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Background: The muscle patterns involved in the “split-leg” syndrome of amyotrophic
lateral sclerosis (ALS) remains controversial. We sought to evaluate and reassess the
pattern of the extensor digitorum brevis (EDB) and the abductor hallucis (AH) muscles’
involvement in split-leg syndrome in ALS.

Methods: We recruited 60 consecutive patients with ALS and 25 healthy controls (HCs).
Compound muscle action potentials (CMAPs) and F-waves were recorded over the EDB
and AH muscles in all subjects. For comparison, we classified patients into two categories
based on the presence or absence of lower limbs symptoms.

Results: The EDB/AH CMAP amplitude ratio was significantly reduced in patients with
affected legs (0.33 £+ 0.21, P = 0.007), whereas patients with unaffected legs had a
ratio similar to that of the HCs. The EDB/AH ratios for the F-wave latencies, mean
F-wave amplitude, mean F/M amplitude ratio, and the persistence of the total repeater
F-wave shapes (index Freps) of the EDB-AH, were significantly increased in the affected
leg group, whereas the EDB/AH ratio for F-wave persistence was significantly reduced.
These findings indicated a greater loss of lower motor neurons (LMNSs) innervating the
EDB and dysfunction of spinal motoneurons innervating the EDB. In the unaffected leg
group, the EDB, but not the AH, F-wave latencies, mean and maximal F/M amplitude
ratios, and index Freps were significantly altered. Receiver operating characteristic curve
analysis suggested that the EDB F-wave latencies, mean F/M amplitude ratios, and
index Fregs (area under the curve [AUC] > 0.8) more strongly differentiated patients
with ALS from the HCs compared to the EDB/AH CMAP amplitude ratio (AUC = 0.61).
Notably, the EDB maximal F-wave latency and index Fregs reliably differentiated patients
with unaffected legs (HCs), with AUCs of 0.83 (95% CI 0.76-0.91) and 0.81 (95% CI
0.72-0.89), sensitivities of 76 and 78%, and specificities of 76 and 78%, respectively.
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Conclusions: These results suggest preferential EDB compared to AH involvement in
the split-leg syndrome of ALS. The EDB maximal F-wave latency and index Fregs robustly
differentiated patients with ALS from HCs, which might facilitate an earlier identification

of ALS.

Keywords: amyotrophic lateral sclerosis, F-wave, motor neuron, split leg, extensor digitorum brevis muscle, motor

neuron disease

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative motor neuron disorder. Classical limb-
onset ALS often begins with focal distal limb weakness and
wasting, which then spreads to other regions concurrent with
signs of upper motor neuron (UMN) dysfunction (1). The
“split-hand” sign is an early clinical feature of ALS, in which
preferential atrophy occurs in the intrinsic hand muscles
involved in pincer and precision gripping (e.g., the abductor
pollicis brevis [APB] and first dorsal interosseous [FDI] muscles),
whereas the hypothenar muscles remain relatively spared (2-4).
The clinical and electrophysiological features of the split-hand
sign can inform ALS diagnosis. Simon et al. (5) described
preferential wasting of the plantar flexor muscles (i.e., soleus)
compared with the dorsiflexor muscles (i.e., tibialis anterior
[TA]) in the lower limbs of patients with ALS. These authors
described this dissociated lower limb muscle involvement as a
“split-leg” pattern. However, their findings were inconsistent
with those from patients with ALS who commonly exhibited
foot drop (6, 7), which often suggests greater weakness in the
dorsiflexors (peroneal nerve) compared with the plantar flexor
(tibial nerve). Moreover, the predominance of weakness in ankle
dorsiflexion, compared with plantar flexion in ALS, has been
ascribed to a greater corticomotoneuronal drive to the ankle
dorsiflexors, compared with the ankle plantar flexors, which is
known as split-leg syndrome (4). Thus, although the term “split-
leg” has been described in ALS, the muscle patterns involved
remain controversial and the specific patterns of lower limb
muscle involvement require a reassessment. Because distal limb
weakness and wasting are more pronounced in ALS, especially
in the early stages of the disease, the assessment of a patient’s
foot muscle involvement may facilitate the identification of the
split-leg pattern.

The extensor digitorum brevis (EDB) and the abductor
hallucis (AH) muscles are distal foot muscles, which are
innervated by the peroneal and tibial nerves, respectively.
Clinically, compound muscle action potentials (CMAPs) and
F responses recorded from the EDB and AH have been
routinely used to study the peripheral nerves and proximal
nerve segments, respectively. CMAP amplitudes and F-waves
are useful parameters for evaluating motoneuron loss. Previous
studies have also indicated that the F-wave can be used to
directly assess changes in spinal motoneurons excitability (8)
and can reflect subclinical anterior horn cell dysfunction (9).
However, to our knowledge, no study has investigated differences
in spinal motoneurons dysfunction between the EDB and AH in
patients with ALS. Therefore, by recording CMAP amplitudes

and F-waves, we aim to evaluate the pattern of involvement of
the EDB and AH as well as to elucidate the split-leg syndrome
in ALS. Additionally, we investigated whether CMAP or F-wave
parameters comparisons between the EDB and AH could serve as
simple neurophysiological biomarkers for ALS diagnosis.

MATERIALS AND METHODS

Participants

Between December 2017 and November 2018, clinical and
electrodiagnostic data were obtained from a cohort of
consecutive patients diagnosed with probable or definite ALS
using the Awaji-Shima criteria. Patients who had concomitant
polyneuropathy, lumbosacral radiculopathy, or a history of foot
trauma or surgery were excluded. A total of 60 patients were
included in this study, including 23 patients (38%) with definite
ALS and 37 patients (62%) with probable ALS. Of the patients
who met the Awaji-Shima criteria for probable ALS at initial
assessment, 30 (30/37, 81%) progressed during follow-up and
were reclassified into the definite ALS group. Because of short
follow-up intervals (<3 months), seven out of 37 (20%) patients
did not progress appreciably and remained in the probable ALS
group. None of the patients were taking riluzole or antispasticity
drugs before or at assessment. We recruited 25 healthy, age-
and height-matched subjects as healthy controls (HCs). All
subjects provided written informed consent to take part in the
study, which was approved by the Peking Union Medical College
Hospital Clinical Research Ethics Committee (Beijing, China).

Clinical Assessment

All patients underwent clinical assessment, and each
patient’s data were collected during the initial visit prior to
electrodiagnostic testing. The clinical status of each patient
was evaluated using the ALS Functional Rating Scale-Revised
(ALSFRS-R) (10) and UMN score (11). We recorded the disease
duration (in months) and the region of symptom onset (bulbar,
upper or lower limb) of all patients. Muscle strength was
graded using the Medical Research Council (MRC) strength
score, with the following muscle groups assessed bilaterally:
shoulder abduction, elbow flexion, elbow extension, wrist
dorsiflexion, finger abduction and thumb abduction, hip flexion,
knee extension, ankle dorsiflexion, and plantar flexion. The
maximum total MRC score was 100. Patients with ALS were
divided into two groups as follows: (1) an affected leg group
(n = 35), including patients with lower limb muscle wasting and
weakness or those with abnormal EDB or AH CMAP values
from nerve conduction studies (NCSs); and (2) an unaffected leg
group (n = 25), including patients without lower limb muscle
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wasting and weakness, who did not self-report specific lower
limb symptoms and had NCSs results within normal limits.

Neurophysiological Studies

NCSs and F-wave tests were performed using an
electromyography instrument (Medtronic-Dantec Electronics,
Skovlunde, Denmark), with 20 Hz to 3 kHz filters and a 0.1 ms
stimulus duration. For the NCSs and F-waves recordings, the
sweep speeds and sensitivities were 10 and 5 ms/division and
5 and 0.5 mv/division, respectively. All subjects were supine
and relaxed during the test. Lower limb skin temperature was
maintained at over 32°C.

The distal CMAPs was recorded over the EDB and AH
using surface electrodes in a belly-tendon montage, and by
supramaximal (120%) peripheral stimulation of the peroneal
and tibial nerve at the dorsum and at the malleolus of the
foot, respectively, according to standard methods described
previously (12). One hundred consecutive supramaximal (120%)
percutaneous stimuli were delivered to the peroneal and tibial
nerve at 1Hz with the cathode proximal to the anode to
obtain F-waves. To differentiated responses from background
noises, the minimum amplitude used to identify the F-waves,
was 40 WV (13). Bilateral CMAPs and F-waves of EDB and
AH were recorded. Nerves that did not elicit CAMPs or F-
waves were excluded. We eliminated F-wave contamination by
H-reflexes, by applying supramaximal stimuli. Moreover, we
eliminated A-waves, which often have high persistence and
similar waveforms and latencies, by excluding similar repetitive
potentials that appeared between the CMAPs and the F-waves, or
after the F-waves.

The following electrophysiological —parameters were
measured: (1) CMAP: distal motor latency (DML), motor
conduction velocity (MCV), maximum amplitude of the EDB
and AH CMAP (peak-to-peak); (2) F-wave: latencies (minimal,
maximal, mean) corrected for subject height (Lmin/H, Lmax/H,
Lmean/H [ms/m]), chronodispersion, persistence, mean F-
wave amplitude (peak-to-peak), the mean and maximum F/M
amplitude ratios (i.e., average or maximum peak-to-peak F-wave
amplitude expressed as a percentage of the CMAP amplitude),
and index Freps (i.e., persistence of total repeater F-wave
shapes). In addition, we compared changes in EDB and AH
CMAP amplitudes and F-wave variables using a ratio of the
EDB and AH parameters (i.e., EDB/AH). The variation of
difference in the index Freps of the EBD and AH was calculated
by subtracting the AH index Freps from the EDB index Freps
(EDB-AH index Freps). In 10 patients with ALS, unilateral
lower limb F-waves were included because contralateral EDB
CMAPs were not elicited. Nine patients had one affected and one
unaffected lower limb. The unaffected limbs of these patients
(n = 9) were excluded from the study.

STATISTICAL METHODS

Statistical analyses were performed using SPSS for windows
version 24.0 (SPSS, IBM, Chicago, USA) and MedCalc software
(MedCalc Software, Ostend, Belgium). The Shapiro-Wilk test was
used to test normally distributed data. Normally distributed data

are expressed as the mean & SD compared to using the one-way
ANOVA and Student-Newman-Keuls (SNK) test. Mean values
of measured variables between two groups were compared using
the independent samples Student’s ¢-test. Non-normal variables
are reported as the medians (IQR) and compared using the
Kruskal-Wallis H test. Once the null hypothesis was rejected,
pairwise comparisons of the groups were tested using the Mann-
Whitney U test and Bonferroni correction with a significance
level of P < 0.017. The frequencies of categorical variables
were compared using Pearson x 2 analysis. All correlations were
analyzed with Spearman’s Rank Correlation Coefficient. Receiver
Operating Characteristic (ROC) curves were used to calculate
the sensitivity and specificity of the EDB/AH CMAP amplitude
ratio, EDB, and AH F-wave variables in ALS patients vs. healthy
controls. The optimal cut-off was calculated with the Youden
Index. The MedCalc software was used to evaluate differences
in area under the curves (AUCs). A value of P < 0.05 was
considered significant.

RESULTS

Clinical Features

Of the 60 patients with ALS, 14 (23%) had bulbar-onset disease,
34 (57%) had upper limb-onset disease, and 12 (30%) had lower
limb-onset disease. At assessment, the median disease duration
from symptom onset was 12 (range, 3-48) months. The median
ALSFRS-R score was 40 (range, 26-48), and the mean total MRC
score was 81.73 (range, 48-100), indicating a mild-moderate
degree of disability at time of testing. The clinical features of the
ALS subgroups and HC group are summarized in Table 1. The
age at examination, gender ratio, and height were comparable
across the three groups. There were no significant differences in
disease duration, total MRC scores, ALSFRS-R and UMN score
between ALS patients with affected lower limbs and those in
whom the lower limbs were unaffected.

In the ALS cohort, 51% (61/120) of lower limbs exhibited
clinically detectable weakness indicated by a reduced MRC score,
whereas 49% (59/120) of lower limbs had normal strength. In
67% (41/61) of limbs, ankle dorsiflexion was weaker than plantar
flexion. In 33% (20/61) of limbs, ankle dorsiflexion and plantar
flexion weakness were comparable. None of the affected limbs
had stronger ankle dorsiflexion than plantar flexion. In patients
with affected legs, the median dorsiflexor muscle strength was
significantly reduced compared with the median plantar flexion
strength (P < 0.001; Figure 1).

Electrophysiological Findings

The NCSs showed that the EDB and AH CMAP amplitudes were
significantly reduced in patients with affected legs compared with
patients with unaffected legs and HCs. Notably, the EDB/AH
CMAP amplitude ratio reduction was significantly greater in
patients with affected legs compared with that in patients with
unaffected legs and HCs. However, the EDB and AH CMAP
amplitudes and the EDB/AH CMAP amplitude ratios of patients
with unaffected legs were not significantly different from those of
HCs (Table 2; Figure 2).
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TABLE 1 | Demographic features of patients with ALS and healthy controls.

Parameters Affected leg Unaffected leg HCs P-value
(A, n = 35) (B, n = 25) (C, n =25)
Avs.C Bvs.C Avs.B
Age (year) 52.94 + 8.66 54.19 +£ 10.57 49.32 + 9.31 >0.05 >0.05 >0.05
(35-70) (30-78) (33-68)
Gender (male:female) 17:15 18:12 15:10 >0.05 >0.05 >0.05
Height (cm) 164.89 £ 7.12 166.52 £ 8.79 168.72 + 6.66 >0.05 >0.05 >0.05
Disease duration (months) 12.5(9) (3-48) 12(7) (6-29) NA NA NA 0.570
Disease onset (bulbar:upper limbs:lower limbs) 6:17:12 8:17:0 NA NA NA 0.005
Total MRC scores 79.78 £11.38 83.8 +£8.23 NA NA NA 0.064
(48-98) (58-100)
ALSFRS-R 38.66 + 6.01 41.44 £ 2.97 NA NA NA 0.096
(26-48) (36-47)
UMN scores 40.80 + 13.58 37.70 + 13.86 NA NA NA 0.381
(20-64) (4-64)

ALS, amyotrophic lateral sclerosis; HCs, healthy controls; MRC, Medical Research Council; ALSFRS-R, amyotrophic lateral sclerosis functional rating scale-revised; UMN, upper motor

neuron; NA, not applicable. Values with significant differences printed in bold characters.

5+
P < 0.001
| 1
4-
g 34
[*]
O
()
4
= 2
1
0-
Dorsiflexion Plantar flexion
FIGURE 1 | Dorsiflexor and plantar flexor muscle strength in ALS. In patients
with amyotrophic lateral sclerosis (ALS) and affected legs, the dorsiflexior
muscles are significantly weaker compared with the plantar flexor muscles, as
measured by the Medical Research Council (MRC) strength scores. The
median MRC score of the dorsiflexior muscles was significantly reduced
compared with that of the plantar flexor muscles (P < 0.001).

Possible correlations between EDB/AH CMAP amplitude
ratio and clinical variables were investigated. No significant
relationship was observed between EDB/AH CMAP amplitude
ratio and disease duration (r = 0.004, P = 0.665), total MRC score
(r =0.183, P = 0.067), UMN score (r = 0.105, P = 0.297), or
ALSFRS-R score (r = —0.09, P = 0.340) in ALS patients.

The F-wave results are summarized in Table 3. In patients
with affected legs, there were significantly prolonged EDB and

AH F-wave latencies and AH chronodispersion as well as reduced
EDB and AH F-wave persistence and increased EDB mean F-
wave amplitude, EDB and AH mean and maximal F/M amplitude
ratios, and EDB and AH indices Freps values compared with
controls (column A vs. C). In patients with unaffected legs,
the EDB F-wave latencies, chronodispersion, mean F-wave
amplitude, mean F/M amplitude ratio, and index Freps as well
as the AH chronodispersion and mean F-wave amplitude were
significantly different from those of the HCs (column B vs. C).
In addition, the EDB/AH ratios of the F-wave latencies, mean F-
wave amplitude, mean F/M amplitude ratio, and EDB-AH index
Freps were significantly increased in patients with affected legs
compared to those of patients with unaffected legs and the HCs.
Moreover, the EDB/AH ratios of F-wave chronodispersion and
persistence were significantly reduced in patients with affected
legs compared with those of patients with unaffected legs and
the HCs.

Diagnostic Utility of the EDB/AH CMAP

Amplitude Ratio and F-Waves Variables

To determine the diagnostic utility of the EDB/AH CMAP
amplitude ratio and EDB and AH F-waves variables, ROC curve
analyses were performed. An assessment of the entire ALS cohort
revealed that the EDB/AH CMAP amplitude ratio had an AUC of
0.61 (95% CI 0.51-0.70; P = 0.034), a sensitivity of 66.7%, and
specificity of 54%. These findings suggested that the EDB/AH
CMAP amplitude ratio was not a reliable diagnostic test for
differentiating patients with ALS from HCs. The EDB and AH
F-waves ROC values used to discriminate patients with ALS
from HCs are summarized in Table 4. With AUCs > 0.8, the
EDB F-wave latencies, mean F/M amplitude ratio, and index
Fregs appeared to differentiate patients more strongly with ALS
from HCs compared with the EDB/AH CMAP amplitude ratio
(Figure 3). ROC curve comparisons for these EDB F-waves
parameters found no significant difference between the maximal
and mean F-wave latencies, mean F/M amplitude ratio, and index
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TABLE 2 | Results of nerve conduction studies in the ALS groups and healthy controls.

Parameters Affected leg Unaffected leg HCs P-value
(A, n =51) (B, n = 50) (C, n =50)

Avs.C Bvs.C Avs.B
DML (ms)
EDB 3.85 + 0.66 3.44 £ 0.53 3.22 £ 0.65 <0.001 0.030 0.001
AH 3.93 £+ 0.82 3.50 £ 0.51 3.57 £ 0.49 0.005 0.412 0.006
CMAP AMPLITUDE (mV)
EDB 3.08 + 1.84 7.64 + 2.64 7.69 £+ 2.52 <0.001 0.812 <0.001
AH 11.76 £ 6.43 20.56 £ 5.41 19.52 £+ 5.54 <0.001 0.131 <0.001
EDB/AH CMAP amplitude ratio 0.33 + 0.21 0.39 +£ 0.16 0.42 £ 0.16 0.007 0.381 0.039
MCV (m/s)
EDB 47.78 + 3.71 48.52 + 3.89 50.48 + 2.40 <0.001 0.002 0.389
AH 4817 + 3.66 49.28 + 3.62 50.28 + 3.32 0.004 0.155 0.134

ALS, amyotrophic lateral sclerosis; HCs, healthy controls; DML, distal motor latency; EDB, extensor digitorum brevis muscle; HA, abductor halluces muscle; CMAR, compound muscle
action potential; MCV, motor conduction velocity. Values with significant differences printed in bold characters.
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FIGURE 2 | EDB/AH CMAP amplitude ratio in patients with or without affected
legs and HCs. The reduction in the EDB/AH CMAP amplitude ratio was
significantly greater in patients with affected legs compared with that in
patients with unaffected legs and the HCs (P = 0.007).

Fregs; however, the minimal F-wave latency was significantly
different from these parameters (P < 0.05). The remaining
EDB and AH F-wave variables had lower diagnostic utility, as
indicated by the lower AUCs.

We performed analyses of EDB and AH F-wave variable
ROC curves for patients with unaffected legs and those with
probable ALS (Supplementary Tables 1, 2). The EDB maximal
F-wave latency and index Freqs appeared to strongly differentiate
patients with unaffected legs from the HCs, with AUCs of 0.83
(95% CI 0.76-0.91) and 0.81 (95% CI 0.72-0.89), sensitivities of
76 and 78%, and specificities of 76 and 78%, respectively. The

probable ALS group showed similar findings. The EDB maximal
F-wave latency and index Freqs demonstrated “very good” utility
as diagnostic ALS biomarkers.

DISCUSSION

We found that EDB and AH CMAP amplitudes are reduced
in patients with ALS. However, the degree of EDB involvement
was more severe than that of AH involvement, as reflected
by the significant reduction of the EDB/AH CMAP amplitude
ratio. Furthermore, this pattern of dissociated EDB and AH
involvement is consistent with our findings that patients with
ALS had significantly weaker dorsiflexion than plantar flexion.
Our findings were also consistent with the observation that
patients with ALS commonly exhibit foot drop. Thus, we believe
that the split-leg syndrome is characterized by greater EDB than
AH involvement in patients with ALS.

CMAP amplitude changes, which are affected by degeneration
and compensatory reinnervation, make this parameter relatively
insensitive, especially in the early stages of ALS (15). F-waves
can reflect subtle, subclinical spinal motor neuron alterations and
may be more sensitive to early motor unit loss (8, 9, 16). Thus,
we studied EDB and AH F-wave characteristics in patients with
ALS, which may help to further elucidate differential foot muscle
involvement in neurodegenerative processes. In the present
study, patients with ALS had prolonged F-wave latencies and
chronodispersion, decreased persistence, and increased mean
amplitude as well as mean and maximal F/M amplitude ratios
of the EDB and AH. These findings resemble the F-wave
abnormalities that were shown to occur in the abductor digiti
minimi (ADM) of patients with ALS (17). This pattern of F-
wave changes is consistent with the pathophysiological changes
in ALS. In patients with ALS, F-wave latency prolongation
has been attributed to fast-conducting neurons loss. Lowered
F-wave persistence suggests the loss of functional LMNs and
decreased motoneuron pool excitability (17-19). Increased F-
wave amplitudes and F/M amplitude ratios may be due to central
disinhibition that results in anterior horn cell hyperexcitability
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TABLE 3 | Results of F-wave parameters in the ALS groups and healthy controls.

Parameters Involved leg Unaffected leg HCs P-value
(A, n = 49) (B, n = 50) (C,n =50)
Avs.C Bvs.C Avs.B

Minimal F latency (ms/m)

EDB 28.33 + 2.49 26.79 + 1.55 2548 £1.15 <0.001 <0.001 0.002

AH 28.08 £ 2.01 26.94 £ 1.43 26.45 £1.12 <0.001 0.084 0.003

EDB/AH ratio 0.99(0.08) 1.00(0.05) 0.97(0.06) 0.002 0.002 0.763
Maximal F latency (ms/m)

EDB 31.63 + 2.62 30.46 £+ 1.82 28.30 £ 1.13 <0.001 <0.001 0.052

AH 31.63+ 1.99 30.09 + 1.62 29.17 £1.20 <0.001 0.052 <0.001

EDB/AH ratio 1.01(0.89) 1.01(0.74) 0.97(0.04) <0.001 <0.001 0.026
Mean F latency (ms/m)

EDB 29.69 + 2.21 28.34 + 1.66 26.79 +1.08 <0.001 <0.001 0.001

AH 29.96 + 1.82 28.43 +£1.43 27.82 +£1.06 <0.001 0.035 <0.001

EDB/AH ratio 0.99(0.06) 0.99(0.09) 0.97(0.05) 0.001 0.033 0.410
F-wave chronodispersion (ms)

EDB 5.30(3.75) 6.20(1.40) 4.80(1.00) 0.206 <0.001 0.073

AH 6.10(1.65) 5.25(1.80) 4.75(1.08) <0.001 0.002 0.002

EDB/AH ratio 0.78(0.60) 1.13(0.52) 1.0(0.41) 0.008 0.029 <0.001
F-wave persistence (%)

EDB 26(37.50) 57.50(29.75) 48.50(36.25) <0.001 0.293 <0.001

AH 100(0) 100(0) 100(0) <0.001 0.317 0.006

EDB/AH ratio 0.28(0.43) 0.58(0.30) 0.49(0.36) 0.002 0.293 <0.001
Mean F-wave amplitude (V)

EDB 217(195.5) 180(88.75) 136(57.5) <0.001 <0.001 0.077

AH 417(206) 492.5(196.25) 375(99.75) 0.058 <0.001 0.088

EDB/AH ratio 0.48(0.39) 0.38(0.19) 0.36(0.15) 0.007 0.488 0.020
Mean F/M amplitude ratio (%)

EDB 7.45(6.31) 2.43(1.22) 1.80(1.10) <0.001 0.001 <0.001

AH 3.54(2.24) 2.42(1.22) 2.03(0.68) <0.001 0.021 <0.001

EDB/AH ratio 1.7(2.57) 1.05(0.68) 0.95(0.54) <0.001 0.510 <0.001
Maximal F/M amplitude ratio (%)

EDB 70.59(42.11) 38.78(26.13) 16(20.99) <0.001 <0.001 <0.001

AH 8.94(5.28) 4.62(2.95) 4.22(2.15) <0.001 0.053 <0.001

EDB/AH ratio 1.46(1.49) 1.17(1.06) 1.19(1.06) 0.062 0.929 0.057
Index Freps (%)

EDB 70.59(42.11) 38.78(26.13) 16(20.99) <0.001 <0.001 <0.001

AH 6(14) 0(0) 0(0) <0.001 0.062 <0.001

EDB-AH 56.34(51.61) 38.78(26.86) 16.77(20.99) <0.001 <0.001 0.006

ALS, amyotrophic lateral sclerosis; HCs, healthy controls; EDB, extensor digitorum brevis muscle; HA, abductor halluces muscle. Normally distributed data are expressed as the mean
=+ SD, and non-normally distributed data are expressed as the medians (IQR). For comparisons of F-wave variables among affected hand group, unaffected hand and healthy control
group, bonferroni correction with a significance level of P < 0.017. Values with significant differences printed in bold characters.

or large post-reinnervation motor units formation (17, 20). In
ALS, it has been proposed that increased repeater F-waves are
associated with motoneurons loss or the decreased excitability
of some anterior horn cells, potentially leading to the remaining
anterior horn cells having increased excitability to produce more
frequent repeated backfiring (8, 21). The EDB/AH ratio of the
F-wave latencies, mean F-wave amplitude, mean F/M amplitude
ratio, and the EDB-AH index Frep were significantly increased in
the affected leg group, whereas the EDB/AH ratio of the F-wave
persistence was significantly reduced. These findings may reflect
more severe LMNs loss and spinal neuron hyperexcitability in

the EDB. In addition, in the unaffected leg group, the EDB, but
not the AH, F-wave latencies, mean and maximal F/M amplitude
ratios, and index Frep of the EDB were significantly altered,
indicating preferential loss of LMNs innervating the EDB and
dysfunction of spinal motoneuron innervating the EDB in the
early stages of ALS. These results are consistent with our earlier
suggestion that there is a preferential EDB spinal motoneuron
dysfunction in ALS. Collectively, the present findings suggest that
the spinal motoneurons innervating the EDB are involved earlier
and more frequently and substantially than those innervating
the AH.
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TABLE 4 | Diagnostic performance of F-wave parameters in ALS patients.

Parameters Cut-off Sensitivity Specificity Youden AUC (95% CI) P-value
value (%) (%) index
EDB
Min F latency (ms/m) 26.57 63.6 82 0.46 0.803(0.733-0.872) <0.001
Max F latency (ms/m) 29.49 7.7 86 0.58 0.868(0.812-0.924) <0.001
Mean F latency (ms/m) 28.15 66.7 90 0.57 0.842(0.780-0.903) <0.001
F-wave chronodispersion (ms) 5.45 57.6 86 0.44 0.688(0.604-0.772) <0.001
F-wave persistence (%) 15.50 22.2 100 0.22 0.580(0.486-0.673) 0.113
Mean F-wave amplitude (V) 175.50 56.6 88 0.45 0.711(0.627-0.796) <0.001
Mean F/M amplitude ratio (%) 2.81 64.6 88 0.53 0.827(0.762-0.893) <0.001
Max F/M amplitude ratio (%) 777 54.5 86 0.41 0.758(0.680-0.835) <0.001
Index Freps (%) 27.33 84.8 78 0.63 0.869(0.809-0.929) <0.001
AH
Min F latency (ms/m) 27.86 394 92 0.31 0.683(0.598-0.767) <0.001
Max F latency (ms/m) 31.02 485 96 0.44 0.780(0.707-0.852) <0.001
Mean F latency (ms/m) 29.54 404 100 0.40 0.735(0.657-0.814) <0.001
F-wave chronodispersion (ms) 5.25 63.6 82 0.46 0.756(0.680-0.831) <0.001
F-wave persistence (%) 99.50 121 100 0.12 0.561(0.466-0.655) 0.228
Mean F-wave amplitude (V) 431.50 56.6 80 0.37 0.677(0.593-0.761) <0.001
Mean F/M amplitude ratio (%) 2.65 59.6 92 0.52 0.770(0.697-0.844) <0.001
Max F/M amplitude ratio (%) 5.97 54.5 94 0.49 0.753(0.678-0.828) <0.001
Index Freps (%) 1.00 29.3 100 0.29 0.646(0.560-0.733) 0.004

ALS, amyotrophic lateral sclerosis; HCs, healthy controls; EDB, extensor digitorum brevis muscle; HA, abductor halluces muscle; AUC, area under the curve; Cl, confidence interval.

Values with significant differences printed in bold characters.

Our findings contradict those of Simon et al. (5). These
authors found that the ALS split-leg pattern preferentially
involved the plantar flexors (soleus innervated by the tibial nerve)
compared with the dorsiflexors (TA innervated by the peroneal
nerve). Because classical ALS often begins with focal distal limb
muscle involvement, early proximal muscle (e.g., soleus and
TA) detection to determine the pattern of lower limb muscle
involvement may not be sufficiently sensitive. Furthermore, by
stimulating nerves in the proximal site, a supramaximal response
may become difficult to obtain. Moreover, the CMAP amplitudes
can be underestimated, especially when stimulating the tibial
nerve in the popliteal fossa. Thus, comparisons of the CMAP
amplitudes and motor unit numbers recorded over the proximal
muscles may not accurately reflect the pattern of the lower
limb muscle involvement and may produce results that are
inconsistent with our findings.

In ALS, the pathophysiological mechanism that causes

more extensive EDB than AH involvement remains
unclear. Recent advances suggest a cortical origin of
ALS (22) and corticomotoneuronal  hyperexcitability

as a key pathophysiological mechanism of the disease.
Corticomotoneuronal hyperexcitability may cause spinal
anterior horn cell degeneration through an anterograde
glutamate-induced excitotoxicity (23, 24). Our findings may also
be explained by the pathophysiological mechanism of ALS. In
non-human primates, Jankowska et al. (25) found that the mean
amplitude of monosynaptic excitatory postsynaptic potentials
of gastrocnemius-soleus motoneurons was approximately half
of that of deep peroneal motoneurons, including those of the

TA and EDB. This finding suggests that the strength of the
corticospinal projections to peroneal motoneurons was greater
than that to tibial motoneurons. Brouwer et al. (26) observed
that the population of cortical neurons projecting to TA and EDB
motoneurons was more readily excited by magnetic stimulation
than that projecting to soleus motoneurons, in men. This finding
indicates that the corticospinal projections densities to the TA
and EDB were stronger than that to the soleus (4, 26). Altogether,
we speculated that differences in corticospinal projections
density contribute to the differential involvement of the EDB
and AH in ALS. In addition, we showed differential spinal
motoneuron dysfunction between the EDB and AH in patients
with ALS using F-wave test. Previous studies have observed
lower numbers of functional motoneurons innervating the
EDB (21) as well as faster LMN degeneration in the EDB (27)
in ALS, which may be related to the differential lower limb
muscle involvement. Thus, more research is needed to determine
whether split-leg pathogenesis is the result of a spinal mechanism
or the downstream process that secondarily develops from
cortical pathophysiology.

Currently, the diagnosis of ALS relies on identification of
concurrent UMN and LMN dysfunction (28). Although the
recent neurophysiologically based Awaji-Shima criteria have a
high diagnostic sensitivity for ALS (29), the electrophysiological
features of LMN dysfunction proposed by that criteria are not
specific to ALS. Some studies have explored the diagnostic utility
of the FDI/ADM or APB/ADM CMAP amplitude ratios, and
split-hand index (SI), which are relevant to split-hand syndrome
(14, 30). These ratios are useful for the differential diagnosis of

Frontiers in Neurology | www.frontiersin.org

May 2019 | Volume 10 | Article 565


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Wang et al.

Split-Leg Sign in ALS

100 —

Sensitivity

20 —H —— EDB/AH CMAP amplitude ratio
————— Min F latency (EDB)

----- Max F latency (EDB)

fffff Mean F latency (EDB)

————— Mean F/M amplitude ratio (EDB)

i Index Freps (EDB)
T T T T T T
0 20 40 60 80 100
1-sepcificity

FIGURE 3 | ROC curves for the EDB/AH CMAP amplitude ratio and EDB
F-wave variables. Receiver operator characteristic (ROC) curve analysis
revealed that the minimal, maximal and mean F-wave latencies, mean F/M
amplitude ratio, and index Freqs of the EDB appeared to strongly differentiate
patients with ALS from the HCs compared with the EDB/AH CMAP amplitude
ratio. These F-wave variables of the EDB had areas under the

curve (AUCs) > 0.8.

ALS and other mimic conditions. The SI is particularly robust
for establishing an earlier diagnosis of ALS (3, 14). In this study,
the EDB/AH CMAP amplitude ratio was reduced and revealed a
split-leg sign in patients with ALS; however, its reduction lacked
sensitivity and its diagnostic utility was limited, particularly for
the early stages of the disease. A possible explanation for this
finding is that the AH CMAP amplitude is much higher than the
EDB CMAP amplitude, which resulted in an EDB/AH CMAP
amplitude ratio that was too small to significantly discriminate
patients with ALS from the HCs. In addition, standing or
locomotion are the most common lower limb functions, and the
feet cannot perform fine movements like the hands can. Such
fine and complex motor control may lead to greater metabolic
demand and oxidative stress on the thenar muscles (FDI, APB)
spinal motoneurons (31). Thus, the differential involvement of
the EDB and AH may not be as noticeable as the split-hand
differences between the ADM and FDI or APB.

In the present study, we compared the ROC curve AUCs of
the EDB and AH F-wave parameters and found that the EDB F-
wave parameters were significantly better than the AH F-wave
parameters at differentiating patients with ALS from HCs. In
particular, the maximal F-wave latency and index Freqs of the
EDB appeared to be better electrophysiological ALS markers than
the EDB/AH CMAP amplitude ratio. This finding is consistent
with the higher sensitivity of F-waves compared with CMAPs
for assessing LMN loss. The AH F-waves parameters have low
sensitivity and high specificity in differentiating patients with
ALS from HCs and are therefore, of limited value. This finding
also indicates that the spinal motoneurons innervating the EDB
have greater involvement than those innervating the AH.

This study has several limitations. First, patients with ALS
and severe foot wasting may have been excluded from the F-
wave test. Second, we did not include patients with ALS-mimic
disorders or other neurological diseases with lower extremity
involvement. Moreover, detailed F-wave variable measurements
were based on a long series of 100 stimuli rather than samples
from 20 traces routinely recorded. Therefore, the diagnostic
accuracies of the EDB F-wave variables analyzed in this study
may not be applicable to a routine clinical practice. In addition,
because the persistence of the peroneal nerve is low, even in
healthy people, a greater number of stimuli (n = 200) may
have been necessary to obtain an adequate number of F-waves
(13,21, 32).

In summary, we found that the EDB and AH of patients
with ALS exhibited a different degree of involvement. We
suggest that the spinal motoneurons innervating the EDB may
be preferentially involved in ALS and reflect the split-leg pattern.
In addition, the maximal F-wave latency and index Freqs of the
EDB robustly differentiated patients with ALS from the healthy
controls, which may potentially facilitate an earlier identification
of ALS.
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