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A B S T R A C T   

Objective: Since motor nerve conduction slowing can occur due to loss of large axons, we inves-
tigate the conduction slowing profile in amyotrophic lateral sclerosis (ALS) and identify the limits 
beyond which the diagnosis of exclusive axonal loss is unlikely. 
Methods: First, using linear regression analysis, we established the range of motor conduction 
slowing in 76 chronic inflammatory demyelinating polyneuropathy (CIDP) patients. Demyelin-
ating range confidence intervals were defined by assessing conduction velocity (CV), distal la-
tency (DML), and F-wave latency (F) in relation to distal compound muscle action potential 
(CMAP) amplitude of median, ulnar, fibular, and tibial nerves. Results were subsequently vali-
dated in 38 additional CIDP patients. Then, the newly established demyelination confidence in-
tervals were used to investigate the profile of conduction slowing in 95 ALS patients. 
Results: CV slowing, prolonged DML, and abnormal F were observed in 22.2%, 19.6%, and 47.1% 
of the studied nerves respectively in ALS patients. When slowing occurred, it affected more than 
one segment of the motor nerve, suggesting that CMAP amplitude dependent conduction slowing 
caused by an exclusive loss of large axons is the main mechanism of slowing. No ALS patient had 
more than 2 nerves with CV slowing in the confidence interval defined by the regression equa-
tions or the American Academy of Neurology (AAN) research criteria for CIDP diagnosis. 
Conclusions: The presence of more than two motor nerves with CV slowing in the demyelinating 
range defined by the regression analysis or AAN criteria in ALS patients suggests the contribution 
of acquired demyelination or other additional mechanisms exist in the electrodiagnostic profile of 
ALS.   

1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a rare progressive and ultimately fatal neurodegenerative disorder characterized by selective 
degeneration of upper motor neurons (MNs) in the cerebral cortex and lower MNs of the brain stem and spinal cord, for which there is 
currently neither a cure nor a truly effective treatment [1,2]. Electrodiagnostic testing plays a key role in confirming the diagnosis of 
ALS and excluding other axonal or demyelinating polyneuropathies. However, abnormal motor nerve conduction slowing has been 

* Corresponding author. 
E-mail address: souayani@njms.rutgers.edu (N. Souayah).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e18400 
Received 3 March 2023; Received in revised form 12 July 2023; Accepted 17 July 2023   

mailto:souayani@njms.rutgers.edu
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e18400
https://doi.org/10.1016/j.heliyon.2023.e18400
https://doi.org/10.1016/j.heliyon.2023.e18400
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e18400

2

reported in ALS and has been attributed to the loss of large axons and distal axonopathy [3–7], which complicates the differentiation of 
ALS from motor neuropathies [8–11]. Due to the poor prognosis of ALS, it is crucial to identify whether there are other alternative or 
superimposed motor neuropathies that may fit patients’ nerve conduction profiles to better differentiate ALS from other motor 
neuropathies. 

Nerve conduction studies are crucial for confirming the diagnosis of ALS and excluding mimicking disorders [3–7]. The electro-
diagnostic distinction between ALS and demyelinating motor neuropathies is sometimes challenging, particularly in motor neurop-
athies including multifocal motor neuropathy, hereditary motor neuropathy and familial amyloid polyneuropathy [8–14]. Conduction 
velocity (CV) slowing may occur in ALS, especially when the compound muscle action potential (CMAP) is reduced. This slowing is 
usually described as a CMAP amplitude dependent conduction slowing and is attributed to the loss of large, fast conducting motor 
neurons. Moreover, we noticed that in the presence of a low CMAP amplitude, the correspondingly abnormal CVs, distal latencies 
(DML), and F-wave latencies (F) may create a complex picture including features of axonal loss and demyelination that do not fulfill the 
American Academy of Neurology (AAN) research criteria for chronic inflammatory demyelinating polyneuropathy (CIDP). 

The objective of this study was to characterize and differentiate motor nerve conduction slowing in ALS from other neuropathies. 
Using a well-defined population of CIDP patients, we sought to determine the range of conduction values in ALS and develop regression 
equations, and confidence limits for motor nerve conduction slowing. We subsequently studied a group of well-defined ALS patients by 
Escorial criteria to look for overlap of motor DML, CV, and F with the CIDP group, to further characterize the distribution of conduction 
slowing in ALS and to determine the limits of conduction slowing beyond which the diagnosis of ALS is uncertain. 

2. Materials and methods 

2.1. Subjects 

The protocol of this retrospective study was reviewed and approved by the Institutional Ethical Committee of New Jersey Medical 
School, Rutgers University (Pro0120050196). Requirement for individual patient consent was waived because the project did not 
impact clinical care and all protected health information was deidentified. 

We retrospectively identified a group of 76 patients with CIDP using AAN research criteria for CIDP diagnosis [15]. Electro-
diagnostic data from the CIDP patients was used to develop regression equations that determine, for each CMAP amplitude, the range 
of slowing expected from a primary demyelinating polyneuropathy. A second independent group of 38 CIDP patients, fulfilling the 
AAN research criteria for CIDP, was used to validate 12 equations [15]. The Wilcoxon rank sum test was used to test the hypothesis that 
there is no difference in the distributions of the first group of 76 patients and the second group of 38 patients with CIDP in each of the 
12 equations of confidence intervals to confirm the validity of confidence intervals (all 12 p-values>0.05 significance level). 

Electrodiagnostic data were also obtained from 95 patients diagnosed with ALS based on the Escorial revised criteria of the World 
Federation of Neurology [16]. Electrodiagnostic testing was performed in a quiet room with a limb temperature at or above 32 ◦C and 
using standard methods [17]. Nerve conduction study parameters including CMAP, DML, CV, and F of the median, ulnar, tibial, and 
fibular nerves were recorded. In the motor nerve conduction studies, stimulation was performed by a bar electrode and the recording 
was performed by disc electrodes. In the sensory nerve conduction studies, stimulation was performed by ring electrodes and recording 
was performed orthodromically by bare electrodes in both upper extremities. In lower extremities, stimulation and recording of 
sensory nerves was performed with bare electrodes. The study was performed orthodromically in the sural nerve and antidromically in 
the superficial peroneal nerve. Skin temperature was recorded using a surface probe and maintained above 32 ◦C. Table 1 summarizes 
the stimulation and recording sites for the studied nerves. 

2.2. Statistical analysis 

2.2.1. Regression equations 
For the first CIDP group (76 patients), median, ulnar, tibial, and fibular nerve data were converted to a percentage of upper limit of 

Table 1 
Nerve stimulation and recording sites.  

Nerves Stimulation Sites Recording Site 

Median (motor) Wrist, elbow Abductor pollicis brevis 
Median (sensory) Index finger Wrist 
Ulnar (motor) Wrist, elbow, above elbow Abductor digiti minimi 
Ulnar (sensory) Little finger Wrist 
Radial (motor) Mid forearm, above the elbow, axilla Extensor indicis 
Radial (sensory) Ridge of the radius Thumb 
Median palmar (sensory) Median Palmar Wrist 
Ulnar palmar (sensory) Ulnar palmar Wrist 
Peroneal (motor) Ankle, fibula head, above knee Extensor digitorum brevis 
Superficial peroneal nerve Anterior edge of the fibula Medial to lateral malleolus 
Tibial (motor) Ankle, knee Flexor hallucis brevis 
Sural (sensory) Lateral malleolus Calf 
Medial Plantar (motor) Above the ankle Flexor hallucis brevis  
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normal for the DML and F responses, and lower limit of normal for the CMAP amplitude and CV. These data were then transformed to 
achieve a more linear relationship between CMAP amplitude and CV, DML, and F by using a square root transformation, fourth root 
transformation, or Log10 transformation. We then plotted the transformed data with CMAP in the x–axis, and the DML, CV, or F in y- 
axis. Using linear regression analyses, we developed equations that assessed the range of slowing in CIDP with confidence intervals that 
link CV, DML, and F to distal CMAP amplitude of median, ulnar, fibular, and tibial nerves. These developed equations were then used 
to study conduction slowing in 95 patients with ALS. 

2.2.2. Data summary and statistics 
Basic data summary statistics were performed using Microsoft Excel® 2016. SAS® Software (version 9.4) was used to perform 

advanced statistical analyses. Categorical variables were summarized by their counts and percentages, and the distribution of groups 
was compared using chi-square test and Fisher’s exact tests. Z-test of proportions was used to compare two proportions. Continuous 
variables were summarized by their means and standard deviations along with ranges, and the distribution of groups was tested using 
t-test and analysis of variance. All tests for statistical significance were two-sided with a significance level of 0.05. 

Linear regression was used to identify the dependence of DML, CV, and F on CMAP amplitude. Transformed CMAP amplitude was 
used as an independent variable and the transformed DML, CV, and F were used as dependent variables. We evaluated the slope of the 
regression lines, which is a measure of the relationship between the CMAP amplitude and DML, CV, and F. Pearson’s coefficient (r) was 
used to evaluate the correlation between CMAP amplitude and CV, DML, and F. The p < 0.05 was considered significant and Pearson r 
values of >0.7 were considered as representing high correlation and those between 0.35 and 0.7 as moderate correlation. 

3. Results 

The regression equations were acquired by using CMAP amplitude equal to the lower normal limit and at 50% of the lower of limit 
normal. The range of conduction slowing in the demyelinating range is shown in Table 2. 

The validity of the confidence intervals derived from the regression equations was confirmed by the demonstration that all the 12- 
equation data of the additional group of 38 CIDP patients were within the confidence intervals determined by the first group of 76 CIDP 
patients (all 12 p-values were >0.05). 

Subsequently, electrodiagnostic studies of 95 patients diagnosed with ALS were analyzed. The mean age of patients in the ALS 
group was 58.5 ± 11.70 years. There were 58 men and 37 women. A total of 545 motor nerves were studied, including 133 median 
nerves, 139 ulnar nerves, 141 tibial nerves, and 132 fibular nerves. The raw data were converted to mean and range of percentage of 
normal for each nerve, which was summarized in Table 3. The mean CMAP amplitude of the median and ulnar nerve was relatively 
lower to the lower limits of normal compared to the tibial and peroneal nerve which may suggest more lower motor neuron loss in 
upper extremities compared to lower extremities in the studied patients. 

Table 4 shows the results of the conduction slowing study in ALS patients. The results indicate that about 44.8% and 22.2% of the 
studied nerves had CMAP amplitudes and CV below the lower limit of normal, respectively. Only 1.4% of the studied nerves had CV 
slowing in the AAN demyelinating range, whereas 9.4% had CV in the equation’s confidence intervals ranges (p < 0.0001). The most 
common altered motor nerve conduction velocity was observed in the ulnar nerve, followed by the tibial nerve, fibular and the median 
nerves (Table 3). However, the median nerve has the highest incidence of conduction slowing in the AAN demyelinating range (3.8%). 

There is no significant difference in the incidence of prolonged DML between all studied nerves, although the fibular nerve has the 
lowest incidence of prolonged DML in the AAN demyelination range. 

Prolonged DML was observed in 19.6% of the studied nerves. Only 3.3% of the studied nerves had prolonged DML in the AAN 
demyelinating range, whereas 11.7% had prolonged DML in the equations’ confidence intervals ranges (p < 0.0001). Of the studied 
nerves, 47.1% had abnormal F (prolonged F or absent) in the ALS group. Only 15.8% of the studied nerves had abnormal F in the AAN 
demyelinating range whereas 31.3% had abnormal F in the equations’ demyelinating confidence intervals ranges (p < 0.0001). The 

Table 2 
Conduction slowing using the regression equations and AAN criteria.   

Min DL by regression  
equation (ms) 

Min DL by AAN  
criterion (ms) 

Max CV by regression  
equation (m/s) 

Max CV by AAN  
criterion (m/s) 

Min F by regression  
equation (ms) 

Min F by AAN  
criterion (ms) 

CMAP 100%; F for height 65″ 
Median nerve 4.7 5.6 41.9 39.2 33.8 34.8 
Ulnar nerve 3.7 5.0 48.8 37.6 33.2 36.2 
Tibial nerve 7.3 8.8 34.3 29.6 62.2 68.4 
fibular nerve 6.7 8.1 37.2 31.2 59.8 68.4 
CMAP 50%; F for height 65" 
Median nerve 5.4 6.8 39.0 34.3 35.9 43.5 
Ulnar nerve 4.3 6.0 41.7 32.9 37.7 45.3 
Tibial nerve 7.3 10.5 33.2 25.9 63.4 85.5 
fibular nerve 6.8 9.8 36.6 27.3 60.2 85.5 

AAN, American Academy of Neurology; CV, conduction velocity; DL, distal latency; F, F-wave latency; CMAP, compound muscle action potential. 
Min DL: minimum distal latency value per the regression equation which is considered in the demyelinating range. 
Min DL by AAN criterion: minimum distal latency value which is considered in the demyelinating range by AAN criteria. 
Max CV by AAN criteria: Upper limit of conduction velocity which the conduction velocity is considered in the demyelinating range. 
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number of abnormal F responses (41.2%) with normal corresponding DML and CV responses was significantly higher than the number 
of prolonged DML (11.2%) with normal corresponding CV and F, and the number of reduced CV (8.6.%) with normal corresponding 
DML and F (p < 0.0001). 

In addition, there was no significant difference between the number of prolonged DML with normal corresponding CV and F 
response and the number of reduced CV with normal DML and F response. 

The number of ALS patients with DML, CV, and F response slowing by the equations’ ranges criteria alone, and by the equations’ 
ranges criteria or AAN criteria combined is summarized in Table 5. No ALS patients had more than two motor nerves with conduction 
velocity slowing in the AAN or regression equation ranges. In ALS patients with two motor nerves or less in the demyelinating range, 
none of them has more than 4 DML or F responses in the demyelinating range either by regression equations or AAN criteria. 

Linear regression analysis was performed to evaluate the association of CMAP amplitude as an independent variable and changes of 
distal latency, CV, or F responses as independent variables in the cohort of ALS patients. The results, as shown in Table 6, demonstrated 

Table 3 
Electrodiagnostic profile of ALS patients.   

Number of  
Nerves Studied 

Laboratory Normal Nerve  
Conduction Values 

ALS Mean ALS Range Converted Mean** (%) Converted Range (%) 

Distal Latency (ms) 
Median Nerve 133 <4.5 ms 4.4 ± 1.07 2.4–8.7 97.9 ± 23.82 53.3–193.3 
Ulnar Nerve 139 <4.0 ms 3.5 ± 1.11 2.2–9.8 87.2 ± 27.70 55.0–245.0 
Tibial Nerve 141 <7.0 ms 5.7 ± 1.82 3.1–11.4 80.9 ± 26.04 44.3–162.9 
Fibular Nerve 132 <6.5 ms 5.2 ± 1.29 1.3–10.5 79.9 ± 19.86 20.0–160.8 

Conduction Velocity (m/s) 
Median Nerve 131 <49 m/s 50.2 ± 8.15 27.0–95.2 102.4 ± 16.63 55.1–194.3 
Ulnar Nerve 135 <47 m/s 53.1 ± 9.02 16.0–114.3 113.7 ± 17.95 58.5–243.2 
Tibial Nerve 109 <37 m/s 41.6 ± 5.84 30.8–56.7 112.5 ± 15.77 83.2–153.2 
fibular Nerve 124 <39 m/s 43.0 ± 5.65 24.0–54.0 110.3 ± 14.49 61.5–138.5 

F-wave latency * (ms) 
Median Nerve 87 * 32.0 ± 9.47 22.2–99.1 107.7 ± 30.02 75.4–317.7 
Ulnar Nerve 92 * 30.5 ± 3.51 20.5–39.2 97.1 ± 10.21 65.8–118.8 
Tibial Nerve 99 * 55.5 ± 6.54 43.3–70.2 94.1 ± 10.24 70.9–118.1 
Fibular Nerve 86 * 52.1 ± 6.92 38.6–64.5 88.3 ± 11.31 65.2–107.1 

CMAP amplitude (mV) 
Median Nerve 132 >4.5 mV 4.0 ± 3.28 0.2–13.4 88.5 ± 72.80 4.4–297.8 
Ulnar Nerve 139 >5.0 mV 4.7 ± 2.94 0.2–11.3 93.8 ± 58.79 4.0–226.0 
Tibial Nerve 140 >2.5 mV 4.9 ± 3.21 0.5–15.8 195.3 ± 128.49 20.0–632.0 
Fibular Nerve 131 >2.5 mV 3.0 ± 2.33 0.2–12.6 121.2 ± 93.26 8.0–504.0 

CMAP, compound muscle action potential. 
* F-wave latency depends on subject’s height. 
Each of the four waveform parameters (distal latency, conduction velocity, F-wave latency and CMAP amplitude) are converted to percentages of 
normal values as per the AAN criteria. 

Table 4 
Conduct slowing of nerves in ALS. patients.   

Number of Nerves Studied CV slowing in demyelinating range P-value 

AAN Equations 

Median Nerve 131 3.8% 3.8% 1.0000 
Ulnar Nerve 135 0.7% 14.8% <0.0001 
Tibial Nerve 109 0.0% 10.1% <0.0001 
Fibular Nerve 124 0.8% 8.9% 0.0031 
Total 499 1.4% 9.4% < 0.0001  

Number of Nerves Studied Prolonged DL in demyelinating range P-value  
AAN Equations 

Median Nerve 133 3.8% 12.0% 0.0124 
Ulnar Nerve 139 4.3% 12.2% 0.0168 
Tibial Nerve 141 4.3% 14.9% 0.0024 
Fibular Nerve 132 0.8% 7.6% 0.0056 
Total 545 3.3% 11.7% < 0.0001  

Number of Nerves Studied Prolonged F in demyelinating range P-value  
AAN Equation 

Median Nerve 87 23.0% 49.4% 0.0005 
Ulnar Nerve 94 16.0% 28.7% 0.0533 
Tibial Nerve 99 7.1% 18.2% 0.0308 
Fibular Nerve 87 18.4% 31.0% 0.0781 
Total 367 15.8% 31.3% < 0.0001 

AAN, American Academy of Neurology; CV, conduction velocity; DL, distal latency; F, F-wave latency; CMAP, compound muscle action potential. 
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that there was significant CMAP-dependent CV slowing, and DML and F prolongation of all studied nerves except for F fibular and ulnar 
CV nerves. 

4. Discussion 

Although the diagnosis of ALS remains fundamentally clinical, electrodiagnostic testing has been unrivalled to date in providing 
evidence of clinical and subclinical lower motor neuron involvement and excluding other treatable neuromuscular conditions [18]. 
According to Gold Coast criteria, the presence of lower motor neurons dysfunction with evidence of ongoing active and chronic 
denervation in at least two body regions is supportive for the diagnosis of ALS when there is a progressive motor impairment, preceded 
by normal motor function and after the exclusion of other diseases [19]. 

Nerve conduction studies allow the exclusion of treatable neuropathies, such as multifocal motor neuropathy, motor CIDP or 
superimposed other neuropathies [20]. Our study demonstrated that no patients in the ALS group had more than two nerves with CV 
slowing in the demyelinating confidence interval defined by the regression equations validated by CIDP patients. When the AAN 
criteria for CIDP diagnosis were used in combination with these regression equations’ criteria (patients with CV slowing in the 
demyelinating range by AAN criteria or in the demyelinating confidence interval defined by the regression equations) similar results 
were obtained. No patient in the ALS group had more than 2 nerves in the demyelination range. These findings suggest that an 
alternative diagnosis, or a superimposed demyelinating polyneuropathy, should be considered for patients suspected of having ALS 

Table 5 
The profile of conduction slowing in ALS patients.  

CV/DL DL0 DL1 DL2 DL3 F 

CV0 31.6% (70.5%) 6.3% (11.6%) 2.1% (2.1%) 2.1% (2.1%) F0 
CV1 16.8% (18.9%) 5.3% (5.3%) 1.1% (2.1%) 3.2% (3.2%) F0 
CV2 1.1% (1.1%) 1.1% (1.1%) 1.1% (1.1%) 0% (0%) F0 
CV3 0% (0%) 0% (0%) 0% (0%) 0% (0%) F0 
CV0 6.3% (14.7%) 2.1% (3.2%) 0% (1.1%) 0% (0%) F1 
CV1 0% (0%) 3.2% (3.2%) 0% (0%) 1.1% (1.1%) F1 
CV2 0% (0%) 0% (0%) 0% (0%) 1.1% (1.1%) F1 
CV3 0% (0%) 0% (0%) 0% (0%) 0% (0%) F1 
CV0 0% (7.4%) 0% (0%) 1.1% (2.1%) 1.1% (1.1%) F2 
CV1 2.1% (3.2%) 2.1% (2.1%) 1.1% (1.1%) 0% (0%) F2 
CV2 0% (0%) 0% (0%) 0% (0%) 0% (0%) F2 
CV3 0% (0%) 0% (0%) 0% (0%) 0% (0%) F2 
CV0 0% (2.1%) 0% (0%) 2.1% (2.1%) 1.1% (1.1%) F3 
CV1 2.1% (2.1%) 0% (1.1%) 0% (0%) 0% (0%) F3 
CV2 0% (0%) 0% (0%) 0% (0%) 0% (0%) F3 
CV3 0% (0%) 0% (0%) 0% (0%) 0% (0%) F3 

CV, conduction velocity; DL, distal latency. 
CV0, CV1, CV2 and CV3 correspond to patients with 0, at least 1, 2 and 3 motor nerves with CV in the equations’ demyelinating range respectively. 
DL0, DL1, DL2 and DL3 correspond to patients with 0, at least 1, 2 and 3 motor nerves with DL in the equations’ demyelinating range respectively. 
F0, F1, F2 and F3 correspond to patients with 0, at least 1, 2 and 3 motor nerves with F in the equations’ demyelinating range respectively. 
NOTE: The values in parentheses represent percentage of patients in demyelination range by either AAN or regression equations’ criteria. 

Table 6 
Regression analysis of amplitude-dependent changes in distal latency, conduction velocity. and F response for ALS.   

Change in DL Change in CV Change in F 

Median nerve (n) 122 121 62 
Slope r − 0.133 0.141 − 0.008 
ra − 0.601 0.494 − 0.357 
P-value <0.0001 <0.0001 0.0044 
Ulnar nerve (n) 133 128 74 
Slope − 0.368 1.018 − 0.528 
ra − 0.711 0.549 − 0.286 
P-value <0.0001 <0.0001 0.0136 
Tibial nerve (n) 135 104 88 
Slope − 0.071 0.767 − 0.004 
ra − 0.352 0.369 − 0.362 
P-value <0.0001 0.0001 0.0005 
Fibular nerve (n) 119 112 59 
Slope − 0.196 0.071 − 0.040 
ra − 0.398 0.272 − 0.223 
P-value <0.0001 0.0018 0.0902 

CV, conduction velocity; DL, distal latency; F, F-wave latency. 
a Pearson correlation coefficient. 
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when such slowing is observed. 
Although CV slowing in the AAN demyelination range was higher in the median nerve compared to the ulnar nerve, the overall 

incidence of CV slowing was higher in the ulnar nerve (combined AAN and regression analysis CV slowing, Table 3). This may suggest 
the presence of carpal tunnel syndrome (CTS) or a coexisting CTS with median to ulnar communication (MUC). Recently, the 
neurophysiological profile of MUC in CTS was investigated. The authors demonstrated a positive correlation between the severity of 
CTS and the presence of positive onset, faster CV, or a double component of the CMAP of the median nerve [21]. However, none of the 
above findings were observed in our study. Furthermore, the incidence of prolonged DML was not significantly higher in the median 
nerve compared to the ulnar nerve in our study. 

Hereditary transthyretin amyloidosis with polyneuropathy (ATTRv) can mimic ALS, particularly in the predominantly or purely 
motor neuropathy as well as in the case of thenar muscles weakness and hypotrophy related to CTS which is frequently observed in 
early stage ATTRv [14,22,23]. A recent study investigated motor conduction studies and handgrip in 20 patients with ATTRv. It 
demonstrated a significant prolongation of DML, reduction of MCV and handgrip strength in the ATTRv group compared to the control 
group [23]. In our study, although conduction slowing occurred in our ALS patients, it was associated with clinical and neurophys-
iological findings fulfilling the Escorial revised criteria of the World Federation of Neurology for ALS and making a misdiagnosed 
ATTRv very unlikely. 

Because the regression equations were designed to achieve the best linear relationship between the CMAP amplitude of the cor-
responding CV, the resulting confidence interval may not include some severe conduction slowing. However, all CV slowing outside 
the equations’ confidence intervals were in the AAN demyelinating range. Therefore, our regression equations’ demyelinating con-
fidence intervals may not be a substitute to the AAN criteria, but a complement to capture the electrodiagnostic data from patients with 
primary demyelination not severe enough to fulfill the AAN demyelination criteria [15]. 

In 1957, Lambert and Mulder used raw electrodiagnostic data to demonstrate a reduction of CV and mild prolongation of distal 
latency when the CMAP amplitude was severely reduced in ALS patients [24]. They also showed a parabolic relationship between raw 
CMAP amplitude data plotted against the corresponding CV from ALS patients [24]. Later, Cornblath et al. used square root trans-
formation (SQRT) of raw data for a group of 61 ALS patients to achieve a better linear relationship between CMAP amplitude and 
corresponding DML, CV, and F latencies [6]. They were able to validate 8 of the 9 calculated regression equations and confidence 
intervals defining the range of slowing expected from a primary motor axonal loss [6]. A similar strategy was used by Feinberg et al. to 
demonstrate that the loss of large fast conducting fibers is the major mechanism of conduction slowing in ALS [7]. In the present study, 
we used SQRT initially. However, we found that the combination of SQRT, fourth root transformation, and Log10 transformation 
combination of the normalized data achieved the best linear relationship between CMAP amplitude and CV, DML, and F parameters in 
CIDP patients. This is most likely due to the broader range of variation of electrodiagnostic parameters in CIDP compared to ALS 
patients. 

Several mechanisms have been proposed to explain conduction slowing in axonal neuropathy. Loss of large, myelinated fiber is the 
favored mechanism when conduction slowing is observed in the distal, intermediate, and proximal segments of the nerve. Segmental 
demyelination secondary to dying back of the most distal part of the nerve with slower conduction in the distal regenerating fibers is 
the mechanism when prolonged DML is observed with preservation of CV and F-wave latency. Motor root dysfunction is the major 
mechanism of conduction slowing when there is a preferential prolongation of the conduction time of the proximal segment of the 
motor nerve [3,7,25]. 

The current study demonstrates a CMAP amplitude dependent conduction slowing in ALS patients: there is a correlation between 
CMAP amplitude and CV, DML, and F latencies in the studied motor nerves (except fibular motor F and ulnar nerve conduction ve-
locity). Moreover, reduced CV was associated with abnormal F and/or DML responses in most studied nerves and there is no pref-
erential conduction slowing in the distal, intermediate, or proximal parts of the motor nerve. In addition, conduction slowing in the 
AAN range was observed in respectively 1.4% and 3.3% of studied motor nerves CV and DML and no patient fulfilled the AAN or EFNS/ 
PNS criteria for the diagnosis of CIDP [15,26]. These findings suggest that loss of large axons is the main mechanism of conduction 
slowing in ALS patients when Escorial diagnosis criteria are fulfilled, although a secondary demyelination from a primary axonal loss 
cannot be excluded. Conduction slowing from loss of large, myelinated fibers in ALS patients was also reported by Herrmann et al. as 
well as Feinberg et al. when they used SQRT to study the relationship between CMAP amplitude and velocity parameters [7,27] 
However, a selective vulnerability of large, myelinated fibers in ALS is controversial [28–30]. 

We found in the current study that only 11.2% of motor nerves with prolonged DML had preserved corresponding CV and F re-
sponses, suggesting that distal axonopathy is less likely the predominant mechanism of conduction slowing in ALS. Several studies 
have reported CV slowing in the distal part of the motor neuron, even in mildly affected nerves. This was attributed to conduction 
slowing in thin distal regenerated motor axons as well as to a defect in neuromuscular transmission [3,25,31]. 

An abnormal F response with a normal corresponding DML and CV was observed in 41.2% of F latencies in this study, suggesting 
proximal segment slowing as the most likely mechanism of conduction slowing in these nerves. Several studies reported similar 
findings. Ertas et al. evaluated the H and F responses in 11 ALS patients. They reported a delay in the dorsal-to-ventral root potential 
interval in ALS patients compared with normal controls and poliomyelitis patients [32]. Increased proximal motor nerve conduction 
time, including increased F wave dispersion and latencies has been reported in ALS patients by de Carvalho et al. as well as by other 
authors [3,33–36]. Impaired motor neuron axoplasmic transport with neurofilament accumulation in the proximal segments has also 
been advanced to explain the selective conduction slowing in the proximal motor nerves in ALS [32]. 

This study suggests that loss of large, myelinated motor fibers is likely the predominant mechanism of conduction slowing in ALS, 
although selective distal axonopathy and proximal motor nerve dysfunction have been observed in a few motor nerves. The mechanism 
of conduction slowing in ALS may depend on the stage of the disease and the molecular mechanism underlying the motor nerve injury. 
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All patients included in this study fulfilled the Escorial criteria for ALS and were not in the early stage of the disease. Loss of large fibers 
and distal axonopathy with sprouting of distal terminals may occur at an advanced stage of the disease, whereas proximal conduction 
dysfunction may occur at an earlier stage. This is supported by the work of de Carvalho et al. who reported anterior horn cell 
membrane instability in the early stage of ALS, and by the work of Ertas et al. who demonstrated proximal conduction slowing in 
patients in the early stages of illness [32,37]. 

Our study was limited to ALS patients that fulfilled Escorial revised criteria of the World Federation of Neurology [16] where 
widespread lower motor neuron degeneration is observed and acquired secondary demyelination from a primary axonal loss may 
occur. Electrodiagnostic testing of ALS and its variants at different stages of the disease combined with the use of our novel regression 
analysis may better characterize conduction slowing in ALS and identify a primary demyelination. 

5. Conclusion 

Mild-to-moderate conduction slowing in ALS patients, not fulfilling the AAN research criteria for CIDP diagnosis, may be pre-
dominantly related to loss of large, myelinated fibers. 

The current study demonstrated that regression analysis equations, derived from a well-defined group of CIDP patients, when 
applied to a group of well characterized ALS patients, results in regressions that can provide electrodiagnostic insights beyond those 
inferred by examining conventional electrodiagnostic parameters. For a given CMAP, the regression equations identified demyelin-
ating range conduction slowing confidence interval expected from a primary acquired demyelination. The presence of more than two 
motor nerves with conduction velocity slowing in the demyelinating range, either by the AAN criteria or by the regression criteria 
suggests an alternative diagnosis or superimposed demyelination. Combined with the AAN criteria, this new criteria for acquired 
demyelination can be useful to differentiate the classic form of ALS from inflammatory neuropathies. Furthermore, these new criteria 
in combination with clinical examination could be used to differentiate axonal neuropathy from a mild or atypical CIDP. 
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