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Accurate and rapid diagnosis of amyotrophic lateral sclerosis (ALS) is essential in order to provide accu-
rate information for patient and family, to avoid time-consuming investigations and to permit an appro-
priate management plan. ALS is variable regarding presentation, disease progression, genetic profile and
patient reaction to the diagnosis. It is obviously important to exclude treatable conditions but, in most
patients, for experienced neurologists the diagnosis is clear-cut, depending on the presence of progressive
upper and lower motor neuron signs. Patients with signs of restricted lower motor neuron (LMN) or
upper motor neuron (UMN) dysfunction may present diagnostic difficulty, but electromyography
(EMG) is often a determinant diagnostic test since it may exclude other disorders. Transcranial magnetic
stimulation may aid detection of UMN dysfunction, and brain and spinal cord MRI, ultrasound and blood
neurofilament measurements, have begun to have clinical impact, although none are themselves diag-
nostic tests. Several sets of diagnostic criteria have been proposed in the past; all rely on clinical LMN
and UMN signs in different anatomic territories, EMG changes, exclusion of other disorders, and disease
progression, in particular evidence of spreading to other anatomic territories. Fasciculations are a char-
acteristic clinical feature and increased importance is now attached to fasciculation potentials detected
by EMG, when associated with classical signs of denervation and reinnervation. The Gold Coast diagnostic
criteria rely on the presence of UMN and LMN signs in one (or more) anatomic territory, or LMN signs in
two (or more) anatomic territories, recognizing the fundamental clinical requirements of disease progres-
sion and exclusion of other diseases. Recent studies confirm a high sensitivity without loss of specificity
using these Gold Coast criteria. In considering the diagnosis of ALS a critical question for future under-
standing is whether ALS should be considered a syndrome or a specific clinico-pathologic entity; this
can only be addressed in the light of more complete knowledge.
� 2023 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The group of neuromuscular diseases associated with progres-
sive weakness caused by motor neuron degeneration are desig-
nated motor neuron diseases (MND). The most common and
most severe of these is amyotrophic lateral sclerosis (ALS), charac-
terized by rapid progression, respiratory involvement and short
survival.
1.1. Diagnosis of ALS

Accurate and rapid diagnosis of ALS is relevant for many rea-
sons. A definite diagnosis will relieve anxiety for the patient and
their family associated with multiple, ultimately non-relevant
investigations and persistent uncertainties about diagnosis and
management of a disorder without effective therapy (Gwathmey
et al., 2023). Diagnosis also allows initiation of earlier clinical man-
agement including possible entry into a clinical trial, and permits
earlier life planning and adaptations, as well requesting the neces-
sary healthy system support (Househam and Swash, 2000). Impor-
tantly, early definite diagnosis avoids unnecessary surgical
intervention, which can itself accelerate disease progression
(Pinto et al., 2014).
1.2. Spinal muscular atrophy syndromes

The diagnosis of ALS relies on the exclusion of mimic conditions
that can create diagnostic uncertainty. Two such conditions are
considered below: the different forms of Spinal Muscular Atrophy
and Kennedy’s disease.

The designation spinal muscular atrophy (SMA) is used to cate-
gorize a range of conditions characterized by spinal lower motor
neuron degeneration, rarely involving bulbar motoneurons, caus-
ing symmetric weakness, frequently of juvenile-onset and related
to genetic abnormalities in the SMN genes. The absence of UMN
signs serves to distinguish SMA syndromes from ALS. Progression
is slower in adult-onset SMA and respiratory muscles tend not to
be affected (Kolb and Kissel, 2011).

SMA may present at birth or in infancy, in adolescence or in
adulthood, tending to be most severe in infantile onset cases. Sev-
eral specific SMA phenotypes have been recognized. Hirayama dis-
ease is a benign motor myelopathy characterized by asymmetric or
unilateral upper limb weakness, of juvenile onset, with stabiliza-
tion after initial progression over a few years. It is more common
in Japan and other Asian countries (Hirayama, 2000). It has been
associated with forward displacement of the posterior dural sac
of the cervical spinal cord, due to instability of the posterior longi-
tudinal ligament, causing traumatic or perhaps vascular degenera-
tion of the anterior horns (Hirayama et al., 1987; Hirayama and
Tokumaru, 2000).
28
Another relevant specific condition is Kennedýs disease (X-
linked recessive bulbospinal neuronopathy) that affects men and
is associated with a mutation in the androgen receptor gene. It is
one of the uncommon neurological disorders caused by a CAG
repeat expansion (polyglutamine diseases). Typically its onset is
in the 5th decade, with slowly progressive bulbar involvement,
an atrophic tongue, perioral fasciculation-myokymia, limb weak-
ness and fasciculations, cramps, and postural hand tremor. It is fre-
quently associated with testicular atrophy and gynecomastia. No
clinical or neurophysiological sign of corticospinal tract lesion
can be detected, and respiratory function is preserved. Sensory
nerve action potentials (SNAPs) are of low amplitude or absent
(sensory ganglionopathy), a finding that is a marker distinct from
ALS. Kennedy’s disease is considered a multisystem disorder with
features of sexual dysfunction, dysmetabolism (dyslipidemia and
diabetes), urinary tract symptoms and muscle fiber involvement
(Breza and Koutsis, 2019).

In this chapter, we will provide a scheme for prompt diagnosis
in suspected ALS.

2. Clinical presentation

2.1. Clinical features

Presentation of ALS is variable, and this can impose diagnostic
difficulties. Most cases start with limb weakness (spinal-onset),
but about 25–30 % of patients present with dysarthria, dysphagia
or, more rarely, dysphonia and these are categorized as bulbar-
onset (Masrori and Van Damme, 2020). The phenotypic presenta-
tion is influenced by the patients’ geographical origin, or perhaps
their racial origin. The percentage of bulbar-onset patients is about
15 % in China (Chen et al., 2015) where it is strongly associated
with sex and age. In Europe, bulbar-onset ALS is more frequent
in elderly women (Masrori and Van Damme, 2020). About 3–4 %
of ALS patients present with respiratory insufficiency. In general,
this is a presentation found in older men, with marked weight loss;
a syndrome with a poor prognosis in spite of prompt ventilatory
support (Pinto et al., 2023). A small number of patients present
with other, related symptoms, such as axial weakness (sometimes
associated with drop-neck), fasciculations, cramps, emotional
lability (‘‘pathological” laughter and/or crying, provoked by a
minor stimulus) and weight-loss. Cognitive changes are reported
in about half of all ALS patients, but only 10–15 % show clinical
signs of fronto-temporal dementia. Cognitive involvement is con-
sidered part of the disease spectrum (Lomen-Hoerth et al., 2002).
In one study about 3 % of patients presented with cognitive
changes, even without any motor symptoms, rapidly progressing
to predominantly upper motor neuron (UMN) involvement of the
bulbar region (Gromicho et al., 2021). These older patients have a
poor prognosis and there is often a longer delay in achieving a def-
inite diagnosis (Alves et al., 2023).
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2.2. Phenotypes

Although ALS is recognized as a disease affecting the brain
beyond the classical motor system (Masrori and Van Damme,
2020), since it can affect cognition, metabolism, and the autonomic
nervous system, its most defining feature is muscular atrophy and
weakness, progressive functional disability and fast progression.
ALS affects both UMN and the lower motor neurons (LMN) and,
for this reason, clinical diagnosis is typically supported by the pres-
ence of both UMN and LMN clinical signs. Some patients present
with isolated LMN signs (progressive muscular atrophy, PMA)
and about 20 % of these will develop overt UMN signs during dis-
ease progression (Kim et al., 2009). However, most patients with
the PMA form of ALS remain with pure LMN signs, even though
at autopsy there is often degeneration of the corticospinal tracts
in the cord (Ince et al., 2003). This is perhaps consistent with the
frequent clinical difficulty in assessing UMN signs in classic ALS
when there is severe LMN muscular atrophy in affected limbs.
PMA represents some 10 % of all ALS patients; it is more frequent
in older men and shows slower progression and longer survival
than typical ALS (Kim et al., 2009). PMA seems to be less common
in China (Chen et al., 2015), but because it is associated with older
age, it has become more commonly diagnosed in Western coun-
tries, as expected as the population ages. For example, it increased
from 5.9 % to 17.4 % over a 27 year period in one center (Alves et al.,
2023).

The absence of UMN signs often leads to diagnostic uncertainty
at clinical presentation, due to the need to consider a number of
clinically similar disorders, especially myopathies and motor neu-
ropathies (Cortés-Vicente et al., 2017). However, the diagnostic
delay experienced by patients with PMA is similar to typical
spinal-onset ALS patients, in whom UMN signs may be difficult
to elicit. Bulbar-onset patients have a shorter diagnostic delay than
the other groups (Alves et al., 2023). In addition to the autopsy evi-
dence of corticospinal tract degeneration in about 50 % of PMA
patients (Ince et al., 2003), both conventional and paired-pulse
stimulation transcranial magnetic stimulation (TMS) are abnormal
in a large percentage of these patients, depending on the method
applied (Triggs et al., 1999; Vucic and Kiernan, 2007; Menon
et al., 2016). PMA does not differ from typical ALS regarding inevi-
table progression, leading to respiratory insufficiency and death.
The reasons for the limitations of the clinical method in detecting
UMN signs in ALS patients have been discussed elsewhere (Swash,
2012; Swash et al., 2020), but include destruction of the a- and c-
motor neuron and interneuron connexions, and spinal circuitry
changes, in addition to dominant muscle atrophy.

Spinal-onset ALS is typically asymmetric, with weakness and
wasting beginning insidiously, often in distal segments, associated
with fasciculations, generally affecting the right armmore than the
left, although both right and left legs have the same probability of
being first affected (Swinnen and Robberecht, 2014; Gromicho
et al., 2020). Progressive hand weakness without pain or other sen-
sory symptoms, with more severe involvement of the medial hand
muscles (first dorsal interosseous and abductor pollicis brevis) and
relative preservation of the hypothenar muscles, termed the split-
hand phenomenon, is strongly suggestive of ALS, especially if it is
associated with UMN signs in the same limb (Corcia et al., 2021a).

Some patients, generally categorized as PMA, present with sym-
metric proximal upper limb weakness not spreading to other
regions for at least 12 months. This syndrome has been somewhat
casually termed the flail arm or ‘‘man-in-a-barrel syndrome”. (Chiò
et al., 2020), although it is doubtful that it represents a specific dis-
order. It is characterized by male predominance and slower pro-
gression. However, as in typical ALS, the presence of UMN signs
in these patients is associated with a worse prognosis (Gromicho
et al., 2023), a feature that underscores the association between
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UMN signs and faster disease progression (Chiò et al., 2011;
Gromicho et al., 2020). Another typical presentation in spinal-
onset patients is a progressive unilateral foot-drop (Eisen, 2009),
without pain or other sensory symptoms, in general spreading to
the contralateral side, and sometimes resembling a polyneuropa-
thy (Cappellari et al., 2008).

The diagnostic label progressive bulbar palsy is used less nowa-
days. It was formerly applied to define patients with UMN (previ-
ously called pseudobulbar phenotype) and/or LMN involvement
limited to the bulbar region, but its distinction from the predomi-
nant bulbar phenotype is uncertain. ALS patients with this pre-
dominantly bulbar phenotype show facial muscle weakness, in
particular lip closure weakness, weakness of jaw closure and open-
ing, palatal, laryngeal and pharyngeal dysfunction, and flexor mus-
cle weakness, in addition to symmetric tongue wasting, weakness
and fasciculations, indicating that brainstem regions other than the
medulla are affected. Brisk jaw jerk, brisk pharyngeal reflex and
spastic tongue are common signs of UMN involvement in this
region, and these UMN features coincide with the LMN involve-
ment. Altogether, these changes will cause dysarthria, dysphonia,
dysphagia and sialorrhea as the main symptoms (Kühnlein et al.,
2008).

A pure UMN syndrome not showing signs of LMN dysfunction
defines primary lateral sclerosis (PLS). Clinical criteria for diagnosis
of PLS have recently been revised, creating definite disease (no
LMN signs for more than 4 years) and probable (no LMN signs for
more than 2 years). Clearly, electromyography (EMG) is essential
for diagnosis using these criteria (Turner et al., 2020) in order to
separate PLS from ALS. PLS is a rare syndrome, representing 3–
5 % of ALS cases (Masrori and Van Damme, 2020). The exclusion
of other diseases by imaging, serology and other biological tests,
and by genetic studies is mandatory (Turner et al., 2020). Bulbar-
features help to ensure the clinical diagnosis. Some PLS patients
have family members affected with ALS, and some causative muta-
tions are expressed as PLS or ALS (Corcia et al., 2021b). Moreover,
some PLS patients progress to ALS even after more than 10 years of
disease progression and many PLS patients have minor EMG
changes not sufficient to clinically classify them as ALS (de
Carvalho et al., 2020). These observed EMG changes can slowly
progress over the years (Silva et al., 2021). The classical and histor-
ical distinction between PLS and predominant UMN ALS is cloudy
and is perhaps of doubtful importance but currently PLS is
accepted as a distinct ALS phenotype.

2.3. Facial onset sensory and motor neuronopathy

Facial onset sensory and motor neuronopathy (FOSMN syn-
drome) was described as a new, presumed MND variant in 2006,
mostly affecting men (Vucic et al., 2006). It is characterized by sen-
sory changes in the face, arms and thorax, associated with slowly
progressive motor impairment and fasciculations in the bulbar
region and neck, and arms. Needle EMG reveals neurogenic
changes in bulbar and cervical myotomes, and sometimes in other
anatomical regions. Nerve conduction studies disclosed low SNAPs
in upper limbs. Its neurodegenerative origin was confirmed by
identifying the loss of LMN in the hypoglossal nucleus and anterior
horns of the cervical spinal cord, associated with loss of sensory
neurons in the trigeminal sensory nucleus and dorsal root ganglia
(Vucic et al., 2006). In addition extensive TDP-43-positive neu-
ronal/glial inclusions in the brainstem and hypoglossal nerve
nuclei were detected at autopsy (Sonoda et al., 2013). Moreover,
a few patients progress to typical ALS and respiratory failure
(Fluchere et al., 2011). Interestingly, UMN signs are generally not
observed, in accord with normal threshold-tracking and triple-
stimulation TMS studies (Fluchere et al., 2011; Vucic et al., 2012)
and without abnormal neuropathological findings in the motor
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cortex (Sonoda et al., 2013; Rossor et al., 2019). However, in some
patients genetic mutations typically associated with ALS are
detected (such as SOD1 and TARDBP), showing the complexity of
this disease (Vázquez-Costa et al., 2019).

3. Differential diagnosis

The differential diagnosis of ALS is potentially wide, but most of
these disorders are really of theoretical rather than practical clini-
cal interest; the most relevant are summarized in Table 1. In the
past some disorders, such as heavy-metal intoxication, Lyme dis-
ease and multifocal motor neuropathies were emphasized, but
these are less of a problem in the modern era. Nevertheless, one
should be careful to avoid missing a treatable condition. There
are a few more relevant disorders, which seem to us to need an
update but, in clinical practice, relatively few other conditions
merit consideration.

3.1. Post-polio syndrome

‘‘Post-polio syndrome” is a term that was given to the develop-
ment of progressive weakness, increasing atrophy and more severe
cramp and fasciculation in patients with a history of polio, even
affecting previously clinically spared segments (Dalakas, 1995).
While the severity of polio may appear focal, involving restricted
region(s), the disease is widespread, involving motor neuron pools
outside the obviously affected regions, perhaps predisposing them
Table 1
ALS mimicking disorders.

UMN LMN

Multiple sclerosis Post-polio syndrome
Myelopathy Benign fasciculations or Benign cr
Corticobasal degeneration Motor neuropathies
Progressive supranuclear palsy Diabetic amyotrophy
Lathyrism Plexopathies
Konzo Nerve entrapments
Tropic tropical paraparesis (HTLV-1- myelopathy) Spinal muscular atrophy

Kennedy’s disease
Tay-Sachs disease
Syringomielia
Multiple root lesions
Multifocal myositis
Inclusion body myopathies
Distal myopathies
Myasthenia gravis (bulbar ALS)
Radiation-induced plexopathy/ne
Bulbar-Onset Anti-IgLON5 Diseas

ALS: amyotrophic lateral sclerosis; UMN: upper motor neuron signs; LMN: lower m
immunodeficiency virus.

Fig. 1. A small complex motor unit potential with a satellite potential, from a post-po
remarkable stability (5 superimposed traces, high-pass filter 500 Hz).

30
to premature degeneration. Postpolio syndrome in Western coun-
tries is currently uncommon following successful vaccination pro-
grammes for many years, but may increase with immigration from
world regions where polio has remained a prevalent problem for
rather longer (Wändell et al., 2023). The concept that post-polio
syndrome originates from ‘exhaustion’ of anterior horn cells with
a high metabolic burden, due to reinnervation of a larger than nor-
mal motor unit territory, has been supported by the finding that
these patients have high motor unit fibre densities in single fibre
EMG studies; and reduced spinal cord gray matter areas in the cer-
vical region on MRI, a finding that correlates with decreased mus-
cle strength in the corresponding myotomes (Wendebourg et al.,
2022). Although postpolio syndrome can lead to a suspicion of
PMA its very long clinical course and the previous history should
help in the differential diagnosis. In addition, there are no wide-
spread signs of active denervation, and typical giant motor unit
potentials (>10 mV) are observed, consistent with a pattern of
long-standing reinnervation (de Carvalho and Swash, 2016). The
motor unit potentials tend to be remarkably stable, considering
the previous symptomatic weakness (Fig. 1). Furthermore, fascicu-
lation potentials (FPs), although persistent, are not as frequent as
in ALS.
3.2. Thyrotoxicosis

Thyrotoxicosis can rarely cause muscle atrophy, fasciculations,
weakness and hyperreflexia (Fisher et al., 1985). A similar pattern
UMN + LMN

Allgrove syndrome
amps-fasciculations syndrome Hyperthyroidism

Hyperparathyroidism
Adrenomyeloneuropathy
Adult polyglucosan body disease
Lead intoxication
Mercury intoxication
HIV infection
Amyotrophic spondylolytic
myeloradiculopathy
Spinal dural arteriovenous fistula

rve trunk lesion
e

otor neuron signs; HTLV-1- Human T-lymphotropic virus type 1; HIV- human

lio patient with recent symptoms of weakness aggravation, we can appreciate its
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can be observed in patients with hyperparathyroidism and low
phosphate levels (Patten et al., 1974). However, testing for these
hormone levels should be considered in the diagnostic work-up
of ALS only when there is significant clinical suspicion of endocrine
disorder. In fact, the incidence of thyroid dysfunction is similar in
ALS patients and subjects with other neuromuscular disorders
(Santos Silva et al., 2022).
3.3. Benign fasciculation syndrome

Fasciculations are prominent in ALS, in particular in strong and
proximal muscles, and may be the presenting symptom. In addi-
tion, patients with ALS often complain of muscular cramps, in gen-
eral in lower limbs, but sometimes in trunk muscles, which is
unusual in benign conditions. Bilateral tongue fasciculation
strongly suggests a diagnosis of ALS (Li et al.,1986). The association
of fasciculations, weakness, atrophy and UMN signs strongly indi-
cates ALS. In ALS, fasciculations can antedate symptoms of weak-
ness but in these patients EMG is virtually always abnormal (at
least in some muscles), which is important regarding the differen-
tial diagnosis of benign fasciculation syndrome.

This syndrome of benign fasciculations was described many
years ago (Reed and Kurland, 1963). It particularly affects young
men, and is associated with cramps (cramps-fasciculation syn-
drome) raising concern in this internet age in which people can
search for diagnoses online, about ALS. This fear is said to be par-
ticularly common among healthcare professionals (Simon and
Kiernan, 2013). Typically, calf muscles are the most frequently
affected, but symptoms can occur in arms, trunk and tongue. Minor
EMG changes can sometimes be detected in this population. How-
ever clinical and neurophysiological follow-up – always important
- confirm its benign nature, and repeat assessments confirm the
absence of progression to ALS (Montalvo et al., 2021). Although
the clinical message should be clear, some of these subjects con-
tinue to be anxious regarding the risk of progression to ALS and
seek multiple additional medical opinions. Referral to a clinical
psychologist may then be helpful (Blackman et al., 2019).
3.4. Multifocal motor neuropathies

Multifocal motor neuropathies are generally associated with a
chronic and slowly progressive weakness in the territory of periph-
eral nerves, mostly affecting upper limbs. Conduction block should
be investigated, in particular by stimulating proximal nerve seg-
ments. However, in some cases conduction block is not detected,
a condition designated as axonal multifocal motor neuropathy
(Katz et al., 2002). For this reason, signs of LMN loss should be
investigated by needle EMG in order to study whether these signs
are arranged in a nerve or in a myotome territory, only the latter
supporting an ALS diagnosis (de Carvalho and Swash, 2016). More-
over, active denervation and FPs are not so profuse in motor neu-
ropathies as compared with ALS (Eisen, 2009). In these patients,
peripheral nerve/plexus MRI and ultrasound can detect focal
enlargement and T2 hyperintensity, which can contribute to the
diagnosis (Goedee et al., 2017). The sensitivity of anti-ganglioside
antibody studies is low. In some patients brisk reflexes and fascic-
ulations are observed with circulating anti-GM1 ganglioside anti-
bodies, associated with axonal loss in anterior spinal roots,
damage to anterior horn cells, and corticospinal tract degeneration
(Adams et al., 1993; Veugelers et al., 1996). Most of these neuro-
pathic patients improve with IgG therapy and this treatment
option should be offered to patients in doubtful cases. In the future,
new treatments for autoimmune motor neuropathies, namely
monoclonal antibodies capable of inhibiting the complement cas-
cade, may be an option (Allen et al., 2022).
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The rare syndrome of intraneural malignancy, especially lym-
phoma, should be borne in mind since this may present with a dif-
fuse motor neuropathy, although careful examination should
disclose a multineuropathic distribution (Walk et al., 1998).

3.5. Allgrove syndrome

Allgrove syndrome, a genetic disorder presenting like ALS with
UMN and LMN signs and bulbar involvement (Bentes et al., 2001),
was first described in 1978. This syndrome is characterized by
absence of tears, esophageal achalasia, and autonomic disturbance
associated with adrenal insufficiency (the four A syndrome) (Vallet
et al., 2012). Neurophysiological changes include widespread signs
of motor unit loss, a predominantly motor peripheral neuropathy,
cranial neuropathy and increased central motor conduction time
on TMS (Bentes et al., 2001). Family history is frequently unhelpful,
since the disorder follows an autosomal recessive pattern. Respira-
tory symptoms occur due to aspiration pneumonitis related to
repetitive microaspiration associated with achalasia. There may
be a superficial clinical resemblance to ALS, but slow disease pro-
gression and the presence of a neuropathy will suggest an alterna-
tive diagnosis.

3.6. Inclusion body myositis

The most prevalent acquired muscle disease in people older
than 50 years is inclusion body myositis, with a prevalence of
approximately 4/100,000 in this age group (Phillips et al., 2000);
although, this varies with the ethnic and genetic background. The
most frequent initial symptom is quadriceps muscles weakness,
resulting in functional limitation for walking up and down stairs,
and rising from a low position. At the same time, or soon after,
symptoms related to progressive weakness of the finger flexors
(namely deep finger flexors) are reported, in particular gripping,
using home handheld tools. Atrophy in these territories tends to
be very marked, without fasciculations or pain. During disease pro-
gression other territories are affected, such as proximal upper limb
and distal lower limb segments, and neck muscles. Dysphagia is
frequently mentioned (Needham and Mastaglia, 2007). Its patho-
genesis is complex, and probably related to an immunological
response (cytotoxic T cells and anti-cN1A antibodies) to a myode-
generative process that is thought to be related to accumulation of
amyloid precursor protein and amyloid b in the myocyte cyto-
plasm, associated with other aggregates, including phosphorylated
tau and a-synuclein (Greenberg, 2019). In spite of this histological
inflammatory component these patients do not improve with
immunosuppression. This slowly progressing disorder can suggest
a LMN phenotype of ALS. Serum creatine kinase is normal or only
mildly elevated and EMG investigationmay detect large polyphasic
motor unit potentials and a reduced interference pattern in the
more affected muscles, suggesting a neurogenic condition (Eisen
et al., 1983), but testing relatively asymptomatic muscle usually
reveals a myopathic pattern on EMG. The diagnosis can be con-
firmed by muscle biopsy (routine histological and histochemical
studies, immunohistochemistry, and electron microscopy) and
MR muscle imaging (Goyal et al., 2023).

3.7. Multiple sclerosis

Patients presenting with UMN syndromes might be suffering
from multiple sclerosis, but this is a diagnosis that is strongly sug-
gested by brain MRI findings, since this technique is exquisitely
sensitive in detecting white matter abnormalities. Two MRI lesions
in specific locations are sufficient to fulfill the multiple sclerosis
diagnostic criteria. (Filippi et al., 2019). In one study, from a cohort
of 650 ALS patients 5 were identified with concurrent multiple
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sclerosis, and 4 of them had a C9orf72 expansion, a genetic anom-
aly often associated with ALS but also found in some unaffected
individuals (Ismail et al., 2013). In another report, a young woman
presented with bulbar dysfunction, and MRI revealed bilateral,
multiple high signal lesions in juxtacortical and periventricular
white matter, with gadolinium-enhancement. Her EMG changes,
and rapid disease progression were typical of ALS, and genetic test-
ing confirmed C9orf72 expansion (Santos et al., 2017). It is impor-
tant to study these borderline cases, which highlight the possibility
of imaging markers of brain white-matter inflammation in some
ALS-related mutations.

3.8. Bulbar-Onset Anti-IgLON5 disease

This a recently described new entity mimicking bulbar-onset
ALS, in which patients suffer from progressive dysphagia and sial-
orrhea, due to marked damage of the trigeminal motor fibers,
sometimes associated with facial pain. Cerebral MRI shows
enlargement and bilateral T2 fluid-attenuated inversion recovery
(FLAIR) hyperintensity of trigeminal nerves. Anti-IgLON5 autoanti-
bodies are detected in and/or CSF, supporting this diagnosis (Cluse
et al., 2023).

4. Background to diagnostic criteria

Neurophysiological criteria supporting ALS diagnosis were pro-
posed first by Lambert in 1969. These included: 1) normal sensory
nerve action potentials (SNAPs); 2) normal motor nerve conduc-
tion velocities (CVs), or CVs more than 70 % of the age-averaged
normal values, even when recording from very atrophic muscles;
3) fibrillation/sharp wave potentials (fibs/sw) and fasciculation
potentials (FPs) in muscles of the arms and legs, or in the extrem-
ities and the cranial muscles, especially the tongue, associated with
neurogenic motor unit potentials (MUPs) in reduced number
(Lambert, 1969). This set of EMG criteria was useful but was soon
considered too stringent. For example, in one study 38 % of ALS
patients did not meet Lambert’s criteria (Behnia and Kelly, 1991),
mainly because some patients did not show widespread denerva-
tion and others had abnormal sensory action nerve potentials
(Pugdahl et al., 2008).
Table 2
Clinical motor signs in ALS.

ALS: amyotrophic lateral sclerosis.
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4.1. El Escorial criteria

In 1990, a workshop on ALS was held in El Escorial (Spain) spon-
sored by the Federation of Neurology Subcommittee on Motor
Neuron Diseases, in order to develop clinical diagnostic criteria
for ALS; these criteria were extensively discussed before their pub-
lication (Brooks, 1994). The EL Escorial criteria were explicitly
developed for their intended use in clinical trials, and were not
intended for clinical diagnostic use. However, they became widely
applied in clinical practice, and this led to confusion and dissatis-
faction as many patients, unsurprisingly, did not meet the criteria.
At that time a critical framework of 4 body regions was proposed
that remains in use: bulbar region; cervical region; thoracic region;
lumbo-sacral region. It was considered that in each region signs of
UMN and LMN dysfunction could be detected on clinical examina-
tion (Table 2). However, the identification of UMN abnormality in
the thorax or abdomen is quite difficult.

Three additional important points have been proposed to sup-
port the diagnosis of ALS and these should always be carefully
sought. They are disease progression (spreading to other body
regions); evidence of LMN dysfunction, valid when provided by
clinical examination, EMG or neuropathological changes (e.g., mus-
cle biopsy); and exclusion of similar disorders by neurophysiology,
neuroimaging and relevant laboratory tests. EMG changes were
defined as normal motor CVs studies and SNAPs that excluded
peripheral neuropathy (as in the Lambert criteria), absence of con-
duction block, and the presence of fibs/sw and neurogenic changes
in the affected muscle, including neurogenic MUPs with higher fir-
ing rate, and loss of motor units (not requiring observation of FPs).
In this way, in defining the cervical or lumbo-sacral region as
affected it should be necessary only to observe two different mus-
cles, affected as above, but innervated both by different roots and
nerves. In the thoracic and bulbar region just one muscle was con-
sidered necessary.

The following degrees of diagnostic certainty were defined: def-
inite (UMN and LMN signs in at least 3 body regions); probable
(UMN and LMN signs in 2 body regions, possible (UMN and LMN
signs in 1 body region, or UMN in 2 body regions, or LMN rostral
to one affected region with UMN signs only); and suspected ALS
(LMN signs in at least 2 body regions, meaning patients with
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PMA). Although these criteria were proposed to standardize diag-
nosis for clinical studies, especially clinical trials, their value for
allowing early clinical trial entry has been questioned, since they
proved to have low diagnostic sensitivity (Traynor et al., 2000).

In order to have more sensitive diagnostic criteria revised El
Escorial criteria were developed in 2000 (Brooks et al., 2000). This
revision upgraded EMG abnormalities as equivalent to clinical
signs in order to support the diagnosis. For this a new category
was created - Probable laboratory-supported ALS. This category
required: [signs of UMN and LMN dysfunction in one region OR
UMN in one region] AND [EMG changes in at least 2 regions].
The category of suspected ALS was eliminated. Moreover, a mild
sensory neuropathy was not considered a finding necessarily
excluding ALS diagnosis (Pugdahl et al., 2008). In spite of this effort
the same criticism about its utility for early diagnosis was raised
(Traynor et al., 2000; Bresch et al., 2013). Contrary to the Lambert
criteria, the absence of any emphasis on FPs in the clinical and EMG
studies in the Escorial criteria was critically noted (Wilbourn,
1998).

4.2. Awaji criteria

Indeed, abundant and widely distributed fasciculations are a
hallmark of ALS, and FPs are regularly seen on EMG of ALS patients
(de Carvalho et al., 2017) and it seems now clear that FPs are the
first abnormality noted in muscles of ALS patients, antedating signs
of active denervation (fibs/sw), abnormal MUPs and signs of end-
plate dysfunction (de Carvalho and Swash, 2013). The meaning of
fasciculation potentials is a complex issue, it can translate higher
cortical excitability, some are driven by cortical stimulation (de
Carvalho et al., 2000), or from hyperexcitable spinal motoneurons,
since it is possible to voluntarily activate fasciculation potentials
(de Carvalho and Swash, 1998). However, most are probably
derived from distal axonal unstable branches originating complex
and variable fasciculation potentials (Kleine et al., 2008). It is prob-
able that fasciculation potentials from different sources are present
in the same muscle at the same time (Kleine et al., 2008), but the
relative frequency will depend on the ongoing reinnervation pro-
cess stage of the affected muscle, more frequently from distal ori-
gin when reinnervation is more active (De Carvalho et al., 2017).

This controversy led to a revision, at the Awaji meeting in 2006,
to propose a new diagnostic algorithm supported by EMG changes,
but respecting the clinical frame of the Escorial criteria, this report
was published in 2008 (de Carvalho et al., 2008). The main conclu-
sions were: 1. FPs are equivalent to fibs/sw, meaning that a muscle
is considered abnormal when associated with reduced interference
pattern and neurogenic MUPs, in particular in strong limbs mus-
cles and in cranial innervated muscles; 2. EMG changes have the
same significance as clinical observation for confirming LMN dys-
function in one body region; and 3. that the probable-laboratory
supported category had lost its original role and should be deleted.
Again it was stressed that there was always a clinical need to
exclude other disorders and, especially, it was important always
to confirm disease progression. Soon after these criteria were
released many studies were published comparing the Awaji crite-
ria with the revised El Escorial analysis. One meta-analysis includ-
ing all the studies available at the time concluded that the Awaji
criteria were more sensitive, and equally specific compared with
the revised El Escorial criteria, and that there was a major impact
in diagnosis of bulbar-onset patients (Costa et al., 2012). In another
meta-analysis including individual patient data from the many
published studies, the conclusion was similar, but suggested once
more that including a probable-laboratory supported category
using the Awaji algorithm for EMG interpretation would increase
its positive sensitivity (Geevasinga et al., 2016). An international
multicenter study confirmed that the diagnostic sensitivity of the
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Awaji criteria was higher than that of the revised El Escorial crite-
ria, in particular in bulbar-onset patients. Although inter-rater
agreement was poor for both sets of criteria, the higher agreement
was on the critical ‘‘ALS/Not-ALS” dichotomy, in particular when
applying the Awaji criteria (Johnsen et al., 2019). However, the
inevitably complex interpretation of the criteria and the require-
ment for their full knowledge were considered the main causes
for this low inter-rater score. Since inter-rater agreement for diag-
nosis is important for any group of clinical studies, especially clin-
ical trials, this finding stimulated the need for a simplified set of
clinically applicable criteria.

4.3. Gold Coast criteria

In response, in 2019, a group of international experts and
patient representatives gathered in the Gold Coast (Australia),
and proposed a new set of simpler criteria for diagnosing ALS,
which were published in the following year (Shefner et al., 2020).
The presence of UMN and LMN dysfunction in at least one body
region OR signs of LMN dysfunction in at least two body regions
was considered as sufficient to diagnose ALS. FPs, such a character-
istic feature of ALS, were accepted as equivalent to classical EMG
signs of denervation/reinnervation. However, as previously, evi-
dence of disease progression and the exclusion of other relevant
disorders was emphasized as essential in the diagnostic process.
Moreover, EMG changes were considered equivalent to clinical
signs to define LMN dysfunction, as accepted in the revised El Esco-
rial and Awaji criteria. Regarding EMG changes supporting LMN
dysfunction, the same guidelines indicated in the Awaji criteria
were replicated.

It is important to underscore that for the first time, patients
with PMA were considered as ALS patients. Five studies have since
been published regarding comparison of sensitivity and specificity
between Awaji criteria, revised El Escorial and Gold Coast criteria.
In a retrospective study from Australia, the Gold Coast, Awaji and
revised El Escorial criteria showed similar diagnostic sensitivities,
if the ‘possible ALS’ category was included, but the Gold Coast cri-
teria showed greater sensitivity in lower limb-onset presentations,
although the specificity was slightly lower for the Gold Coast crite-
ria (Hannaford et al., 2021). In the other retrospective study, 5
European centers were included. In this European study Gold Coast
criteria were more sensitive than the Awaji and revised El Escorial
criteria, a finding that was expected because PMA patients were
classified as ALS using Gold Coast criteria. In addition, specificity
was similar using the three tested criteria (Pugdahl et al., 2021).
The higher diagnostic sensitivity of the Gold Coast criteria was con-
firmed in two further retrospective studies from China (Shen et al.,
2021) and Canada (Jewett et al., 2022). In a more recent retrospec-
tive study of patients from The Netherlands and Belgium, the Gold
Coast criteria had higher sensitivity than the revised El Escorial cri-
teria. In addition, the authors found that there was a similar
ALSFRS-R progression rate (and with comparable variability) and
median survival time between both groups of patents diagnosed
with different criteria. In this way, the Gold Coast criteria did not
impact on population heterogeneity, thus not altering the natural
trajectory of clinical endpoints in trials, while allowing a higher
number of recruited patients (de Jongh et al., 2022).

Fig. 2 summarizes the evolution of the diagnostic criteria over
the last 30 years.

4.4. Final remarks

There are some further important points that need to be
addressed. We will briefly discuss them in this section.

One point that should deserve an ongoing evaluation is the
value and reliability of the UMN clinical signs in testing ALS



Fig. 2. Evolution of the diagnostic criteria to reach the current Gold Coast criteria. Note: we can appreciate the evolution towards simplicity and an upgrade of the EMG role in
the diagnosis, as well as the increasing importance of the fasciculation potentials. UMN: upper motor neuron signs; LMN: lower motor neuron signs; EMG: electromyography.
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patients (Swash, 2012; Swash et al., 2020). These clinical tests are
not applied in a standardized way in the many centers following
ALS patients, and their interpretation is variable. One example is
the role of ‘‘retained deep tendon reflexes” in weak and atrophic
limbs. These ‘‘probable UMN signs” (Younger et al., 1990), are sup-
ported as valid markers of UMN lesion by imaging and necropsy
(Chan et al., 1999; Ince et al., 2003), but it is uncertain how they
are assessed in different centers, even when these centers are
involved in clinical trials.

Another point regards the value of a number of methods as
markers of UMN and LMN dysfunction for the diagnosis of ALS.
We only briefly mention TMS, imaging, EEG and some peripheral
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markers of LMN loss, as these are developed in other chapters of
this book.

TMS is non-invasive, well-tolerated and easily applied method,
although conventional measurements have been considered not
very sensitive or specific for ALS. A recent contribution shows that
central conduction time to lower limbs is sensitive and specific in
ALS, allowing twice increased UMN dysfunction detection than
clinical observation (Truffert et al., 2023). Markers of increased
intra-cortical excitability are sensitive for ALS, but require a more
sophisticated methodology, not widely available (Vucic et al.,
2023). Following a group of patients, short interval intracortical
inhibition (SICI) shows greater abnormality over time
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(de Carvalho and Swash, 2023), suggesting its potential utility to
evaluate treatment response. Additionally, its use to monitor dis-
ease onset in presymptomatic carriers is a potentially useful
approach in current and future genetic treatments (Vucic et al.,
2008).

Electroencephalography (EEG) is an exciting area of research,
since its abnormalities are independent of selective LMN or UMN
impairment. However, the complexity of the technology and
methodology involved limits its use as a method for diagnosis
(Nasseroleslami et al., 2019; Dukic et al., 2019). ALS patients show
higher cortical connectivity, in particular in frontal and parietal
cortices (Blain-Moraes et al., 2013), and these changes increase
with disease progression (Nasseroleslami et al., 2019), showing
correlation with structural damage, clinical scores (Dukic et al.,
2019), and phenotypes (Dukic et al., 2022). A recent study rein-
forces the potential role of EEG to measure disease progression,
showing a higher beta-band power in motor/frontal regions in
more severely affected patients (Notturno et al., 2023).

There is a very extensive literature of brain imaging in ALS.
However, brain MRI is not used to diagnose ALS but, rather, to
exclude other disorders. Some changes can indicate ALS, in partic-
ular abnormal signal of the corticospinal tract and corpus callosum
(Anand et al., 2023), and diffusion tensor tractography (Fukui et al.,
2018). However, other techniques may prove useful, in particular
cortical and brain volumetry (Agosta et al., 2007; Verstraete
et al., 2012). The role of PET brain imaging is probably limited tak-
ing into account its lack of general availability and high cost,
although imaging of microglial activation may be a more promis-
ing application (Corcia et al., 2012). MRI of the spinal cord assess-
ing atrophy and diffusion tensor imaging metrics is a promising
technique with a probable future relevant impact in ALS (Querin
et al., 2017), in particular considering its potential to capture
changes in pre-symptomatic carriers of ALS-associated genetic
mutations (Querin et al., 2019).

Neurofilaments are proteins located inside the axons in all neu-
ronal cells, they form a structural matrix maintaining axonal mor-
phological integrity and promoting axoplasm cargo transportation
jointly with microtubules (Norgren et al., 2003). Neurofilament
levels are important in ALS, in particular due to its quantitative
characteristic, permitting its use to monitor disease activity and
perhaps to detect new drugs capable of decreasing its usually
rather constant level across disease progression, and with good
sensitivity for early diagnosis (Brousse et al., 2023). However,
reviewing different contributions it was found that its sensitivity
ranges from 0.71 to 0.91; specificity from 0.64 to 0.95; and diag-
nostic accuracy (area under curve) from 0.77 to 0.98, depending
on the patient phenotype, type of neurofilament and laboratory
technique used (Xu et al., 2016). Venous blood neurofilament
levels are raised months before detectable motor weakness in car-
riers of ALS-associated mutations, indicating the subclinical neu-
ronal and axonal degeneration that precedes clinical
presentation. This could be a critical observation for timely initia-
tion of treatments with effective drugs in susceptible populations
(Benatar et al., 2018). It is important to recognize that raised blood
or CSF neurofilament levels are not specific tests for ALS, since they
are raised in many different central neurodegenerative disorders,
including brain ischaemia, multiple sclerosis and other neurode-
generations; but they are useful when considered in the clinical
context.

Regarding LMN dysfunction EMG is a sensitive method for diag-
nosis, and it has been shown to be the essential investigation in the
early diagnosis of ALS (Falcão de Campos et al., 2023). In patients
with a rapid loss of motor units, the motor unit number estimate
(MUNE) is probably more sensitive than MUP analysis in detecting
abnormality. MUNE is a non-invasive method easily used in distal
limb muscles (Jacobsen et al., 2018). Many different techniques
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have been investigated over the last 50 years or more (de
Carvalho et al., 2018). Currently the most investigated techniques
are the Motor Unit Number Index - MUNIX (Neuwirth et al.,
2011) and the MScanFit MUNE (Sørensen et al., 2023), both are
reliable and easy to apply, although they require a proper train-
ning. Ultrasound is a sensitive and non-invasive method to detect
fasciculations, in particular in cranial-innervated muscles. In addi-
tion it can detect decreased muscle thickness and increased muscle
echo intensity, as well as peripheral nerve trunk atrophy (Hobson-
Webb and Simmons, 2019). Muscle MRI can also be used to detect
fasciculations, but the sensitivity of this technique is as yet incom-
pletely understood and the technique is cumbersome and expen-
sive (Whittaker et al., 2019). The added value of muscle
ultrasound for reinforcing diagnosis in different centers should
be investigated. In the same way, muscle MRI, in particular
whole-body muscle MRI, is a new method that might prove effec-
tive to confirm early involvement in different anatomical territo-
ries and also to monitor disease spreading (Jenkins et al., 2018).

4.5. What is ALS?

A fascinating problem is how to interpret ALS diagnosis. An
important aspect to consider is whether ALS should be considered
a clinical syndrome, like heart failure, associated with a number of
risk factors, including genetic abnormalities, environmental factors
(e.g., some toxins, smoking, intense exercise), a partially unknown
abnormal immunological response and other factors; or whether it
is a discrete disease defined by certain pathological and molecular
markers (cytoplasmic aggregates of TDP-43, SOD1, or FUS)?

If ALS is a clinical syndrome the point of interest is the pre-
sumed commonality of the pathway leading to motor neuron
degeneration, and clinical diagnosis becomes a process of syn-
drome identification, adjusted for the different stages of the disor-
dered process. This seems to us the likely scenario.

If we accept the classical clinical concept of ALS as a single
pathophysiological entity, then a highly sensitive and specific mar-
ker might be expected to be found for diagnosis, thus excluding
patients in borderline areas of the disease spectrum. Strikingly, this
has not been achieved, despite many attempts. Further, it is possi-
ble that artificial intelligence tools (for example, machine learning)
might help clinicians to achieve a more confident diagnosis, and
help us to understand if ALS should be considered a clinical syn-
drome or a discrete entity (Das et al., 2022; Tavazzi et al., 2023).
There is much more work to be done.

The future will reveal our errors today regarding ALS diagnosis,
but it is inappropriate to anticipate the future because it will
demand new tools that require time for testing their utility.
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