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ABSTRACT
Amyotrophic lateral sclerosis (ALS) is a progressive 
neurodegenerative disorder affecting the upper and 
lower motor neurons. A key clinical feature of ALS is the 
absence of accurate, early- stage diagnostic indicators. 
’Split- hand syndrome’ was first described in ALS at 
the end of the last century and a considerable body of 
literature suggests that the split- hand phenomenon may 
be an important clinical feature of ALS. Considering the 
published investigations, it is conceivable that the ’split- 
hand syndrome’ results from the associated upper and 
lower motor neuron degeneration, whose interaction 
remains to be fully clarified. Additionally, other split 
syndromes have been described in ALS involving upper 
or lower limbs, with a nuanced description of clinical 
and neurophysiological manifestations that may 
further aid ALS diagnosis. In this review, we endeavour 
to systematically present the spectrum of the ’split 
syndromes’ in ALS from a clinical and neurophysiology 
perspective and discuss their diagnostic and pathogenic 
utility.

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a relentlessly 
progressive neurodegenerative disorder characterised 
by coexisting upper (UMN) and lower (LMN) motor 
neuron degeneration with a median survival of 36 
months.1 Although site of onset and rate of progres-
sion are variable, disease onset is often focal, typically 
involving the distal segments of upper or lower limbs. 
A dissociated pattern of muscle atrophy is classically 
observed in the hands, more severe in the lateral hand 
group of muscles, predominantly affecting the thenar 
eminence (abductor pollicis brevis (APB)) and first 
dorsal interosseous muscle (FDI), with relative pres-
ervation of the medial hand, particularly the abductor 
digit minimi (ADM) (figure 1, table 1). The pattern of 
dysfunction does not respect nerve trunk or root terri-
tories since both the FDI and ADM muscles are inner-
vated by the ulnar nerve arising from the same nerve 
roots (C8- T1). This intriguing semiology was referred 
to as ‘split- hand’ by Wilbourn more than 30 years ago.2

The ‘split- hand’ phenomenon is observed in 
around 70% of patients with ALS at time of diag-
nosis and is evident in almost all cases at some stage 
of the disease.3 While the split- hand phenomenon 
is more commonly observed in spinal- onset ALS, 
it is also observed in bulbar onset ALS as well as 
patients in early stages of the disease as defined by 

functional deficits, making it a potentially important 
diagnostic indicator.4 5

Split-hand ratio and index
Neurophysiology studies helped to define two 
main ratios and one index, which may confirm 
and quantify the severity of split- hand syndrome. 
The ratios are derived from the compound muscle 
amplitude potential (CMAP) amplitude of the rele-
vant hand muscles, using different formulas (APB/
ADM or FDI/ADM). Ratio values of less than 0.6 
and 0.9, respectively, or an ADM/APB value higher 
than 1.7 were considered abnormal. Clinical studies 
suggested very good diagnostic utility of this simple 
neurophysiological test, irrespective of disease onset 
site, with the ADM/APB CMAP amplitude ratio 
>1.7 or absent APB CMAP response yielding a 51% 
sensitivity and 91% specificity when compared with 
ALS mimic disorders.6 Of relevance, an extremely 
high ADM/APB CMAP amplitude ratio (≥4.5) or 
an absent APB CMAP was exclusively observed in 
patients with ALS.5 In a smaller study, the ADM/
APB CMAP amplitude ratio of >1.7 was reported 
to exhibit moderate sensitivity (60%) and high spec-
ificity (90.2%) for ALS, thereby further supporting 
its use as a diagnostic aid in ALS.6

The split- hand index (SI) is derived by multi-
plying the APB and FDI CMAP amplitudes and 
dividing the product by the ADM CMAP amplitude 
according to the following formula: (SICMAP=APB-

CMAP × FDICMAP /ADMCMAP). The diagnostic utility 
of the SI was confirmed in a large study, with a cut- 
off value <5.2 exhibiting a sensitivity of 74% and 
specificity of 80% when compared with mimicking 
disorders.3 This was confirmed in a subsequent 
study, with the SI being more sensitive and specific 
for ALS when compared with neuromuscular 
mimicking disorders.6 7 Importantly, a reduced 
SI was evident in 64% of patients with ALS not 
meeting the Awaji criteria,3 thereby suggesting a 
diagnostic utility in early stages of ALS.3

A potential limitation of the neurophysiolog-
ical indices pertains to their reliance on absence of 
median and ulnar entrapment neuropathies as well 
as marked intrinsic muscle atrophy. Consequently, 
these neurophysiological indices should be applied 
in a clinical context and not used in isolation.

An adapted version of the SI was developed 
by evaluating F- wave persistence from the target 
muscles and based on observations of reduced 
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F- wave persistence when recording over the FDI muscle 
compared with ADM.7 8 While the sensitivity of the F- wave 
method (85.7%) was higher when compared with CMAP 
method (75.8%), the requirement to deliver 100 supramaximal 
stimuli for each tested muscle limits the clinical utility.7

More recently, the motor unit number index (MUNIX) was also 
explored as a method for determining the split- hand phenom-
enon. MUNIX is a non- invasive, reliable and standardised tech-
nique for determining motor unit number.9 The MUNIX based 
SI was determined by multiplying the MUNIX values from the 

Figure 1 Pathophysiological hypotheses of the split- hand syndrome. (1) Dying forward: hypothesis proposes that corticomotoneurons which connect 
monosynaptically with anterior horn cells, mediate neurodegeneration via anterograde glutamatergic excitotoxic process. (2) Dying back hypothesis proposes 
that ALS begins in muscles or neuromuscular junction. (3) Independent degeneration hypothesis proposes that upper and lower motor neuron degeneration 
occurs independently. A: ALS pathogenesis hypotheses. Dying forward: hypothesis proposes that corticomotoneurons, which connect monosynaptically 
with anterior horn cells, mediate neurodegeneration via anterograde glutamatergic excitotoxic process. Dying back hypothesis proposes that ALS begins in 
muscles or neuromuscular junction. Independent degeneration hypothesis proposes that upper and lower motor neuron degeneration occurs independently. 
B–E: split- hand pathogenesis hypotheses. B: cortical dysfunction; C: abnormal spinal circuitry; D: axonal membrane channel dysfunction; E: endplate 
physiological features. ALS, amyotrophic lateral sclerosis.

Table 1 Neurophysiological parameters for the split- hand syndrome
Value Sensitivity (%) Specificity (%) Control population Ref.

Based on CMAP

APB/ADM <0.6 40 91.0 DC 4

ADM/APB >1.7 51.0 99 HC 5

ADM/APB >1.7 58.1 95 HC 6

FDI/ADM <0.9 34 63 DC 4

APB/ADM FDI/ADM <0.6 and <0.9 20 94 DC 4

Based on split index

SI CMAP <5.2 74 80 DC 3

SI CMAP <6.4 62 80 DC 14

SI FP ≤80.7 81.2 97.0 HC 7

SI MUNIX ≤9.4 85.0 79.5 HC 10

ADI, abductor digit minimi; APB, abductor pollicis brevis; CMAP, compound muscle amplitude potential; DC, disease controls; FDI, first dorsal interosseous muscle; HC, healthy controls; MUNIX, motor unit number index; SI FP, split index from 
F- wave persistence.
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APB and FDI muscles and dividing the product by the MUNIX 
value form the ADM, analogous the original SI method. When 
compared with healthy controls, the MUNIX method exhibited 
high sensitivity (95%) and specificity (84.6%).10 Moreover, the 
MUNIX method detected the split- hand pattern in early stages 
of ALS in the setting of normal CMAP amplitudes. While the 
method is promising, further confirmation of its diagnostic utility 
is required in larger ALS cohorts with comparisons to neuromus-
cular mimicking disorders rather than healthy controls.

OTHER SPLIT PHENOTYPES IN THE UPPER LIMBS
Although split- hand syndrome is primarily associated with 
ALS, split- hand has been observed in other conditions, such as 
spinal muscular atrophy (SMA), spinocerebellar ataxia type-3, 
Kennedy’s disease (SBMA) or postpolio syndrome.11–14 A recent 
study suggested that the split- hand syndrome may be a feature 
of SBMA, although this finding was discordant when compared 
with a previous study from this group.4 14

‘Reverse split- hand syndrome’, which refers to the predom-
inant wasting of ADM and the relative sparing of APB, may 
suggest the diagnosis of Hirayama disease (HD) in the appro-
priate clinical context (box 1). HD is described as a distal 
asymmetrical upper limb amyotrophy with sparing the brachi-
oradialis, thus manifesting as an oblique amyotrophy of forearm 
muscles.15 The specificity of this pattern of amyotrophy to HD is 
contentious and may lead to misdiagnoses where the prevalence 
of HD is low.

At a neurophysiological level, an APB/ADM ratio >1.1, ADM/
APB ratio <0.6, supports the diagnosis of HD. The SI appears 
less useful for the diagnosis of HD due to a poor specificity 
having a poor specific when it exceeds 5.2 (34%).6 15 16 Addition-
ally, the reverse split- hand has also been reported with cervical 
spondylotic amyotrophy and SMA.4 5 17

The ‘split- hand plus’ sign has been described and refers to the 
relative preservation of the flexor pollicis longus muscle, when 
compared with the thenar muscles (specifically the APB).18 A 
split- finger pattern of atrophy has also been described in ALS, 
whereby the flexor digitorum profundus (FDP) muscle of the 
index finger exhibit preferential weakness when compared 
with FDP muscle of the fourth digit (FDP-4). This pattern of 
weakness is consistent with the split- hand phenomenon, with 
prominent weakness and amyotrophy of the lateral group of 
hand muscles. In a clinical setting, the presence of split finger 
pattern of atrophy may help differentiate ALS from inclusion 
body myositis where with the latter exhibiting a greater degree 
of FDP-4 muscle weakness.19

In the presence of UMN involvement, patients may develop a 
pyramidal pattern of weakness, which affects the flexor muscles 
in the upper limbs20 Since biceps brachii has a greater cortical 
representation than triceps, it may lead to preferential flexor 

movement weakness: the ‘split- elbow’. Although the literature 
appraising this particular phenomenon is scarce, recent studies 
emphasised that in upper limbs, the biceps brachii is invariably 
weaker than of the triceps, irrespective of handedness.21–23 
More recently, the presence of the split elbow phenomenon was 
confirmed in a larger study, although contradictory findings have 
been reported.23 24

SPLIT SYNDROMES IN THE LOWER LIMBS
Similar to observations in the hands, lower limb split syndromes 
have been extensively investigated. While some authors empha-
sise the predominant amyotrophy of the anterior leg compared 
with the posterior compartment muscles,25 26 others have reported 
the opposite.27 28 A recent study described a single patient with 
predominant anterior and posterior muscular compartment 
leg weakness on different sides, underscoring phenotypic vari-
ability.29 Notwithstanding the different clinical observations, 
most authors agree that unlike the ‘split- hand syndrome’, ‘split 
leg’ is primarily a neurophysiological phenomenon.25–29

PATHOPHYSIOLOGY
Four main theories have been put forward to explain the ‘split- 
hand’ phenomenon, the most studied and best characterised 
phenomenon of the split phenotypes (figure 1).

Cortical dysfunction
The notion of cortical basis of the split- hand was suggested by 
transcranial magnetic stimulation (TMS) studies. Weber and 
colleagues suggested that preferential dysfunction of cortico-
motoneuronal inputs to the thenar muscle complex was evident 
in ALS leading to the split- hand phenomenon.30 Additionally, a 
greater degree of cortical hyperexcitability was documented in 
the thenar complex muscles (APB/FDI), when compared with 
ADM, lending further support for the importance of cortical 
dysfunction in development of the split hand phenomenon in 
ALS.3

Similarly, cortical hyperexcitability was invoked as a likely 
mechanism for the split- hand plus sign in ALS.31 While it could 
be argued that cortical hyperexcitability may represent a compen-
satory mechanism in ALS, the finding of a normal cortical excit-
ability in ALS mimicking disorders would argue against such a 
notion.32

Lower motor neuron dysfunction
Electrophysiology studies appraising CMAP amplitudes and 
using motor unit number estimation have detected preferential 
motor unit loss in FDI and APB compared with ADM, which 
could suggest a specific pattern of LMN susceptibility.4 7 33 
Interestingly, the peripheral silent period, obtained by stimu-
lating a digital sensory nerve, was similar in ADM and FDI, not 
supporting a greater involvement of the LMN innervating FDI 
muscle.34

Preferential APB and FDI atrophy was also confirmed using 
ultrasound for measuring muscle thickness and calculating an 
index, and this approach had good accuracy for distinguishing 
patients with ALS from healthy controls, but not from patients 
with spinal muscle atrophy.35 Similar results were achieved 
assessing muscle- echo intensity, which could be even more sensi-
tive than the standard electrophysiological index.36

Lower motor neuron hyperexcitability
Axonal excitability studies disclosed a preferential increase in 
the strength duration time constant (SDTC), a biomarker of 

Box 1 Reverse split- hand syndrome

 ► Predominant atrophy and weakness of the medial hand 
segment.

 ► Strongly suggestive of Hirayama disease.
 ► ADM/APB ratio <0.6, sensitivity 52.9%; specificity 97.4%.
 ► ADM/APB ratio <0.86, sensitivity 80.4%; specificity 86.3%.
 ► Observed in cervical spondylotic amyotrophy.
 ► Rare (<4%) in ALS.

ADI, abductor digit minimi; ALS, amyotrophic lateral sclerosis; APB, 
abductor pollicis brevis.
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persistent Na+conductances, in motor axons innervating the 
APB muscle in patients with ALS.37 38

The finding suggested that upregulation of axonal persistent 
Na+conductance contributed to development of the split- hand 
phenomenon, thereby implying a peripheral mechanism.38

A subsequent study, assessing the entire neuraxis and recording 
motor responses from the three muscle groups involved in the 
split- hand phenomena, reported a comparable increase in axonal 
excitability that did not follow a split- hand pattern.39 40 Taken 
together, the latter studies suggested that axonal dysfunction was 
as a downstream process secondary to the intrinsic pathophysio-
logical origins of ALS.

In a recent Japanese study, the split- hand phenomenon was 
reported in a high proportion of patients with SBMA (57%), 
being comparable to ALS (62%) and higher than disease controls 
(20%).13

Axonal excitability studies disclosed features of peripheral 
nerve hyperexcitability in both patients with SBMA and patients 
with ALS, with SDTC being greater in the former disease. The 
increase in SDTC was more prominent in patients with SBMA 
exhibiting a split- hand sign, while no such correlations were 
evident in ALS. These findings suggested that nerve hyperexcit-
ability was associated with development of the split- hand sign 
in SBMA, but not ALS. A potential limitation of the Japanese 
study was that axonal excitability was only assessed from the 
median nerve, and consequently a split- hand pattern of axonal 
excitability could not be established. While variable mechanisms 
could underlie the development of the split- hand phenom-
enon across different diseases, with axonal hyperexcitability 
the predominant mechanism in SBMA and cortical hyperex-
citability in ALS, future studies assessing excitability from the 
entire neuraxis and encompassing the affected muscles (APB/
FDI/ADM) would be required.

Motor-end plate dysfunction
The assessment of clinically unaffected (strong) hands of patients 
with ALS with normal CMAP amplitudes revealed that the 
percent of area decrement on repetitive nerve stimulation was 
significantly greater in APB and FDI compared with healthy 
controls, but not in ADM. Interestingly, due to physiological 
reasons, even in control subjects the percent decrement was 
greater in APB and FDI.41 These findings indicate that physio-
logical variability at the neuromuscular junction in small hand 
muscles may determine differential muscle vulnerability in 
ALS, potentially contributing to development of the split- hand 
phenomenon in other neuromuscular disorders.

The split-hand phenomenon: diagnostic and pathogenic relevance 
in ALS
Split- hand sign is principally a semiological finding observed in 
ALS, as described by Wilbourn.2 The landmark description of 
this phenomenon has generated considerable interest because 
of its potential clinical significance. The quantitative assessment 
of affected and less affected hand muscles, and the establish-
ment of cut- off values, may be utilised in the diagnostic process. 
This approach has been refined by incorporation of F- waves 
persistence, methods for motor unit number estimation and 
ultrasound. As a diagnostic tool, the relevance of the SI remains 
a supportive one, especially considering the novel Gold Coast 
diagnostic criteria which have a high diagnostic utility.42 43

As a diagnostic test, the SI may be limited in the setting of 
severe intrinsic hand muscle atrophy or entrapment neurop-
athies. Moreover, technical considerations such as optimal 

electrode placement for measuring CMAP amplitude and 
temperature control may impact on intra- and inter- rater reli-
ability.44 Multicenter studies would be required to assess the 
utility of the SI in a clinical setting.

More importantly, split- hand phenomenon may offer patho-
physiological insights into ALS. Despite being observed in 
ALS mimicking disorders, motor cortical dysfunction is likely 
to significantly contribute to development of the split- hand 
phenomenon.11 14 The interest in the underlying mechanisms 
has driven motivation to detect other split- limb phenomena in 
ALS, although most of these are not readily observed in clin-
ical practice. Increasingly, it is accepted that a long preclinical 
period of neuronal dysfunction precedes overt weakness and 
that considerable adaptive processes take place in corticomoto-
neuronal circuits.45

Despite advances in ALS research, basic pathophysiology ques-
tions remain open and subject of intense debate; are UMN and 
LMN degeneration interlinked or do they evolve independently 
from one another? If there is a biological association between 
UMN and LMN degeneration, does this represent a ‘dying back’ 
or a ‘dying forward’ process? The dying forward hypothesis 
could potentially explain that occurrence of the split- hand sign 
in ALS. The lateral hand groups of muscles (APB/FDI) exhibit a 
greater anatomical and function cortical representation, in part 
related to evolution of specialised activity of these muscles.46–50 
Consequently, the corticomotoneuronal projections could lead to 
a greater degree of cortical hyperexcitability and thereby predis-
position for neurodegeneration of the spinal motor neurons 
innervating the lateral hand groups of muscles via an antero-
grade glutamatergic mechanism.46 Support for a dying forward 
hypothesis mechanism was provided by clinical observation of 
relative sparing of the oculomotor and Onuf ’s nuclei in ALS, 
which do not directly synapse with the corticospinal tract.51 
Additionally, TMS studies have established cortical hyperexcit-
ability as an early and specific feature of ALS, correlating with 
patterns of disease spread and the split- hand sign.52–56 Impor-
tantly, neuropathology studies have also provided additional 
evidence by established the presence of TDP-43 aggregation in 
~97% of all ALS cases.57 The TDP-43 inclusions are evident in 
demented and non- demented patients with ALS and increase 
in density with disease evolution, particularly development of 
cognitive impairment.58 Consequently, a cortical basis for the 
split- hand phenomenon could explain the typical topography 
of hand muscle wasting in ALS, which cannot be explained by 
radicular, plexus and nerve trunk territories.

It should be acknowledged that our interpretation could 
be influenced by a simple descending pathway model. Given 
that the split- hand phenomenon is not a universal finding in 
patients with ALS and may be observed in neurological disorders 
without UMN involvement (such as SBMA), the possibility of a 
combined contribution of UMN and LMN dysfunction needs to 
be considered and that their influence may change during the 
disease progression. Future studies should combine a large set 
of cortical, spinal cord, axonal and end- plate investigations to 
dissect the factors involved in its onset and progression.

Correction notice This article has been corrected since it appeared Online First. 
Author affiliations for Peter Bede have been corrected.
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