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Abstract 

Background  Amyotrophic lateral sclerosis (ALS) is a degenerative disease that affects the upper and lower motor 
neurons. The onset of the disease is frequently focal, usually involving the distal segments of the extremities. A dissoci‑
ated pattern of muscle atrophy is commonly found in the hands and feet. This study aims to investigate the presence 
(if any) of split indices in ALS patients and to correlate these indices with confounding factors. A total of 48 people 
were studied. The control group consists of 24 ALS patients and another 24 age- and gender-matched patients. To 
assess functional status and muscle strength, the ALS functional rating scale (ALSFRS) and the Medical Research 
Council (MRC) were used, respectively. Sensory and motor nerve conduction, as well as compound muscle action 
potential (CMAP) amplitude, were recorded from the muscles of the upper and lower limbs. The electromyographic 
(EMG) activity of 20 motor unit action potentials (MUAPs) from four different areas was also studied.

Results  Distal CMAP amplitude was reduced in all tested muscles (especially noticed when comparing the reciprocal 
muscles). In ALS patients, the split foot index (SFI) is significantly higher, while the split elbow index (SEI) is significantly 
lower. The split foot index (SFI) was found to be negatively related to disease duration, but positively related to ALSFRS 
scores. The CMAP amplitude was found to be positively related to the MRC score.

Conclusion  Ankle dorsiflexion muscles are more involved (dissociated) than plantar flexor muscles, and elbow flexors 
are more involved than extensors. SFI correlates significantly with disease duration and ALSFRS scores.
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Background
Amyotrophic lateral sclerosis (ALS) is a progressive 
neurological disease that causes muscle weakness and 
paralysis. As a result of the disease, upper and lower 
motor neurons degenerate. In limb-onset ALS patients, 
atrophied muscles and weakness are frequently focal [1]. 
Early upper motor neuron abnormalities in ALS are mys-
terious and difficult to identify [2], but they are critical 
for early prognosis and enrollment in healing treatment 
trials [3].

Split phenotypes are probably unique to ALS and are 
distinguished by a shared peripheral input of affected and 
unaffected muscles. This points to a rostral origin for the 
spinal cord, most likely within the cerebral cortex. As a 
result, split phenotypes may indicate ALS upper motor 
neuron disease [4].

Several split phenotypes have been described, includ-
ing the split hand, which prefers thenar weakness/wast-
ing over hypothenar weakness/wasting [5], and the split 
hand plus, which has selective flexor pollicis longus 
weakness/wasting [6]. Patients who have upper motor 
neuron involvement may develop a pyramidal pattern 
of weakness affecting the upper limb flexor muscles [7]. 
According to recent research, the biceps brachii (BB) 
muscle in the upper limbs is invariably weaker than the 
triceps muscle [8–10]. A larger study has confirmed the 
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presence of the split elbow phenomenon, albeit contra-
dicting findings have been reported [11, 12].

Lower limb split syndromes (split leg and foot) have 
received a lot of attention. While some studies [13, 14] 
emphasize plantar-flexion weakness/wasting over dorsi-
flexion, others have found the opposite [15, 16].

Our study’s goal was to see if ALS patients had any split 
indices (foot, leg, and elbow). These indices should be 
correlated with confounding factors (gender, age, loca-
tion of symptom onset, and disease duration), as well 
as the ALS Functional Rating Scale (ALSFRS) and MRC 
scores as clinical tests for muscle power. The ampli-
tude of compound muscular action potentials (CMAPs) 
recorded from dorsi and planti-flexor leg muscles, as well 
as elbow flexors and extensors, and their relationship to 
the various spilt indicators, are investigated.

Methods
From September 2020 to December 2021, a case–control 
study was conducted in the department of neurology and 
neurophysiology at Baghdad Teaching Hospital. The Iraqi 
Board for Medical Specialization approved the study 
(Decision No. 291; Date 21/1/2021). All participants gave 
their informed consent.

This study enrolled a total of 48 people. According to 
the revised El Escorial criteria, 24 of them were diagnosed 
with ALS by a senior neurologist. They were 16 men and 
8 women, with an average age of 56.25 ± 7.72 years. Out 
of the total 24 patients, 5 were chronic cases and the rest 
19 were newly diagnosed. The control group consists of 
another 24 participants, 14 males and 10 females with a 
mean age of 55.17 ± 6.76 years. Patients with cervical or 
lumbosacral root lesions, or those with peripheral neu-
ropathy, diabetes mellitus, alcoholism, or carpal tunnel 
syndrome, were excluded from the study.

A clinical and neurological examination was performed 
to determine the duration and location of disease onset, 
whether it began in the upper limb, lower limb, or bul-
bar region. The Awaji-Shima consensus group’s revised El 
Escorial criteria were used to categorize the patients as 
having definite, possible, or probable ALS. Upper motor 
neuron signs in the upper limbs included increased mus-
cle tone, clonus, increased tendon reflexes, and positive 
Hoffman signs.

The revised ALSFRS, which has 12 items with 5 scores 
ranging from 0 to 4, was used to assess patients’ func-
tional status over time [17]. The strength of key muscles 
in the upper and lower extremities was graded on a 0 to 
5 scale using the Medical Research Council (MRC) scale 
against the examiner’s resistance [18].

The Nihon Kohden (Japan) EMG machine was used for 
neurophysiologic testing. During the test procedures, the 
room temperature was kept between (25–28 °C) and the 

skin temperature was kept between (32–34  °C) using a 
skin thermometer.

The tibial and fibular nerves’ motor nerve conduction 
and the median, ulnar, and sural nerves’ sensory nerve 
conduction were studied using standard methods [19]. 
The musculocutaneous/radial CMAP amplitude ratio 
measured in the BB and triceps muscles, the tibialis 
anterior (TA) and gastrocnemius (GC) muscles, and the 
peroneal/tibial CMAP amplitude ratio measured in the 
extensor digitorum brevis (EDB) and abductor hallucis 
(AH) muscles, respectively.

The following were the electrophysiological settings: 
For motor studies, the band-pass filter was set to 10 Hz 
to 10 kHz, the sweep speed was set to 5 ms/division, and 
the sensitivity for recording CMAP responses was set 
to 5 mV. For sensory studies, the frequency-filter ranges 
from 20 Hz to 2 kHz, the sweep speed is 2 ms per divi-
sion, and the sensitivity is 20 V per division.

Concentric needle EMG electrodes were used to study 
the EMG activity of cranio-bulbar, cervical, thoracic, and 
lumbosacral muscles, and 20 MUAPs were analyzed for 
duration and amplitude during rest, minimal, and maxi-
mal volitional effort. The following was the setup used in 
this test: Gain of 200 mV/cm, sweep speed of 20 ms/cm, 
and band-pass filter frequency range of 20 Hz to 10 kHz.

Statistical analysis
For statistical analysis, Microsoft Excel 2016 and SPSS 
(statistical package for social sciences) version 25 were 
used. Continuous data were presented as mean standard 
deviation, and the unpaired student t-test was used to 
compare the means of study groups. Receiver operating 
characteristic (ROC) curve of SFI, SLI, and SEI used to 
discriminate between patients with ALS and healthy sub-
jects. A p value of less than 0.05 was deemed significant.

Results
The demographic and clinical data of the study popula-
tion are shown in Table  1. The two groups had com-
parable age at examination and gender ratios with 
no significant difference (p = 0.738 and p = 0.551, 
respectively).

When ALS patients were compared to the control 
group, the distal CMAP amplitude recorded from all 
muscles tested was significantly lower (Table  2). When 
comparing the reciprocal muscles, Table  3 reveals sig-
nificantly lower distal CMAP amplitude from EDB com-
pared to AH (p < 0.001), TA compared to GC (p < 0.001), 
and BB compared to triceps (p = 0.017).

Neurophysiological indices were collected from 48 
limbs in both the control and patient groups. The median 
split foot index (SFI) of ALS patients is 0.27, which is 
significantly lower than the control group’s SFI of 0.31 
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(p = 0.013). Similarly, the median split elbow index (SEI) 
of ALS patients is 0.75, which is significantly lower than 
the control group’s 1.02 (p < 0.001). On the contrary, the 
split leg index (SLI) did not differ significantly between 
the two groups as indicated in Table 4.

The three indices were not associated with either gen-
der or location of symptom onset (Tables 5). The poten-
tial relationships between the three indices and clinical 
variables were investigated. The SLI and SEI were not 
related to age at examination, disease duration, or ALS-
FRS scores. SFI, on the other hand, showed a significant 
negative correlation with disease duration (r = − 0.311; 
p = 0.031) and a significant positive correlation with 
ALSFRS scores (r = 0.351; p = 0.014), but no correla-
tion with age at examination. Furthermore, as shown in 
Fig. 1, the SFI was positively correlated with the MRC 
scale score for planter flexion and extension (r = 0.377; 
p = 0.008 and r = 0.413; p = 0.004, respectively).

The TA muscle’s CMAP amplitude was positively 
correlated with its MRC score (r = 0.573; p < 0.001). 
Furthermore, the CMAP amplitude recorded from the 
GC muscle correlates with its MRC score (r = 0.667; 
p < 0.001). Similarly, the BB muscle’s CMAP amplitude 
correlated positively with its MRC score (r = 0.326; 
p = 0.024).

Table 1  Demographic data of the study population (t test)

ALS amyotrophic lateral sclerosis, UL upper limb, LL lower limb, MRC medical 
research council, ALSFRS-R ALS functional rating scale-revised

Characteristics Patients
n = 24

Controls
n = 24

p-value

Age (years)

 Mean ± SD
 Range

56.25 ± 7.72
(45–75)

55.17 ± 6.76
(40–73)

0.738

Gender (male:female) 16:8 14:10 0.551

Disease duration (months)
Median, range

19.92 ± 11.76
10.5 (3–48)

Symptom onset

 UL:LL:bulbar 11:9:4

El-Escorial criteria

 Definite:probable:possible 11:13:0

Total MRC scale

 Planter flexors 3.58 ± 1.3

 Planter extensors 2.42 ± 1.42

 Elbow flexors 3.23 ± 0.88

 Elbow extensors 3.77 ± 1.06

 ALSFRS-R 26.17 ± 6.59
(12–33)

Table 2  The muscle CMAP amplitude in patients with ALS and 
controls

CMAP amplitude (mV) Patients
n = 48

Controls
n = 48

p-value

Extensor digitorum brevis
Abductor hallucis
Tibialis anterior
Gastrocnemius
Biceps brachii
Triceps

1.20 ± 1.71
7.53 ± 5.83
3.69 ± 2.39
7.48 ± 4.73
4.80 ± 2.52
6.22 ± 3.19

4.17 ± 1.29
11.8 ± 3.08
4.93 ± 1.55
11.52 ± 3.14
7.02 ± 2.21
7.33 ± 2.09

 < 0.001
 < 0.001
 = 0.003
 < 0.001
 < 0.001
 = 0.04

Table 3  The CMAP amplitude recorded from reciprocal muscles 
in patients with ALS

Reciprocal muscle distal CMAP 
amplitude (mV)

p-value

Extensor digitorum brevis
Abductor hallucis

1.20 ± 1.71
7.53 ± 5.83

 < 0.001

Tibialis anterior
Gastrocnemius

3.69 ± 2.39
7.48 ± 4.73

 < 0.001

Biceps brachii
Triceps

4.80 ± 2.52
6.22 ± 3.19

 = 0.017

Table 4  Neurophysiological indices in patients and controls 
(Mann–Whitney test)

Variable Limbs p-value

Patients
n = 48

Controls
n = 48

Split foot index

 Median 0.27 0.31  = 0.013

 Range 0.0–3.58 0.0–0.8

Spilt leg index

 Median 0.48 0.37 0.126

 Range 0–1.92 0.17–0.92

Split elbow index

 Median
 Range

0.75
0.29–2.28

1.02
0.45–1.73

 < 0.001

Table 5  Association of gender and region of symptom onset 
with neurophysiological indices in ALS patients

The data are presented as median and range

Mann–Whitney test was used for the effect of gender

Kruskal–Wallis test was used for the effect of region of symptom onset

Variable Split foot index Split leg index Split elbow 
index

Males (n = 32)
Females (n = 16)

0.25 (0.0–1.15)
0.32 (0.0–3.58)

0.46 (0.15–1.92)
0.53 (0.0–1.62)

0.75 (0.29–1.18)
0.84 (0.51–2.28)

P-value 0.364 0.358 0.162

ULs (n = 11)
LLs (n = 9)
Bulbar (n = 4)

0.33 (0.1–2.1)
0.17 (0.0–3.58) 
0.18 (0.0–0.6)

0.51 (0.23–1.62) 
0.43 (0.0–1.92)
0.45 (0.32–0.75)

0.79 (0.29–1.06)
0.68 (0.38–2.28)
0.81 (0.67–1.7)

p-value 0.129 0.415 0.354
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Furthermore, as shown in Fig. 2, the CMAP amplitude 
recorded from the triceps muscle had a significant posi-
tive correlation with its MRC score (r = 0.404; p = 0.004).

The ROC curve of SFI, SLI, and SEI was used in the 
context of discrimination between patients with ALS and 
healthy subjects. The area under the curve (AUC) for SFI 
was 0.645, 95%CI = 0.530–0.759, p = 0.015. The sensitivity 
and specificity of the test was 60% and 60%, respectively. 
The best cut-off value of SFI was 0.31. The AUC for SLI 
was 0.426, 95%CI = 0.307–0.544, p = 0.209. The sensitivity 
and specificity of the test was 40% and 60%, respectively. 
The best cut-off value of SLI was 0.44. The AUC for SEI 
was 0.732, 95%CI = 0.630–0.834, p ≤ 0.001. The sensitiv-
ity and specificity of the test was 73% and 60%, respec-
tively. The best cut-off value of SEI was 0.83, as indicated 
in Fig. 3.

Discussion
Split leg and foot sign is reduced in sufferers with ALS, 
and the degree of EDB and TA involvement became extra 
extreme than that of AH and GC muscle tissues involve-
ment. This pattern of dissociated involvement is regular 
with the findings that patients with ALS had drastically 
weaker dorsiflexion than plantar flexion. These findings 

have been also consistent with the commentary that suf-
ferers with ALS generally exhibit foot drop [14].

However, the current study’s findings contradict those 
of Simon and colleagues [15]. The plantar flexors (soleus 
innervated by the tibial nerve) were found to be more 
involved in the ALS split-leg pattern than the dorsiflexors 
(TA innervated by the peroneal nerve).

Our research demonstrated split leg in two versions 
(leg and foot) with reduced SFI but not SLI in ALS 
patients versus controls. Despite the fact that studies on 
this topic are scarce, they generally yield contradictory 
results to this study [13–16].

The pathophysiological mechanism that causes more 
extensive EDB involvement than AH involvement in ALS 
is unknown. Recent research suggests that ALS has a 
cortical origin [20] and that corticomotoneuronal (CM) 
hyperexcitability is a key pathophysiological mechanism 
of the disease. This backs up Ludolph and colleagues’ 
[11] recent observation that muscles with a stronger CM 
influence, such as dorsiflexion of the foot, are preferen-
tially affected in ALS. Anterograde glutamate-induced 
excitotoxicity caused by CM hyperexcitability may result 
in spinal anterior horn cell degeneration [21, 22].

Jankowska et al. [23] discovered in nonhuman primates 
that the mean amplitude of monosynaptic excitatory 

Fig. 1  Correlation between SFI and disease duration (upper right), ALSFRS score (upper left), MRC score for planter dorsiflexion (lower right), and 
MRC score for plantar flexion (lower left) in patients with ALS
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postsynaptic potentials of gastrocnemius–soleus moto-
neurons was roughly half that of deep peroneal moto-
neurons, including those of the TA and EDB. This 
finding implies that the corticospinal projections to 

peroneal motoneurons were stronger than those to tibial 
motoneurons.

In men, the population of cortical neurons projecting 
to TA and EDB motoneurons was more easily stimulated 
by magnetic stimulation than the population projecting 
to soleus motoneurons. This finding implies that cor-
ticospinal projection densities to the TA and EDB were 
greater than those to the soleus [24, 25]. Overall, it was 
hypothesized that differences in corticospinal projection 
density contribute to the differential involvement of the 
EDB and AH in ALS.

Previous research has found fewer functional moto-
neurons innervating the EDB [26] and faster lower motor 
neuron degeneration in the EDB [27] in ALS, which 
may be related to the differential lower limb muscle 
involvement.

Furthermore, a functional magnetic resonance imag-
ing study found that, when compared to plantar flexion, 
ankle dorsiflexion recruits significantly more of the con-
tralateral primary motor area and supplementary motor 
area [28].

Furthermore, spinal motoneurons for ankle dorsiflex-
ors, like wrist extensors, have much stronger CM con-
nections than motoneurons for ankle plantar flexion 
[29]. Furthermore, when walking on a treadmill, studies 

Fig. 2  Correlation between CMAP amplitude recorded from gastrocnemius with MRC score for plantar flexion (upper right), tibialis anterior for 
dorsiflexion (upper left), triceps for elbow extension (lower right), and biceps brachii for elbow flexion (lower left) in patients with ALS

Fig. 3  Receiver operating characteristic curve of SFI, SLI, and SEI in 
the context of discrimination between patients with ALS and healthy 
subjects
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in normal subjects using transcranial magnetic stimula-
tion show that the TA muscle receives more CM input 
than the GC [30].

Similarly, for the split elbow sign and index, the BB’s 
CMAP amplitude was lower than the triceps’, and the 
degree of BB involvement was greater than the degree 
of triceps involvement. This pattern of dissociated 
involvement is consistent with the discovery that ALS 
patients had significantly weaker elbow flexion than 
elbow extension [31].

Several studies found conflicting evidence of the 
split elbow sign in ALS patients. According to Khalaf 
and colleagues [8] and Thakore and colleagues [10], the 
split elbow sign is a feature of ALS, clinically charac-
terized by preferential weakness of the BB muscle over 
the triceps. Furthermore, MRC scores determined 
from the BB were significantly lower than triceps MRC 
scores, and the frequency of preferential BB weakness 
was significantly higher than triceps muscle weakness. 
Another study found that ALS patients had a higher 
proclivity for elbow flexion weakness when compared 
to elbow extensor weakness [11]. The split elbow sign, 
on the other hand, was not reported to be a clinical fea-
ture in an ALS cohort from Asia [12].

In terms of the mechanism underlying the split elbow 
phenomenon, CM excitation occurs mono-synaptically 
to the upper arm BB and triceps, but the connections to 
the BB are much stronger. The triceps receives a greater 
proportion of non-CM polysynaptic connections [32, 
33]. This distinction explains the split elbow, in which 
the BB has preferential weakness when compared to the 
triceps [8, 9].

The mechanisms underlying the development of 
the split elbow phenomenon are still unknown at the 
pathophysiological level, though a cortical mechanism 
has previously been proposed [8, 9, 11]. The "dying 
forward hypothesis" was proposed as a possible patho-
genic mechanism in ALS, in which CM hyperexcitabil-
ity was thought to mediate neurodegeneration via an 
anterograde glutaminergic mechanism [34].

Cortical hyperexcitability has been identified as an 
early and intrinsic feature of ALS [35, 36], correlating 
with motor neurodegeneration [35] and disease pro-
gression patterns [37], and underpinning the develop-
ment of the split hand phenomenon [38].

Electrophysiological studies in nonhuman primates 
have established strong CM projection to the BB mus-
cle, which is relevant to the split elbow phenomenon 
[39]. Transcranial magnetic stimulation studies in 
humans have revealed that the BB muscle has a higher 
density of CM inputs than the triceps muscle [40]. 
Given the BB muscle’s greater cortical representation, 

the possibility of cortical hyperexcitability underly-
ing the development of the split elbow sign in ALS is 
appealing.

Peripheral mechanisms for the development of the 
split elbow sign, on the other hand, are not ruled out. 
Axonal hyperexcitability caused by increased persis-
tent Na + conductance has been proposed as a potential 
pathogenic mechanism for the split hand sign in ALS 
[41]. Furthermore, increased physiological dysfunction 
at the neuromuscular junction and specific metabolic 
abnormalities at the spinal motor neuron level have 
been proposed as potential mechanisms for the devel-
opment of the split hand sign in ALS.

Ludolph and colleagues [11] assessed MRC strength 
in upper and lower limb muscle pairs, one of which is 
known to receive a stronger CM drive, in a large cohort 
of ALS patients. The findings revealed a typical pat-
tern of paresis, with the muscle with the strongest CM 
input, for example more monosynaptic connections, 
being weaker (lower MRC score).

Thumb abductors were therefore weaker than elbow 
extensors, hand extensors were weaker than hand flex-
ors, elbow flexors were weaker than elbow extensors, 
knee flexors were weaker than extensors, and plantar 
extensors were weaker than plantar flexors. Preliminary 
data also show that for the upper limb, muscles with 
stronger CM connectivity become weaker before other 
muscles, regardless of onset [10].

Finally, this preferential weakness could reflect cere-
bral somatotopic muscle representation, which is larger 
for the BB and EDB muscles. The SEI and SFI would 
then could reflect a more vulnerability in correlation to 
the size of the cortical map, supporting a wider concept 
of a corticofugal mode of neurodegeneration in ALS 
[25, 34].

The SFI is the lonely index which has a significant 
relationship with disease duration, ALSFRS-R, and 
MRC score for plantar flexion and dorsiflexion. Other 
researchers, on the other hand, discovered no link 
between SFI and disease duration or ALSFRS-R score 
[13, 14].

In this study, the CMAP was found to be significantly 
correlated with the MRC scale. Onesti and colleagues 
also noticed this [44]. Because the MRC scale meas-
ures muscle strength, MUAP dropout results in lower 
MUAP recruitment [45]. Because fewer anterior horn 
cells are available to be activated as effort increases, 
the recruitment frequency (the rate of discharge of 
one motor unit when an additional motor unit begins 
to discharge) increases in ALS. The number of motor 
units firing at any given firing rate is reduced when 
recruitment is reduced (low MRC scale) due to the loss 
of anterior horn cells [45].
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Conclusion
According to our findings, the ankle dorsiflexion mus-
cle was more involved (dissociated) than the plantar 
flexor muscle, and the elbow flexors were more involved 
than the extensors. In ALS patients, total MRC scale 
scores, ALSFRS scores, and CMAP amplitude were all 
reduced. The SEI, SFI, and SLI were unrelated to gen-
der or location of symptom onset. The SLI and SEI were 
not related to age at examination, disease duration, or 
ALSFRS scores. SFI, on the other hand, demonstrated 
a significant negative and positive correlation with dis-
ease duration and ALSFRS scores, respectively.

One limitation of our study is the small sample size, 
which could explain the negative statistical results. The 
study recommends using SFI at the early stages of the 
disease process because it reaches its peak level earlier 
as the disease progress. The authors hope that the split 
phenomenon will prompt non-neuromuscular neu-
rologists to exercise caution when examining a patient 
with focal weakness and atrophy of the lower or upper 
extremities.
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