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The split-hand phenomenon is an early and specific feature of amyotrophic lateral sclerosis (ALS). This 
study aimed to investigate whether the split-hand phenomenon in ALS is associated with the white 
matter degeneration of the brain. Patients diagnosed with clinically definite or probable ALS were 
prospectively recruited and underwent both nerve conduction studies to assess the split-hand index 
(SHI) and brain diffusion tensor imaging (DTI). Demographic, clinical, and electrophysiological data 
were all collected. A total of 35 patients with ALS (18 male; median age, 66.0 years) were enrolled in 
this study. The axial diffusivity (AD) and mode of anisotropy (MO) values of DTI in the corticospinal 
tract (CST) positively correlated with the SHI. However, there were no significant correlations between 
the SHI and the fraction anisotropy (FA), mean diffusivity (MD), and radial diffusivity (RD) scalars. In 
addition, patients having ALS with bilateral split-hand phenomenon showed reduced AD values in 
the left CST and reduced MO values in the bilateral CST compared with those without the split-hand 
phenomenon. However, there were no significant differences in FA, MD, and RD scalars. Our findings 
suggest that the split-hand phenomenon is associated with degenerative brain changes, particularly in 
the CST.
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The split-hand phenomenon, observed in patients with amyotrophic lateral sclerosis (ALS), is characterized by 
a dissociative hand muscle atrophy pattern, predominantly affecting the muscles on the lateral side of the hand 
(thenar & the first dorsal interosseous muscles), while the muscles on the medial side (hypothenar muscles) are 
relatively preserved1. This phenomenon is recognized as an early and specific clinical feature, and is considered a 
potential diagnostic biomarker of ALS2. Menon et al. previously proposed the split-hand index (SHI), calculated 
by multiplying the compound muscle action potential (CMAP) amplitude of the abductor pollicis brevis (APB) 
muscle by that of the first dorsal interosseous (FDI) muscle, and dividing by the CMAP amplitude of the abductor 
digiti minimi (ADM) muscle3. Furthermore, several previous studies using the motor unit number estimate, 
motor unit number index, and muscle ultrasound, have demonstrated that SHI could be a potential diagnostic 
biomarker of ALS4–6. Indeed, one recent meta-analysis pooling the results of 17 studies with a total of 1,635 
patients with ALS reported that an SHI value of < 7.4 has potential as a diagnostic biomarker for distinguishing 
early-stage ALS from normal controls, with a 75.3% sensitivity and 75.4% specificity7. These findings suggest 
that the split-hand phenomenon could be a distinctive feature of ALS, as well as a useful diagnostic biomarker 
for ALS.

Despite its prominence as a diagnostic biomarker for ALS, the pathophysiology of the split-hand 
phenomenon is not fully understood. Several pathophysiological hypotheses have been proposed, including 
cortical dysfunction, spinal motoneuron dysfunction, peripheral nerve excitability, and neuromuscular junction 
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dysfunction1. Dissociative atrophic changes between the lateral and medial hand muscles are also observed, 
and cannot be fully explained by lower motor neuron lesions, as the lateral hand muscles (APB and FDI) and 
the medial hand muscle (ADM) are innervated by the same myotome (C8, T1 level). Additionally, the FDI and 
ADM are innervated by the same peripheral nerve (ulnar nerve). Therefore, it is difficult to explain solely in 
anatomical aspects. it can be inferred that the pathophysiology of the split-hand phenomenon is more likely 
associated with upper motor neuron dysfunction than with lower motor neuron dysfunction. Previous studies 
using electrophysiological tools have further reported that the corticomotoneuronal projections to the lateral 
hand muscles are more affected in ALS than those to the medial hand muscle8,9. These findings indicate that 
dysfunction of the corticomotoneuronal pathway may be the primary pathophysiology underlying the split-
hand phenomenon.

Recent studies using advanced magnetic resonance imaging (MRI) techniques, particularly diffusion 
tensor imaging (DTI)-derived metrics of the integrity of white matter tracts, have demonstrated widespread 
degenerative changes in both motor and nonmotor areas of the brain in ALS. One meta-analysis study pooling 57 
studies with 2,064 patients with ALS revealed the white matter degenerative changes in ALS10. This meta-analysis 
demonstrated that the most frequent alterations were observed along the corticospinal tract, followed by notable 
changes in the corticorubral and corticopontine tract. In addition, our previous study also revealed extensive 
brain white matter degenerative change in patients with ALS compared to healthy controls, affecting not only 
the corticospinal tract but also extra-motor regions11. Based on these findings, we speculate that degenerative 
change in the brain detected by DTI, particularly in the corticospinal tract (CST), could be associated with 
the split-hand phenomenon. This is further supported by experimental evidence indicating a direct link 
between dexterity and integrity of the CST, as shown by the selective loss of precision grip following brainstem 
pyramidectomy12. Evidence for an association between impaired CST integrity and the split-hand phenomenon 
is lacking, but would address an important knowledge gap in the pathophysiology of ALS, potentially offering a 
pathomechanistic explanation for the association between dissociative hand muscle atrophy in ALS. Therefore, 
the present study aimed to investigate whether the split-hand phenomenon is related to impaired integrity of 
the white matter tracts in the brain using DTI. To this end, in the present study, we applied tract-based spatial 
statistics to characterize the association between the integrity of the CST and other major brain white matter 
tracts and the severity of neurophysiological markers of the split-hand sign, as well as the differential pattern of 
the brain white matter between patients with ALS with and without the split-hand phenomenon.

Results
Clinical characteristics of study subjects
A total of 36 patients with ALS were recruited for this study. Among them, one patient with bilateral diffuse hand 
muscle atrophy was excluded. Finally, 35 patients (18 male; median age: 66.0 years) were enrolled (Fig. 1). A 
total of 35 patients with ALS (70 hands in total) were included in this study. Among them, 11 patients exhibited 
no split-hand phenomenon in either hand, while 24 patients showed a split-hand phenomenon in one or both 
hands. Among the 11 ALS patients without the split-hand phenomenon, four had atrophic changes in the 
ADM muscle (CMAP amplitude < 5 mV). Of these four patients, one had bilateral ADM muscle atrophy, while 
the other three had unilateral atrophy. Therefore, out of 70 hands, five had a reduced CMAP amplitude in the 
ADM muscle (< 5 mV). The median disease duration was 15.9 months, while the median ALSFRS-R score and 
ΔALSFRS-R were 39.0 and 0.59, respectively. Demographic and clinical data are summarized in Table 1. The 
lower SHICMAP between both hands was defined as the representative value of SHICMAP of each patient. The 
median representative value of the SHICMAP was 1.74 (IQR, 0.30–4.42).

Correlation between SHICMAP and clinical data
The representative value of the SHICMAP were negatively correlated with age at the time of the study (r=–0.390, 
p = 0.019), as well as the age at disease onset (r=–0.390, p = 0.022). The representative value of SHICMAP was 
not significantly correlated with disease duration (r=–0.059, p = 0.738), ALSFRS-R (r = 0.110, p = 0.539), or 
ΔALSFRS-R (r=–0.290, p = 0.100). However, the representative value of SHICMAP was positively correlation with 
the ALSFRS-R upper limb subscale score (r = 0.370, p = 0.033). In addition, there were no correlations between 
SHICMAP and the other ALSFRS-R subscale scores.

Analysis 1: correlation between electrophysiological data and DTI scalars
In the voxel-wise correlation analysis of brain white matter tracts, SHICMAP was found to be positively correlated 
with AD values in both the ipsilateral and contralateral sides of the posterior limb of internal capsule (PLIC), 
cerebral peduncle (CP), anterior limb of internal capsule (ALIC), the body of corpus callosum (BCC), external 
capsule, anterior corona radiata (ACR), superior corona radiata (SCR), and middle cerebellar peduncle (MCbP; 
pFWE−corrected<0.05; Fig.  2). In addition, SHICMAP positively correlated with MO values in the ipsilateral and 
contralateral sides of the PLIC and CP and the ipsilateral superior cerebellar peduncle (SCbP; pFWE−corrected<0.05; 
Fig. 2). However, there were no statistically significant differences between SHICMAP and FA, MD, and RD scalars. 
The CMAP amplitude of the APB was positively correlated with the AD and MO values in the ipsilateral and 
contralateral sides of the PLIC and the MO value in the SCbP (pFWE−corrected<0.05; Fig. 2). The CMAP amplitude 
of the FDI was positively correlated with the FA, AD, and MO values on the ipsilateral and contralateral sides 
of the PLIC and the AD and MO values on the ipsilateral and contralateral sides of the CP (pFWE−corrected<0.05; 
Fig. 2). In addition, the CMAP amplitude of the FDI was positively correlated with the AD value on the ipsilateral 
and contralateral sides of the MCbP, ACR, SCR, BCC, and MO values on the ipsilateral and contralateral sides of 
the SCbP and SCR (pFWE−corrected<0.05; Fig. 2). The CMAP amplitude of the ADM was positively correlated with 
the AD value on the ipsilateral and contralateral sides of the PLIC and the ipsilateral SCR and the MO value on 
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the contralateral side of the PLIC (pFWE−corrected<0.05; Fig. 2). There were no statistically significant differences 
between the CMAP amplitudes of each hand muscle and the MD or RD scalars.

Analysis 2: group comparison of the DTI scalars between hands with and without the split-
hand phenomenon
A total of 70 hands were assessed for the split-hand phenomenon, of which 43 hands tested positive, and 27 
tested negative. Of the 27 hands without the split-hand phenomenon, one had predominant atrophy in the 
ADM, one had diffuse hand muscle atrophy, and five had reduced CMAP amplitude of the ADM (< 5 mA). The 
clinical and electrophysiological data are summarized in Table 2. In the voxel-wise analysis of brain white matter 
tracts, hands with the split-hand phenomenon showed reduced AD values on the ipsilateral and contralateral 
sides of the PLIC and reduced MO values on the ipsilateral and contralateral sides of the PLIC, CP, and SCbP 
(pFWE−corrected<0.05; Fig. 3).

To reduce the age-effect, further analysis was performed on a sub-cohort of ALS patients aged between 50 
and 80. The median age at the study time was 66.0 years in a group of hands with the split-hand phenomenon, 
and 62.0 years in a group of hands without the split-hand phenomenon. There was no significant age difference 
between two groups (p = 0.11). Clinical and electrophysiological data were summarized in supplementary table. 
In voxel-wise analysis of brain white matter tracts, a group of hands with the split-hand phenomenon showed 
reduced AD value in the contralateral side of the PLIC and CP (PFWE−corrected <0.05; supplement figure). In 
addition, a group of the hands with the split-hand phenomenon exhibited reduced MO value on both ipsilateral 
and contralateral side of PLIC, CP and SCbP (PFWE−corrected <0.05; supplement figure).

Analysis 3: group comparison of DTI scalars between patients having ALS with bilateral split-
hand phenomenon and those with no split-hand phenomenon
A total of 24 patients with ALS experienced the split-hand phenomenon, of whom 19 had bilateral split-hand 
phenomenon. A further 11 patients having ALS without the split-hand phenomenon were included, of whom 
four had atrophic changes in the ADM. Group comparisons of DTI scalars were performed between patients 

Fig. 1.  Flowchart of the study population. This study enrolled 36 patients with a clinical definition of probable 
amyotrophic lateral sclerosis (ALS) who had undergone both MRI and a nerve conduction study on the 
bilateral upper limbs. One patient with diffuse hand muscle atrophy was excluded. Ultimately, 35 patients with 
ALS were enrolled in this study. Among these, 24 patients with ALS had the split-hand phenomenon, and 11 
did not. Abbreviation: ALS, amyotrophic lateral sclerosis; NCS, nerve conduction study; ADM, abductor digiti 
minimi.
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with ALS with (n = 19) and without (n = 7) the split-hand phenomenon or hand muscle atrophy. The clinical and 
electrophysiological data of the two groups are summarized in Table 3. In the voxel-wise analysis of brain white 
matter tracts, patients having ALS with bilateral split-hand phenomenon showed reduced AD values in the left 
PLIC and CP and reduced MO values in the bilateral ALIC, PLIC, CP, ACR, SCR, SCbP, left MCbP, and BCC, 
compared to those without the split-hand phenomenon (pFWE−corrected<0.05; Fig. 4).

Discussion
This study demonstrated that the most established electrophysiological marker of the split-hand phenomenon 
(SHICMAP) correlated with the loss of axonal integrity in the CST and the cerebellar and frontal association 
fiber tracts, as indexed by increased axial diffusivity. To disentangle the effects of SHICMAP as a composite 
score, we reported the association patterns of individual CMAP of each muscle using DTI metrics. All patterns 
overlapped with the axonal degeneration pattern, but with remarkable differences between the muscles. Axonal 
degeneration explaining the CMAP amplitude was largely confined to the CST for the APB, while it was most 
widespread for the FDI (involving CST, cerebellar pathways, nonmotor association, and transcallosal pathways) 
and interim for the less affected ADM. Group analysis confined to patients having ALS with bilateral split-
hand phenomenon, excluding participants with diffuse muscle atrophy, confirmed reduced AD values in the 
left PLIC and CP as well as reduced MO values in the bilateral PLIC, CP, and SCbP, compared to those without 
the split-hand phenomenon. Overall, our findings provide evidence that the split-hand phenomenon in ALS is 
associated with axonal degenerative changes in the CST and nonmotor pathways, thereby shedding new light on 
the possible pathophysiology of this phenomenon.

Overall, our study showed that the severity of asymmetric neuromuscular function in patients with ALS was 
directly correlated with axonal degeneration in the CST and CP, with confirmatory support from a controlled 
subgroup comparison showing that patients having ALS with the split-hand phenomenon had reduced AD 
and MO values in the PLIC and CP compared to those without the split-hand phenomenon. DTI measures the 
movement of water molecule in tissue and assesses microstructural changes in the brain. Among DTI scalars, 
FA, the most commonly used DTI scalar, reflects diffusional asymmetry. AD measures diffusivity along the 
principal axis of the neural tract, linked to axonal damage, while RD represents mean diffusivity along the 
minor axes, indicating myelin damage. MD averages the three orthogonal diffusivities, reflecting tissue size and 
integrity. MO describes the type of anisotropy, showing diffusion tensor shape variations from planar to linear. 
Our findings suggest that the split-hand index is more closely related to AD and MO scalars than to FA, RD, and 
MD scalars. This may indicate that the split-hand phenomenon is primarily associated with axonal degeneration 
and linear diffusion tensor changes rather than with demyelination and planar diffusion tensor alterations.

Our findings could support the hypothesis that corticomotor dysfunction is associated with the pathogenesis 
of the split-hand phenomenon in ALS. Although the exact pathogenesis of the split-hand phenomenon remains 
unclear, corticomotor dysfunction is considered the primary cause of this condition. Previous studies have 
suggested that the corticomotoneuronal input to the lateral hand muscle complex is preferentially defective in 
ALS, compared to the medial hand muscles8. In addition, previous studies have demonstrated that, compared to 
normal controls, ALS patients exhibited reduced short-interval intracortical inhibition, an electrophysiological 
biomarker of cortical excitability, in intrinsic hand muscles, with a notably more pronounced decrease in the APB/
FDI muscles9,13. These findings imply that cortical hyperexcitability is significantly more prominent in the lateral 
hand muscle complex than in the medial hand muscles. This dissociative pattern of cortical hyperexcitability 
may be associated with the pathogenesis of the split-hand phenomenon. Furthermore, the split phenomenon 
in ALS has been observed not only in the hand, but also in different body parts, including the elbow (the split-
elbow)14,15, leg (the split-leg)16,17, and foot (the split-foot)18,19. Ludolph et al. previously reported that patients 

Variables N = 35

Sex, male 18 (51.43%)

Age at the time of the studya, years 66.00 (47.00–93.00)

Age at disease onseta, years 65.00 (46.00–93.00)

Disease duration, months 15.87 (5.67–29.50)

Onset region, number

 Bulbar 11 (31.43%)

 Upper limb 16 (45.71%)

 Lower limb 8 (22.86%)

ALSFRS-R scoreb 39.00 (34.00–42.00)

ΔALSFRS-Rb 0.59 (0.31–1.31)

MMSEb 27.00 (25.00–28.75)

Table 1.  Clinical characteristics of the total study population. All categorical variables are presented as n (%); 
All continuous variables were presented as median (IQR), except for Age at the time of the study and Age at 
disease onset. ΔALSFRS-R was calculated by following formula: (48-ALSFRS-R)/disease duration. a Age at the 
time of the study and age at disease onset are presented as the median (range); b 34 patients with ALS were 
included in these variables. ALSFRS-R: revised amyotrophic lateral sclerosis functional rating scale; MMSE, 
mini-mental state examination.
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with ALS exhibit greater relative weakness in the thumb abductor, hand extensor, elbow flexor, knee flexor, and 
plantar extensor muscles20. These muscle groups may be more prominently affected in ALS owing to their strong 
corticomotoneuronal connectivity. These findings indicate that the degeneration of the corticomotoneuronal 
system could be a major contributing factor to the pathogenesis of the split-hand phenomenon in ALS.

The split-hand phenomenon is considered an early and distinct feature of ALS. However, it has also been 
reported in other diseases, including spinal and bulbar muscular atrophy (SBMA) and GARS1-associated 

Fig. 2.  Tract-based spatial statics analysis: A correlation analysis between diffusion tensor imaging scalars 
and electrophysiological data. Correlation analysis adjusted for age, sex, and disease duration between 
electrophysiological data and diffusion tensor imaging (DTI) scalars was performed using tract-based spatial 
statistics analysis. (A) The split-hand index (SHI) was positively correlated with the AD value on the ipsilateral 
and contralateral sides of the posterior limb of the internal capsule (PLIC), cerebral peduncle (CP), anterior 
corona radiata (ACR), superior corona radiata (SCR), external capsule (EC), body of the corpus callosum 
(BCC), and middle cerebellar peduncle (pFWE−corrected<0.05). In addition, SHI positively correlated with 
MO values on both the ipsilateral and contralateral sides of the PLIC, CP, and superior cerebellar peduncle 
(SCbP). (B) The compound muscle action potential (CMAP) amplitude of the abductor pollicis brevis (APB) 
was positively correlated with AD and MO values on the ipsilateral and contralateral sides of the PLIC 
(pFWE−corrected<0.05). (C) The CMAP amplitude of the first dorsal interosseous (FDI) muscle was positively 
correlated with the FA value in the ipsilateral and lateral sides of the PLIC (pFWE−corrected<0.05); the AD value 
in the ipsilateral and contralateral sides of the PLIC, MCbP, ACR, SCR, and BCC (pFWE−corrected<0.05); and the 
MO value in the ipsilateral and contralateral sides of the PLIC, SCbP, and SCR (pFWE−corrected<0.05). (D) The 
CMAP amplitude of the abductor digiti minimi (ADM) was positively correlated with the AD value in the ipsi- 
and contra-lateral side of the PLIC and ipsilateral SCR (pFWE−corrected<0.05), and MO value in the contra-lateral 
side of PLIC (pFWE−corrected<0.05). Abbreviations: FA, fraction anisotropy; AD, Axial diffusivity; MO, mode of 
anisotropy; TFCE, Threshold-Free Cluster Enhancement; FWE, the familywise error; SHI, split-hand index; 
APB, abductor pollicis brevis; FDI, first dorsal interosseous; ADM, abductor digiti minimi; PLIC, posterior 
limb of internal capsule; CP, cerebral peduncle, ACR, anterior corona radiata; SCR, superior corona radiata; 
MCbP, middle cerebellar peduncle; EC, external capsule; BCC, body of corpus callosum.
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Fig. 3.  Tract-based spatial statics analysis: A group comparison of diffusion tensor imaging scalars between 
hands with and without the split-hand phenomenon. Group comparisons adjusted for age, sex, and disease 
duration between hands with and without the split-hand phenomenon were performed using tract-based 
spatial statistical analysis. Hands with the split-hand phenomenon showed reduced axial diffusivity on the 
contralateral side of the posterior limb of the internal capsule (PLIC) and cerebral peduncle (CP) compared 
with hands without the split-hand phenomenon (pFWE−corrected<0.05). Hands with the split-hand phenomenon 
had a reduced mode of anisotropy value in the ipsilateral and contralateral sides of the PLIC, CP, and superior 
cerebellar peduncle compared to the hands without the split-hand phenomenon (pFWE−corrected<0.05). TFCE, 
Threshold-Free Cluster Enhancement; FWE, familywise error; AD, axial diffusivity; MO, mode of anisotropy; 
CP, cerebral peduncle; PLIC, posterior limb of internal capsule; SCbP, superior cerebellar peduncle.

 

Variable Hands without the split-hand phenomenon Hands with the split-hand phenomenon p-value2

Number 20 43

Sex, male 9.0 (45.0%) 23.0 (53.5%) 0.5

Age at the time of the study a, years 58.50 (47.00, 77.00) 68.00 (51.00, 93.00) 0.003

Age at disease onset a, years 55.50 (46.00, 76.00) 67.00 (51.00, 93.00) 0.003

Disease duration, months 18.60 (2.90, 41.93) 12.57 (0.80, 60.90) 0.3

Onset region < 0.001

 Bulbar 5.0 (25.0%) 14.0 (32.6%)

 Upper limb 3.0 (15.0%) 26.0 (60.5%)

 Lower limb 12.0 (60.0%) 3.0 (7.0%)

CMAP amplitude

 APB muscle 8.05 (3.80, 12.20) 2.20 (0.00, 9.10) < 0.001

 FDI muscle 10.30 (4.80, 15.00) 3.60 (0.00, 17.90) < 0.001

 ADM muscle 10.00 (5.90, 11.70) 6.80 (1.50, 17.10) 0.002

Split-hand index 9.04 (3.09, 13.16) 1.50 (0.00, 8.27) < 0.001

Table 2.  Comparison of clinical and electrophysiological data between hands with and without the split-hand 
phenomenon. All categorical variables were presented as n (%); All continuous variables were presented as 
median (IQR), except for Age at the time of the study and Age at disease onset. a Age at the time of the study 
and age at disease onset are presented as the median (range). Abbreviation: CMAP, compound muscle action 
potential; APB, abductor pollicis brevis; FDI, first dorsal interosseous; ADM, abductor digiti minimi; SHI, 
split-hand index.
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neuropathy21,22. SBMA and GARS1-associated neuropathy are traditionally thought to involve only lower motor 
neurons. These findings suggest that the pathomechanism of the split-hand phenomenon is more complex, 
potentially involving not only cortical dysfunction but also other mechanisms, such as spinal motoneuron 
dysfunction, peripheral nerve excitability, and neuromuscular junction dysfunction. Shibuya et al. reported that 
nerve excitability was more pronounced in patients with SBMA who exhibited the split-hand phenomenon 
compared to those without it, whereas this pattern was not observed in ALS21. In SBMA, the split-hand 
phenomenon may be related to increased nerve excitability. However, in ALS, the involvement of upper motor 
neuron dysfunction cannot be ruled out. Interestingly, a recent study reported that central nervous system 
(CNS) neurodegeneration was observed in SBMA23, indicating that motor cortical hyperexcitability may also 
contribute to the split-hand phenomenon in SBMA. Further studies are needed to clarify these mechanisms.

Our study revealed that the CMAP amplitude of each hand muscle positively correlated with the AD and MO 
values of the CST in patients with ALS. The CMAP amplitude further represents the summed action potentials 
of all depolarized muscle fibers. Reduced CMAP amplitudes can be caused by neuropathy, neuromuscular 
junction disorders, or myopathy. In ALS, the reduced CMAP amplitude is primarily attributable to neuropathy, 
particularly the loss of axons, as ALS is a motor neuron disease that affects both upper and lower motor neurons. 
Among several DTI scalars, the AD scalar is considered a reliable indicator of axonal dysfunction24. Therefore, 
our findings indicate that axonal degeneration of the CST in the brain may be linked to peripheral nerve axonal 
dysfunction. Additionally, one prior study using transcranial magnetic stimulation (TMS) reported that the 
FA value of the CST was correlated with TMS parameters25. However, further research utilizing multimodal 
neuroimaging and electrophysiological methods, such as a combination of DTI, TMS, and NCS, may better 
elucidate this issue.

Interestingly, our study indicated that the SHICMAPis associated with the cerebellar peduncle and corpus 
callosum. The cerebellum plays an essential role, not only in coordinating movement and balance, but also in 
controlling finger movement. Previous studies have similarly reported impaired precision grip in patients with 
cerebellar lesions26,27. These results suggest that the cerebellum plays a crucial role in precision grip. In addition, 
the corpus callosum may be involved in motor functions. The corpus callosum is an important structure that 
connects the two brain hemispheres, while the motor corpus callosum connects the primary motor cortex 
between the two hemispheres. One previous study reported that the hand callosal motor fibers were positively 
correlated with the hand area of the primary motor cortex28. This indicates that the corpus callosal degeneration 
could contribute to motor dysfunction. In summary, our findings indicate that the split-hand phenomenon may 
be associated with not only the motor pathway, but also the nonmotor pathway in ALS.

Variable ALS with bilateral split-hand phenomenon ALS without split-hand phenomenon p-value

Number 19 7

Sex, male 10 (52.6%) 3 (42.9%) > 0.9

Age at the time of the study, years 72.25 (62.30, 78.88) 57.86 (56.72, 64.81) 0.073

Age at disease onset, years 67.73 (61.48, 74.68) 54.42 (54.42, 63.53) 0.049

Disease duration, months 12.57 (3.77, 32.48) 18.60 (13.67, 28.00) 0.5

Onset region, number < 0.001

 Bulbar 6 (31.6%) 0 (0.0%)

 Upper limb 12 (63.2%) 1 (14.3%)

 Lower limb 1 (5.3%) 6 (85.7%)

ALSFRS-R scorea 39.00 (37.00, 42.00) 39.00 (31.50, 41.50) 0.7

ΔALSFRS-Ra 0.89 (0.24, 1.65) 0.58 (0.43, 0.61) 0.6

CMAP amplitude, right

 APB muscle 1.90 (0.30, 4.80) 7.60 (7.10, 8.80) < 0.001

 FDI muscle 3.00 (1.95, 7.35) 13.00 (11.10, 13.70) < 0.001

 ADM muscle 5.70 (4.20, 9.65) 11.00 (10.70, 11.50) 0.032

CMAP amplitude, left

 APB muscle 2.20 (1.00, 3.05) 9.40 (7.80, 9.60) < 0.001

 FDI muscle 3.50 (1.60, 5.60) 9.80 (9.45, 12.45) 0.005

 ADM muscle 5.60 (4.45, 8.15) 9.80 (8.45, 10.40) 0.022

Right SHICMAP 1.01 (0.12, 2.30) 9.08 (8.51, 10.06) < 0.001

Left SHICMAP 1.19 (0.30, 2.03) 9.44 (8.76, 10.73) < 0.001

Representative SHICMAP 0.50 (0.06, 1.49) 8.51 (8.03, 9.05) < 0.001

Table 3.  Comparison of clinical and electrophysiological data between ALS with and without split-hand 
phenomenon. All categorical variables were presented as n (%); All continuous variables were presented 
as median (IQR). a18 ALS patients with bilateral split-hand phenomenon were included in these variable. 
Abbreviation: ALSFRS-R: revised amyotrophic lateral sclerosis functional rating scale; MMSE, mini-mental 
state examination; CMAP, compound muscle action potential; APB, abductor pollicis brevis; FDI, first dorsal 
interosseous; ADM, abductor digiti minimi; SHI, split-hand index.
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Although its role in the pathogenesis of ALS remains controversial, several studies have indicated that cortical 
hyperexcitability could be the main pathogenetic process underlying ALS29,30. Previous studies have further 
demonstrated that patients with ALS exhibit cortical hyperexcitability in both the dominant and nondominant 
primary motor cortex, with a more pronounced effect over the dominant motor cortex31. Furthermore, cortical 
hyperexcitability can precede lower motor neuron dysfunction in ALS32. A recent study using optical coherence 
tomography revealed that the retinal nerve fiber layer thickness, which may be associated with neurodegeneration 
in the CNS, was thinner in ALS compared to healthy controls, suggesting it could be a potential biomarker of 
disease progression in ALS33. In addition, impairment of proteostasis and ribostasis in the CNS is considered 
one of the common pathomechanisms in age-related neurodegenerative disease, including ALS34. Taken 
together, our findings support the “dying forward” hypothesis, which proposes that motor neuron degeneration 
is mediated by corticomotoneuronal dysfunction, and progresses through anterograde degeneration of the distal 
axons. This hypothesis may explain the pathogenesis of ALS.

In our study, SHICMAP was negatively correlated with age at the time of the study and at onset. Previous 
studies have reported that CMAP amplitudes of the APB, FDI, and ADM, as well as SHICMAPwere negatively 
correlated with age35,36, and that the APB and FDI were more affected by age than the ADM35. These findings 
suggest that aging could influence degenerative changes in peripheral nerves, neuromuscular junctions, or 
muscles, thereby augmenting the pathomechanism underlying the split-hand phenomenon. However, the factors 
that determine the differences in age effects between the medial and lateral hand muscles remain unknown. 
Corticomotoneuronal fiber degeneration associated with aging may be a contributing factor. As such, further 
studies are required to confirm this hypothesis. In addition, these findings suggest that the effect of age on 
SHICMAP should be considered when diagnosing ALS or planning research using SHICMAP.

Our study has some limitations. First, the study population, particularly the subgroup of subjects with unilateral 
or no split-hand phenomenon, was very small. However, a comparison between ipsilateral and contralateral 
symptoms in patients with ALS with unilateral split-hand phenomenon could be helpful in elucidating its 
pathogenesis. As such, further studies with larger sample sizes are required to clarify this issue. Second, the MRI 
acquisition parameters in this study included a slice thickness of 3 mm. This thickness may have resulted in to 
partial volume effects, potentially reducing the sensitivity of DTI to demyelination. Consequently, our study may 
have underestimated demyelination-related changes, and this limitation should be considered when interpreting 

Fig. 4.  Tract-based spatial statics analysis: A group comparison of diffusion tensor imaging scalars 
between patients having amyotrophic lateral sclerosis with and without the split-hand phenomenon. Group 
comparisons adjusted for age, sex, and disease duration between patients with amyotrophic lateral sclerosis 
(ALS) with and without the split-hand phenomenon were performed using tract-based spatial statistical 
analysis. Patients having ALS with bilateral split-hand phenomenon showed reduced axial diffusivity in the 
left posterior limb of the internal capsule (PLIC) and cerebral peduncle (CP) compared with those without 
the split-hand phenomenon (pFWE−corrected<0.05). ALS with bilateral split-hand phenomenon reduced 
the mode of anisotropy value in the bilateral PLIC, CP, anterior limb of the internal capsule, anterior and 
superior corona radiata, superior cerebellar peduncle, left middle cerebellar peduncle, and body of the corpus 
callosum (pFWE−corrected<0.05). Abbreviation: ALS, amyotrophic lateral sclerosis; TFCE, Threshold-Free 
Cluster Enhancement; FWE, the familywise error; AD, axial diffusivity; MO, the mode of anisotropy; CP, 
cerebral peduncle; PLIC, posterior limb of internal capsule; MCbP, middle cerebellar peduncle; SCbP, superior 
cerebellar peduncle; BCC, body of corpus callosum; SCR, superior corona radiata; ACR, anterior corona 
radiata; ALIC, anterior limb of internal capsule.
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the results. Further studies using thinner slice thicknesses will be necessary to clarify this issue. Third, our study 
handled the missing data using the pairwise deletion methods, which has some limitations such as potential 
bias, reduced comparability, and loss of statistical power. Our DTI and electrophysiological data had no missing 
values, whereas some clinical variables, including ALSFRS-R, delta ALSFRS-R, and MMSE scores, had missing 
data. So, our findings need to be interpreted with these considerations in mind. Fourth, this study was unable to 
determine the sample size through power analysis. To the best of our knowledge, no studies have investigated the 
split-hand phenomenon and brain microstructural changes using DTI data. Given the limited research on this 
topic and the absence of effect size estimates, a power analysis for sample size determination was not feasible. 
Future studies with an optimal sample size are needed to enhance the validity of these findings. Fifth, this study 
lacked a normal control group. Future studies with normal controls are needed to contextualize our findings 
with normative DTI data and better understand the implications of our results.

In conclusion, our study demonstrated that the split-hand phenomenon may be linked to degenerative changes 
in the corticomotor pathway. Our findings indicate that dysfunction in the corticomotoneuronal connections 
may be the primary cause of this phenomenon. Additionally, our results imply that such dysfunction could be a 
critical factor in the development of ALS, highlighting a possible area of focus for understanding its pathogenesis 
and developing therapeutic targets.

Methods
Study population and clinical data
Patients with clinically probable or definite ALS according to the revised El Escorial criteria37 were prospectively 
recruited from the neurology clinic of a university-affiliated hospital between January 2017 and December 2022. 
All patients underwent both a brain MRI scan and a nerve conduction study (NCS) of bilateral median and 
ulnar nerves, with recording from the APB, FDI, and ADM muscles. Patients with ALS for whom the split-
hand index could not be computed due to non-evoked CMAPs in hand muscles, resulting from severe hand 
muscle atrophy were excluded. The collected demographic and clinical data included age at disease onset, age 
at the time of the study, sex, disease duration at the time of the study, onset region, ALS functional rating scale-
revised (ALSFRS-R) score, and ΔALSFRS-R at the time of the DTI study. The ΔALSFRS-R was calculated using 
the following equation: (48 – ALSFRS-R score at the time of DTI study)/disease duration at the time of DTI 
study (months). The ALSFRS-R scores were divided into four subscales: bulbar, upper limb, lower limb, and 
respiratory.

This study was approved by the Institutional Review Board (IRB) of Korea University Anam Hospital (IRB 
number: 2015 AN0337), and was performed in accordance with the principles of the Declaration of Helsinki and 
all relevant institutional guidelines and regulations. Written informed consent was obtained from all participants 
prior to inclusion.

Electrophysiological data
NCS was performed using standard electrodiagnostic equipment (Viking and Synergy; Nicolet EDX system; 
Natus Medical, Middleton, WI, USA). The median nerve was stimulated at the wrist and recorded at the APB. 
The ulnar nerve was stimulated at the wrist and recorded at the FDI and ADM. Each nerve was further stimulated 
with supramaximal stimulus intensity. The recording electrode was a 1-cm-diameter, disposable, flat-surface 
electrode placed on the belly of each muscle. The SHI was calculated using the CMAP amplitude of each muscle 
according to the following equation: SHICMAP = (APBCMAP × FDICMAP)/ADMCMAP.

MRI acquisition and image processing
Brain MRI data were acquired using a 3 T Prisma MRI scanner (Siemens Healthineers, Erlangen, Germany). 
Diffusion-weighted MRI was further performed with an echo-planar imaging sequence with the following 
parameters: a B0 image serves as a reference for subsequent 64 gradient diffusion-weighted directional images 
with a b-value of 1000 s/mm2, and additional 31 B0 images for better signal averaging, which improves the 
signal-to-noise ratio and helps with EPI distortion correction for motion and eddy current effects. A repetition 
time of 3900 ms, an echo time of 55 ms, a field of view of 224 × 224 mm, a matrix size of 112 × 112, and a slice 
thickness of 3.0 mm.

MRI data were pre-processed using the Nottingham NIHR Biomedical Research Centre pipeline (version 
1.6.5)38. Preprocessing included skull stripping, eddy current correction, echo planar imaging distortion 
correction, motion correction, linear/nonlinear registration to anatomical/standard space, generation of 
microstructure maps, and quality control checks.

Tract-Based Spatial statistics analysis preprocessing
Using the Tract-Based Spatial Statistics (TBSS) tool of the Functional MRI of the Brain (FMRIB) Software Library 
Software Library (FSL version 6.0.7.3; Oxford, U.K.; http://www.fmrib.ox.ac.uk/fsl/)39, the fraction anisotropy 
(FA) images of each participant were aligned to the FMRIB58_FA_template image and transformed into a 1 
× 1 × 1 mm3 standard space (Montreal Neurological Institute 152 standard) using the FMRIB Nonlinear Image 
Registration Tool. Resulting transformation matrices were subsequently applied to the original FA images for 
each participant. An averaged FA image was generated using the transformed FA images, and extracted to create 
a mean FA skeleton image representing the centers of all the white matte tracts. The FA skeleton image was then 
set to a threshold of FA > 0.2 to include the major white matter pathways. Each mean diffusivity (MD), mode of 
anisotropy (MO), axial diffusivity (AD), and radial diffusivity (RD) skeleton image was extracted using the FSL 
command line tool “tbss_non_FA.” Quality control (QC) was performed using FSL Eddy QC tool “eddy_quad.”
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Subgroup and statistical analyses
For clinical data, the Wilcoxon rank-sum test was applied to compare continuous variables, while the chi-squared 
test was used to compare categorical variables. Correlation analysis was performed using Pearson’s correlation 
analysis between the SHICMAP and the clinical data. Statistical analyses were performed using R (version 4.4.0; R 
Foundation for Statistical Computing). Statistical significance was set at p < 0.05.

All five DTI scalars (FA, MD, MO, AD, and RD) were used for the DTI data. Subgroups were defined based 
on the presence of the split-hand phenomenon, defined as a ratio of FDI/ADM CMAP amplitude ratio or a 
APB/ADM CMAP amplitude ratio of < 0.640. Three primary analyses were performed with five scalars each: (1) 
correlation analysis with covariates (age, sex, and disease duration) was performed between each DTI scalar and 
electrophysiological data (SHICMAP and CMAP amplitude of each muscle); (2) asymmetries of tract-based DTI 
metrics between the most and least affected hemispheres were compared between the ipsilateral and contralateral 
hemispheres of the hands, with and without the split-hand phenomenon; and (3) ALS cases with bilateral split-
hand phenomenon were compared with those without the split-hand phenomenon.

Although motor function generally originates from the contralateral motor cortex, some studies have 
reported that the ipsilateral motor cortex may also contribute to limb control41. To consider this factor, we 
analyzed the correlation between electrophysiologic data from each side and DTI values in both contralateral 
and ipsilateral hemispheres using a method previously applied in DTI study of patients with ALS42. For these 
analyses, the electrophysiological data from the right hand were compared with each participant’s ‘unflipped’ 
DTI image, while the electrophysiological data from the left hand were compared with each participant’s ‘flipped’ 
DTI image. In Analysis 1 and 2, FSL’s command line tool “fslswapdim” was used to analyze the DTI data of 
ipsilateral and contralateral hemispheres based on the hand during TBSS preprocessing step. FSL’s command line 
tool “randomise” was applied for univariate permutations at each voxel. Group differences in FA, MD, MO, AD, 
and RD were examined using analysis of covariance with 5,000 permutations and age, sex, and disease duration 
as covariates. These results were corrected for multiple comparisons at the cluster level using Threshold-Free 
Cluster Enhancement43, with the family-wise error (FWE) rate set at 5% to control for false positives. An FWE-
corrected p-value of < 0.05 was considered statistically significant.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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