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Clinical and electromyographic abnormalities are generally more 
prominent in distal muscles (‘distal-proximal gradient’ )(1–3) and on 
the lateral side of the hand (‘lateral-medial gradient’ )(4,5) in patients 
with amyotrophic lateral sclerosis (ALS). However, the role of upper 
motor neuron (UMN) or lower motor neuron (LMN) dysfunction as the 
promoter of these phenomena is still debated.

Motor unit firing and recruitment are essential for the graded tuning of 
the force exerted by voluntary muscle contraction (6). Motor units are 
recruited in an orderly fashion and to do so, spinal motor neurons need 
synaptic inputs from descending projections, spinal interneurons, and 
sensory afferents (7,8). Firing rate and recruitment properties of motor 
units (MU) could give indirect information about how these synaptic 
inputs and the spinal motor neurons themselves function both in health 
and disease (9,10).

INTRODUCTION

Cite this article as: Alpaydın Baslo S, Şirin NG, Kocasoy Orhan E, Baslo MB, Öge AE. Selective Muscle Involvement in Amyotrophic Lateral Sclerosis: Evidence Inferred from 
the Point of Motor Unit Firing Rates. Arch Neuropsychiatry 2024; 61:296−305.

Introduction: The aim of the study is to determine the role of upper 
motor neuron (UMN) or lower motor neuron (LMN) dysfunction as 
the primary initiator of distal-proximal and lateral-medial gradients of 
muscle involvement in amyotrophic lateral sclerosis (ALS).

Methods: Concentric needle electromyography recordings were 
performed in deltoid, abductor digiti minimi, and first dorsal interosseous 
(FDI) muscles in patients with ALS and controls during slight voluntary 
contraction needed to activate two motor units (MU). Five motor unit 
potential (MUP) pairs were recorded from each muscle. Motor unit 
potential analyses were performed offline using Multi-MUP analysis 
program. Quantitative MUP parameters, MU firing rate (FR), FR variability 
(FRV), and mean consecutive difference (MCD) were calculated. Motor-
evoked potentials and the triple stimulation technique (TST) were 
performed to evaluate UMN involvement.

Results: Twenty patients with ALS along with 20 age and sex-matched 
healthy volunteers were enrolled. Quantitative MUP parameters 
compatible with denervation and reinnervation were found in patients 
with ALS, who also showed higher FR, FRV, and MCD values, most 
prominently in FDI. First dorsal interosseous FRV was lower in patients 
with abnormal central motor conduction time (CMCT). Firing rate and 
FRV were negatively correlated with CMCT, but not with TST.

Conclusion: Distal limb muscles, particularly FDI, revealed more 
prominent FR abnormalities in patients with ALS in parallel with the 
distal-proximal and lateral-medial gradients of the selective muscle 
involvement pattern which seems predominantly to be correlated with 
LMN dysfunction. Reduced FRV may be associated with the presence of 
UMN dysfunction in ALS.

Keywords: Amyotrophic lateral sclerosis; firing rate; motor unit potential; 
transcranial magnetic stimulation; triple stimulation technique

ABSTRACT

Highlights
•	 Firing rate, MCD and FRV were increased in ALS muscles.

•	 Firing rate, MCD and FRV increase was more prominent 
in distally located ALS muscles.

•	 Firing rate, MCD and FRV findings suggested LMN 
dysfunction keeping track of ALS gradients.

•	 Firing rate variability was lower in patients with 
abnormally long CMCT than those with normal results.

•	 Reduced FRV may be associated with UMN dysfunction 
in ALS.
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In ALS, the most common motor neuron disease, a reduced number of 
recruited motor units with an increased firing rate is observed. However, 
the impact of UMN lesions on LMN firing rates is not well known in this 
disease. We aimed to focus on the origins of distal-proximal and lateral-
medial muscle involvement gradients in ALS from the point of motor 
unit firing rate and recruitment. Upper motor neuron involvement 
was also evaluated using motor-evoked potentials (MEP) and the triple 
stimulation technique (TST).

METHODS

Subjects

Twenty patients with ALS, referred between December 2019 and 
September 2021, and 20 healthy volunteers were enrolled (11). Patients 
with mental and behavioral problems that could hinder cooperation 
with the procedure, and those with respiratory symptoms who were 
unable to lie supine comfortably were excluded. None of the subjects 
had any clinical symptoms or signs of additional neuromuscular 
disorders or any systemic disease that might affect the results. To be 
able to record motor unit potentials (MUPs) in a steady state voluntary 
contraction, extremities harboring the test muscles with relatively 
preserved strength (≥3/5 grade according to the Medical Research 
Council –MRC scale) were chosen. Routine nerve conduction studies 
were performed in the upper extremities of all subjects before the 
research protocol. To record MEPs clearly, only patients with ≥1 mV 
amplitude compound muscle action potentials (CMAPs) in abductor 
digiti minimi (ADM) were included.

The protocol was approved by İstanbul University İstanbul Faculty of 
Medicine Clinical Research Ethics Committee (22.11.2019/1366). Written 
informed consent was provided by all subjects.

A thorough clinic and neurologic examination was performed on each 
patient. Medical research council sum scores (0–60)(12), Amyotrophic 
Lateral Sclerosis Functional Rating Scale-revised (ALSFRS-r) scores (0–48)
(13,14), and Turner UMN scores (0–15)(15) were calculated.

Electrophysiologic studies

Electrophysiologic studies were performed on the clinically more affected 
side in the ALS group and on the dominant side in controls. If the strength 
of any test muscle was not ≥3/5 MRC grade on the more affected side, 
contralateral side was chosen.

For nerve conduction and firing rate studies, a Natus Dantec Keypoint. 
Net version 2.40 device was used. Median and ulnar nerves were 
stimulated supramaximally at wrist, and CMAPs were recorded from 
the abductor pollicis brevis (APB), first dorsal interosseous (FDI), and 
ADM muscles by using a pair of self-adhesive round electrodes placed 
according to the belly-tendon montage. F waves were recorded 
from ADM in response to 20 consecutive supramaximal stimuli 
(16). Split hand index (SHI) was calculated according the formula: 
SHI=CMAP

APB
xCMAP

FDI
/ CMAP

ADM
 (17). The cut-off value for SHI was 

accepted as 5.2(17). Neurophysiological index (NI) was calculated 
based on the CMAP recorded from ADM according to the formula: 
NI=(CMAP

ADM
/DML) x F

frequency
 (18).

Motor unit potential analyses and firing parameters were studied in 
deltoid (Del), FDI, and ADM muscles in the same session. Concentric 
needle EMG recordings were performed using electrodes with a 0.07 
mm2 recording surface (Natus Medical Inc., Middleton, WI). The 
QEMG-Multi-MUP program residing in EMG equipment was used for 
analysis.

The needle electrode was inserted into the muscle at rest and subjects 
were asked to initiate a mild but stable contraction to activate a single 
motor unit, and then to recruit a second one by increasing the force 
slightly. Minimal resistance was applied by the investigator and auditory 
feedback was provided by the EMG device to assist in fine-tuning the 
contraction force. Several seconds of rest were provided between the 
recording epochs in order to avoid the fatigue. After a steady state muscle 
activation was achieved, MUP pairs were recorded for at least 15-second 
duration epochs. In each muscle, five MUP pairs from five different 
sites, approximately 5 mm apart, were recorded by changing the needle 
position.

Multi-MUP analyses were performed offline with 5 Hz-10 kHz filter 
settings, 200 µV/div sensitivity, and 5 ms/div sweep speed (19).

Firing rate (FR) of MUs were analyzed using the epochs containing 
steadily firing MUP pairs. The MUP candidate to be analyzed was used for 
triggering the sweep and the entire recording was rastered for 20 traces 
on the screen. The sweep duration was re-arranged to view two identical 
signals representing the same MUP in the same line; the first one became 
the “triggering” and the following was the “jittering” potential. The time 
between those two potentials was the interpotential interval (IPI) and the 
mean FR of each MUP was calculated from the IPIs on 20 rastered lines 
(Figure. 1).

Firing rate variability (FRV) was calculated using the formula ‘FRV=(a/b) 
×100 [a=difference between the maximum and minimum IPIs, b=time 
frame between the triggering potential and the midpoint of ‘a’ (a/2)](20).

Mean consecutive difference (MCD) between the firing rates of MUPs in 
each pair was calculated using the formula ‘MCD=|FR_MUP

1
-FR_MUP

2
| 

+|FR_MUP
3
-FR_MUP

4
|+ |FR_MUP

n-1
-FR_MUP

n
| / (n/2)’ (10).

A Nicolet Viking Select EMG system (version 11.1) and a Magstim 200 
magnetic stimulator were used for TMS studies. A round coil with 
an outside diameter of 12 cm was located over the vertex to record 
MEPs from ADM during moderate voluntary contraction. Five to eight 
stimuli were applied with intensities obviously higher than the motor 
threshold (70% to 100% of the maximum stimulator output) in all 
participants except one patient in whom no motor response could be 
recorded with maximum stimulator output. The current direction in 
the coil was selected as the one that produced the highest amplitude 
motor responses (21). The shortest latency of the recorded MEPs was 
measured. Central motor conduction time (CMCT) was calculated using 
F-wave latencies according to the formula: ‘CMCT=MEP-(F+M-1)/2’ 
(22). The upper limit of normal for CMCT was calculated as 8.8 ms 
(mean +2SD of controls).

TST was performed by recording from ADM using the method described 
by Magistris et al. (21,23,24). TST% was calculated as the ratio of the TSTtest 
amplitude to that of the TSTcontrol, multiplied by 100 (Supplementary 
Figure.). The lower limit of normal for TST% was calculated as 84.6% 
(mean -2SD of controls).

Statistical analysis
IBM Statistical Package for Social Sciences (SPSS) program version 22.0 
was used. Descriptive statistics were given as mean, standard deviation 
(SD), and frequency (%). Mixed analysis of variance was used to detect 
within (muscle) and between (group) subject factors for motor unit 
firing parameters. For parameters with significant difference levels, 
pairwise comparisons were performed using Mann-Whitney U test 
with Bonferroni correction. When comparing two groups, Student’s 
t-test and Mann-Whitney U test were used for parametric and non-
parametric variables, respectively. Chi-square test was used to compare 
categorical variables. Pearson’s correlation analysis or Spearman’s rho 
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were used according to the distribution characteristics of the data. 
A p-value <0.05 was accepted as statistically significant, except for 
Mann-Whitney U tests with Bonferroni correction where p<0.008 was 
accepted as significant.

RESULTS

Clinical characteristics

Twenty patients with ALS (11F: 9M) and 20 controls (10 F: 10M) were 
enrolled. There was no significant age or sex difference between the 
patients and controls. Clinical characteristics of controls and the patients 
are summarized in Table 1. Medical research council scores of the studied 
muscles were ≥4/5 in 19 out of 20 Del, 16 out of 20 FDI and 17 out of 20 
ADM muscles. Comparison of muscle strengths of FDI and Del (as MRC 
scores) revealed that, FDI was weaker than Del in 14, Del was weaker 
than FDI in 1 while both muscles were equal in 5 patients. Comparison of 
muscle strengths of FDI and ADM revealed that both muscles were equal 
in 16, ADM was weaker than FDI in 3 and FDI was weaker than ADM in 
1 patient. Taking into consideration of APB, split hand sign was present 
clinically in 11 (55%) patients.

Electrophysiologic studies

Compound muscle action potential amplitudes were lower, F-wave 
latencies, MEP latencies, and CMCT were longer, F-wave persistences, 

MEP amplitudes, and TST amplitude ratios were lower in the patients. 
Mean SHI and NI values were also significantly lower in them (Table 2).

Motor unit potential amplitudes were higher and MUP durations were 
longer in patients with ALS when compared with controls. The phase 
and turn numbers of Del MUPs were higher in the patients compared 
with those of the controls. Motor unit potential amplitudes of Del were 
lower than those of ADM and FDI in both patients and controls. Turn 
numbers of Del MUPs were higher than those of FDI in the patients (Table 
3, Figure. 2).

The FR, MCD, and FRV values were higher in patients with ALS than those 
of the controls (Table 3, Figure. 2). Subgroup analyses revealed that MCD 
in all three muscles and FR and FRV in ADM and FDI were higher in the 
patients. Firing rate of FDI was higher than FR of ADM in the ALS group. 
Mean consecutive difference of FDI tended to be the highest among the 
three recording muscles in the patients. Firing rate variability of ADM was 
higher than that of Del and FDI in the controls. Firing rate variability of 
ADM and FDI were higher than that of Del but not significantly different 
from each other in patients with ALS.

The correlation analysis of electrophysiologic and clinical data is shown 
in Table 4. FR, FRV, and MCD showed positive correlations with each 
other for all three recording muscles of the patients (data not shown for 
ADM and Del). First dorsal interosseous FR was negatively correlated with 

Figure 1. Two consecutive motor unit pairs recorded in a control (left) and a patient with ALS (right). First row (I): Multi-MUP software showing the two consecutive motor units 
with different amplitude, duration, phase and turn numbers in a control (1,2) and a patient with ALS (3,4). Note the relatively stable muscle contraction with only slight physiological 
variations in the inter-discharge intervals of each motor unit (arrow). Second (II) and third (III) rows: Each MUP was shown triggered and rastered in 20 lines in different windows. The 
sweep duration was re-arranged to view the triggering and jittering MUPs in the same line. Vertical lines indicate the maximum and minimum interpotential intervals and the difference 
between them depicted by ‘a’ (‘a’ values for each MUP; a1, a2, a3, a4). Note the higher ‘a’ values in ALS and the increased variability of motor unit firing rate.
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Table 1. Clinical characteristics of controls and patients with ALS

Controls Patients with ALS 

Number (n) 20 20

Age [mean ± SD (min-max)] (years) 44.85±7.53 (34–64) 50.15±10.98 (33–71)

Sex (F: M) 10:10 11:9

Hand dominance (R: L) 16:4 17:3

Disease duration (months) 18.05±15.7 (3–72)

Onset region [n, (%)]

Bulbar
Upper extremity
Lower extremity

2 (10)
8 (40)

10 (50)

MRC sum score [mean ± SD (min-max)] 53.6±7.88 (33–60)

Split-hand sign [n, (%)]

Yes
No

11 (55)
9 (45)

Turner UMN score 9.45±4.03 (2–14)

ALSFRS-r score [mean ± SD (min-max)] 35.6±5.11 (26–44)

Conformity to diagnostic criteria
 rEl-Escorial criteria [n, (%)]

Possible
Lab-supported probable
Probable
Definite

3 (15)
11 (55)
6 (30)
0 (0)

Awaji-Shima criteria [n, (%)]

Clinically possible
Clinically probable
Clinically definite

5 (25)
10 (50)
5 (25)

Gold Coast criteria [n, (%)]

ALS 20 (100)

ALSFRS-r: revised Amyotrophic Lateral Sclerosis Functional Rating Scale; F: female; L: left; M: male; MRC: Medical Research Council; R: right; UMN: upper motor neuron.

Table 2. Electrophysiologic data in controls and patients with ALS

Controls (n=20) ALS (n=20) p*

APB
CMAP 

(mV) 9.7±2.2 (5.4–14.1) 5.7±3.9 (0.1–14) ≤0.001

ADM
CMAP 

(mV) 8.9±1.5 (6.5–11.6) 5.6±2.8 (1.8–12) ≤0.001

FDI
CMAP

 (mV) 13.1±2.4 (9.3–17.7) 5.2±3.5 (0.3–12.5) ≤0.001

F
latency 

(ms) 23.8±2.02 (20.1–27.7) 25.5±2.3 (21–29.5) <0.05

F
persistance 

(%) 99±30 (90–100) 65±24 (10–100) ≤0.001

SHI 14.22±3.58 5.44±4.64 ≤0.001

NI 3.37±0.72 1.35±1.02 ≤0.001

Control (n=19) ALS (n=19)§ p*

Erb
latency 

(ms) 12.9±1.5 (10.6–16.2) 13.6±1.4 (11.7–17.1) 0.180

Erb
amplitude 

(mV) 8.6±1.8 (5.2–12.2) 4.7±2.8 (1.3–11.2) ≤0.001

MEP
latency 

(ms) 19.5±1.7 (16.5–22.7) 24.4±5.8 (18.1–36) 0.002

MEP
amplitude 

(mV) 4.8±1.7 (1.9–8.1) 2.2±1.9 (0.1–6.3) ≤0.001

CMCT (ms) 6.8±0.9 (5–8.8) 11.5±7.8 (5–35.1) 0.018

MEP/M ratio 0.6±0.2 (0.2–0.9) 0.5±0.3 (0.05–1.1) 0.251

TST 
amplitude ratio 

(%) 100.9±8.2 (89.4–120.6) 70.1±29 (16–112.7) ≤0.001

TST
area ratio 

(%) 97.1±10 (81.1–118.1) 64.9±28 (8.1–105.3) ≤0.001

*Mann-Whitney U test
§No motor response could be recorded in one patient with ALS, with stimulations up to 100% of the maximal output of the stimulator. The data of one control case could not be analyzed 
because of her refusal to complete the TMS studies. 
ADM: abductor digiti minimi; APB: abductor pollicis brevis; CMAP: compound muscle action potential; CMCT: central motor conduction time; F: F-wave; FDI: first dorsal interosseus; MEP: 
motor evoked potential; MEP/M ratio: motor evoked potential amplitude/ motor response amplitude ratio; NI: neurophysiologic index; SHI: split hand index, TST: triple stimulation test. 
Data are given as mean ± SD (minimum-maximum).
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MRC sum score, CMAP amplitude, SHI, and CMCT, but not correlated 
with TST. Central motor conduction time was negatively correlated with 
turn number, CMAP amplitude, TST

area
 and FRV of FDI, and positively 

correlated with Turner UMN score. None of the FR parameters were 
correlated with other electrophysiologic and clinic data, except FR and 
MRC sum score in ADM and Del with a negative correlation and FRV and 
NI with a positive correlation.

There was no statistically significant difference between patients 
with abnormal and normal TST results regarding any of the clinic or 
electrophysiologic parameters. However, in patients with abnormally 
long CMCT, CMAP amplitudes were lower and ADM MUP durations were 
longer than those elicited in patients with normal CMCT. Turner UMN 
scores as well as MRC sum scores were higher and FRV in FDI was lower 
in patients with abnormally long CMCT than in those with normal results 
(Table 5).

In nine patients whose SHI was lower than the cut-off value of 5.2, 
mean FR of FDI was higher than in those with normal SHI (19.35±8.2 
vs. 11.28±3.6, p=0.004). However, there was no statistically significant 
difference concerning MEP and TST parameters between those groups 
(Supplementary table).

DISCUSSION
One of the main results of the present study, conforming to both distal-
proximal and lateral-medial gradients of ALS, was the higher MU FR in 
the patients, especially in FDI. We interpreted the increased FR as an 
indicator of LMN involvement because of the negative correlation of FR 
with CMAP amplitudes and MRC scores, along with its known property of 
being a hallmark of LMN loss (11). Lower motor neuron loss and motor 
neuronal hyperexcitable state together can explain the increased MU FRs 
in ALS; either with earlier recruitment of the fast firing MUs or more rapidly 

Table 3. Quantitative MUP and MU firing rate parameters in controls and patients with ALS

Controls (n=20) ALS (n=20)

Del ADM FDI All muscles* Del ADM FDI All muscles*

Analyzed MUP numbers 200 200 200 600 198 199 152 549

Amplitude (µV)
525.9±324.9
(88–2086)

703.2±401.87
(132–2006)

760.3±487
(106–2400)

663.1±420.9
(88–2400)

887.4±586.5
(77–4682)

1127.8±829.5 
(135–3536)

1237±790.9
(97–3592)

1072.1±752.6
(77–4682)

Duration (ms)
8.6±2.3

(2.1–13.6)
8.5±2.02

(3.9–13.4)
8.4±2.1

(2.4–13.2)
8.6±2.1

(2.1–13.6)
11.9±3.1

(4.3–24.9)
11.5±3.6

(5.1–33.4)
11.5±2.9

(4.3–18.2)
11.6±3.2

(4.3–33.4)

Phase # 2.9±0.8
(1–6)

3.04±0.8
(2–6)

3.07±0.9
(1–6)

3.0±0.8
(1–6)

3.3±0.3
(2.8–3.8)

3.1±0.9
(1–8)

3.04±0.9
(1–8)

3.2±0.9
(1–8)

Turn # 2.8±1.2
(1–7)

3.1±1.5
(1–10)

2.9±1.1
(1–7)

2.9±1.3
(1–10)

3.6±1.6
(1–11)

3.3±1.5
(1–9)

3.16±1.4
(1–10)

3.4±1.5
(1–11)

FR
 
(Hz)

10.8±1.9
(6.6–17.1)

10.2±2.4
(4.8–19.5)

10.05±2.02
(6.3–17.7)

10.4±2.1
(4.8–19.5)

11.8±3.4
(4.3–29.9)

11.7±4.04
(4.5–27.9)

13.4±5.8
(5.3–34.9)

12.2±4.5
(4.3–34.9)

MCD (Hz)
1.3±1.01

(0.01–4.1)
1.5±1.2

(0.03–5.4)
1.6±1.4

(0.03–6.3)
1.5±1.2

(0.01–6.25)
2.4±2.6

(0.005–18.8)
3.1±3.4

(0.04–17.6)
3.7±4.5

(0.006–23.3)
3.03±3.5

(0.005–23.3)

FRV (%) 
54.8±28.9

(20.8–410.2)
63.5±17.2

(30.5–125.8)
58.1±17.3

(22.4–126.6)
58.8±22.1

(20.8–410.2)
57.9±23.2

(15.7–198.7)
72.3±41.7

(29.5–589.5)
69.7±30.6

(16.2–164.8)
66.4±33.5

(15.7–589.5)

ADM: abductor digiti minimi; ALS: amyotrophic lateral sclerosis; Del: deltoid; FDI: first dorsal interosseus; FR: firing rate; FRV: firing rate variability; MCD: mean consecutive difference; 
MU: motor unit; MUP: motor unit potential; #: number. Data are given as mean±SD (minimum-maximum). * Quantitative MUP (for amplitude, duration, turn number p ≤0.001; for phase 
number p<0.008) and MU firing rate parameters (p ≤0.001) of all studied muscles were significantly different between controls and the patients.

Figure 2. Quantitative MUP, firing rate 
and recruitment properties in patients 
with ALS (blue) and controls (green). 
Motor unit potential amplitudes were 
higher and MUP durations were longer in 
patients with ALS when compared with 
controls (p≤0.001). Note the increased 
phase and turn number of Del MUPs in 
patients with ALS compared with the 
controls (p≤0.001) and the increased turn 
number of Del MUPs compared with 
those of FDI in patients with ALS (p=0.006). 
The FR, MCD, and FRV of MUPs were 
higher in patients with ALS than those 
of the controls (p≤0.001). Also note the 
higher FR and MCD of FDI, and the lower 
FRV of Del in patients with ALS. * indicates 
to significant differences between (group) 
subject factors, ¥ indicates to significant 
differences within (muscle) subject factors 
(A-Del vs ADM and FDI, D-Del vs FDI, 
E-FDI vs ADM, F-FDI vs ADM and Del, G– 
Del vs ADM and FDI).
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Table 5. Electrophysiologic and clinical scores of patients with ALS with normal and abnormal TST and CMCT results

TST normal
(n=7)

TST abnormal
(n=12) p*

CMCT normal
(n=7)

CMCT abnormal
(n=12) p*

CMAP
APB 

(mV)
7.3±4.7
(0.5–14)

4.9±3.35
(0.13–9.9)

0.227
6.32±4.33
(0.13–14)

4.90±3.31
(0.50–9.90)

0.482

CMAP
ADM 

(mV)
6.6±3.5
(1.8–12)

5.2±2.4
(2.1–8.9)

0.384
6.70±2.68

(3.20–12.00)
4.06±2.37

(1.84–7.70)
0.028

CMAP
FDI 

(mV)
6.1±4.5
(1–12.5)

5.2±2.9
(1.2–10.9)

0.820
6.14±3.91

(1.18–12.50)
4.42±2.27

(1.00–7.20)
0.375

F
latency 

(ms)
26.71±3.18
(21–29.50)

24.91±1.60
(22–27.14)

0.067
26.02±2.48

(21.00–29.50)
24.48±1.70

(22.00–26.00)
0.180

F
persistance 

(%)
0.64±0.24

(0.40–1.00)
0.70±0.20

(0.40–1.00)
0.646

0.67±0.20
(0.40–1.00)

0.71±0.23
(0.40–1.00)

0.660

NI
1.3±1.2
(0–36)

1.5±0.9
(0.3–3.4)

0.682
1.51±1.09

(0.00–3.61)
1.24±0.85

(0.29–2.54)
0.682

SHI
6.03±5.8
(0–14.5)

5.5±4.04
(0.04–12.5)

0.837
5.83±5.32

(0.00–14.56)
5.52±3.40

(0.27–9.66)
0.999

MRC sum score
52.29±8.88

(36–60)
54.50±7.88

(33–60)
0.592

51.00±9.08
(33–60)

58.29±2.43
(54–60)

0.036

Turner UMN score
7.71±4.1
(3–14)

10.3±3.9
(2–14)

0.261
7.92±3.87

(2–12)
11.71±3.49

(4–14)
0.013

ALSFRS-r score
36.4±4.3
(33–44)

35.7±5.5
(26–44)

0.837
35.42±5.23

(26–44)
36.86±4.85

(30–44)
0.483

Del FR (Hz)
14.4±5.3

(10.1–25.1)
12.4±6.1

(7.6–29.9)
0.261

14.7±6.65
(7.75–29.94)

10.53±2.31
(7.61–13.33)

0.120

ADM FR (Hz)
11.8±5

(7.3–20.5)
11.8±4.1

(7.1–21.1)
0.773

3.43±5.10
(0.14–18.77)

1.62±0.97
(0.69–3.29)

0.837

FDI FR (Hz)
15.7±5.2

(9.4–24.05)
13.6±7.9

(6.9–34.7)
0.285

68.13±35.05
(32.88–151.85)

56.95±14.43
(33.83–74.06)

0.999

Del MCD (Hz)
1.95±1.9

(0.34–5.7)
3.2±5.01

(0.14–18.8)
0.432

11.39±4.20
(7.10–21.12)

12.68±4.73
(8.65–20.48)

0.592

ADM MCD (Hz)
3.44±3.1

(0.74–9.3)
2.2±2.4

(0.04–7.04)
0.340

2.63±2.12
(0.11–7.04)

2.73±3.60
(0.04–9.33)

0.592

FDI MCD (Hz)
1.8±1.4

(0.006–3.5)
3.69±3.6

(0.5–12.4)
0.313

64.79±15.16
(39.04–92.65)

64.04±22.38
(45.49–108.31)

0.592

Del FRV (%)
64.6±30.9

(32.9–126.2)
63.6±29.5

(33.8–151.9)
0.999

15.96±7.89
(6.92–34.74)

11.34±2.74
(8.78–16.38)

0.213

ADM FRV (%)
67.4±23.4

(39.03–108.3)
62.8±14.04
(45.5–92.6)

0.837
3.24±3.75

(0.01–12.35)
2.57±1.54

(0.54–4.13)
0.875

FDI FRV (%)
78.4±31.4

(55.04–147.1)
83.2±44.5

(32.2–155.3)
0.724

95.88±39.53
(51.65–155.27)

52.17±14.08
(32.17–70.56)

0.013

Del amplitude (µV)
1035±309.5
(569–1582)

1142.9±1162
(358–4682)

0.432
1245.42±1130.33

(506–4682)
861.00±361.79

(358–1423)
0.482

Del duration (ms)
11.4±3.18

(6.29–14.95)
12.9±2.72
(5.7–16.6)

0.482
11.77±3.39

(5.67–16.36)
13.35±1.58

(11.51–16.60)
0.650

Del phase #
2.9±0.69

(2–4)
2.9±0.51

(2–4)
0.837

3.00±0.60
(2–4)

2.71±0.49
(2–3)

0.432

Del turn #
3.0±1.29

(1–5)
3.8±2.48
(2–11)

0.650
3.83±2.52

(1–11)
3.00±1.15

(2–5)
0.482

ADM amplitude (µV)
1232.7±1203.4

(245–3422)
1603.4±814.47

(381–2677)
0.384

1168.92±954.03
(245–3422)

1977.57±784.27
(381–2677)

0.100

ADM duration (ms)
14.2±7.78

(7.68–29.98)
11.7±3.21

(5.08–16.06)
0.902

10.71±3.41
(5.08–17.80)

15.99±6.48
(10.43–29.98)

0.022*

ADM phase #
3.1±0.90

(2–4)
2.8±0.84

(2–5)
0.432

3.08±0.9
(2–5)

2.71±0.76
(2–4)

0.432

ADM turn #
3.7±1.62

(1–6)
3.5±1.17

(2–6)
0.711

3.50±1.51
(1–6)

3.57±0.98
(2–5)

0.837

FDI amplitude (µV)
1622±1089
(491–3580)

1711.3±600.38
(549–2407)

0.659
1766.83±835.11

(491–3580)
1496.00±747.23

(549–2407)
0.616

FDI duration (ms)
11.7±4.17

(7–17)
12.77±3.30

(7.66–18.21)
0.596

12.25±3.53
(7.04–17.04)

12.55±4.04
(7.66–18.21)

0.999

FDI phase #
2.9±0.69

(2–4)
3.09±1.04

(2–5)
0.724

3.00±1.04
(2–5)

3.00±0.63
(2–4)

0.892

FDI turn #
2.9±1.35

(1–5)
2.64±0.81

(1–4)
0.860

2.83±1.11
(1–5)

2.5±0.84
(1–3)

0.682

*Mann-Whitney U test.  ADM: abductor digiti minimi; ALSFRS-r; revised Amyotrophic Lateral Sclerosis Functional Rating Scale; CMAP: compound muscle action potential; CMCT: 
central motor conduction time; Del: deltoid; F: F-wave; FDI: first dorsal interosseous; MRC: Medical Research Council; NI: neurophysiological index; SHI: split hand index; TST: 
triple stimulation technique; #: number.
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firing of the remaining slow MUs as a sign of compensatory reinnervation 
(25,26). The increased motor neuronal excitability in the lateral side of 
hand in ALS has been discussed at both central and peripheral levels 
(27). The findings of an electrophysiologic study comparing ADM and 
FDI, were interpreted as an indication of more favorable reinnervation 
capacity of ADM due to the lower excitability and prolonged survival of 
its motor neurons (28). Similarly, the increased FR of FDI found in the 
present study may be explained by a lesser reinnervation capacity of 
FDI due to increased motor neuronal excitability either at the central or 
peripheral levels.

The other striking finding of this study is that reduced FRV in FDI 
was associated with longer CMCT, which was suggested as a good 
biomarker of UMN dysfunction in ALS (29). This finding is also 
supported by the negative correlation between FR of FDI and CMCT. 
The reverse correlation of CMCT with FR and FRV could be explained 
by the stabilization of membrane potential, less reactive to small inputs 
and more stable FR as CMCT prolongs due to UMN involvement (9,30–
32). In an earlier study, de Carvalho et al. used Multi-MUP analysis to 
evaluate FR of MUs in six subject groups and showed a lower coefficient 
of variance of FR in patients with PLS, ALS with spasticity, and UMN 
involvement due to other causes (9). They similarly concluded that 
MU firing variability might be useful in assessing UMN versus LMN 
involvement and it tended to be greater in diseases affecting LMN (9). 
Later, they described the MCD parameter to identify motor unit firing 
rate variability and found less MCD in subjects with spinal cord lesions 
and PLS when compared to ALS and controls. They interpreted the 
reduced MCD in patients with marked pyramidal signs as being a result 
of lower threshold for LMN firing with lesser FR variability and proposed 
the method as a tool to detect UMN involvement (10). However, in 
our study, MCD values failed to show a significant correlation with the 
parameters of UMN dysfunction in ALS, probably because our patient 
group had similar UMN and LMN dysfunction. The lack of a patient 
control group with pure UMN involvement stands as a limitation of the 
present study.

The irregularity of MU firing revealed by increased MCD in our group, 
in parallel with LMN involvement could be explained by the increased 
spontaneous oscillations of the membrane potential due to synaptic 
noise and inconstant presynaptic flow (9,33). Similar to our results, 
Yalinay Dikmen et al. reported higher FRV in patients with motor neuron 
disorders and discussed this finding as a consequence of both upper 
and lower motor neuronal excitability changes (34). MUPs of distally 
located muscles, FDI and ADM, were firing more unsteadily in our study, 
according to FRV, conforming to the distal-proximal gradient. These 
findings could be speculated to be caused by increased vulnerability of 
motor neurons innervating fast twitch muscle fibers (35), because studies 
on SOD1 mutant mice suggested that distal leg muscles contained higher 
percentages of fast-twitch muscle fibers and the motor units innervating 
them degenerated preferentially (2,36). However, fiber composition of 
different human muscles has not been fully elucidated yet.

Higher MUP amplitudes and longer MUP durations in the patient 
group were compatible with the chronic denervation and reinnervation 
process. The higher phase and turn number of Del MUPs in patients with 
ALS compared to controls and the higher turn number of Del MUPs 
compared to FDI MUPs in the patients might point to the relatively 
early reinnervation stage in Del muscle rather than the physiologic 
properties of deltoid MUPs known to have a polyphasic rate of 25% (37). 
This probably more immature reinnervation in Del muscle compared to 
FDI suggested us the temporal profile of denervation which might led 
the collateral reinnervation to reach at a more mature stage in distally 
located FDI than the proximal Del.

Central motor conduction time prolongation in ALS is explained by 
the degeneration of fastest conducting corticospinal fibers (38). On the 
other hand, TST uses a collision technique and provides a quantitative 
and reproducible measure of functional motor neurons. Both CMCT and 
TST were abnormal in nearly two-thirds of our patients with ALS. Unlike 
the TST amplitude ratio, there were statistically significant correlations 
between CMCT and CMAP amplitude of the recording muscle, UMN 
score and FR and FRV of FDI in the patients. This could be related to 
the methodologic differences between these two TMS techniques, 
which probably made one of them more efficient to show the effects 
of UMN dysfunction on FR variability and might be considered from 
the perspective of recent restoration of the reputation of CMCT in 
showing the UMN dysfunction, particularly when it is masked by LMN 
involvement (29).

The dissociated muscle weakness and wasting in ALS have been 
documented as different split muscle phenotypes since ‘the split 
hand’ phenomenon was originally reported (4,17,39–43). The split 
hand phenomenon is accepted as a good clinical biomarker with the 
aid of neurophysiologic verification studies (5,17,44,45). Four main 
hypotheses have been proposed to explain its pathophysiological origins 
(46); 1: cortical dysfunction/hyperexcitability (47–52), 2: abnormal 
spinal circuitry/LMN dysfunction (5,53), 3: LMN hyperexcitability/ 
axonal membrane channel dysfunction (27), and 4: motor endplate 
dysfunction (46,54). In the present study, SHI was abnormal in less than 
half of the patients, which could be explained by the MRC and CMAP 
amplitude criteria used for inclusion. First dorsal interosseous was the 
representative muscle of lateral side of the hand in the present study 
and is expected to be affected preferentially in this context. From the 
standpoint of MU FR and recruitment, the split hand phenomenon was 
reflected electrophysiologically by the higher FDI FR and MCD values 
in the whole group of patients, and by the decreased FDI FRV in 12 
patients with prolonged CMCT. Moreover, the FR of FDI was higher 
in patients with abnormally low SHI, pointing out the predominating 
LMN involvement in this muscle. No such difference could be shown 
between the MEP and TST findings of the patients with abnormally low 
and normal SHI.

There are several limitations of the present study. First, the more 
clinically affected side was chosen to observe the distal-proximal 
gradients better, taking the possible risk of masking UMN involvement 
with LMN predominance. Second, it would be more conclusive to 
study TST and CMCT in each recording muscle in the study. However, 
to apply these methods to proximal muscles is technically very difficult. 
Third, there is no follow up recordings to investigate the evolution of 
FR parameters.

In conclusion, distal-proximal and lateral-medial gradients of muscle 
involvement reflected by the firing rate variability parameters suggested 
that the LMN dysfunction keeps track of preferential muscle involvement 
in ALS. In relation to those gradients, some indication for UMN 
dysfunction like reduced FRV was also revealed by CMCT. Although the 
majority of the results pointed to the predominant LMN involvement 
as the primary pathology underneath them, the question ‘does LMN 
dysfunction hinder the clues of UMN involvement, because of recording 
from the already diseased end organs, remains unanswered.
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