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� The level of motor unit alternation in compound muscle action potential scans alters markedly by
varying the stimulus duration.

� The threshold variability of individual motor units remains unaffected by varying the stimulus
duration.

� Implementation of compound muscle action potential scans in a clinical setting requires standardiza-
tion of stimulation settings.

a b s t r a c t

Objective: To investigate the impact of stimulus duration on motor unit (MU) thresholds and alternation
within compound muscle action potential (CMAP) scans.
Methods: The stimulus duration (0.1, 0.2, 0.6, and 1.0 ms) in thenar CMAP scans and individual MUs of 14
healthy subjects was systematically varied. We quantified variability of individual MU’s thresholds by
relative spread (RS), MU thresholds by stimulus currents required to elicit target CMAPs of 5% (S5),
50% (S50) and 95% (S95) of the maximum CMAP, and relative range (RR) by 100*[S95-S5]/S50. We further
assessed the strength-duration time constant (SDTC). Experimental observations were subsequently sim-
ulated to quantify alternation.
Results: RS, unaffected by stimulus duration, was 1.65% averaged over all recordings. RR increased for
longer stimulus duration (11.4% per ms, p < 0.001). SDTC shortened with higher target CMAPs
(0.007 ms per 10% CMAP, p < 0.001). Experiments and simulations supported that this may underlie
the increased RR. A short compared to long stimulus duration recruited relative more MUs at S50 (more
alternation) than at the tails (less alternation).
Conclusions: The stimulus duration significantly affects MU threshold distribution and alternation within
CMAP scans.
Significance: Stimulation settings can be further optimized and their standardization is preferred when
using CMAP scans for monitoring neuromuscular diseases.
� 2020 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The compound muscle action potential (CMAP) scan is an
emerging practical neurophysiological tool, that provides clinically
relevant characteristics on number of motor unit (MUs), MU sizes
and motor axon excitability (Drenthen et al., 2008, 2013; Garg
et al., 2017; Henderson et al., 2006, 2007, 2009; Jacobsen et al.,
2017; Maathuis et al., 2013; Sleutjes et al., 2014). Previous studies
have shown its potential as a sensitive bedside tool to evaluate dis-
ease severity and progression in several neuromuscular disorders,
such as amyotrophic lateral sclerosis (ALS), spinal muscular atro-
phy (SMA), and peripheral neuropathies (Baumann et al., 2012a,
2012b; Drenthen et al., 2013, 2014; Garg et al., 2017; Henderson
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et al., 2007; Jacobsen et al., 2019; Maathuis et al., 2013; Sleutjes
et al., 2020; van der Heyden et al., 2013). The recent advance of
more sophisticated treatment strategies in neuromuscular disor-
ders, such as gene targeted therapies, has resulted in exponential
increase in costs and demand reliable and efficient tools to monitor
therapeutic efficacy. A recent study showed that early changes in
patients that received intramuscular stem cell treatment were
detected with the CMAP scan but not with other techniques, indi-
cating that the CMAP scan may be more suitable to evaluate treat-
ment efficacy (Geijo-Barrientos et al., 2020). The CMAP scan is
further well-tolerated showing high reproducibility and is less
labour intensive than various other motor unit number estimate
(MUNE) methods (Bostock, 2016; Jacobsen et al., 2017; Maathuis
et al., 2011).

The CMAP scan is effectively a stimulus–response curve that
can be recorded with routine surface electromyography (EMG)
electrodes, using gradually increasing transcutaneous nerve stimu-
lus currents that yield successive activation of all functional MUs.
Besides pathophysiological factors, also technical factors, such as
the stimulation settings significantly impact the CMAP scan pat-
tern (Maathuis et al., 2012) and, consequently, affect the quantita-
tive measures derived from it (Maathuis et al., 2012; Zong et al.,
2020). These settings involve number of stimuli, recording direc-
tion, type of sampling, stimulus frequency and duration. The
impact of these settings should be well understood to adequately
standardize across multiple centers and to determine reference
values. Further insights into these factors may also improve the
reproducibility and increase the sensitivity of the CMAP scan when
applied optimally.

The variation between CMAP scans are mostly dominated by
the number of MUs, their sizes, and activation threshold character-
istics (Blok et al., 2007; Bostock, 2016; Sleutjes et al., 2014). As the
number of MUs and their sizes remain unaffected by the applied
stimulation settings, it is their MU activation thresholds, and par-
ticularly, the interaction between the distribution of MU activation
thresholds and the threshold variability of individual MUs that
mark the CMAP scan pattern. Due to this interaction, the activity
of multiple MUs may overlap at a fixed stimulus current, also
known as alternation (Milner-Brown and Brown, 1976). Mitigating
alternation underlies the developments of various MUNE methods
to improve on the original incremental approach (de Carvalho
et al., 2018; Gooch et al., 2014; McComas et al., 1971).

The stimulus duration mainly affects MU activation thresholds
according to their strength-duration properties (Bostock, 1983).
In contrast, animal and computational studies have suggested that
the threshold variability quantified as relative spread (RS) remains
constant over a range of stimulus durations (Lecar and Nossal,
1971a,b; Verveen, 1960). There is, however, limited experimental
observations in human subjects on threshold variability (Hales
et al., 2004), likely due to the difficulty of identifying isolated
responses from single MUs reliably. With the design of a novel
approach, we have partly overcome the latter by integrating
high-density surface-EMG with excitability testing (Sleutjes et al.,
2018). This allows us to assess the yet unexplored impact of stim-
ulus duration on the interaction between the distribution of MU
activation thresholds and the threshold variability of individual
MUs in human subjects, and, consequently, alternation in CMAP
scans. We hypothesize that the level of alternation is significantly
affected by stimulus duration.

To evaluate our hypothesis, we performed a systematic study in
healthy controls using high-density surface-EMG and single-
channel surface-EMG recordings, to assess threshold variability of
individual MUs and the distribution of MU activation thresholds
in the CMAP scan with varying stimulus durations. Also with the
aid of computer simulations, we determined in detail the impact
of stimulus duration on alternation.
324
2. Methods

2.1. Subjects

We recruited 14 healthy volunteers (8 males and 6 females;
mean age: 29 years, range: 23–50 years) who underwent individ-
ual MU and CMAP scan recordings. Exclusion criteria were signs
or symptoms of any neurological disease that could affect function-
ing of MUs. All subjects gave informed consent for the experi-
ments. The study was in accordance with the principles of the
Declaration of Helsinki and approved by the local ethical
committee.
2.2. Individual MU potential recordings using high-density surface-
EMG

We applied a recently designed setup, where we have inte-
grated high-density surface-EMG with excitability testing to reli-
ably identify individual MU potentials (MUPs) (Sleutjes et al.,
2018). As such we can make use of the unique spatiotemporal pro-
files of individual MUs for their reliable identification using a
specifically designed user interface that provided visual feedback
during the experiments. The high-density grid consists of a 9x14
array of densely spaced electrodes attached to the skin over the
thenar muscle group. From the 126 channels a single-channel
surface-EMG signal was fed into the excitability software (Qtrac-
S, TRONDNF, version 19/06/2015, Institute of Neurology, Queen
Square, London, UK) for tracking the threshold of single MUPs. Sim-
ilar to our previously described protocol, the optimal channel was
qualitatively judged by selecting a channel with the largest
surface-EMG signal to improve signal-to-noise ratio and minimal
interference with other individual MUPs (Sleutjes et al., 2018).

We sampled one individual MUP in each healthy volunteer,
which we obtained from the thenar muscles with standardized
stimulation of the median nerve at the wrist based on low stimulus
currents using non-polarizable surface electrodes (Red dot, 3 M
electrodes Health care). The stimulus sites along the wrist were
slightly varied to determine the optimal location for isolating indi-
vidual MUP responses. A similar location of the cathode as during
CMAP scan recordings was the preferred position. The anode was
positioned approximately 10 cm proximally, on the radial side of
the forearm. A target amplitude was set slightly lower than the
measured baseline to negative peak MUP amplitude to define an
individual MUP response being present or absent. Subsequently,
the excitability program was used to automatically determine
the current at which approximately 50% of the stimuli resulted in
a MUP response, the definition of the activation threshold in clas-
sical electrophysiology.

Stimuli were then delivered uniformly over a stimulus current
range to enable reliable tracking of the activation threshold of indi-
vidual MUPs. From the percentage of stimuli that resulted in a MUP
response over this stimulus current range, a cumulative Gaussian
probability function was fitted to obtain the mean activation
threshold (m) and standard deviation of the activation threshold
(r). Similar to the findings by Hales et al. (Hales et al., 2004) the
threshold variability was quantified by dividing r by m, also known
as the relative spread (RS).

The stimulus current range needs to be set such that it captures
most of the alternating behavior of the MUP responses (‘‘all-or-
none” responses of an individual MU) to adequately fit these two
parameters (m, r). Given the definition of RS and the equivalence
to a normal distribution, a stimulus current range set at ±1*r cap-
tures approximately 68%, ±2*r approximately 95%, and ±3*r > 99%
of the alternating behavior. The additional information on alterna-
tion with a range of ±4*r or higher is therefore negligible. A range
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set too narrow (e.g. � 1*r) misses a lot of relevant alternating
behavior, while a range set to too wide (e.g. > 3*r) makes stimuli
superfluous at the boundaries of this range (i,e. mostly absence of
alternation, because MUs will either always show a response or
never show a response). We therefore used a relative broad stimu-
lus current range of ±3*r with a conservative assumed RS of 2%
(Bostock, 2016). So, for example, for a mean activation threshold
of 10 mA (m), the stimulus current range was set at 9.4 mA–10.6
mA (±0.6 mA ?±6% of 10 mA ?±3*RS*m ?±3*r). The stimuli were
then randomly applied between 9.4 mA–10.6 mA resulting in a
uniform distribution of stimulus intensities over this particular
range.

In total 600 stimuli were delivered at 1 Hz for each of the four
stimulus durations of 0.1 ms, 0.2 ms, 0.6, ms and 1.0 ms. We occa-
sionally reversed the order of stimulus durations between subjects.
To further address slow fluctuations of the activation threshold
during the recordings, a moving window of 50 stimuli was applied
shifted by a single stimulus at the time in the RS analysis. The RS
and strength-duration time constant (SDTC) using Weiss’s law
(Bostock, 1983; Mogyoros et al., 1996) was determined within
every individual MU. For data analyses, the individual MUP
responses and applied stimulus currents were imported and fur-
ther processed into Matlab (R2014b: The MathWorks, Natick, Mas-
sachusetts, USA).
2.3. CMAP scan recordings using single-channel surface-EMG

The CMAP scan recordings were performed with the MScan pro-
gram, which is part of the excitability software (Qtrac-S, TRONDNF,
version 19/06/2015, Institute of Neurology, Queen Square, London,
UK). We obtained baseline to negative peak CMAP amplitude
responses from the thenar muscles in the left arm by transcuta-
neous stimulation of the median nerve. The single active recording
electrode was positioned over the muscle belly and the reference
electrode was placed at the interphalangeal joint of the first digit.
We used a standardized distance between stimulus site (wrist) and
the active recording electrode of 7 cm proximal. First, we deter-
mined, the stimulus current (S100) required to elicit the maximum
CMAP amplitude. Subsequently, the program automatically deliv-
ered stimuli of slowly exponentially decreasing stimulus currents
at 2 Hz. The program was stopped at the stimulus current where
the lowest-threshold MU became inactive (S0), which resulted
approximately in 500–700 stimuli per subject. As every MU has a
specific activation threshold, the stimulus current range from S0
to S100 reflects the interval in which all of the MUs innervating
the muscle become gradually active.

The procedures described above were repeated using stimulus
durations of 0.1 ms, 0.2 ms, 0.6, ms and 1.0 ms to determine the
impact of stimulus duration on the CMAP scan pattern. Similarly,
the order of stimulus durations was occasionally reversed between
subjects for the CMAP scan. To provide an indication on the distri-
bution of MU activation threshold from low-to-high threshold MUs
in the CMAP scan, stimulus currents to elicit a target CMAP at 5%
(S5), 50% (S50), and 95% (S95) of the maximum CMAP were deter-
mined together with the relative range defined by 100*[S95–S5]/
S50. Additionally, we determined a predefined set of relative
thresholds across the CMAP scan by 100*S5/S50, 100*S10/S50,
until 100*S95/S50 in steps of 5%. These relative thresholds describe
a curve which is smaller than 100% below S50, larger than 100%
above S50, and which intersect 100% in the middle (100*S50/
S50). We further determined SDTC within the CMAP scan from tar-
get CMAPs at 10% to 90% in steps of 10%. Also, we measured the
skin temperature before and after the recordings at the stimulation
site using an infrared thermometer (KM814, Comark Limited,
Stevenage, UK). For data analyses, the CMAP scan data was
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imported and further processed into Matlab (R2014b: The Math-
Works, Natick, Massachusetts, USA).

2.4. Simulating alternation in the CMAP scan

We modified a previously developed computer model to gener-
ate simulated CMAP scans (Blok et al., 2007; Sleutjes et al., 2014).
This model includes parameters that are considered to mainly
underlie the variation between CMAP scans, and includes the num-
ber of MUs, their sizes and activation threshold characteristics
(Blok et al., 2007; Bostock, 2016; Sleutjes et al., 2014). To simplify
our simulations, we assumed a fixed set of 200 MUs, which is
equivalent to MU estimates in thenar muscles of healthy subjects
(Aggarwal, 2012; Gooch et al., 2014). Furthermore, the simulations
involved MU activation thresholds only, irrespective of their sizes.
The distribution of MU activation thresholds and the threshold
variability of individual MUs were set such that they matched
our experimental observations. In short, an activation threshold
corresponds to where MUs have a 50% probability of being activate
(m). To simulate threshold variability, we defined a threshold range
that reflects the range where individual MUs are probabilistically
active. The threshold range was set at twice the RS. Overlapping
threshold ranges between MUs were added together to determine
the number of probabilistically active MUs. The number of combi-
nations of alternating MUs increases exponentially, 2n, where n
reflects the number of MUs with overlapping threshold ranges. A
large n results in a large variability of CMAPs at a fixed stimulus
current, while a small n, increases the likelihood of observing the
all-or-none responses of individual MUs. Simulating the distribu-
tion of MU activation thresholds and threshold variability of indi-
vidual MUs by threshold ranges gives the possibility to estimate
the level of alternation across the entire CMAP scan. Finally, we
also assessed and verified the impact of stimulus duration on the
level of alternation.

2.5. Statistical analysis

Statistical tests were performed in Matlab (R2014b: The Math-
Works, Natick, Massachusetts, USA). We used a linear regression
model to evaluate the relationship between the CMAP scan and
individual MU outcomes. To determine whether RS and RR were
linearly related to the four stimulus durations, we deployed a lin-
ear mixed-effects model with RR and RS as response, the within-
subject (individual MU or CMAP scan recordings) as random inter-
cept and slope, and the stimulus duration as fixed effects. Similarly,
for SDTC, a linear mixed effects model was used with SDTC as
response, the within-subject CMAP scan recordings as random
intercept and slope, and the target CMAPs as fixed effects. A p-
value of <0.05 was considered statistically significant.
3. Results

3.1. Threshold variability of individual MUs and stimulus currents to
elicit CMAP scans

Fig. 1 shows a representative example of individual MUP
responses (Fig. 1A) and a CMAP scan (Fig. 1B) recorded within
one subject using a stimulus duration of 1.0 ms. To determine
the relative spread (RS) and relative range (RR), we normalized
the individual MUP and CMAP responses (Fig. 1C and D). The indi-
vidual MU had a mean activation threshold, m, of 2.285 mA and
standard deviation, r, of 0.041 mA, resulting in an RS of 1.79%
(Fig. 1C). The stimulus currents required to elicit a target CMAP
of 5%, 50%, and 95% of the maximum CMAP were 2.577 mA,
3.446 mA, and 4.373 mA respectively, which resulted in a RR of



Fig. 1. Example of individual motor unit potentials responses and compound muscle action potential scan responses. Individual motor unit potential (MUP) responses
with (A) absolute amplitudes and normalized all-or-none responses (C) with the fitted mean activation threshold, m, and standard deviation, r (in gray). These values
correspond with m = 2.285 mA and r = 0.041 mA resulting in a relative spread of 1.79%. The compound muscle action potential (CMAP) scan with (B) absolute amplitudes and
normalized amplitudes (D) together with the calculated S5 (2.577 mA), S50 (3.446 mA), and S95 (4.373 mA) (in gray). The values correspond with a relative range of 52.1%.
The individual MUP responses and the CMAP scan were obtained in the same subject with a 1.0 ms stimulus duration. MUP = motor unit potential, CMAP = compound muscle
action potential.
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52.1% (Fig. 1D). Similar procedures were applied for all healthy
subjects and four stimulus durations. The skin temperature was
30.3 �C ± 1.8 �C (mean ± SD) during the CMAP scan recordings
and 30.6 �C ± 2.0 �C (mean ± SD) during the individual MU record-
ings. Table 1 shows the impact of the stimulus duration on thresh-
old variability of individual MUs and the distribution of MU
activation thresholds in the 14 healthy subjects.
3.2. Impact of stimulus duration on threshold variability and
distribution of thresholds

Fig. 2 shows the relation between stimulus duration and RS and
RR. We found that RS had considerable variability across the
applied range of stimulus durations, without a clear relation
(0.08% per ms, p = 0.47; 95% CI �0.13% � 0.29%). Consequently,
we therefore averaged RS across all the 56 recordings that included
the 14 individual MUs (one individual MU per healthy volunteer)
which were recorded each 4 times (4 different stimulus durations)
resulting in an RS of 1.65 ± 0.43% (mean ± SD, n = 56). In contrast,
RR showed a significant increasing pattern towards longer stimu-
lus durations with a mean of 11.4% per ms (p < 0.001; 95% CI
7.9%–14.9%).
3.3. Strength-duration time constant in individual MUs and for low-to-
high target CMAPs

The mean SDTC in the individual MUs was 0.29 ± 0.06 ms
(mean ± SD, n = 14, Fig. 3A). Fig. 3B shows the SDTC across target
CMAPs, where black lines correspond to individual subjects.
Although moderate variation of SDTC was seen within individual
subjects across the different target CMAPs, we found an inverse
relation between SDTC and increasing target CMAP values with a
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mean SDTC shortening of 0.007 ms per target CMAP of 10%
(p = 0.001, 95% CI 0.003–0.01; Fig. 3B). For individual MUP
responses, the stimulus site slightly varied, because isolated MUP
responses were not always clearly present at the stimulation site
for CMAP scans. The SDTC of individual MUs was therefore likely
smaller than the SDTC at a target CMAP of 10% (p = 0.003). At a tar-
get CMAP of 90% the difference was not significant (p = 0.08). We
found no relation between RS and SDTC within individual MUs
(r = 0.20, p = 0.45).
3.4. Simulating the distribution of activation thresholds and
alternation in CMAP scans

We implemented our experimental observations into the simu-
lations, to determine alternation in CMAP scans, by assigning nor-
mal distributed MU activation thresholds to a fixed pool of 200
MUs with a mean of 5.0 mA (S50 at 1.0 ms, Table 1). We used
the RR of 48.7% (RR at 1.0 ms, Table 1) to define the standard devi-
ation. Assuming that the numerator of RR, S95–S5, reflects an
approximation of 4 standard deviations of a normal distribution
(see Fig. 1C), the standard deviation was set at 12.2% (�0.61 mA).
As RS was not significantly affected by stimulus duration, we ran-
domly assigned individual MUs a normal distributed RS of 1.65 ± 0.
43%. To determine the level of alternation, we simulated the num-
ber of probabilistically active MUs by setting a threshold range at
twice the RS surrounding the MU activation threshold (e.g. with
m = 5 mA, the threshold range 5.0 ± 0.165 mA, Fig. 4A). More over-
lapping threshold ranges implies higher number of probabilisti-
cally active MUs leading to a higher level of alternation. Fig. 4B
shows the number of probabilistically active MUs after 1000 runs,
which peaks at approximately 43 (33–52) (median, 5th–95th
percentile).



Table 1
Threshold properties of individual motor units and stimulus currents required to elicit compound muscle action potential scans in fourteen healthy subjects for every stimulus
duration.

Stimulus duration (ms) Individual motor units CMAP scans

m (mA) r (mA) RSa (%) S5 (mA) S50 (mA) S95 (mA) RRa (%)

0.1 9.8 ± 4.4 0.16 ± 0.10 1.5 ± 0.4 13.8 ± 5.4 17.1 ± 5.7 20.3 ± 6.5 39.1 ± 15.3
0.2 6.3 ± 2.7 0.11 ± 0.08 1.7 ± 0.4 8.5 ± 3.3 10.5 ± 3.6 12.5 ± 4.1 39.1 ± 15.0
0.6 3.8 ± 1.5 0.07 ± 0.04 1.7 ± 0.4 4.7 ± 1.8 5.9 ± 2.0 7.3 ± 2.4 45.1 ± 14.3
1.0 3.3 ± 1.3 0.06 ± 0.03 1.6 ± 0.5 3.9 ± 1.5 5.0 ± 1.7 6.3 ± 2.1 48.7 ± 12.0

m = mean activation threshold of individual motor units, r = standard deviation of the activation threshold of individual motor units, RS = relative spread; RR = relative range,
CMAP = compound muscle action potential, S5 = target CMAP to elicit 5% of the maximum CMAP, S50 = target CMAP to elicit 50% of the maximum CMAP, S95 = target CMAP to
elicit 95% of the maximum CMAP. Values are mean ± standard deviation.

a Determined within every individual subject before averaging.

Fig. 2. Relation between stimulus duration, relative spread and range. (A) The relative spread in individual motor units (MUs) and (B) the relative range in compound
muscle action potential scans expressing the distribution of MU activation thresholds determined within the fourteen healthy subjects at stimulus durations of 0.1, 0.2, 0.6
and 1.0 ms. Every line corresponds to an individual subject.

Fig. 3. Strength-duration time constant in individual motor units and at different target compound muscle action potentials. (A) The strength-duration time constants
(SDTCs) in individual motor units (black dots) with mean ± 2 standard deviations (gray cross and error bar) and (B) the SDTC across target compound muscle action potentials
from 10% to 90% obtained within the 14 healthy subjects. The gray lines represent the mean ± 2 standard deviations. SDTC = strength-duration time constant,
CMAP = compound muscle action potential.
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3.5. Impact of stimulus duration on the distribution of thresholds and
alternation in CMAP scans

To determine the impact of stimulus duration on the distribu-
tion of MU activation thresholds within the CMAP scan, we
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assigned a linearly decreasing SDTC in the simulations (from 0.40
to 0.34 ms, from low-to-high activation thresholds) at 1.0 ms
(Fig. 5A, continuous). This resulted in a simulated mean of 17 mA
for the activation thresholds at 0.1 ms (Fig. 5B, dashed), which cor-
responded well with our experiments at 0.1 ms (Table 1, S50). By



Fig. 4. Simulations on number of probabilistically active motor units across different threshold ranges. (A) Threshold range of one probabilistically active motor unit
(MU) that defines the region of alternation (5.0 ± 0.165 mA with RS = 1.65%). (B) Number of probabilistically active MUs for a fixed MU pool of 200 MUs after 1000 runs. The
gray areas represent the 5th–95th percentile. MUs = motor units.
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normalization, we also compared the relative distribution of
thresholds between 1.0 ms and 0.1 ms. We found that a stimulus
duration of 0.1 ms resulted in a higher peak (Fig. 5B, vertical arrow)
with a relative narrower distribution compared to 1.0 ms (Fig. 5B,
arrows 1 and 2). This means that for a CMAP scan generated with a
stimulus duration of 0.1 ms relative more MUs are recruited in the
middle (more alternation) and less MUs at its tails (less
alternation).

Next, we plotted the measured set of relative thresholds over
the entire CMAP scan for 0.1 ms against the set of relative thresh-
olds for 1.0 ms for the fourteen recordings (Fig. 6A, black error
bars). On top, we also plotted the simulated distribution of MU
activation thresholds for 0.1 ms against 1.0 ms (Fig. 6A, gray
squares) in individual runs (n = 1000). This showed a clear overlap
between experiments and simulations, indicating that the linear
trend in SDTC may underlie the smaller RR at 0.1 ms. As such,
the stimulus duration significantly affects the level of alternation
in CMAP scans, because the strength-duration properties are not
identical for every MU. Fig. 6B shows an illustrative example,
where a CMAP scan generated with 0.1 ms compared to 1.0 ms
showed visible steps at the tails likely originating from a low num-
ber of alternating MUs.
4. Discussion

Our study examined the impact of stimulus durations involved
in generating CMAP scans. Our results showed that the stimulus
duration predominantly affected the distribution of MU activation
thresholds, while the threshold variability of individual MUs
remained constant. Our simulations also revealed that for a shorter
stimulus duration, the level of alternation is higher (i.e. more prob-
abilistically active MUs) in the middle part of the CMAP scan, while
it was relatively reduced at its tails. Therefore, isolated MU
responses will be easier detectable at the tails of the CMAP scan,
especially when a shorter stimulus duration is applied. Conse-
quently, under pathological conditions detection of enlarged MUs
due to reinnervation with CMAP scans may be more sensitive with
shorter stimulus durations, however one should remain vigilant
that they need to be evaluated by their sizes. Similarly, deriving
motor nerve dysfunction from the CMAP scan (Drenthen et al.,
2013, 2014; van der Heyden et al., 2013) requires careful consider-
ation of the impact of stimulus duration when defining reference
values. Taken together, our results indicate the need for standard-
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ization of applied stimulation settings of the CMAP scan to harmo-
nize its use and facilitate interpretation of data from different
studies.
4.1. Distribution of MU activation thresholds in the CMAP scan

Our data showed that the distribution of MU activation thresh-
old flattened with longer stimulus durations, and found that this
appeared to result from a subtle linearly decreasing trend of SDTC
from low-to-high threshold MUs (i.e. low-to-high target CMAPs).
The activation threshold and SDTC depend on a complex interplay
of various factors (Bostock, 1983; Kuhn et al., 2009; Major and
Jones, 2005; Mogyoros et al., 1996). Given that the experimental
technique, applied stimulation electrodes, and nerve conditions
in our healthy subjects remained the same in our study, the factors
associated with this trend may be narrowed down to geometrical
factors, such as axon depth and diameter. An axon at greater depth
tends to prolong SDTC (Kuhn et al., 2009) at higher thresholds,
whereas a larger axon diameter tends to prolong SDTC at lower
thresholds. These two processes have opposing effects where sim-
ulations have suggested a stronger diameter-dependence of the
activation threshold (Major and Jones, 2005), resulting in a net
effect that may underlie the subtle linear trend observed for SDTC
over the target CMAPs. This corroborates previous studies in which
a longer SDTC at lower CMAPs could be observed (Kiernan et al.,
2000; Mogyoros et al., 1996; Shibuta et al., 2010, 2013; Trevillion
et al., 2010; Weerasinghe et al., 2017), although the marked vari-
ability between subjects may have masked a subtle linear relation-
ship when assessed on group level (Kiernan et al., 2000; Mogyoros
et al., 1996; Weerasinghe et al., 2017). Interestingly, presence of
significance showed a consistent increased SDTC for the lower tar-
get CMAPs (Shibuta et al., 2010, 2013; Trevillion et al., 2010). It can
be further observed in multiple nerve-muscle combinations (Bae
et al., 2009). In the current study, we provided a comprehensive
view by generating CMAP scans that automatically included all tar-
get levels from which we assessed SDTC within individual subjects.
Moreover, we have verified the experimental observations with
additional simulations. We assigned low-to-high threshold MUs a
linear relationship of SDTC resulting in substantial overlap
between the recorded set of relative thresholds and simulated rel-
ative distribution of MU activation thresholds (Fig. 6A). We do
acknowledge that the simulated curves represent an average of
many iterations, while in the experiments SDTC fluctuated consid-



Fig. 5. Impact of stimulus duration on distribution of thresholds and alternation in compound muscle action potential scans (A) The simulated (continuous, 1.0 ms)
and calculated (dashed, 0.1 ms) distribution of thresholds of a fixed set of 200 motor units (MUs) using a linear decreasing strength-duration time constant from 0.40 ms to
0.34 ms. (B) The relative distribution of thresholds at 1.0 ms (continuous) and 0.1 ms (dashed) showed for 0.1 ms a higher peak in the middle (i.e. more alternation, vertical
arrow) and smaller number of probabilistically active MUs at its tails (i.e. less alternation, arrows 1 and 2). MUs = motor units, SDTC = strength-duration time constant.

Fig. 6. Comparison of the set of relative thresholds from experiments and relative threshold ranges from simulations. (A) The set of relative thresholds at 0.1 ms plotted
against at 1.0 ms for the 14 recordings (black error bars, mean ± standard error of the mean) and simulated relative threshold ranges (gray squares� 1000 runs). Arrows 1 and
2 present the narrower range of relative thresholds in which all MUs are activated similar to arrows 1 and 2 in Fig. 5B. Line of unity (black dashed) (B) Illustrative example of
two compound muscle action potential (CMAP) scans at 1.0 and 0.1 ms within a single subject with the emergence of steps in the CMAP scan generated by a 0.1 ms stimulus
duration due to the low level of alternation at the tails of the CMAP scan. CMAP = compound muscle action potential.
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erably across target CMAPs. Additionally, SDTC of individual MUs
are likely to harbour more variability, because SDTC at target
CMAPs represent an average from a group of motor axons. In prac-
tice, careful isolation of individual MUP responses may result in
activating more superficial axons, which may shift the net effect
towards a more depth dependence. These two factors may explain
the counterintuitive smaller SDTC in individual MUs compared to
SDTC at target CMAPs (Mogyoros et al., 1996). Taken together,
the degree of the linear relationship should be interpreted with
caution in individual cases, especially under pathological condi-
tions where it may be masked by increased variability of SDTC
(Shibuta et al., 2013) or under conditions with marked loss of MUs.

4.2. Threshold variability of individual MUs in the CMAP scan

Our study confirmed that the stimulus duration had no effect on
the threshold variability quantified by RS within individual MUs in
human subjects. Although, we have studied a relative small range
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(0.1–1.0 ms), the independence of RS to stimulus duration agrees
with previous studies, which were limited to animal and computer
models (Lecar and Nossal, 1971a,b; Verveen, 1960). The averaged
RS of 1.65% in our study matched well with other experiments in
human subjects (Hales et al., 2004). Such a similar finding observed
in an independent healthy cohort provides highly relevant insights
on the physiological window within which MUs operate. A con-
stant RS indicates a broader absolute threshold variability for
high-threshold MUs compared to low-threshold MUs. Conse-
quently, to sample the RS equally across the a priori unknown dis-
tribution of MU activation thresholds within the CMAP scan
requires stimuli applied with an exponential decrease in stimulus
currents (Bostock, 2016). Additionally, RS and SDTC have been sug-
gested to be associated with nodal persistent sodium channels
(Bostock and Rothwell, 1997; Hales et al., 2004; Mogyoros et al.,
1998). In the current study we did not find a relation between RS
and SDTC within individual MUs, which may be due the marked
variability of RS between stimulus durations.
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4.3. Alternation and implications for MU number estimation and
appearance of steps

To obtain a reliable and reproducible MU number estimate, one
of the challenging aspects involve alternation. Due to threshold
variability the range in which MUs show their typical alternating
(all-or-none) behaviour may overlap. As a result, the number of
MUs with overlapping thresholds induce an exponentially increas-
ing number of possible combinations, which far exceeds the num-
ber of samples applied within the CMAP scan (Sleutjes et al., 2014).
This emphasizes the need to make optimal use of the recording and
stimulation settings. Due to the impact of stimulus duration on
alternation within the CMAP scan, the slope and variance of the
CMAP scan alters, which consequently affects MU estimates
derived from the CMAP scan (Zong et al., 2020). We established
that a short compared to long stimulus duration further lowered
the number of alternating MUs at the tails of the CMAP scan
(Fig. 5). A short stimulus duration is therefore preferred for MUNE
methods that require collecting a sample of low-threshold MUs.
Due to the lower number of alternating MUs at the tails, the
appearance of steps (Fig. 6B) are not uncommon at the bottom
and top of CMAP scans in healthy subjects (Blok et al., 2007;
Henderson et al., 2006; Maathuis et al., 2011). As this study shows,
the likelihood of these steps at the tails increases when applying a
short stimulus duration (e.g. 0.1 ms) to generate CMAP scans. Steps
or discontinuities that start to appear in the middle part of the
CMAP scan or when their amplitude contribute substantially rela-
tive to the maximum CMAP (Sleutjes et al., 2014) raises the likeli-
hood of a pathological origin. Additionally, given the fact that
depolarizing the membrane potential to generate an action poten-
tial is more accurately defined with a shorter stimulus duration, it
may also induce less temporal dispersion. Less temporal dispersion
may also be favourable as most MUNE methods assume that indi-
vidual MUPs have an additive contribution to produce the CMAP.

4.4. Experimental and model limitations

Our study has several limitations. For simulating alternation,
we assumed a uniform probability over the threshold range, while
the probabilistic function for individual MUs follows a cumulative
Gaussian distribution (Hales et al., 2004). To further simplify the
simulations, we used an additive approach of the threshold ranges,
without simulating the true probabilistic nature of MUs. Further-
more, we assumed a symmetric normal distribution of MU activa-
tion thresholds, although this may not be the case for CMAP scans.
However, our study was not directly aimed at the absolute number
of alternating MUs and type of distribution, but rather at evaluat-
ing the potential changes to the distribution induced by the stim-
ulus duration. As both a smaller or larger MU pool would induce
similar changes to the distribution, we preferred a fixed number
of MUs as this also facilitated comparison between experimental
data and simulations. The large error bars of the level of alternation
(Fig. 4B) may partly express the variability in CMAP scans that we
encountered between individual subjects. To overcome the
assumption of symmetric MU activation thresholds within the
CMAP scan, we defined a set of relative thresholds. Despite that
we disregarded variability in MU sizes for practical reasons, our
simulations on changes in the distribution of thresholds were in
good agreement with our experiments on the changes in relative
thresholds. It is expected that more realistic distributions of MU
sizes (Ridall et al., 2007) may further improve the simulations. As
we have only investigated one individual low-threshold MU per
subject, we could not directly determine whether low-to-high
threshold MUs had differences in RS. Nevertheless, we found no
relation between RS and stimulus currents for the set of applied
stimulus durations.
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5. Conclusion

Stimulation settings of the CMAP scan require further standard-
ization as stimulus duration can affect the electrical recruitment of
MUs illustrated by our experiments and computer simulations. Our
data shows that a shorter stimulus duration may be preferred, as
steps or discontinuities and importantly, their sizes, can be easier
evaluated due the increased likelihood of their appearance at the
tails of the CMAP scan. This could improve early detection of
enlarged MUs under pathological conditions. However, this may
also reduce its specificity. Therefore, the presence of steps or dis-
continuities at the tails should be carefully judged by their sizes.
Mitigating alternation may also provide an important opportunity
to improve existing MUNE methodologies. The fact that the stimu-
lus duration already had a detectable influence on alternation in
our study, illustrates the possibilities to further optimize the
recording and stimulation settings. Taken together, our study
emphasizes the importance to provide details on the applied stim-
ulation settings in studies that use CMAP scans. Standardization of
these settings is preferred when using different EMG platforms and
during successive visits in its use for monitoring of the disease
progression.
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