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Abstract It has been suggested that corticomotoneuronal
drive to ankle dorsiflexors is greater than to ankle plantar
flexor muscles, despite the finding that plantar flexors are
no less active than TA during walking and standing. The
present study was undertaken to determine whether there
was differential involvement of distal lower limb muscles
in amyotrophic lateral sclerosis (ALS), to elucidate
pathophysiological mechanisms of selective muscle in-
volvement. Prospective studies were undertaken in 52 ALS
patients, including clinical assessment, disease staging
(revised ALS functional rating scale), Medical Research
Council sum score, and a scale of upper motor neurone
(UMN) dysfunction. Motor unit number estimates (MUNE)
and compound muscle action potentials (CMAP) from
ankle dorsiflexors and plantar flexors were used to provide
objective measures. A novel ‘split leg index’ was calcu-
lated as follows: SLI = CMAPDF - CMAPPF. In ALS,
there was significantly greater reduction of MUNE and
CMAP amplitude recorded from plantar flexors when
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compared to dorsiflexors, suggesting preferential involve-
ment of plantar flexor muscles, underpinning a ‘split leg’
appearance. The SLI correlated with clinical plantar flexor
strength (R= —0.56, p < 0.001). In no patient did the SLI
suggest preferential dorsiflexor involvement. In subgroup
analyses, mean SLI was greatest in lower limb-onset ALS.
In conclusion, the present study has established dissociated
involvement of muscles acting around the ankle in ALS.
We suggest this reflects underlying differences in cortical,
descending or local spinal modulation of these muscles.
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Introduction

The onset of amyotrophic lateral sclerosis (ALS) is
typically focal, with muscle weakness becoming more
widespread with disease progression [1]. The pattern of
disease involvement and subsequent progression in ALS
delineate the underlying process of neurodegeneration [1—
3]. One such feature, the ALS split hand, is a distinctive
clinical and neurophysiological phenomenon in ALS,
characterised by dissociated wasting of the thenar muscles
and first dorsal interosseous when compared with the hy-
pothenar muscles [4, 5].

The nature of lower limb functional activities, pre-
dominantly walking and standing, differs from the fine-
fractionated movements seen in upper limb tasks. There is
a discrepancy in the density of corticospinal projections to
the anterior horn cells innervating the leg muscles, such
that soleus, an ankle plantar flexor receives only 10-30 %
as many direct corticospinal projections as tibialis anterior
(TA), the main ankle dorsiflexor [6].

The pattern of lower limb involvement in ALS differs
from that in other body regions. Clinically, involvement of
the lower limbs may be relatively symmetrical earlier in
the course of disease [2, 7] and lower limb-onset ALS
spreads to the contralateral lower limb more frequently
than to the upper limbs [8]. However, specific patterns of
lower limb muscle involvement in ALS remain to be elu-
cidated. Previously described patterns of muscle weakness,
such as ‘pyramidal weakness’ following upper motor
neurone injury, may not apply in ALS [9] because there is
concurrent destruction of propriospinal and corticospinal
motor pathways, and also of the motoneuronal and in-
terneuronal network at segmental cord level in the anterior
horns, causing a combination of UMN and LMN dys-
function. Our study was undertaken to analyse the pattern
of relative involvement of ankle dorsiflexor and plantar
flexor muscles, to study the pathophysiology of selective
muscle involvement in ALS.

Patients and methods

Clinical and neurophysiological data were acquired
prospectively from 52 consecutive ALS patients (mean age
57.5 £ 1.6). Patients were included in the study if they
were classified as suffering clinically probable or definite
ALS according to the Awaji-Shima criteria [10]. Clinically
detectable lower limb muscle involvement was not a pre-
requisite for inclusion. All patients provided written in-
formed consent and the study was approved by the South
East Sydney Area Health Service Human Research Ethics
Committee.

Clinical measures

Standardised clinical assessments were recorded for each
patient before neurophysiological evaluation. Motor func-
tional status was assessed using the revised ALS Functional
Rating Scale (ALSFRS-R) [11]. The region of clinical
onset and symptomatic body regions at the time of clinical
review were determined. Hand dominance was recorded.

Muscle strength was assessed using the standard Medi-
cal Research Council (MRC) rating scale [12]. Ankle
dorsiflexion and plantar flexion (tested with the knee
flexed) was graded for each patient.

Upper motor neuron (UMN) signs in the lower limb
were assessed using a score developed to assess clinical
UMN dysfunction in patients with ALS [13]. Knee and
ankle reflexes were individually scored on a two-point
scale with a score of one given for a hyperactive reflex
without spread or a preserved reflex in a wasted muscle,
and a score of two for a reflex with evidence of patho-
logical spread. A score of one point each was given for the
presence of the Babinski response and ankle clonus (>4
beats) for a maximal score of six per lower limb.

A lower limb was considered to be unaffected (1) if the
patient did not report specific symptoms related to lower
limb function, (2) if there were no points lost on lower limb
tasks of the ALSFRS-R (items 8 and 9), (3) if there were no
significant neurological abnormalities detected on lower
limb clinical examination and (4) if EMG studies of the
lower limb did not identify evidence of neurogenic motor
unit rearrangement, fibrillations or fasciculations. Con-
versely, a limb was defined as affected if any of these
criteria were met.

Neurophysiological studies

The ankle dorsiflexor (DF) compound muscle action po-
tential (CMAP) was elicited by stimulating the common
peroneal nerve at the fibular head and recording with the
active (G1) electrode placed one-third of the way along a
line joining the tibial tuberosity and the ankle joint, and
2 cm lateral to the anterior tibial crest, and the reference
electrode (G2) placed over the TA tendon at the ankle.
Ankle plantar flexor (PF) CMAP amplitudes were obtained
from the same limb after stimulation of the tibial nerve in
the popliteal fossa, recording from the active electrode
(G1) placed in the midline of the calf at a point immedi-
ately inferior to the distal margin of the gastrocnemius. The
reference electrode (G2) was placed over the Achilles
tendon at the ankle [14]. Stimulus intensity was increased
(up to 100 mA) with a pulse width of 1 ms so that supra-
maximal responses were obtained. The amplitude of the
resulting CMAP was recorded from baseline to negative
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peak, in accordance with standard conventions. In the case
of bipeaked dorsiflexor CMAPs, the amplitude was mea-
sured to the tallest peak. The split leg index (SLI) was
calculated using the following formula:

SLI = CMAPpg amplitude — CMAPpr amplitude.

Motor unit number estimation (MUNE) studies, were
performed on ankle dorsiflexor and plantar flexor muscles
using the electrode positions described above. MUNE was
performed on both lower limbs of ALS patients, and one
lower limb of control subjects. A software modification
supplied by Nicolet Biomedical (Madison, WI) was used to
collect stimulus—response curves, by automatically evoked
incremental stimuli commencing at the minimal intensity
necessary to elicit a single unit motor response and termi-
nating atintensity 10-20 % higher than the stimulus required
to elicit the maximal CMAP response [15]. Stimulation
frequency was 2 Hz. Stimulation duration was 0.2 ms for the
peroneal nerve and 1 ms for the tibial nerve. 500 stimuli were
delivered to patients and 1000 stimuli to control subjects.
CMAP amplitude measurements were automatically calcu-
lated from baseline to negative peak. To account for differ-
ences in CMAP morphology, CMAP area and duration were
measured from onset to baseline crossing. Bayesian MUNE
analysis was applied to the CMAP area stimulus—response
curves, as previously published [16, 17].

Needle EMG studies were performed on lower limb
muscles, including medial gastrocnemius and tibialis an-
terior, to identify neurogenic changes indicating disease
involvement.

These neurophysiological studies in ALS patients were
compared with values obtained from 22 age-matched
healthy controls (mean age 55.5 & 2.9 years).

Reliability of the test procedure

Separate studies to address test-retest reliability were
performed in five healthy control subjects to exclude var-
iation of CMAP amplitudes due to discrepancies in nerve
stimulation and electrode placement. Supramaximal
CMAP amplitudes were recorded as described above from
five separate sessions. Electrodes were removed in between
sessions, as were any marks. Reliability of the test proce-
dure was confirmed by calculating intraclass correlation
coefficients (ICCs) for both dorsiflexor CMAP amplitude
(CMAPpE ICC = 0.997) and plantar flexor CMAP ampli-
tude (CMAPpg ICC = 0.974).

Statistical analysis
All values were expressed as mean =+ standard error of the

mean (SEM). One-way ANOVA was performed to evalu-
ate differences between groups. Spearman p correlations
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were used to assess the relationship between variables. The
Bonferroni correction for multiple comparisons was ap-
plied to minimise the risk of chance findings.

Results

In the 52 ALS patients, disease onset was bulbar in 21 %,
upper limb in 47 %, and lower limb in 32 % (Table 1). The
mean disease duration from symptom onset was
23.5 £ 2.7 months (range 4-72 months). The mean
ALSFRS-R score was 41.0 & 0.6 suggesting a mild-to-
moderate degree of disability. There was no significant
difference in the ALSFRS-R scores between ALS patients
with lower limb dysfunction and those in whom lower limb
function was normal.

In the 52 patients, 73 % of lower limbs were classified
as affected, and 26 % as unaffected. In 2 patients one lower
limb was affected and one was unaffected. In affected
lower limbs, median MRC score was 4/5 for dorsiflexion
and 5/5 for plantar flexion. In affected limbs, dorsiflexion
strength was normal (5/5) in 26 % of limbs, and plantar
flexion strength was normal in 41 % of limbs.

In terms of clinically detectable weakness, dorsiflexion
and plantar flexion strength were graded as equal on the
MRC rating scale in 59 % of limbs, with normal strength
for both muscles in 51 % (Fig. 1). Ankle dorsiflexion was
weaker than plantar flexion in 31 % of limbs. In 46 % of
these limbs, there was normal plantar flexion strength.
Plantar flexion was weaker than dorsiflexion in 18 % of
limbs (14 % with normal dorsiflexion strength; Fisher ex-
act test, p = 0.27). The ratio of ankle dorsiflexion to ankle
plantar flexion MRC scores was 1.0 (range 0.5-2.0)
although it is noted that MRC scores are not linear and
ankle plantar flexors are 5-10 fold stronger than dorsi-
flexors [18]. Hence the strength of these muscle groups
may not be directly comparable. UMN signs were apparent
in 69 % of ALS lower limbs.

Neurophysiological characteristics

There was a significant reduction in the CMAP amplitudes
recorded from both the dorsiflexor (p < 0.001) and plantar
flexor muscles (p < 0.001) in the affected limbs of ALS
patients when compared to controls (Table 2; Fig. 2). The
CMAP amplitudes from the unaffected lower limbs in the
ALS group were not significantly different from control
values.

When the cohort was divided into region of onset, the
mean CMAPpr amplitude was lower in the bulbar and
lower limb-onset ALS cohorts when compared to controls
(Table 2), although the reduction was only significant for
the lower limb-onset group (p < 0.001). In addition, the
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Table 1 Clinical features of
ALS patients

All patients Early disease

(<12 months)

Later disease stages
(>12 months)

Disease onset
Bulbar
Upper limb
Lower limb
Disease duration (months)
ALSFRS-R
Affected lower limbs

With normal dorsiflexion strength
With normal plantar flexion strength
Median MRC score (affected limbs)

Plantar flexion
Dorsiflexion

MRC score comparison (affected limbs)

Dorsiflexion > plantar flexion
Dorsiflexion = plantar flexion

Dorsiflexion < plantar flexion

21 % 20 % 15 %

47 % 40 % 44 %

32 % 40 % 41 %

235 £ 2.7 92+ 04 325+04
41.0 £ 0.6 43.8 £ 0.6 38.7 £ 0.5
73 % 55 % 87 %

26 % 50 % 30 %

41 % 61 % 46 %

4/5 5/5 4/5

5/5 5/5 4/5

18 % 11 % 21 %

51 % 50 % 51 %

31 % 39 % 28 %

Fig. 1 Lower limb involvement in ALS. Disproportionate plantar
flexor muscle wasting (arrows) in a patient with lower limb-onset
ALS

CMAPpr amplitude was significantly reduced in the lower
limb-onset patients when compared with upper limb-onset
(p <0.001) and bulbar-onset ALS patients (p = 0.05).
CMAPpE amplitude was significantly reduced in the lower
limb-onset group when compared with control values
(p < 0.001), bulbar-onset (p = 0.002) and upper limb-on-
set (p < 0.001) groups.

There were significant correlations between the
CMAPpe amplitude and ankle plantar flexion strength
(r=20.71, p <0.001) and the CMAPpgr amplitude and
ankle dorsiflexion strength (r = 0.71, p < 0.001) con-
firming that the finding of reduced CMAP amplitude was
clinically relevant.

There was a significant increase in the mean SLI in the
ALS cohort when compared to controls (p = 0.001,
Table 2; Fig. 3), suggesting dissociated involvement of

lower limb muscles with greater reduction of CMAPpg
amplitude, which we termed the ‘split leg’ phenomenon.
This increase in SLI occurred in patients with affected
lower limbs. In contrast, the mean SLI in unaffected ALS
lower limbs was similar to control limbs, and significantly
lower when compared to affected ALS lower limbs
(Table 2; Fig. 3, p = 0.001). Further, the SLI was sig-
nificantly increased in limbs with plantar flexor weakness
(SLI = 1.44 £+ 0.22) compared with those patients without
plantar flexion weakness (SLI = 0.76 4+ 0.08; p < 0.001).
Patients with lower limb-onset disease had a higher SLI
than patients with disease onset in other regions, which was
significant when compared with the upper limb-onset group
(p < 0.01) and controls (p < 0.001).

Correlations between the SLI and clinical variables were
performed. The SLI correlated significantly with plantar
flexion strength (r = —0.53, p < 0.001) but not dorsiflex-
ion strength (r = —0.14, p = 0.53). There was no corre-
lation between the UMN scores from affected ALS limbs
and the SLI (Spearman’s p = —0.09).

MUNE studies were undertaken in the lower limbs in 10
ALS patients (mean age 61.5 £ 3.3 years) with each lower
limb classified as affected, and results were compared to
age-matched controls (mean age 56.3 + 5.3 years,
p = 0.44). All lower limbs studied with MUNE were
classified as affected. In ALS patients, there was a sig-
nificant reduction of MUNE in the dorsiflexor (p < 0.001)
and plantar flexor (p = 0.001) muscle groups (Fig. 4;
Table 2). The mean ratio of MUNEpg to MUNEpg was
increased in the ALS group (p = 0.03). When compared
with SLI values, in the 10 limbs with increased SLI values,
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Table 2 Neurophysiological parameters (mean £ SEM) in the control and ALS groups

CMAPpE (mV) CMAPpg (mV) SLI MUNEpRg MUNEpg MUNEpRg:MUNEpg
Control 48 £0.3 11.3 £ 0.7 0.43 £ 0.00 547 £ 13 63.0 £ 1.6 0.87 £+ 0.00
ALS—all limbs 39+03 6.7 £ 0.7%* 0.99 £ 0.19%* 32.2 £ 3.7k 29.0 £ 2.8%#** 1.15 £ 0.10%*
Affected limbs 3.14 £ 0.3** 3.9 + 0.4%** 1.21 £ 0.18%*
Unaffected limbs 6.0 £ 0.4 143 £ 1.1 0.46 £ 0.04
Bulbar-onset 48 £ 0.5 6.7 £ 1.2 1.06 + 0.17
Upper limb-onset 49 +03 9.7+ 1.0 0.67 + 0.09
Lower limb-onset 2.0 £ 0.4%** 2.4 £ 0.5%%%* 1.46 £ 0.25**
** p < 0.01, #* p < 0.001 (compared with control values)
* ¥k A Favors PF involvement
1 —~10 —
*kk > o
I 1 £
9 15 1 L :; 8 [] . o a
U x
E E: . . NS °
()] = L .
B 10+ % M Affected g—e ., . o ©, o 4 g
= — O Unaffected < =, K o 9
g' [ Control & " S xoon A g
< 51 = 4 " x - X wx XX Q 5
o o H *o % g
< ‘o- . w" " . g
= 1 e 3
O oA Q24" o ® Affected Limbs g
Plantar flexor  Dorsiflexor T O Unaffected Limbs VW
<} b %2 x Control Limbs
Fig. 2 Dorsiflexor and plantar flexor compound muscle action Qo 5 T Py 20

potential amplitudes. Mean compound muscle action potential
(CMAP) amplitudes recorded from dorsiflexor and plantar flexor
muscle groups in ALS patients (affected limbs black bars, unaffected
limbs light grey bars and control subjects white bars). * p < 0.05,
% p < 0.0001

MUNEpr:MUNEpg was always greater than 1, thus sup-
porting the notion of dissociated neuronal loss in the lower
limbs, with preferential involvement of motor neurons in-
nervating the plantar flexor muscles.

Subgroup analysis

The SLI was increased (defined as >control mean plus 2
standard deviations) in 49 % of all ALS lower limbs, in-
cluding 65 % of affected lower limbs and 9 % of unaf-
fected lower limbs. When the region of onset was
considered, the SLI was increased in 67 % of lower limbs
from patients with bulbar-onset disease, 33 % with UL-
onset and 61 % with LL-onset. In no patient did the SLI
fall below control values; i.e., in none was there greater
involvement of the CMAPpg than the CMAPpE, including
in those patients who appeared to have greater weakness of
ankle dorsiflexion than plantar flexion.

The ALS cohort was divided into patients with early
disease (<12 months, 37 % of the cohort) and later disease
(>12 months, 63 % of the cohort). The SLI was increased
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Fig. 3 The split leg index in ALS and control subjects. Relationship
between dorsiflexor and plantar flexor CMAP amplitudes in control
and ALS limbs (a). Box plot demonstrating the split leg index (SLI) in
control and patient groups (b). PF plantar flexor, DF dorsiflexor

in the shorter disease duration group relative to control
subjects (SLI = 0.72 4+ 0.09, p = 0.004). SLI was sig-
nificantly higher in the longer disease duration group
relative to the shorter duration group (SLI = 1.18 + 0.14,
p = 0.01). In the longer disease duration group, there was a
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Fig. 4 Motor unit number
estimates (MUNE) in ALS and
control subjects. Illustrative
examples of MUNE in a patient
with ALS (a). Estimated
dorsiflexor motor unit number
was 24, and plantar flexor motor
unit number was 15. This
compares with the SLI in this
patient which was 2.2. The
relationship between dorsiflexor
and plantar flexor MUNE values
in control and ALS patients is
demonstrated (b). ALS patients
black bars, control subjects
white bars. ** p = 0.001,

% p < 0.001
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commensurate increase in the proportion of lower limbs
with greater plantar flexion weakness than dorsiflexion
weakness, and fewer limbs with greater dorsiflexion
weakness (Table 1). These findings suggest that preferen-
tial loss of axons innervating plantar flexor muscles in-
creases with disease progression.

Further analysis identified that SLI values were similar
between the dominant and non-dominant sides (dominant
SLI = 0.94 + 0.14, non-dominant SLI = 1.05 £ 0.16). In
terms of side-to-side differences, 74 % of leg pairs
demonstrated similar SLI values between the right and left
side (43 % bilaterally increased, 31 % bilaterally normal).
In the remaining 26 % of leg pairs, SLI values were
asymmetric, with a normal SLI in one leg and increased
SLI in the other. Clinical weakness was asymmetric in
47 % of these patients.

Of those limbs with normal SLI, 48 % were from unaf-
fected limbs. In affected limbs with normal SLI, 20 %
demonstrated normal strength and CMAP amplitudes, and
the remainder demonstrated reduced CMAP amplitudes
(mean CMAPpg = 4.7 &+ 0.5 mV; mean CMAPpg = 2.1 &+
0.2 mV) and greater weakness of dorsiflexion (median MRC
score = 3) than plantar flexion (median MRC score = 4.5).
UMN signs were present in 76 % of affected limbs with a
normal SLI, (mean 2.0 out of 6 on the UMN score), versus
74 % of affected limbs with an increased SLI.

Discussion

The present study has identified dissociated involvement of
distal lower limb muscles in patients with ALS.
Specifically, a ‘split leg’ pattern has been established with
preferential reduction of motor neurons innervating the
plantar flexor muscles, as indicated by significant reduction
of motor amplitudes and motor unit numbers. Identification
of dissociated lower limb muscle involvement may suggest
disparities in lower limb muscle activation during physical
activity, differences in cortical modulation of corticomo-
toneurones innervating lower limb muscles, or variation in
descending motor control tracts such as reticulospinal
inputs.

Our finding of preferential involvement of soleus may at
first seems unexpected given that patients with ALS com-
monly report foot drop as a symptom [19], and foot drop
may be a prominent feature of corticospinal tract injury
[20]. However, dorsiflexion weakness tends to be more
obvious to patients than weakness of plantar flexion [21],
and this may be partly related to the anti-gravity nature of
ankle dorsiflexion. In addition, plantar flexion weakness
may be underestimated by clinicians, because of difficulties
in detecting plantar flexion strength with standard manual
muscle testing [22].
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Previous epidemiological studies have suggested a link
between vigorous exercise and the development of ALS
[23]. Lower limb activity in humans generally involves
tonic activation of the glutei, vasti and plantar flexor
muscles while standing [24] and alternating activation of
ankle dorsiflexors and plantar flexors during gait [25], but
with more prolonged activation of plantar flexors during
the gait cycle. As such, the relatively greater contribution
of soleus to walking and standing may further predispose
the axons supplying soleus to neurodegenerative processes.

Our findings may also be considered in light of the ALS
split hand phenomenon [26]. In the split hand there is
greater disease involvement of thenar muscles and first
dorsal interosseous, than of the hypothenar muscles [5].
The origin of the split hand pattern is debated with two
predominant hypotheses. A primary corticomotoneuronal
influence on the development of the ALS split hand [27] is
supported by transcranial magnetic stimulation studies,
which have suggested that the corticospinal input to the
thenar muscles is preferentially involved in ALS, and that
this preferential involvement relates to the density of cor-
ticospinal projections to thenar muscles [28]. However, in
humans, physical activity involving the thenar muscles is
greater than the hypothenar muscles and, conceivably, this
may result in greater oxidative stress in axons innervating
thenar muscles, resulting in preferential degeneration at a
spinal or peripheral level. A split hand pattern in normal
ageing [29], and differences in axonal excitability of nerves
innervating thenar and hypothenar muscles suggest differ-
ential susceptibility to degeneration [30].

In the present study, there was greater involvement of
ankle plantar flexor than dorsiflexor muscles, which receive
greater direct corticospinal excitation [6]. Data in macaque
models have suggested more inhibitory cortical modulation
of plantar flexors compared with more excitatory modulation
of TA [31]. Human data on the cortical control of plantar
flexor and dorsiflexor motoneurone pools is more limited,
largely based on the monosynaptic excitation produced by
rapidly conducting axons excited by transcranial stimulation
(which comprise <5 % of corticospinal axons). Facilitatory
influences on TA are consistently identified [6, 32], while the
cortical effects on plantar flexor motoneurons may be de-
pendent on posture [33]. Thus a discrepancy between the
density and nature of the cortical motoneuronal projections to
plantar flexor and dorsiflexor muscles may be an additional
contribution to the pathogenesis of the split leg pattern.
However, the absence of a correlation between the SLI and
clinical UMN signs may suggest independence of LMN and
UMN pathology.

Discrepancies in the nature of cortical modulation are
evident with other muscle pairs in ALS. There is lesser
clinical involvement of flexor pollicis longus (FPL) than
APB in ALS [34], and transcranial magnetic stimulation
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studies have identified greater cortical inhibition of APB than
FPL motor output in healthy subjects [35], and relatively
greater reduction of cortical inhibition in APB than FPL in
ALS [36]. This is similar to the findings in hand muscles, with
greater cortical inhibitory modulation of APB and FDI in
healthy subjects [37], and greater reduction of cortical in-
hibitory modulation of APB and FDI in ALS [38]. As such,
the nature of cortical modulation of individual muscle output,
rather than the extent of direct corticospinal tract drive may be
more relevant in ALS pathogenesis, with loss of the normal
inhibitory cortical influence associated with greater muscle
involvement. This hypothesis links with studies highlighting
the pathogenic contribution of altered inhibitory interneu-
ronal function in ALS [39].

Finally, descending internuncial connexions in the
spinal cord may also contribute to the phenomenon [40].
There is evidence of dysfunction of segmental motoneu-
rones projecting to soleus, related to the extent of UMN
dysfunction, suggesting modulation of segmental mo-
toneuronal function by descending inputs [13]. Following
UMN injury, the lower limb is typically held in extension
with predominant plantar flexion at the ankle, with this
phenomenon mediated by damage to descending fibres
originating in the pons [41]. These descending pathways
include the reticulospinal tract, which projects pre-
dominantly onto extensor muscles in the lower limb [42].
Of interest, there are also substantial excitatory reticu-
lospinal projections to intrinsic hand muscles, which are
markedly augmented following injury to the corticospinal
tract [43]. Dysequilibrium of excitatory inputs onto specific
muscles following corticomotoneuronal injury may be an
additional consideration to explain the patterns of muscle
involvement seen in ALS.
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