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Abstract

The split-hand phenomenon, a specific feature of amyotrophic lateral sclerosis (ALS), refers to preferential wasting of
abductor pollicis brevis (APB) and first dorsal interosseous (FDI) with relative preservation of abductor digiti minimi (ADM).
The pathophysiological mechanisms underlying the split-hand phenomenon remain elusive and resolution of this issue
would provide unique insights into ALS pathophysiology. Consequently, the present study dissected out the relative
contribution of cortical and peripheral processes in development of the split-hand phenomenon in ALS. Cortical and axonal
excitability studies were undertaken on 26 ALS patients, with motor responses recorded over the APB, FDI and ADM
muscles. Results were compared to 21 controls. Short interval intracortical inhibition (SICI), a biomarker of cortical
excitability, was significantly reduced across the range of intrinsic hand muscles (APBsc; ais 0.3+£2.0%, APBsici controls
16.0=1.9%, P<0.0001; FDIgc; ais 2.7=1.7%, FDI it comtrots 14.8£1.9%, P<<0.0001; ADMgic; ars 2.6=1.5%, ADM sici controls
9.7£2.2%, P<<0.001), although the reduction was most prominent when recorded over APB/FDI. Changes in SICl were
accompanied by a significant increase in motor evoked potential amplitude and reduction of cortical silent period duration,
all indicative of cortical hyperexcitability, and these were most prominent from the APB/FDI. At a peripheral level, a
significant increase in strength-duration time constant and reduction in depolarising threshold electrotonus were evident in
ALS, although these changes did not follow a split-hand distribution. Cortical dysfunction contributed to development of
the split-hand in ALS, thereby implying an importance of cortical hyperexcitability in ALS pathogenesis.

Citation: Menon P, Kiernan MC, Vucic S (2014) Cortical Dysfunction Underlies the Development of the Split-Hand in Amyotrophic Lateral Sclerosis. PLoS ONE 9(1):
e87124. doi:10.1371/journal.pone.0087124

Editor: David R. Borchelt, University of Florida, United States of America
Received November 8, 2013; Accepted December 22, 2013; Published January 24, 2014

Copyright: © 2014 Menon et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Funding support from the Motor Neuron Disease Research Institute of Australia [MNDRIA], National Health and Medical Research Council of Australia
(Project)grant numbers 510233 and 1024915] is gratefully acknowledged. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: Dr. Steve Vucic served as a medical consultant for Merck Serono Australia until December 2013 for work performed in the field of multiple
sclerosis and unrelated to any data presented in the current manuscript. This does not alter the authors’ adherence to all the PLOS ONE policies on sharing data

and materials.

* E-mail: s.vucic@neura.edu.au

Introduction

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive
neurodegenerative disorder of the motor neurons|[l]. Weakness
and wasting of the abductor pollicis brevis (APB) and first dorsal
interosseous (FDI) muscles, with relative preservation of abductor
digiti minimi (ADM), may be a clinical feature of ALS, termed the
split-hand [2,3]. Although the pathophysiological mechanisms
underlying the development of this split-hand has not been
established, central and peripheral processes have been implicated
[4,5,6]. Resolution of this issue could provide unique insights into
ALS pathophysiology and potentially guide future neuroprotective
strategies.

Debate continues regarding the mechanisms of motor neuron
degeneration in ALS. It has been argued that corticomotoneur-
onal hyperexcitability may induce anterior horn cell degeneration
via an anterograde glutaminergic mechanism [7]. Support for such
a mechanism has been indirectly provided by transcranial
magnetic stimulation (TMS) studies establishing cortical hyperex-
citability as an early feature of ALS and linked to neurodegen-
eration[8,9,10,11,12]. Given that APB and FDI muscles are
critical for execution of complex hand tasks, and thereby exhibit a
larger cortical representation [13], it could follow that preferential
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dysfunction of corticomotoneuronal pathways innervating the
APB/FDI motor neurons may underlie development of the split-
hand [4].

Previous TMS studies have established significant differences in
cortical excitability across a range of upper limb muscles in healthy
subjects[14,15]. Specifically, the degree of intracortical inhibition
and corticomotoneuronal output was greater to thenar muscles
compared to biceps brachii and hypothenar muscles, suggesting a
greater cortical representation and corticomotoneuronal projec-
tions to thenar muscles [14,15]. Interestingly, preferential
dysfunction of thenar corticomotoneuronal projections has been
reported in ALS [16].

Peripheral processes have also been implicated in development
of the split-hand phenomenon. Studies in healthy controls have
reported more prominent persistent Na* conductances and less K*
currents in the APB and FDI motor axons [5], thereby suggesting
that motor axons innervating the APB/FDI were hyperexcitable
and prone to degeneration. Underscoring this notion were findings
of more prominent hyperexcitability of APB axons in a Japanese
ALS cohort [17]. In contrast, a more recent study established that
axonal dysfunction was evident across the range of intrinsic hand
muscles and was not consistent with a split-hand distribution [18].
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Rather, it was suggested that abnormalities of axonal excitability
may reflect downstream effects of primary neurodegenerative
processes [18]. Consequently, the aim of the present study was to
determine whether cortical hyperexcitability underlies the devel-
opment of the split-hand sign in ALS.

Materials and Methods

Cortical and axonal excitability studies were undertaken on 26
patients with clinically probable or definite ALS as defined by the
Awaji criteria [19]. The diagnosis of ALS was confirmed in
patients initially classified as probable ALS by longitudinal follow-
up. All patients provided written informed consent to the
procedures which were approved by the Western Sydney Local
Health District Human Research Ethics Committee.

Clinical phenotype

All ALS patients were clinically staged using the amyotrophic
lateral sclerosis functional rating scale-revised (ALSFRS-R) score
[20] and categorised according to site of disease onset. Muscle
strength was assessed using the Medical Research Council (MRC)
score [21], with the following muscle groups assessed bilaterally
yielding a total MRC score of 90: shoulder abduction; elbow
flexion; elbow extension; wrist dorsiflexion; finger abduction;
thumb abduction; hip flexion; knee extension; ankle dorsiflexion.

Cortical excitability

Cortical excitability studies were undertaken by applying a
90 mm circular coil connected to two high-power magnetic
stimulators connected via a BiStim device (Magstim Co., Whit-
lands, South West Wales, UK) with recording of motor evoked
response over the APB FDI and ADM muscles. The circular coil
was chosen over a focal (figure-of-eight) coil as the former was
easier to use with less frequent overheating of the coil itself.
Importantly, previous studies reported no qualitative differences in
the pattern of inhibition and facilitation when using either a
circular coil or a focal (figure-of-eight) coil [14]. In addition, a
previous study incorporating the threshold tracking TMS tech-
nique utilised a focal coil [22] and established a similar pattern of.
This study reported two phases of short-intracortical inhibition,
ISI=ms and at 3 ms, an identical pattern of short-interval
intracortical inhibition to that reported in our own normative
study [23].

The circular coil was adjusted in both antero-posterior and
medial-lateral direction until the optimal position for an MEP
response was obtained from the relevant muscle according to a
previously reported technique [24]. Specifically, the optimal scalp
position was established by determining the site at which the
smallest TMS stimulus intensity (threshold) evoked an MEP
response. This point on the scalp was marked with a skin marking
pencil and the coil was positioned over this site for the duration of
the experiment by a purpose built coil stand.

Paired-pulse threshold tracking TMS was undertaken
according to a previously reported technique [23]. Briefly, the
MEP amplitude was fixed and changes in the test stimulus
intensity required to generate a target response of 0.2 mV
(£20%), when preceded by sub-threshold conditioning stimulus,
was measured. Resting motor threshold (RMT) was defined as the
stimulus intensity required to maintain the target MEP response of
0.2 mV (£20%).

Short-interval intracortical inhibition (SICI) was determined
over the following interstimulus intervals (ISIs): 1, 1.5, 2, 2.5, 3,
3.5, 4, 5, and 7 ms, while intracortical facilitation (ICF) was
measured at ISIs of 10, 15, 20, 25 and 30 ms. Stimuli were
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delivered sequentially as a series of three channels: channel 1:
stimulus intensity, or threshold (% maximum stimulator output)
required to produce the unconditioned test response (RMT);
channel 2: sub-threshold conditioning stimulus (70% RMT); and
channel 3 tracks the stimulus required to produce target MEP
when conditioned by a sub-threshold stimulus (70% RMT).
Stimuli were delivered every 5 s and the computer advanced to
next ISI only when tracking was stable.

SICI was measured as the increase in the test stimulus intensity
required to evoke the target MEP. Inhibition was calculated off-
line as follows [23]:

(Conditionteststimulus int ensity —RMT) .

RMT 00

Inhibition=

Facilitation was measured as the decrease in the conditioned test
stimulus intensity required to evoke a target MEP.

Single pulse TMS technique was utilized to determine the
MEP amplitude (mV), MEP onset latency (ms) and cortical silent
period (CSP) duration (ms). The MEP amplitude was recorded
with magnetic stimulus intensity set to 150% of RMT. Three
stimuli were delivered at this level of stimulus intensity. Central
motor conduction time (CMCT, ms) was calculated according to
the F-wave method [25]. Cortical silent period duration was
assessed by instructing the subject to contract the target muscle at
~30% of maximal voluntary contraction with TMS intensity set to
150% of RMT. The CSP duration was measured from onset of
MEDP to return of EMG activity.

Axonal Excitability

In the same sitting, axonal excitability studies were undertaken
on the median and ulnar motor nerves according to a previously
described protocol [26]. Compound muscle action potential
(CMAP) responses were recorded from APB, FDI and ADM
muscles with the active electrode positioned over the motor point
and reference electrode placed over the base of the proximal
thumb (APB and FDI) and fifth digit (ADM) respectively. From the
CMAP amplitude, the split-hand index (SI) _ENREF 31was
calculated according to the previously reported formula [6]:

CMAPAPB X CMAPFD]
CMAPADM

Splithandindex =

The following axonal excitability parameters were measured: (i)
strength-duration time constant (Tsp) and rheobase; (ii) threshold
electrotonus (TE) recorded with sub-threshold depolarizing
currents at 10-20 ms (TEd [10-20 ms]), 40-60 ms (TEd [40-
60 ms]), and 90-100 ms (TEd [90-100 ms]), and with hyperpo-
larizing currents at 10-20 ms, TEh [10-20 ms] and at 90-100 ms,
TEh [90-100 ms]; (iii) hyperpolarizing current-threshold relation-
ship (I/V) calculated from polarizing current between +50 and
—100%; (iv) recovery cycle parameters including the relative
refractory period (RRP, ms), superexcitability (%) and late
subexcitability (%).

Recordings of the CMAP and MEP responses were amplified
and filtered (3 Hz-3 kHz) using a Nikolet-Biomedical EA-2
amplifier (Cardinal Health Viking Select version 11.1.0, Viasys
Healthcare Neurocare Group, Madison, Wisconsin, USA) and
sampled at 10 kHz using a 16-bit data acquisition card (National
Instruments PCI-MIO-16E-4). Responses were further filtered for
electronic noise by using a Hum Bug (Hum Bug 50/60 Hz Noise
Eliminator, Quest Scientific Instruments, North Vancouver,
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Canada). Data acquisition and stimulation delivery were con-
trolled by QTRACS software (TROND-F, version 16/02/2009,
© Professor Hugh Bostock, Institute of Neurology, Queen Square,
London, UK). Temperature was monitored with a purpose built
thermometer at the stimulation site.

Statistical Analysis

Cortical and axonal excitability studies in ALS patients were
compared to control data obtained from 21 healthy controls (13
men, 8 women: mean age 50 years, 2467 years). Student t-test
was used for assessing differences between two groups. Pearson’s
and Spearman’s correlation coefficients were used to examine the
relationship between parameters. Shapiro-Wilk test was used to
assess for normality of data. A probability (P) value of <0.05 was
considered statistically significant. Results were expressed as
mean=*standard error of the mean and median (interquartile
range).
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Table 1. Clinical features for the 26 amyotrophic lateral sclerosis patients.

MRC Sum
Patient Age Sex Onset site Duration (months) ALSFRS-R Score Sl
1 32 M BULBAR 4 43 84 2.1
2 57 M BULBAR 3 44 920 10
3 52 F BULBAR 48 36 84 8.5
4 64 F BULBAR 10 44 90 4.9
5 58 M BULBAR 5 43 90 7.4
6 58 M BULBAR 15 44 90 9.5
7 48 B BULBAR 21 42 90 13
8 64 M LIMB 7 47 87 5
9 69 M LIMB 8 42 56 0
10 57 F LIMB 9 45 83 6.4
11 64 M LIMB 12 41 79 33
12 60 M LIMB 6 42 82 17
13 62 M LIMB 5 46 88 39
14 51 M LIMB 20 33 65 0.1
15 42 M LIMB 17 41 74 0
16 48 M LIMB 5 42 80 9.8
17 56 F LIMB 16 34 74 0.2
18 44 M LIMB 3 46 86 0.9
19 58 F LIMB 30 31 37 11.8
20 68 M LIMB 10 48 88 6.3
21 69 F LIMB 8 43 86 1.1
22 66 M LIMB 9 47 80 2.8
23 69 F LIMB 14 47 81 0
24 69 F LIMB 8 46 79 79
25 73 M LIMB 24 44 81 0
26 65 M LIMB 17 41 71 53
Mean 58.6 9.5 4.4
SEM 1.9 0.8
Median 43 83
IQR 6-17 41-46 79-88
All patients were graded using the amyotrophic lateral sclerosis functional rating scale revised (ALSFRS-R). Muscle strength was assessed using the Medical Research
Council (MRQ) score. The split hand index (SI) was calculated in all patients.
doi:10.1371/journal.pone.0087124.t001

Results

Clinical features

At time of testing, the median disease duration was 9.5 months
(6-17 months), indicating that those studies were undertaken
towards the earlier stages of the disease (Table 1). In addition, the
median ALSFRS-R score was 43 (41-46) while the median MRC
sum score was 83 (79-88), suggesting a mild to moderate level of
functional impairment at time of assessment. Seventy-three
percent of patients exhibited limb-onset disease while 27%
reported bulbar-onset disease.

The split-hand sign was evident in 62% of ALS patients at time
of testing, but with follow-up 95% of patients developed a split-
hand sign. The split-hand sign was more frequently observed in
limb-onset ALS patients (73%) when compared to bulbar-onset
disease (27%).
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Cortical excitability

Prior to undertaking cortical and axonal excitability studies, the
degree of peripheral disease burden was formally assessed. There
was a significant reduction of CMAP amplitude recorded over the
APB (P<<0.001), FDI (P<<0.001) and ADM (P<<0.001) muscles
compared to controls. The split-hand index was significantly
reduced in ALS (SI ALS 47i08, SI CONTROL 134i10,
P<0.0005), confirming that the split-hand phenomenon was
evident in the present ALS cohort.

Paired-pulse threshold tracking TMS studies disclosed a
marked reduction of SICI across the range of intrinsic hand
muscles, although this reduction was most prominent when
recorded over the APB and FDI (Fig. 1A-C). Averaged SICI,
between ISIs 1 to 7 ms, was significantly reduced over the APB
(ALS 0.3%2.0%; controls 16.0%1.9%; P<<0.0001), FDI (ALS
2.7*£1.7%; controls 14.8%£1.9%; P<<0.0001) and ADM (ALS
2.6%£1.5%; controls 9.7£2.2%; P<0.001, Fig. 2A-C) muscles,
although the degree of reduction was more prominent over APB
and FDI (SICI reduction spg, 98%; SICI reduction ppy 81%; SICI
reduction ADM 730/0, F= 28, P<005, Flg QD)

Of further relevance, peak SICI at ISI 3 ms was also
significantly reduced across the range of intrinsic hand muscles
(ALSAPB 2.8i3.20/0, controls APB 227i28, P<0001, ALSFDI
6.822.8%, controls yp; 23.5%2.5%, P<0.001; ALSspwm
7.7£2.9%, controls Apm 16.1%£3.2%, P<0.05, Fig. 3A-C),
although the reduction was again most prominent over the APB
and FDI (SICI reduction app, 81%; SICI reduction gy 70%; SICI
reduction apn 52%, F=2.0, P<0.05, Fig. 3D).

Following SICI, a period of intracortical facilitation
develops between ISI 10-30 ms. The mean ICF between ISIs
10-30 ms was significantly increased in ALS patients when
recorded over the APB (ALS —5.3%1.2%, controls —1.4%+1.3%,
P<0.05) and FDI muscles (ALS —4.1%1.4%, controls
—0.53%1.4%, P<<0.05) but not ADM (P =0.18).

Single-pulse TMS technique disclosed that the MEP
amplitude was significantly increased in ALS patients across the
range of intrinsic hand muscles (ALSpp 28.4%5.1%, controls spp
18.1+2.4%, P<0.05; ALSppr 24.2%3.6%, controls pr
13.2%2.3%, P<0.05; ALS Apm 22.9%2.9, controls apm
14.8£2.4%, P<0.05, Fig 4A-C). Of further relevance, there was
a trend for the MEP amplitude increase to be greater when
recording over the thenar muscles (APB \pp incrEase 59%;
FDI yep inerEase 97%; ADM vpp ivrease 48.6%, Fig. 4D).

Of further relevance, the CSP duration was significantly
reduced when recorded over the APB (ALS 170.1%£8.5 ms,
controls 200.4%8.1 ms, P<0.05) and DI (ALS 173.1%£9.2 ms,
controls  202.4*6.8 ms, P<0.05) but not ADM (ALS
176.8£9.2 ms, controls 187.2%£6.0 ms, P=0.17, Fig. 5). In
contrast, there were no significant differences in RMT (ALS spp
56.1£1.9%, controls Apg 56.2+1.8%, P=0.48; ALS p1
55.5+1.9%, controls p; 58.0*2.1, P=0.20; ALS Apm
54.5%x1.8, controls apym 56.3%2.0, P=0.25) and central motor
conduction time (F=0.01, P=0.99) between groups.

Axonal excitability

The strength-duration time constant, a biomarker of nodal
persistent Na® conductance [27,28,29,30,31], was significantly
increased when recorded over APB (ALS 0.51%0.02 ms, controls
0.46%0.02 ms, P<0.05, Fig. 6A) and ADM (ALS 0.49%0.02 ms,
controls 0.44*0.02 ms, P<0.05, Fig. 6B) muscles but not FDI
(ALS 0.47%0.02 ms, controls 0.42+0.02 ms, P =0.06, Iig 6C). In
contrast, there were no significant differences in rheobase between
ALS patients and controls across the range of intrinsic hand

muscles (APB, P=0.19; FDI, P=0.49; ADM, P=0.33).
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Figure 1. Short interval intracortical inhibition (SICI) and
intracortical facilitation (ICF) are biomarkers of cortical func-
tion. SICI was significantly reduced and ICF increased when recording
over the (A) abductor pollicis brevis (APB) and (B) first dorsal
interosseous (FDI) muscles. (C) There was a significant reduction of
SICI when recording over the abductor digit minimi (ADM) muscle,
while there was no significant difference (NS) in ICF. The degree of SICI
reduction was more prominent when recording over the APB and FDI
muscles. *P<<0.05; ***P<<0.001; ****P<0.0001.
doi:10.1371/journal.pone.0087124.9001

Threshold Electrotonus, a biomarker of internodal and
paranodal K* conductance [30], again disclosed the presence of
the type I abnormality of TE, whereby sub-threshold depolarizing
currents induced greater changes in threshold [32] when recording
from all three muscles. Specifically, depolarizing TE at 90-100 ms
was significantly greater in ALS patients when recorded from the
APB (ALS 50.3%=1.5%; controls 44.7%20.8%, P<<0.001), ADM
(ALS 48.5*1.0%; controls 45.5%£0.7%, P<<0.05) and FDI (ALS
45.1+1.5%; controls 40.0£2.2%, P<0.05) muscles. These
changes in depolarising TE were accompanied by a significant
increase in TEd at 40-60 ms when recording over APB (ALS
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Figure 2. Mean short interval intracortical inhibition (SICl), over interstimulus intervals 1-7 ms, was significantly reduced when recording over the (A)
abductor pollicis brevis (APB), (B) first dorsal interosseous (FDI), and (C) abductor digit minimi (ADM) muscles. (D) The reduction in mean SICl was
most prominent when recording over the APB muscle. ¥*¥*¥*P<<0.001; ****P<0.0001.

doi:10.1371/journal.pone.0087124.g002

56.1%£1.7%; controls 52.6*1.0%, P<0.05) and ADM (ALS
53.6%1.3%; controls 50.80.9%, P<<0.05), but not FDI motor
axons (P=0.11)

Of further relevance, superexcitability was significantly in-
creased when recording from the APB (ALS —25.9%1.4%;

were no significant changes in the relative refractory period (APB,
P=0.18; FDI, P=0.14; ADM, P=0.37) and late subexcitability
(APB, P=0.12; FDI, P=0.15; ADM, P=0.10) between ALS
patients and controls across the range of intrinsic hand muscles. In
addition, hyperpolarising I/V gradient was significantly increased

controls —21.6+1.5%, P<<0.05) and FDI (ALS —27.3%+1.4%;
controls —23.1%x1.2%, P<0.05), but not ADM (ALS
—25.1+1.2%; controls —23.5%1.3%, P=0.19). In contrast, there
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in ALS patients when recording from the APB muscle (ALS
0.41%0.02, controls 0.36%0.01, P<0.05), but not the FDI
(P=0.08) and ADM (P=0.12). Taken together, these findings

OAPB
OFDI

Figure 3. Short interval intracortical inhibition (SICI) peaks at interstimulus interval (ISI) of 3 ms. Peak SICI at interstimulus interval 3 ms
was significantly reduced when recording over the (A) abductor pollicis brevis (APB), (B) first dorsal interosseous (FDI), and (C) abductor digit minimi
(ADM) muscles. (D) The reduction in peak SICI was most prominent when recording from the APB. *¥P<0.05; **¥P<0.001.

doi:10.1371/journal.pone.0087124.g003
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Figure 4. Motor evoked potential (MEP) amplitude, expressed as a percentage of the compound muscle action potential (CMAP)
response, is a biomarker of corticomotoneuronal output. The MEP amplitude was significantly increased when recording over the (A)
abductor pollicis brevis (APB), (B) first dorsal interosseous (FDI) and (C) abductor digit minimi (ADM) muscles. (D) The increase in MEP amplitude was

most prominent when recording from the APB. *P<<0.05; ***P<<0.001.
doi:10.1371/journal.pone.0087124.g004

reveal that while the abnormalities of axonal excitability were
evident in ALS, they did not appear to follow a split-hand pattern.

Correlation studies

Combining clinical parameters with measures of cortical and
axonal excitability, it was evident that the MEP amplitude
(R=-0.40, P<0.01) and CSP duration (R =0.34, P<0.01) were
significantly correlated with the split-hand index. Of relevance,
there was a significant correlation between SICI and MRC upper
limb score (R=-0.3, P<0.05). In contrast, there was no
significant correlation between any of the axonal excitability
parameters and split-hand index, CMAP amplitude, measures of
cortical excitability and clinical parameters. Taken together, these
findings suggest that cortical hyperexcitability may be linked to the
development of the split-hand phenomenon in ALS.

Discussion

In the present study, cortical and peripheral axonal techniques
were utilised to dissect the relative contribution of central and
peripheral processes in development of the ALS split-hand.
Cortical hyperexcitability, as indicated by a significant reduction
in short interval intracortical inhibition and cortical silent period
duration along with increases in motor evoked potential ampli-
tude, was evident across the range of intrinsic hand muscles,
although the degree of cortical hyperexcitability was most
prominent when recorded from the APB and FDI muscles. Of
further relevance, there was a significant correlation between
measures of cortical excitability and the split-hand index,
suggesting that cortical hyperexcitability was associated with
development of the splithand phenomenon in ALS. At a
peripheral level, upregulation of persistent Na* conductances
along with reduction in K currents was evident, but did not

PLOS ONE | www.plosone.org

appear to follow a split-hand distribution and was not correlated
with the split-hand index, thereby arguing against a significant
peripheral contribution in driving the development of the split-
hand phenomenon in ALS. The mechanisms underlying these
central and peripheral excitability changes and their relevance for
development of the split-hand phenomenon, with implications for

ALS pathophysiology, will be discussed.

Origins of the split-hand phenomenon in ALS

While the pathophysiological mechanisms underlying the
development of the split-hand phenomenon in ALS have not
been established, central and peripheral processes have been
implicated [4]. A cortical basis was inferred from clinical
observations that thenar muscles (APB/FDI) were critical in
execution of complex hand tasks [4], and thereby would exhibit a
greater cortical representation, a notion supported by TMS studies
in healthy controls [14,16,33]. Importantly preferential dysfunc-
tion of corticomotoneuronal pathways was previously established
in ALS [16].

The novel findings from the present study provide critical
support for a cortical basis in development of the ALS split-hand.
Specifically, cortical dysfunction was heralded by marked reduc-
tion of SICI, a biomarker of strong inhibitory intracortical
GABAergic function and weaker cortical glutaminergic facilitatory
effects [34]. Importantly, abnormalities of SICI in ALS appear to
be mediated by a combination of glutamate excitotoxicity and
degeneration of inhibitory cortical neurons[35,36]_ENREF_53.
The findings of more prominent SICI reduction when recorded
over APB and FDI, would imply a greater level of cortical
hyperexcitability to the APB and FDI motor neurons. Of further
relevance, intracortical facilitation, a biomarker of glutaminergic
function [34,37], was significantly increased when recorded from
the APB and FDI but not hypothenar muscles. Taken together,
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Figure 5. The cortical silent period (CSP) is a biomarker of
cortical inhibitory circuit function. The CSP duration was
significantly reduced when recording when recording over the (A)
abductor pollicis brevis (APB) and (B) first dorsal interosseous (FDI)
muscles. (C) There was no significant (NS) reduction in CSP duration
when recording over the abductor digit minimi (ADM) muscle.
doi:10.1371/journal.pone.0087124.g005

these findings suggest that cortical processes, namely cortical
hyperexcitability, may underlie the development of the split-hand
sign in ALS.

There was also a marked increase in MEP amplitude in the ALS
cohort and was correlated with the split-hand index. Given that
the MEP amplitude reflects the density of corticomotoneuronal
projections onto motor neurons [38] _ENREF 31 as well as the
level of glutamatergic neurotransmission in the central nervous
system [37], the present findings lend further credence to the
notion that cortical processes contribute to the development of the
split-hand sign in ALS. Alternatively, it could also be argued that
the increase in MEP amplitude may represent less phase
cancellation due to fewer motor units or possibly repetitive firing
of corticomotoneurons [39]. In addition to changes in MEP
amplitudes, a significant reduction of CSP duration was evident in
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Figure 6. Strength duration time constant (SDTC) is a
biomarker of persistent Na® conductances. The SDTC was
significantly increased when recording from the (A) abductor pollicis
brevis (APB) and (B) abductor digit minim (ADM) muscles, but not (C)
first dorsal interosseous (FDI). *P<<0.05.
doi:10.1371/journal.pone.0087124.9006

the ALS cohort, but only when recorded over the thenar muscles
(APB/FDI). Importantly, the CGSP duration reflects the degree of
cortical inhibition and appears to be mediated by inhibitory
neurons acting via GABAy receptors [40,41,42,43,44,45]. Conse-
quently, findings that identified a significant reduction in GSP
duration when recording over APB/FDI muscles, suggest a greater
level of cortical disinhibition and cortical hyperexcitability to the
APB/FDI muscles, providing further support for a cortical
mechanism as the basis of the split-hand phenomenon in ALS.

Alternatively, it could be argued that the differences in cortical
excitability between the intrinsic muscles could be related to an
interaction between stimulated cortical areas. Given that electro-
myography techniques were not utilised to ensure electrical silence
of the “non-stimulated” intrinsic hand muscles, especially the APB
and FDI, such a notion could not be absolutely discounted.

It has also been argued that peripheral mechanisms may
contribute to development of the split-hand sign in ALS [4]. More
prominent membrane excitability abnormalities in the APB motor
neurons, as indicated by longer Tsp, was recently reported in ALS
[17]. Given that Tsp is a biomarker of persistent Na* conductances
[30], and linked to axonal degeneration [10,46,47], these findings
implied that upregulation of persistent Na* conductances contrib-
uted to development of the split-hand phenomenon, although the
properties of FDI motor axons were not assessed. In contrast, the
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present study established a comparable increase of tsp in APB and
ADM axons, without significant increases of tsp in FDI axons,
thereby arguing against a significant contribution of axonal
dysfunction in development of the split-hand phenomenon in ALS.

In addition, a significant reduction in depolarising TE was also
evident across the range of recorded motor axons. Given that
depolarising TE is a biomarker of slow K currents [30], the
findings in the present study suggest that reduced slow K* currents
1s a feature of ALS and in keeping with previous studies [18,46,48].
Importantly, the changes in depolarising TE did not appear to
follow a split-hand distribution, thereby further arguing against a
significant contribution of peripheral processes in development of
the split-hand phenomenon in ALS.

Split-hand phenomenon and ALS pathophysiology
Emerging evidence suggests that genetic factors and molecular
processes underlie the development of ALS [1]. Cortical hyper-
excitability was proposed as an important pathophysiological
mechanism, whereby motor neuron degeneration was mediated
via glutamate excitotoxicity process [7]. Support for such a
framework has been provided by TMS studies [9,11] as well as
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transgenic SOD-1 mouse models studies [49]. Additional support
for glutamate-mediated excitotoxity is provided by transgenic
SOD-1 mouse model and human studies identifying abnormalities
of the astrocytic glutamate transporter, excitatory amino acid
transporter-2 [50,51]. Importantly, ALS motor neurons exhibit
increased expression of Ca**-permeable AMPA receptors, thereby
rendering these more susceptible to excitotoxicity [52].

The findings from the present study of more prominent cortical
hyperexcitability to the APB and FDI muscles, together with an
absence of a split-hand distribution of axonal excitability
abnormalities, provide support for a cortical basis to ALS
pathogenesis. The significant correlation between cortical hyper-
excitability and the splithand index, further suggests that
glutamate-mediated cortical hyperexcitability may underlie the
preferential degeneration of motor neurons in ALS.
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