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Objectives: The purpose of this study is to introduce a new analytical technique on repeater F waves (RFws) using
compound muscle action potential (CMAP) scan and new features to differentiate the nerves innervating hand
muscles.

Methods: Twenty-four healthy subjects participated in the CMAP scan study. Tests were performed on the
abductor pollicis brevis (APB) and abductor digit minimi (ADM) muscles. RFws were extracted using unsuper-
vised machine learning and analyzed through conventional characteristics such as amplitude, latency, indices of
F repeaters and total F repeaters, as well by new variables, including relative stimulus intensity (ReSI), relative F/
M ratio (RF/MR), and range of stimulation intensity (RaSI).

Resuits: Significantly higher indices of F repeaters (APB: 18.42+4.92 %, ADM: 13.58+4.68 %, p < 0.005) and
total F repeaters (APB: 34.75+7.8 %, ADM: 26.67+8.56 %, p < 0.005) were observed in the APB compared with
the ADM muscles. The ReSI (Z = 13.81, p < 0.001) and RaSI (Z=-2.46, p < 0.05) showed significant differences
between the two muscles.

Discussion and Conclusion: This study provides normative data for RFws based on the CMAP scan recording and
identifies different characteristics of repeaters between APB and ADM muscles. Findings of the study improve
understanding of motoneuron physiological properties in hand muscles. The CMAP scan-based F wave analysis
can be combined with motor unit number estimation technique to provide insights into surviving motoneuron
function in neurological disorders.

Introduction

Repeater F waves (RFws) represent the category of F waves produced
by recurrent ‘backfiring’ (antidromic activation) of the same moto-
neuron (MN) or MNs with identical waveforms and latencies [1,2].
Although they are sensitive to abnormal physiological conditions in the
peripheral and central nervous systems [3,4], the mechanisms under-
lying generation of RFws remain unclear [2,5]. This may limit the
application of F waves in the neurophysiological examination. Current
literature on RFws is generally obtained from conventional tests which
evoke the responses at constant intensities [2,6-8]. There is a lack of
information on RFws from a more dynamic physiological environment.

The compound muscle action potential (CMAP) scan is a technique

used in motor unit number estimation (MUNE), which records muscle
responses to finely graded declining electrical stimuli [9-14]. When the
stimulus intensity changes from the supramaximal strength to the sub-
threshold of the lowest motor unit, it activates different subgroups of
MNs and induces environmental changes that affect the generation of F
waves. In a previous study [15], we developed a novel analytical tech-
nique to examine F wave characteristics based on the CMAP scan
recording.

In this study, we aimed to assess RFws using the F wave data from the
previous study [15]. An unsupervised machine learning technique was
applied to cluster F waves collected from the CMAP scan. In contrast to
conventional F wave tests, RFws from the same cluster were evoked at
different intensities and the amplitude of associated CMAP (the muscle
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response proceeding the F wave) varied in each trial. This allowed us to
investigate new features of individual RFws and clusters of RFws for
further understanding of RFw generation.

The abductor pollicis brevis (APB) and abductor digit minimi (ADM)
are two hand muscles typically examined in neurophysiological tests.
They show different progression of motor unit loss in the course of
amyotrophic lateral sclerosis (ALS), with preferential wasting of APB
and relative preservation of ADM [16-18]. As the mechanisms of the
clinical phenomenon are unknown, we aimed to examine the nerves
innervating the two muscles to help understand the differences in nerve
properties that lead to different performance in pathological conditions.
We compared RFws characteristics including amplitude, latency, and
persistence to evaluate MN pool excitability and nerve conduction in the
two muscles. We hypothesized that there were significant differences in
RFws between the APB and ADM muscles.

Methods

The F waves and CMAP scan recordings used in this research were
gathered from our previous study [15], which gives details of subject
demographic information and experimental procedures. In brief,
twenty-four healthy subjects, 13 females and 11 males with a mean age
of 40 + 12 years, participated in the CMAP scan study. The study was
approved by the Institutional Review Board of the Medical College of
Wisconsin (Milwaukee, WI, USA). All subjects gave signed informed
consents before the experiment. Tests were performed on the dominant
APB and ADM muscles. The CMAP scan protocol involved repetitive
electrical stimuli, with the intensity declining linearly from the preset
supramaximal strength to below the activating threshold of the lowest
motor unit in 500 steps. Muscle responses were saved in 100 ms epochs
at each stimulus intensity. This resulted in 500 trials recorded in each
muscle.

Data analysis

CMAP scan data were exported and analyzed in Matlab (MathWorks
Inc, Natick, MA, USA). For each trial, the stimulus intensity and
amplitude of the corresponding CMAP waveform were measured in the
program and the occurrence of F waves was checked. Details of F wave
extraction and processing are given in our previous study [15]. We
collected an average of 205 F waves per APB and 195 F waves per ADM.
The quantity of F waves ensured RFws analysis in this study.

Identification of repeater F waves

RFws were identified within each muscle. The procedure consisted of
two steps. The first step was to apply unsupervised machine learning
technique to automatically cluster F waves with identical waveforms
and latency. F wave latency in each cluster should vary within 100 ps.
This process involved calculation of the waveform similarity and
application of the hierarchical method to stratify them. City block dis-
tance and Euclidean distance are among the most frequently used sim-
ilarity measures, and both are easy to implement. Since the algorithm of
this study was developed based on our previous F wave MUNE paper
[19], we continued to use the Euclidean distance for similarity mea-
sures. The performance of clustering RFws also depends on selection of
appropriate thresholds. The Euclidean distance between two small
waveforms is more susceptible to noise than that between two larger F
waves. Therefore, a normalized Euclidean distance was used to improve
classification accuracy. Euclidean distance and normalized Euclidean
distance were calculated between any two F waves in the same muscle to
quantify waveform similarities. Assuming F; and F; represent two
randomly selected F waves in the same muscle, the Euclidean distance
between the two waveforms is defined as:

D, = (Fi—F) (Fi —F) M
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The normalized Euclidean distance is defined as the following [20]:

D;

2 ij
2= 2
Y = BT, (2)

Next, a cluster tree was created based on the nearest Euclidean dis-
tance using the Ward method. By computing the inconsistent value of
each non-leaf node in the cluster tree, the program determined an
appropriate threshold to differentiate the clusters. Subsequently, the
program stepped down through the tree to search for the node whose
inconsistent value was below the threshold and grouped all leaves below
the node into a cluster.

In the subsequent step, a human operator carefully inspected the
waveforms of the clustered F waves based on the values of Euclidean
distance and normalized Euclidean distance and partitioned the mis-
classified clusters. Next, the F waves within each confirmed cluster
were averaged to create a new group of F waves and the above pro-
cedures were repeated on the new group of F waves to check if the
clusters could be further merged. Although identification of RFws relies
largely on the Matlab program we developed, we included the function
to allow the operator to manually merge or delete the clusters to ensure
that the clustered F waves presented identical shape, size and latency.

Analysis of repeater F waves

As RFws were evoked at different intensities, we analyzed the indi-
vidual RFws and the clusters of RFws separately.

For individual RFws, we calculated the absolute stimulus intensity
and the relative stimulus intensity (ReSI), which was defined as the ratio
of F wave associated CMAP amplitude and the maximal CMAP of the
muscle. For example, the absolute stimulus intensity of two RFws in
Fig. 2ais 14.79 mA and 16.17 mA, and the CMAP amplitude associated
with the two RFws is 16.76 mV and 17.22 mV, respectively; the maximal
CMAP of the muscle is 17.43 mV. Therefore, ReSI for the two F waves is
96.17% (16.76 mV /17.43 mV x 100%) and 98.81% (17.22 mV /17.43
mV x 100%) of the maximal CMAP amplitude, respectively.

In addition, the relative F/M ratio (RF/MR) was calculated for in-
dividual RFws, defined as the ratio between the individual RFws
amplitude and the associated CMAP amplitude. This variable measures
the proportion of an individual F wave in the activated MN pool. For
example, the amplitude of the two RFws in Fig. 2a is 642.18 uV. Since
the F wave associated CMAP amplitudes are 16.76 mV and 17.22 mV,
the RF/MR of the two RFws is 3.83% (642.18 uV / 16.76 mV x 100%)
and 3.73% (642.18 pV / 17.22 mV x 100%) of the associated CMAP
amplitude (Fig. 2b), respectively.

For each repeater cluster, we measured its amplitude and latency.
The repeater cluster amplitude was defined as the difference between
the negative peak and the baseline of the waveform. Repeater cluster
latency (or F-M latency) was calculated as the interval between the onset
of the waveform and distal motor latency [21,22]. In addition, the range
of stimulation intensity (RaSI) was calculated, which was defined as the
difference between the maximal and minimal relative stimulus in-
tensities of the individual RFws in the same cluster. For example, the
range of ReSI in Fig. 2a (the two RFws evoked at 14.79 mA and 16.17
mA) is 2.64% (98.81% - 96.17%) of the maximal CMAP.

For each muscle, the index of F repeaters (iFR) and index of total F
repeaters (iTFR) [7] were examined. Specifically, the iFR quantifies the
proportion of repeater motoneurons generating the RFws, and the iTFR
assesses the proportion of all RFws. Variables including the number of
repeater clusters, total number of RFws, number of non-RFws, and total
number of F waves were measured. The iFR is defined as: number of
repeater clusters / (number of repeater clusters + number of non-RFws)
x 100%. The iTFR is defined as: total number of RFws / total number of
F waves x 100% [7]. For example, a total of 208 F waves was detected in
the APB muscle (Fig. 2). Among them, there were 37 repeater clusters
(Fig. 1, in total of 89 RFws) and 119 non-RFws. The iFR was calculated
as: 37/ (37+119) x 100% = 23.71%., and the iTFR was 89/208 x 100%
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Fig. 2. Analysis of RFws on the same muscle as Fig. 1. (a) Repeater cluster amplitude with stimulus intensity. F waves belonging to the same cluster are displayed in
the same color and connected by a solid line. Different clusters were randomly assigned a color in the plot. (b) RF/MR with stimulus intensity. (¢) Histogram of

repeater cluster latency. (d) Histogram of RaSI.

= 42.79%.

Statistical analysis

Statistical analysis was performed using the Statistics and Machine
Learning Toolbox in Matlab. Shapiro-Wilk test was applied to assess
normality of the indices of F repeaters and total F repeaters in the APB
and ADM muscle groups, respectively. After the normality was
confirmed, paired t-tests were applied to compare the differences of the
indices between the two hand muscles.

Repeater cluster variables including amplitude, latency and RaSI,
were pooled into the APB and ADM muscle groups. Similarly, individual
RFws variables including RF/MR and ReSI were pooled into the two
muscle groups. Kolmogorov-Smirnov test (sample size > 100) was
applied to assess normality of the distributions of the above variables. As
the null hypothesis was rejected in all variables, the Box-Cox equation

was applied to transform the skewed distribution to normal ones except
the ReSI which is binomially distributed. Z-score was calculated to
compare the differences of the transformed distributions between the
APB and ADM muscle groups. The Mann-Whitney U test was used to
compare the difference of ReSI between the two muscles.

Kendall rank correlation was applied to examine the linear rela-
tionship between the repeater cluster variables including the amplitude,
latency, and RaSI in the APB and ADM muscles, respectively. Similarly,
correlation analysis was performed between the RFw variable including
RF/MR and ReSI in the two muscle groups. Statistical significance was
defined as p < 0.05. Results were reported in the mean =+ std format.
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Fig. 1. Examples of identified RFws from a representative APB muscle. RFws were arranged in different rows according to the amplitude. Repeater clusters consist of
a different number of waveforms. Repeater clusters with the same occurrence frequency are displayed in the same color with the frequency displayed. Individual
RFws from the same repeater clusters are overlapped. The dotted line indicates averaged waveforms.

Results
Analysis of repeater F waves in a representative muscle

Figs. 1 and 2 illustrate characteristics of individual RFws and
repeater cluster in the APB muscle from a representative subject. Eighty-
nine RFws were identified from a total of 208 F waves in the muscle and
classified into 37 clusters (Fig. 1). Individual RFws belonging to the
same cluster are superimposed and displayed in Fig. 1. The iFR and iTFR
in the muscle are 23.71% and 42.79%, respectively. The recurrence
frequency of the 37 clusters is displayed in Fig. 1. There are 29 repeater
clusters (78.38%) occurring twice. The amplitude of repeater clusters
ranges from 21.37 pV to 944.65 uV. There are 15 (40.54%) repeater
clusters with amplitudes smaller than 100 pV.

Fig. 2a illustrates the RFws amplitude distribution with stimulus
intensities. The ReSI of individual RFws ranges from 2.94% to 99.8% of
maximal CMAP amplitude. Among them, 52 RFws evoked at >80%
CMAP amplitude. The relationship of the RF/MR with the stimulating
intensity is displayed in Fig. 2b. RFws belonging to the same repeater
cluster are connected by a line. The RE/MR of RFws ranges between
0.36% and 5.87% of the associated CMAP amplitude in the muscle
(Fig. 2b).

The range of repeater cluster latency (F-M latency) varies between
24.38 ms and 26.56 ms in the APB muscle. The frequency distribution of
the latency from 37 repeater clusters is displayed in Fig. 2c. The mean
and median of the latency are 25.32 ms and 25.01 ms, respectively. The
RaSI of the repeater clusters is illustrated as the length of the lines

connecting the RFws in Fig. 2a. The distribution of the RaSI from 37
repeater clusters is presented in Fig. 2d. For this APB muscle, the RaSI
varies from 0.63% to 48.55% of the maximal CMAP amplitude. There
are 22 repeater clusters (59.46%) showing a RaSI <10% of the maximal
CMAP amplitude.

Group analysis of repeater F waves

Recurrence frequency of repeater cluster

In our previous report, a total of 9613 F waves were collected from
the CMAP scan recording, with 4925 F waves in the APB and 4688 in the
ADM muscles [15]. We identified 1666 RFws (from 698 repeater clus-
ters) in the APB and 1231 RFws (from 518 repeater clusters) in the ADM
muscles. The frequency of repeater cluster recurrence in the APB and
ADM groups is summarized in Table 1. Recurrence of these repeater
clusters varies from two to eight in the APB and from two to nine in the
ADM muscle groups. Most of the repeater clusters (>75%) recurred
twice and less than 3% of the clusters recurred more than five times.

Indices of F repeaters and total F repeaters

Comparison between the APB and ADM muscle groups showed sig-
nificant differences in the iFR (APB: 18.42 + 4.92 %, ADM: 13.58 + 4.68
%, p < 0.005) and iTFR (APB: 34.75 + 7.8 %, ADM: 26.67 + 8.56 %, p <
0.005).

Characteristics of individual repeater F waves and repeater clusters
The distributions in the range of repeater cluster stimulation
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Table 1

Summary of recurrence of repeater F waves in the APB and ADM muscles.

APB ADM

Total F waves 4925 4688
Total repeater F waves 1666 1231
Total repeater clusters 698 518
Recurrence: 2 534 (76.5%) 412 (79.54%)
Recurrence: 3 99 (14.18) 64 (12.36%)
Recurrence: 4 38 (5.44%) 19 (3.67%)
Recurrence: 5 19 (2.72%) 8 (1.54%)
Recurrence: 6 4 (0.57%) 11 (2.12%)
Recurrence: 7 2 (0.29%) 0 (0%)
Recurrence: 8 2 (0.29%) 3 (0.58%)
Recurrence: 9 0 (0%) 1 (0.19%)

Q: percentile in the total population.

intensity of the APB and ADM muscle groups are presented in Fig. 3a.
Fig. 3b illustrates the distributions after the Box-Cox transformation. Z-
test was performed on the transformed data and the score was —2.46.
Given that the significance level of 0.05 was reached at a Z score of
either >1.96 or <—1.96, a significantly smaller RaSI was observed in the
APB muscle. Similarly, the distributions of repeater cluster amplitude
and latency were transformed. The Z scores were calculated as 41.89
and —6.58, respectively. The tests confirmed significant larger repeater
cluster amplitude in the APB muscle and longer repeater cluster latency
in the ADM muscle group.

Distributions of the RF/MR of individual RFws in the two muscle
groups are displayed in Fig. 4a and the transformed distributions are
plotted in Fig. 4b. The Z test (Z = —9.62) indicates a significantly larger
RF/MR in the ADM compared to the APB muscle. The ReSI of individual
RFws is binomially distributed in both the APB and ADM muscles
(Fig. 4c and 4d). The first (or main) peak of the ReSI appears between
90-100% of maximal CMAP amplitude, which represents approximately
62.73% of the total RFws in the APB and 38.34% of RFws in the ADM
muscles. The second peak appears between 10-20% of the maximal
CMAP amplitude in the APB muscle which represents 4.86% of total
RFws. For the ADM muscle, the second peak appears below 10% of the
maximal CMAP with 12.19% of the whole waves. Given that the sample
size of ReSI was large (>500), the Mann-Whitney U test in Matlab
applied the normal distribution approximation to compare the differ-
ence of ReSI between the two distributions. The Z score was 13.81,
indicating RFws in the APB muscle were activated by higher ReSI
compared with those in the ADM muscle.

(a) Distribution of repeater range of stimulus intensity
500 ‘ ‘

APB
I ADM |7

Frequency

20 40 60 80
Range of stimulus intensity (% CMAP)
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Correlation analysis

Correlation analysis on repeater cluster characteristics in terms of
amplitude, latency, and RaSI, did not show any significance between
pairs of the variables in either APB or ADM muscle group. In contrast,
significant correlations were observed in individual RFws, between the
RF/MR and relative F wave stimulus intensity, in both muscles (APB:
t=-0.28, p < 0.001; ADM: t=-0.16, p < 0.001).

Discussion

The index of F repeaters (iFR) and index of total F repeaters (iTFR) in
the APB muscle are significantly higher than those in the ADM muscle.
Repeater clusters in the APB muscle show significantly larger amplitude,
shorter latency and narrower RaSI than those in the ADM muscle.
Analysis of the distributions of individual RFws indicates higher ReSI
and lower RE/MR in the APB muscle compared with the ADM muscle.

Indices of F repeaters and total F repeaters

The iFR and iTFR are one of the most reported parameters in F wave
studies [8]. The values of these indices in this study based on the CMAP
scan recordings are larger than those from the conventional studies
using supramaximal electrical stimulations [1,7,23]. The iFR and iTFR
are found to increase significantly at submaximal stimulation compared
with the supramaximal condition, and correlate negatively with the
quantity of F waves [1]. The differences in the index values between our
study and conventional studies may result from the different electrical
stimulation intensities and the number of electrical stimuli to evoke F
waves.

The iFR and iTFR are considered sensitive parameters to differentiate
muscles with MN dysfunction from intact ones. Researchers have re-
ported a significant change in these indices in ALS, carpal tunnel syn-
drome, and other neuropathies [4,18,23-25]. These indices are
negatively correlated with MUNE and neurological index [18,26]. It is
suggested that increases of the iFR and iTFR in the neurogenic atrophied
muscles are likely associated with loss of functioning MNs [26,27].

Similar to the results in our study, higher iFR and iTFR were observed
in the intact APB compared with the ADM muscles in previous F wave
studies using supramaximal stimulus intensity [18,23]. The iFR and
iTFR have also been compared between control and ALS groups. It has
been shown that ALS patients had significant increases of these indices
in the APB muscle despite of the inconsistent results in the ADM muscle
[18,23]. In a longitudinal study of lower MN degeneration, the APB

(b) Transformed distribution
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Fig. 3. Analysis of range of stimulation based on the pooled data. A total of 698 repeater clusters in the APB and 518 repeater clusters in the ADM. (a) Distribution of
range of stimulation in the APB and ADM muscles. (b) Transformed distribution of range of stimulation using the Box-Cox transformation.
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Fig. 4. Analysis of RF/MR and ReSI based on the pooled data. A total of 1666 RFws in the APB and 1231 RFws in the ADM. (a) Distribution of RF/MR in the APB and
ADM muscles. (b) Transformed distribution of RF/MR in the APB and ADM muscles. (c¢) Distribution of ReSI in the APB muscle. (d) Distribution of ReSI in the

ADM muscle.

muscle showed more severe and greater rate of motor unit loss than the
ADM [28]. As the occurrence of RFws is associated with MN excitability
[26,29], the differences in indices of RFws may reflect different cortical
and axonal excitability in the nerves innervating the APB and ADM
muscles [30,31]. It is unclear whether the differences in MN degenera-
tion between the two muscles are associated with variations in MN
excitability. Future studies tracking MUNE and the combination of F
wave parameters including the iFR and iTFR, F wave persistence, la-
tency, and amplitude with the CMAP scan technique may provide new
information about MN degeneration .

Amplitude and relative F/M ratio

In F wave analysis, our previous study [15] and studies using con-
ventional tests [7,23,32] reported non-significant differences of ampli-
tude and F/M ratio between APB and ADM muscles in healthy subjects.

In contrast, this study found a significantly higher RFws amplitude and
lower RF/MR in the APB muscle compared with the ADM. The differ-
ences of RFws amplitude in the hand muscles may be attributed to the
fact that there are more RFws evoked between 90-100% of maximal
CMAP in the APB (62.73%) than in the ADM (38%) (Fig. 4). RFws
amplitude tends to be larger at maximal stimulus intensity than that at
submaximal intensities.

The decrease in RF/MR of RFws in APB indicates a smaller propor-
tion of F waves in the associated CMAP. As a majority of RFws were
evoked at intensities close to maximal strength in APB, the amplitude of
associated CMAP approximated the maximum or full activation of the
MN pool. The increase of associated CMAP exceeds the increase of RFw
amplitude, which causes the lower RF/MR in the APB. As illustrated in
Fig. 3b, higher RF/MR generally appears in submaximal stimulations
where the associated CMAP amplitude is low.
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Relative stimulus intensity and range of stimulation intensity

Significantly larger ReSI was found in the APB muscles, which con-
forms to our previous finding of higher F wave activating threshold in
the APB muscle in comparison to the ADM [15]. The difference of
relative stimulation intensity between APB and ADM muscles may
reflect the excitatory state of the MNs innervating the two muscles [30].

Occurrence of RFws is not evenly distributed throughout the range of
stimulation in the CMAP scan data. There is a binomial distribution of
the ReSI, and the secondary peak appears below 20% of CMAP intensity
(Fig. 4c and 4d). Similarly, a previous study reported more repeaters
were generated at 30% of maximal intensity than 60% of the maximal
and supramaximal intensities [1]. In addition, the occurrence intervals
between RFws were collected and there were four distinct peaks in the
interval distribution [2]. These studies suggested that RFws were
generated by neurons of a different functional group.

Repeater clusters present at a wide RaSI in both muscles in this study.
The distribution of RaSI is right skewed and more than 70% of the
repeater clusters are evoked at least twice with the range below 10% of
the CMAP (Fig. 3a). In addition, the RaSI of repeater clusters is not
correlated with amplitude or latency of the neuron. The results confirm
that the repeaters are heterogenous anatomical groups [2,5].

This study and our previous study [15] proposed a new F wave
analysis based on the CMAP scan. The technique can be potentially
combined with the CMAP scan based MUNE technique to assess motor
unit loss and survival MN excitability and conductivity in neurological
disorders. Compared with other MUNE and conventional F wave tests,
which usually involve two different protocols, the CMAP scan test can
reduce testing time and cause less discomfort to the subjects. This study
may expand the application of the CMAP scan technique in neuro-
physiological examination. There is a growing application of artificial
intelligence (AI) and machine learning in neurophysiology [33]. This
study used unsupervised machine learning to classify repeater F waves
which reduced the intra-observer variability and time for cluster anal-
ysis, providing higher efficiency and accuracy in electrophysiological
data analysis.

Limitations

We did not examine the effects of gender on RFws in this study. This
may limit generalizability of our research findings. Previous studies
based on conventional F wave analysis reported non-significant changes
of F wave duration, amplitude (absolute and F/M ratio) and chro-
nodispersion between sexes [34] or no relationship between F wave
characteristics and sex [35]. The F wave minimal latency is found to be
shorter in females [36], which is likely associated with the differences of
height between men and women [21,34]. Given the minimal systematic
effect of gender on F waves [21], a much larger sample size would be
needed to investigate the effect of gender on RFws in future studies.

A general limitation in RFws analysis lies in the inherent variations in
latency of F waves. The latency of RFws varies from <0.070 ms (in hand
muscle) using single fiber electrode recordings [37] to < 2 ms (in foot
muscle) using surface electrode recordings [3,4]. There is a slight pos-
sibility that the temporal variations may cause phase cancellation and
potentially affect the morphology of F waves. Future studies examining
the inter-operator variability in identification of RFws may confirm the
reproducibility of the method.

Conclusion

To summarize, this study examined new features of RFws using the
CMAP scan technique and identified differences in RFws characteristics
between the APB and ADM muscles. Findings of this study may improve
understanding of generation of RFws.
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