behavior, altered food preferences, executive dysfunction 
and often have a profound lack of disease insight[21].

The language variants of FTD are characterized by a slowly 
progressive, isolated language deficit that is the most 

Figure 2. Shows the main findings on EMG that may aid to differentiate ALS from important mimics such as multifocal motor neuropathy (MMN), myasthenia gravis 
(MG) and inclusion body myositis (IBM).
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prominent feature at onset and during the initial phases of the 
disease. The core features of semantic dementia are anomia 
and impaired single-word comprehension. Patients usually 
have quite severe naming problems, while other language 
domains are relatively spared. Single word comprehension is 
initially more problematic for low frequency words. Semantic 
dementia patients may not be capable of demonstrating how 
to use everyday items, such as a hammer or toothbrush. 
Despite this conceptual loss, speech remains largely fluent 
with intact grammar and the episodic memory is also largely 
spared[22].

Patients with PNFA have slow, effortful speech that is due 
to an articulation planning deficit (apraxia of speech) or 
agrammatism, which results in the use of short, simple phrases 
and the leaving out of grammatical morphemes (functioning 
words that indicate tense, number, gender, or aspect). They do 
not suffer from conceptual loss and again episodic memory is 
largely spared[22].

Over time patients with bvFTD develop language deficits 
and similarly patients with SD and PNFA develop behavioral 
changes.

4. The FTD-ALS continuum

Cognitive symptoms and frank dementia were reported in early 
descriptions of ALS. However, for a long time these changes were 
considered to be rare or perhaps even coincidental. Strikingly, 
neuropsychological studies have now clearly shown that cogni-
tive and/or behavioral changes are an integral part of ALS. 5–15% 
of ALS patients also suffer from co-morbid FTD and that up to 
50% have cognitive and/or behavioral deficits within the spec-
trum of FTD, but without meeting the formal diagnostic criteria 
[23–25].

This means that cognitive changes were frequently over-
looked in the past. Perhaps because these changes may initi-
ally be subtle or were incorrectly attributed to motor 
symptoms. For instance, detecting language deficits in 
patients with severe dysarthria may be challenging and severe 
motor impairment may mask apathy[5].

A wealth of neuropsychological research has now been 
conducted and has led to the characterization of the cognitive 
profile of ALS with deficits in fluency, language, social cogni-
tion, delayed verbal memory and executive functions[26]. In 
ALS, loss of sympathy and apathy are the most common 
behavioral changes and are seen in 10–20% of patients. The 
language variants of FTD are understudied and probably also 
under recognized in ALS[27]. Cognitive and/or behavioral 
changes are more common in certain genetic subtypes of 
ALS and are seen at high frequencies in particular in patients 
that carry repeat expansions in the C9orf72 gene[23].

Only a limited number of longitudinal studies on cognition 
have been performed in ALS. Results from these studies, as 
well as, cross-sectional studies show that the frequency of 
patients with cognitive and/or behavioral changes increases 
with more advanced disease stages [28,29]. These findings 
suggest that the frequency of FTD spectrum changes in ALS 
is probably still underestimated.

The exact frequency of FTD patients that also 
develops ALS or motor involvement is unknown, as there 

are no population-based studies that have addressed this 
issue. Clinical cohort studies found that ±15% of FTD 
patients develop ALS, which may sometimes be many 
years after the onset of dementia. Approximately, 30–40% 
of FTD patients develop subtle clinical (mostly UMN signs) 
or neurophysiological evidence of motor involvement. The 
frequency of motor neuron involvement in FTD, therefore, 
seems comparable to the frequency of cognitive and beha-
vioral changes in ALS [30,31].

This high frequency of cognitive/behavioral deficits in ALS 
and of motor involvement in FTD has led to the view that ALS 
and FTD form the phenotypic extremes of a clinical spectrum 
[19,23]. Screening for cognitive and behavioral changes has 
now become a part of the standard work-up of ALS patients 
and there are international consensus criteria for the ALS-FTD 
spectrum disorder[24].

5. Imaging

Many imaging modalities have been applied to study to 
brain morphologic changes in ALS, of which MRI has been 
used most frequently. As is to be expected, there is clear 
involvement of the primary motor cortex and corticospinal 
tract. Many studies have however also demonstrated invol-
vement of other brain areas (Figure 3)[32]. Both gray and 
white matter involvement has been found. Widespread cer-
ebral involvement is most prominent in patients with 
C9orf72 repeat expansions, but is not limited to this group 
[33]. Intriguingly, asymptomatic C9orf72 carriers also have 
been found to have a thinner cerebral cortex in non-motor 
regions in comparison to their non-carrier family members 
[34]. Although atrophy of posterior brain regions is not 
frequently reported, Figure 3 and a previous case report 
[35] demonstrate that these regions might be involved 
and are possibly related to cognitive deficits as well. Deep 
gray matter has been studied less frequently than cortical 
gray matter, but studies have demonstrated atrophy of the 
deep gray matter. This includes atrophy of the hippocampi 
at an early stage, which is also correlated with cognitive and 
behavioral deficits as well as shorter survival [36,37]. 
Similarly, white matter involvement is not limited to motor 
connections, but also includes connections between more 
remote brain locations [38,39]. In line with this observation, 
it has been proposed that, although the pathogenic process 
might start in the motor system, it propagates to function-
ally linked areas through white matter connections [40,41].

6. Neuropathology & pathophysiology

In approximately 98% of ALS patients TDP-43-positive, ubiqui-
tinated cytoplasmic inclusions are found in the remaining 
motor neurons at autopsy, making this the pathological hall-
mark of the disease [18,42]. There are a few genetic subgroups 
of ALS patients, in which there appears to be no or little TDP- 
43 pathology. In patients with SOD1 mutations, abnormal 
aggregation of SOD1 protein is the predominant finding and 
similarly there are FUS aggregates in patients with mutations 
in this gene[20].

898 M. A. VAN ES ET AL.



Neurodegenerative diseases are characterized by the pre-
dominant loss of a specific population of neurons accompa-
nied by distinct neuropathological changes in the brain, 
including extracellular protein deposits, intracellular inclu-
sions, and changes in cell morphology. In Alzheimer’s disease 
there is loss of neurons in the hippocampus with neurofibril-
lary tangles and amyloid β deposition. Parkinson’s disease is 
characterized by the loss of dopaminergic neurons in the 
substantia nigra accompanied by accumulation of α- 
synuclein. In FTD there is loss of cortical neurons in the frontal 
and/or anterior temporal lobes. In approximately half of FTD 
patients there is tau pathology, whereas the other half shows 
TDP-43 pathology highly similar to ALS. In 1–2% of FTD 
patients FUS pathology is found without prominent aggrega-
tion of TDP-43 or tau[20]. All neurodegenerative diseases seem 
to start focally, but subsequently become progressive and 
over time affect additional regions of the brain[43].

Brettschneider and colleagues elegantly demonstrated that 
TDP-43 pathology appears to spread throughout the brain and 
that this occurs in 4 stages. In stage 1 there is TDP-43 deposi-
tion in the spinal cord and brainstem or upper motor neurons. 
In stage 2, TDP-43 pathology progresses to the posterior 
frontal and anterior parietal regions, brainstem reticular for-
mation, red nucleus and precerebellar nuclei. Stage 3 is char-
acterized by involvement of the anterior frontal and basal 
forebrain, the caudate nucleus and putamen, mediodorsal 
nucleus, lateral thalamus and substantia nigra. In the fourth 
stage, TDP-43 deposition is seen in the anterior temporal lobe, 
including the hippocampus[44].

The TDP-43 protein consists of 414 amino acid residues and 
can bind both DNA and RNA and has multiple functions in 
transcriptional repression, pre-mRNA splicing and translational 
regulation. Under physiological conditions TDP-43 generally 
resides in the nucleus. It has a nuclear export signal as well 
as nuclear localization signal, which means it can shuttle back 
and forth between nucleus and cytoplasm. The exact role of 
TDP-43 in the pathophysiology of ALS remains to be eluci-
dated, but there is emerging evidence that dysregulation of 

TDP-43 expression plays an important role. When in nuclear 
excess TDP-43 binds the 3′UTR within its own pre-mRNA, 
which leads the use of alternative polyadenylation signals 
and splicing events causing these mRNA transcripts to be 
degraded. This feedback loop therefore auto-regulates the 
expression of TDP-43. Both loss of function and overexpres-
sion have been implicated in the pathogenesis.

Neuropathological studies clearly show that there is mis-
localization of TDP-43 in ALS, with aggregation in the cyto-
plasm and depletion from the nucleus. This causes a nuclear 
loss-of-function leading to a widespread dysregulation of 
mRNA that affects hundreds of targets[45]. This nuclear deple-
tion seems to be caused by an inability (in part) of TDP-43 to 
reenter the nucleus, either because it has been sequestered 
into aggregates or by defects in nuclear transport [46,47].

Stress granules also seem to play a crucial in the formation 
of these TDP-43 aggregates. Under conditions of cell stress 
translation initiation is halted and stress granules are formed. 
These are dynamic cytoplasmic RNA–protein complexes (con-
taining RNA-binding proteins, mRNAs, and translation initia-
tion factors) that shield its components from degradation. The 
structure of TDP-43 contains aggregation-promoting prion-like 
domains that allow rapid self-association, which is required for 
the formation stress granules. Once cell stress dissipates, stress 
granules should dissemble allowing mRNA translation to 
resume.

Due to genetic mutations, chronic cell stress, protein 
modifications, and other mechanisms, these stress granules 
fail to dissemble and persist in ALS[48]. The capacity to self- 
associate seems to lead to a self-templating process that 
drives the transition from stress granules into pathological 
aggregates. These aggregates have toxic properties and 
contribute to cell death[49]. Moreover, TDP-43 aggregates 
appear to be able to spread to neighboring or functionally 
connected neurons and initiate this pathophysiological pro-
cess[50]. This process appears to be similar to the patho-
physiological mechanism driving Creutzfeldt-Jakob disease 
and is therefore referred to as prion-like spreading[51]. This 

Figure 3. Comparison of cortical thickness between ALS patients (n = 456) and healthy controls (n = 294). Analyses were corrected for age and sex. Regions with 
a significantly lower cortical thickness are marked in blue (p < 0.05, Bonferroni-corrected). p-values were mapped onto the surface of the entire region of interest 
(ROI, 34 per hemisphere) to indicate significant regional differences between ALS patients and controls.
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mechanism of prion-like spreading also appears to play 
a role in the disease propagation of multiple other neuro-
degenerative diseases, such as Alzheimer’s disease, 
Parkinson’s disease and tauopathies [52,53].

7. Genetics

In FALS, inheritance most commonly follows an autosomal 
dominant pattern, but frequently with incomplete penetrance. 
Estimates of the frequency of FALS vary between studies and 
populations. In part, this may be due to differences in popula-
tion genetics, but are also influenced by the fact that there is 
no clear definition of what constitutes familial ALS. Studies 
have shown that there is poor consensus amongst experts in 
the field. Some only consider the disease to be familial when 
there are one or more first degree relatives with ALS, whereas 
others also accept second degree or any relative. Similarly, 
there is no consensus on how to interpret pedigrees in 
which there are individuals with FTD or unspecified (young 
onset) dementia. Nevertheless, considering more and more 
studies are demonstrating that there is clustering of neurode-
generative diseases (FTD in particular) in the families of ALS 
patients, it seems reasonable to include FTD in the definition 
of FALS [54–57].

Most studies estimate that about 10–15% of ALS is familial 
and ±30 different genes have now been identified for FALS. 
Combined these genes explain roughly 65% of FALS cases. In 
the remaining cases the pathogenic mutations are yet to be 
identified. The most important FALS genes are C9orf72 (30–-
40%), SOD1 (10–20%), TARDBP (5%) and FUS (5%), while muta-
tions in other genes are rare (±1%)[58].

In the vast majority of cases (85–90%) there is no clear 
family history of ALS and these cases are labeled as sporadic 
ALS. Sporadic ALS (SALS) is thought be multifactorial in 
nature, with both genetic and environmental risk factors 
contributing to disease risk. The genetic component of 
SALS is nonetheless considerable and has been estimated 
at 40–60% [59–61]. Over the last 15 years studies (genome- 
wide association studies and others) have identified genetic 
risk factors for SALS at almost an exponential pace. We now 
know that polymorphisms and repeat expansions in genes 
like unc13a, NEK1, KIF5a, ATXN2 and NIPA1 are associated 
with ALS [62–65]. Interestingly, as studies in SALS are getting 
larger and therefore have the statistical power to analyze 
genetic variants with lower frequencies, overlap between 
FALS and SALS is emerging. For instance, common poly-
morphism in KIF5a appears to be a modest risk factor (SNP 
rs113247976 with an odds ratio of 1.38 for SALS), whereas 
other mutations in this gene seem to be directly pathogenic 
[64]. Similarly, approximately 10% of SALS patients carry 
pathogenic mutations in FALS genes (C9orf72, SOD1, 
TARDBP, and FUS) and FALS patients have been found to 
carry mutations in more than one ALS gene [58,66]. A rigid 
distinction between FALS and SALS therefore seems artificial. 
ALS is perhaps best viewed as a heterogeneous disease in 
which genetics play a large role. Moreover, there are many 
reports of FALS cases that carry potentially pathogenic 
mutations in more than one ALS gene, suggesting the 

disease may be oligogenic. A recent genome-wide associa-
tion study interrogated the genetic architecture of ALS and 
also concluded that disease risk is predominantly driven by 
a limited number of rare variants with large effect [62,66].

Many of the genes that have been identified for ALS are 
pleiotropic. This means that a gene is associated with multiple 
diseases or phenotypes. For instance, repeat expansions in the 
C9orf72 gene are associated with ALS, FTD, parkinsonism, 
Huntington phenocopies and psychiatric disorders [67,68]. 
Additional examples are ANG (ALS and Parkinson’s disease) 
[69], TARDBP (ALS, FTD and parkinsonism) [70,71], ATXN2 (spi-
nocerebellar ataxia type 2, ALS and parkinsonism) [72,73] and 
FUS (ALS and essential tremor) [74,75].

Table 1 provides an overview of ALS genes and their pleio-
tropic effects, which shows that the overlap is predominantly 
with other neurodegenerative diseases, such as FTD, spinocer-
ebellar ataxia, parkinsonism, and hereditary spastic paraplegia. 
Several ALS genes (hnRNPA1, VCP, SQSTM1, MATR3 and OPTN) 
are also associated with a complex hereditary disease termed 
multisystem proteinopathy that may present as ALS, FTD, 
inclusion body myopathy, Paget’s disease of the bone, or 
a combination of these disorders[76]. Only a few rare genes 
show overlap with myopathy, SMA or CMT phenotypes.

8. Discussion

One can take many approaches toward classifying disease. 
Considering these classifications greatly impact the way med-
icine is practiced, this is not just a mere question of semantics. 
There is no single system of classification that is capable of 
accurately categorizing all neurological diseases. To overcome 
this, a more or less mixed approach has been implemented. 
Some neurological disease categories have been assigned 
based on etiology (vascular, trauma, infection), whereas others 
are based on symptoms (headache, epilepsy) or anatomy 
(neuromuscular, white matter, spinal cord).

Neuromuscular diseases are defined by dysfunction of the 
peripheral nervous system. ALS has always formed an excep-
tion within this category, given that the central nervous sys-
tem (upper motor neurons) is also involved[2].

Historically there has been some debate to what degree and 
which part of the central nervous system is involved in ALS. At 
autopsy, Charcot noted that in ALS patients there was an abnor-
mal hardening of tissue on the sides of spinal cord where the 
corticospinal tract runs, which he described as lateral sclerosis. 
Some authors have argued that ALS starts in the periphery (lower 
motor neuron, neuromuscular junction or even muscle) and that 
the degeneration of the corticospinal tract is a secondary pro-
cess. Data from studies in animal models of ALS has provided 
evidence that many of the initial pathological changes appear to 
occur in the peripheral motor system, which supports this dying- 
back hypothesis [100,101].

However, neuropsychological studies clearly show that cog-
nitive and behavioral changes within the spectrum of FTD are 
a common feature of ALS, indicating that CNS involvement goes 
far beyond the corticospinal tract [24,25,102]. Imaging studies 
confirm that there are indeed wide-spread brain morphologic 
changes outside of the motor system[33]. The discovery of TDP- 
43 as the pathological hallmark of both ALS and FTD 
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unequivocally cements the view that these diseases form 
a clinical spectrum[18]. Further neuropathological studies have 
demonstrated that ALS exhibits the main characteristics of 
a neurodegenerative disease with an initial predominant loss of 
a specific cell population (motor neurons) accompanied by 
abnormal protein aggregation with progressive spread to addi-
tional regions of the brain. Moreover, the pathology (TDP-43, 
FUS) and disease mechanisms (stress granules, prion-like spread-
ing, etc.) underlying ALS are shared with multiple neurodegen-
erative diseases [18,44,50]. Lastly, it is clear that genetics play an 
important role in both FALS and SALS[62]. The ever-growing list 
of genes that has been identified for ALS also associates with 
other neurodegenerative disease (FTD, SCA, parkinsonism, etc.). 
In short, clinical, epidemiological, imaging, neuropsychological, 
pathological, pathophysiological, and genetic studies show that 
ALS exhibits the cardinal features of a neurodegenerative dis-
ease. Moreover, there is little to no overlap with neuromuscular 
diseases in which pathophysiology is most commonly driven by 
toxic exposures, metabolic disorders, mutations in genes crucial 
to contractile units in muscles, synthesis of myelin and axonal 
transport or by inflammatory processes[4].

As classifications aim to group diseases together that have 
more in common with one another, than with those in other 
categories[1], it is simply untenable to classify ALS as 
a neuromuscular disease. Based on our current insights ALS 
can probably best be characterized as a neurodegenerative 
syndrome with extensive lower motor neuron involvement. 
There are indeed several other diseases within the neurode-
generative domain, which also involve the peripheral nervous 
system. Lower motor neuron loss and axonal neuropathy may 
for instance also be seen in subtypes of spinocerebellar ataxia.

Although, it is more accurate to classify ALS within the neu-
rodegenerative domain, it also requires the addition of an excep-
tion to address lower motor neuron degeneration. Within the 
ICD-11 neuromuscular diseases have been split into several cate-
gories; ‘Disorders of nerve root, plexus or peripheral nerves’ and 
‘Diseases of neuromuscular junction or muscle’. Motor neuron 
diseases or related disorders, to which ALS belongs, forms 
a separate category and therefore this classification adequately 
deals with the issue of neuromuscular versus neurodegenerative. 
However, ALS is still classified separately from FTD, which falls 
under ‘disorders with neurocognitive impairment as a major 

Table 1. Overview of ALS and pleiotropic effects.

FALS Gene Type of variation Associated with other disease or phenotypes? Designation Inheritance

SOD1[77] point mutations Progressive spastic tetraplegia and axial hypotonia ALS1 AD or AR
ALS2 (ALSin)[78] point mutations Infantile-onset ascending spastic paralysis ALS2 AR
SETX[79] point mutations ataxia-oculomotor apraxia type 2 ALS4 AD
SPG11[80] point mutations HSP type 11 ALS5 AR
FUS/TLS[75] point mutations Hereditary Essential Tremor 4[74] ALS6 AD or AR
VAPB[81] point mutations Late-onset SMA (Finkel type) ALS8 AD
ANG[82] point mutations Parkinsonism[69] ALS9 AD
TARDBP[70] point mutations Parkinsonism, FTD[72] ALS10 AD
FIG4[83] point mutations Bilateral temporooccipital polymicrogyria, CMT type 4 J, YVS ALS11 AD
OPTN[84] point mutations Adult-onset open angle glaucoma 1E, MSP ALS12 AD or AR
ATXN2[72] repeat expansions SCA type 2, Parkinsonism ALS13 AD
VCP[85] point mutations CMT type 2Y, MSP ALS14 AD
UBQLN2[86] point mutations - ALS15 XD
SIGMAR1[87] point mutations Autosomal recessive, distal SMA type 2 ALS16 AD
CHMP2B[88] point mutations Dementia ALS17 AD
PFN1[89] point mutations - ALS18 AD
ERBB4[90] point mutations - ALS19 AD
HNRNPA1[91] point mutations MSP ALS20 AD
MATR3[92] point mutations MSP ALS21 AD
TUBA4A[93] point mutations - ALS22 AD
ANXA11[94] point mutations - ALS23 Unknown
NEK1[65] point mutations Short-rib thoracic dysplasia 6 with or without polydactyly ALS24 Unknown
KIF5a[64] point mutations HSP type 10, CMT type 2 ALS25 AD
C9orf72[68] repeat expansions FTD, parkinsonism, Huntington phenocopies, psychiatric disorders ALS-FTD1 AD
CHCHD10[95] point mutations Mitochondrial myopathy, SMA (Jokela type), FTD ALS-FTD2 AD
SQSTM1[96] point mutations MSP ALS-FTD3 AD
TBK1[97,98] point mutations FTD ALS-FTD4 Unknown
SALS risk factor* Type of variation Associated with other disease or phenotypes?
NIPA1[63] repeat expansions HSP type 6
ATXN1[99] repeat expansions SCA type 1
unc13a[62] SNP FTD
MOBP[62] SNP MS, corticobasal degeneration, PSP, Lewy body dementia
SMN1[26] duplications SMA
SARM1[62] SNP -
SCFD1[62] SNP -
C21orf2[62] SNP Retinal dystrophy with macular staphyloma, ASD
KIF5a[64] SNP HSP type 10, CMT type 2
NEK1[65] SNP Short-rib thoracic dysplasia 6 with or without polydactyly
LOC101927815[62] SNP
TBK1[62] SNP FTD

AD = autosomal dominant, AR = autosomal recessive, ASD = Axial Spondylometaphyseal Dysplasia, CMT = Charcot-Marie-Tooth disease, FALS = Familial ALS, 
FTD = Frontotemporal dementia, HSP = Heridatary spastic paraplegia, MSP = Multisystem proteinopathy, SCA = Spinocerebellar ataxia, SALS = Sporadic ALS, 
SMA = Spinal muscular atrophy, XD = X-linked dominant, YVS = Yunis Varon Syndrome. *For SALS risk factors the nearest or most likely associated gene is given. 
Potential pleiotropic effects of the listed genes were evaluated by searching Medline, Embase and OMIM. 
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feature’[2]. This problem is not limited to the ALS-FTD spectrum. 
Progressive supranuclear palsy (PSP) is an atypical parkinsonism 
that falls into the category of movement disorders. However, in 
PSP the frontal and temporal lobes also degenerate, a process, 
which has been labeled frontotemporal lobar degeneration 
(FTLD). This results in cognitive and behavioral changes that 
overlap with FTD, which is a disease entity and not the degen-
erative process. These terms are however frequently used inter-
changeably, which leads to highly confusing literature on the 
topic (Figure 4).

Genes containing pathogenic mutations may be expressed 
in multiple tissues and therefore may also lead to heteroge-
neous phenotypes belonging to different categories. Perhaps, 
this is best illustrated by multisystem proteinopathy that may 
present as ALS (motor neuron diseases or related disorders), 
FTD (disorders with neurocognitive impairment as a major 
feature), inclusion body myopathy (diseases of neuromuscular 
junction or muscle), Paget’s disease of the bone (diseases of 
the musculoskeletal system or connective tissue), or 
a combination of these disorders[76].

It seems we will always struggle to classify diseases that 
form phenotypic spectra or which are caused by mutations in 
genes that are expressed multiple tissue types. Perhaps we 
will have to accept that there are diseases that simply do not 
fit into predefined boxes and that in these instances, we must 
adopt a practical approach.

Specialized clinics for motor neuron diseases have been in 
place for decades and neuromuscular specialists have adapted 
to the insight that cognitive and behavioral changes are an 
integral part of the disease [23,102]. Neuropsychological 
screening has become part of the standard work-up, for 
which multiple ALS-specific screeners are available as well as 
diagnostic consensus criteria [24,102,103]. As many neuromus-
cular diseases are hereditary, neuromuscular specialists are 
equipped to deal with genetic testing and commonly have 
well-established collaborations with clinical geneticists. 
Therefore, it seems that clinical care for patients will at present 
not benefit from relabeling ALS [5,7,1602,23].

In the long run, however, more extensive collaboration 
between the fields of motor neuron disease and neurodegenera-
tion (FTD in particular) will be required. Understanding the pene-
trance of pathogenic mutations cannot be done by only studying 
parts of pedigrees and half of the phenotypes. Understanding the 
phenotype is also crucial to detecting early disease manifestations 
and developing biomarkers. This is of increasing importance as 
rapid advances have been made in developing gene-targeted 
therapies, in particular with antisense oligonucleotides. At present, 

there are multiple on-going trials for ALS patients with mutations 
in SOD1 (NCT02623699) and C9orf72 (NCT03626012), that have 
demonstrated very promising preliminary results. As other strate-
gies to correct genetic defects are also emerging, clinicians are 
now even realistically considering studies with pre-symptomatic 
individuals with the goal of disease prevention. The identification 
of wet biomarkers could potentially replace clinical outcome mea-
sures in clinical trials and even facilitate the inclusion of patients 
with different phenotypes in the same study.

9. Conclusion

Neuromuscular diseases are a spectrum of disorders that predo-
minantly/exclusively affect the peripheral nervous system. Current 
insights from clinical, imaging, neuropathological and genetic 
studies show that ALS exhibits the cardinal features of 
a neurodegenerative disease. Therefore, classifying ALS as 
a neuromuscular disease in the strict sense has become untenable. 
Diagnosing ALS however does require significant neuromuscular 
expertise and therefore neuromuscular specialists remain best 
equipped to evaluate this category of patients. Designating 
motor neuron diseases as a separate category in the ICD-11 is 
justified and adequately deals with this issue. However, to drive 
effective therapy development the fields of motor neuron disease 
and neurodegenerative disorders must come together.

10. Expert opinion

Increasingly experts are recognizing ALS as a syndrome rather 
than a single disease entity. There are many different subtypes of 
ALS, which share common features such as progressive loss of 
motor neurons and TDP-43 pathology. It is, however, also clear 
that there are considerable differences between these subtypes. 
Multiple genes and many different pathophysiological mechan-
isms are involved. Thus, it is highly unlikely that we will able to 
effectively treat ALS with a single drug, but rather that multiple 
targeted treatments will need to be developed[7].

The greatest challenge in ALS research is therefore to dis-
entangle the various subtypes, in order to facilitate the devel-
opment of these targeted treatments. To this end, great 
progress has already been made in unraveling the genetics 
of FALS. Approximately 30 FALS genes have been identified to 
date, which account for ±65% of all familial patients[58]. The 
identification of these genes has enabled deep phenotyping 
and natural history studies of genetic subgroups, such as 
C9orf72 and SOD1 [104,105]. This has also led to the identifica-
tion of gene specific biomarkers. Through a process called 

Figure 4. FTD forms a clinical with motor neuron diseases as well as with movement disorders, such as CBD and PSP. The underlying pathology and underlying 
genetics are equally heterogeneous. This example illustrate how challenging it can be to classify diseases with heterogeneous which form a spectrum. 
ALS = amyotrophic lateral sclerosis, mnd-ftd = motor neuron disease frontotemporal dementia, SD = semantic dementia, bvFTD = behavioral variant frontotemporal 
dementia, PNFA = progressive non-fluent aphasia, CBD = corticobasal degeneration, PSP = progressive supranuclear palsy.
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Repeat-Associated Non-ATG translation, polymers of dipep-
tides (dipeptide repeats or DPRs) are derived from the repeat 
expansion in C9orf72, which occurs from both sense and 
antisense C9orf72 RNA. These DPRs can be detected in CSF 
and can therefore be used to assess whether experimental 
compounds achieve target engagement in early stage therapy 
development studies[106]. Similarly, the degree of SOD1 
knock-down in CSF has been used to evaluate target engage-
ment for compounds targeting SOD1 [105,107]. A solid under-
standing of genotype-phenotype correlations and the natural 
history of the disease as well as the availability of biomarkers 
for target engagement, have paved the way for initiating the 
first trials with gene-targeted therapies in FALS.

There is great hope surrounding gene-targeted therapeutic 
approaches, in particular as there has been increasing success in 
other indications, such as SMA, Huntington, and TTR-amyloidosis 
[108–110]. It therefore only seems a matter of time before studies 
targeting other FALS genes will be initiated. Although these 
developments are highly promising, they also pose significant 
challenges. ALS is a relatively rare disease and further dividing 
the disease into multiple subgroups (>30) will complicate con-
ducting clinical trials. Large-scale international collaboration will 
be required to identify and enroll patients into the appropriate 
studies. This infrastructure is mostly in place, as several large ALS 
trial consortia already exist, such as NEALS (https://www.neals. 
org/) and TRICALS (https://www.tricals.org/).

Alternative strategies to overcome heterogeneity in rare dis-
eases can perhaps be copied from the field of oncology. In so- 
called basket trials, one targeted therapy is evaluated in multiple 
diseases or multiple disease subtypes[111]. This means that 
patients with different types of cancer, but with the same mole-
cular aberrations are enrolled into one study. For instance, BRAF 
mutations may be found in melanoma, non-Hodgkin’s lymphoma, 
colorectal cancer and papillary thyroid carcinoma and therefore 
BRAF inhibitors can be used as a treatment for a variety of cancers 
[112]. Basket trials require an outcome measure that can be 
assessed across multiple diseases and such examples are disease 
free survival or tumor volume. One could envision basket trials 
with C9orf72 repeat expansion carriers with different clinical phe-
notypes (ALS, FTD, parkinsonism) in which the primary outcome 
would be a reduction in DPRs or neurofilaments rather than 
a disease specific assessment, such as the ALSFRS-R or muscle 
strength.

For the genetic forms of ALS, a pipeline for therapy devel-
opment seems to be emerging, where after gene discovery 
one can move toward pre-clinical studies that aim to correct 
the genetic defect (antisense oligonucleotides, gene therapy, 
CRISPR-Cas, etc.), genotype-phenotype correlations and nat-
ural history studies, biomarker studies and finally human trials.

For SALS, the path toward effective treatment is perhaps 
less clear at this moment. The majority of genetic risk factors 
that have been identified for SALS have small odds ratios and 
the mechanism by which these variants contribute to disease 
is often also unclear. It is therefore questionable how and if 
targeting these variants would be useful. Nevertheless, recent 
studies have shown that common genetic polymorphisms 
may have strong effects on survival in ALS and are involved 
in pharmacogenetic interactions[113]. A genetic post-hoc 

analysis of trials with lithium carbonate found evidence that 
patients homozygous for the C allele of rs12608932 located in 
the unc13a gene may have benefitted substantially from the 
experimental compound, whereas the overall group did not. 
The 12-month survival probability for unc13a carriers 
improved from 40.1% to 69.7% when treated with lithium 
carbonate[114].

Obviously, there are other strategies than genetics by 
which patients could be sub-grouped, such as imaging char-
acteristics, cognitive profile or biomarkers. HERV-K expression 
levels in blood are of potential interest, as there is mounting 
evidence that in (some) ALS patients reactivation of human 
endogenous retroviruses may play a role in the pathophysiol-
ogy[115]. In a recent phase 2 study HERV-K was targeted using 
the antiretroviral drug, Triumeq. In response to treatment with 
Triumeq a favorable response on HERV-K expression was seen, 
which was accompanied by a decline in ALSFRS-R progression 
rate of ±20%[116].

In summary, the challenge in ALS will be to unravel disease 
heterogeneity and subgroup patients according to genetics, 
most relevant pathophysiological feature or biomarkers in 
order to facilitate the development of targeted treatments 
and introduce precision medicine.
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