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� Muscle excitability testing is a technique that provides in vivo information about membrane potential and ion channel function.
� Multi-fibre muscle velocity recovery cycles, frequency ramp and repetitive stimulation protocols are automated and fast methods.
� Muscle excitability testing is used mainly in research but it may have diagnostic uses, particularly in muscle channelopathies.
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Conventional electrophysiological methods, i.e. nerve conduction studies and electromyography are suit-
able methods for the diagnosis of neuromuscular disorders, however, they provide limited information
about muscle fibre membrane properties and underlying disease mechanisms. Muscle excitability testing
is a technique that provides in vivo information about muscle fibre membrane properties such as mem-
brane potential and ion channel function.
Since the 1960s, various methodologies have been suggested to examine muscle membrane properties

but technical difficulties have limited its use. In 2009, an automated, fast and simple application, the so-
called multi-fibre muscle velocity recovery cycles (MVRC) has accelerated the use of muscle excitability
testing. Later, frequency ramp and repetitive stimulation protocols have been developed. Though this
method has been used mainly in research for revealing disease mechanisms across a broad range of neu-
romuscular disorders, it may have additional diagnostic uses; value has been shown particularly in mus-
cle channelopathies.
This review will provide a description of the state-of-the art of methodological and clinical studies for

muscle excitability testing.
� 2024 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/).
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1. History of measuring muscle membrane potential and
muscle velocity recovery function in human

Electrophysiological examinations of human muscle mem-
branes in vivo have focussed on the nature of muscle fibre dis-
charges, propagation velocity and membrane potential. Denslow
and Hassett (1943) made recordings of human muscle in vivo using
needle electrodes to examine motor unit waveforms and their
propagation velocity. Beránek recorded resting membrane and
action potentials in muscle fibres in vivo using a glass micropipette
inside an intramuscular syringe mounted on a micrometer, which
he carefully advanced into a muscle fibre (Beránek, 1964). This
technique was used by Cunningham et al. (1971) in normal sub-
Electrode arrangement for measurement of muscle VRCs. The cathode (monopolar
(surface electrode) was placed about 1 cm distal to the cathode. Recordings wer
al to the cathode.

2

jects and patients with severe debilitating disorders. Special atten-
tion was paid to stabilizing the leg and electrode manipulator, and
the whole recording was made inside a Faraday cage (see Fig. 1;
Cunningham et al., 1971). Cunningham and colleagues found that
they were able to reliably record resting membrane potential in
all subjects and there was little difference between control subjects
and mildly ill patients (mean [SD]: �88.8 [3.8] mV, �89.8 [2.1],
respectively). However, the resting membrane potential (RMP) of
severely ill patients was markedly depolarized (�66.3 [9.0] mV).

Stålberg found that propagation velocity in human muscle
fibres depended on the interval from the preceding discharge,
which he termed the Velocity Recovery Function (Stålberg, 1966).
In later studies, his group stimulated single muscle fibres with
needle electrode) was inserted perpendicularly into the tibialis anterior muscle. The
e made with concentric EMG electrodes introduced into the muscle about 20 mm



Fig. 2. A recording of MVRCs with test-alone stimuli (black) and 1 (red), 2 (green)
and 5 (blue) conditioning stimuli in a healthy control subject, showing interstim-
ulus intervals (ISI) reducing from 1000 to 2 ms over a 5-minute period. Only the last
parts of each sweep are illustrated. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Fig. 1. Effects of digital filtering on multi-fibre muscle action potentials. (A)
Unfiltered trace (bandwidth 1.6 Hz–10 kHz). (B) Effect of single (forward) digital
low-pass filter (500 Hz cut-off). (C) Effect of forward–reverse digital lowpass filter
(500 Hz) on trace A. The reverse filter cancels out the phase-shifts caused by the
forward filter. (D) Effect of combined forward–reverse high-pass (100 Hz) and
forward–reverse low-pass (500 Hz) filter on trace A. S indicates time of stimulus.
Vertical dashed line marks time of peak of response in D, which was used for the
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paired electrical stimuli to measure the velocity recovery function
in detail (Mihelin et al., 1991). They noted that finding the record-
ing site for a single responding muscle fibre was ‘‘often difficult”.
Nonetheless, they were able to record velocity recovery functions
(see Figs. 2 and 3 in Mihelin et al., 1991) which are similar to the
velocity recovery cycles in this review.

Allen et al. (2008) assessed muscle-fibre conduction velocities
in patients with critical illness myopathy using paired-pulses of 2
to 20 ms in the tibialis anterior muscles and found delayed and dis-
persed responses and longer absolute refractory period when com-
pared to healthy controls.
latency measurements. Filtering provides stabilization and smoothing of the
baseline without time displacement of the negative peak of the muscle action
potential. (N.B. negative action potential peaks are plotted upwards in this and
subsequent figures). Reproduced with permission from Boerio et al. (2012b).
2. Muscle excitability testing with velocity recovery cycles

2.1. Methods

For a convenient introduction to the methods used, the reader is
referred to the film at https://www.jove.com/video/60788 and
short paper (Witt et al., 2020a,b).
2.1.1. Stimulation and recording
These methods have mostly been applied to brachioradialis

muscle and tibialis anterior, but can also be applied to other mus-
cles. The main requirement is that two or more cm of the muscle
are accessible, sufficiently distant from the endplates to avoid
stimulating motor axons. In the case of tibialis anterior, this means
stimulating and recording at a distance of about 7–8 mm below the
surface, since the endplates are located superficially (Aquilonius
et al., 1984). We recommend a non-polarisable surface electrode
as the anode (e.g. Red Dot, 3 M Health Care, Borken, Germany),
and an insulated monopolar needle electrode (25 mm � 26G, TECA,
Viasys Healthcare, Madison, Wisconsin, USA) as the stimulating
cathode. For BR, the needle electrode is inserted perpendicularly
to the muscle at about 25% of the distance from the lateral epi-
condyle of the humerus to the styloid process of the radius. For tib-
ialis anterior, the stimulating electrode is inserted perpendicularly
into the distal third of the muscle, within 1 cm of the palpated dis-
tal end (Fig. 1). Stimulation is by rectangular pulses of 50 ls dura-
tion, generated by computer and converted to current with an
3

isolated constant current stimulator (e.g. DS7 or DS5, Digitimer
Ltd., Welwyn Garden City, Hertfordshire, UK). This technique
requires current sufficient to excite a bundle of muscle fibres, caus-
ing a small movement of the end of the electrode, but not enough
to excite axons and cause a visible twitch of the muscle. Significant
axonal stimulation usually results in a marked twitch and discom-
fort for the subjects, and such recordings are avoided by adjusting
the position of the stimulating electrode.

For recording, we recommend a disposable concentric needle
EMG electrode (25 mm � 30G), inserted perpendicularly approxi-
mately 20 mm proximal to the stimulating electrode (Fig. 1). The
electrode position is adjusted to obtain a stable triphasic action
potential with a minimal stimulus strength (<5 mA). Electrode
leads should then be taped to the skin to avoid any electrode
movement. A recording gain of 1000, with a bandwidth of about
1.5 Hz–5 kHz, and a sampling rate of 20 kHz is appropriate.

2.1.2. MVRC protocol
Stimulation and recording of muscle velocity recovery cycles

have conveniently used QtracW software (copyright UCL Queen
Square Institute of Neurology, distributed by Digitimer Ltd,
https://www.Digitimer.com) with the recording protocol
1200RCM.QRP, but there is no reason why manufacturers of con-
ventional EMG machines should not program them to make these

https://www.jove.com/video/60788
https://www.Digitimer.com


H. Tankisi, H. Bostock, S.V. Tan et al. Clinical Neurophysiology 164 (2024) 1–18
recordings, since the stimuli are kept constant throughout. The
standard MVRC recordings comprise, in addition to a single condi-
tioning stimulus, stimuli with 2 and 5 conditioning stimuli, sepa-
rated by intervals of 10 ms. The interstimulus intervals (ISIs),
between the last conditioning stimulus and the test stimulus, are
decreased in an approximately logarithmic series from 1000 to
1.4 ms, or until conditioned latencies are all greater than uncondi-
tioned (see Bostock et al., 2012b for detailed ISI sequence). At each
ISI, the stimuli are given in the same sequence, with 0, 1, 2 and 5
conditioning stimuli. With a 2 s interval between each stimulus
combination, a full recovery cycle is recorded in less than 5 min
(Fig. 2).
Fig. 4. Method of measuring response latencies when responses to conditioning
and test stimuli overlapped. In the centre are plotted in black the muscle action
potential responses to conditioning and test stimuli, with c and t indicating
respective stimulus artifacts. On the right in grey are plotted the same muscle
action potential (MAP) responses after subtraction of a replica of the response to the
conditioning stimulus alone. (To the left the ISIs, reducing from 32 to 1.4 ms, are
plotted on a log scale, and the measured latencies to peak of the responses to
unconditioned and conditioned test stimuli. Grey lines and points indicate
measurements made after replica subtraction. Arrow indicates estimate of MRRP
from ISI at which lines connecting conditioned and unconditioned test latencies
cross. The replica subtraction reduced the MRRP estimate from 3.04 to 2.96 ms.
Reproduced with permission from Boerio et al. (2012b).

Fig. 5. MVRCmeasurements. A: Latencies and peaks of responses to test stimuli in a
healthy control subject after digital filtering and remeasuring. B: Upper plot:
Latencies of conditioned responses in A, replotted as percentage changes from test-
alone responses. Lower plot: Differences in latency changes from single conditioning
2.1.3. MVRC analysis
Here, we describe the analysis method used in the QtracP com-

ponent of the QtracW software, which is the program used in all
the multi-unit MVRC studies published so far. The muscle action
potential waveforms, which had been digitized at 20 kHz, were
first digitally filtered with high pass and low pass forward-
reverse filters, which reduced the bandwidth to 164–320 Hz. This
filtering stabilized the baseline and smoothed the waveforms with-
out incurring any time displacement (Fig. 3). The peak of the (in-
verted) action potential was then interpolated by fitting a
quadratic to the top three data points, and then latency was mea-
sured from the start of the test stimulus to the interpolated peak,
to the nearest 10 ls.

It is clear from Fig. 2 that there is overlap between the
responses to the last conditioning stimulus and the test stimulus
at short ISIs, and that this is likely to distort the latency measure-
ments. To overcome this, a replica of the response to the condition-
ing stimulus or stimuli alone was subtracted from the response to
the conditioning plus test stimuli (Fig. 4). The replica was obtained
by appropriate displacement in time of an earlier trace with longer
ISI.

The effects of the conditioning action potentials on the latencies
of the test response were calculated as the percentage differences
compared to the test stimulus alone (Fig. 5B). The following MVRC
parameters, as indicated in Fig. 5B, were routinely measured:
MRRP = muscle relative refractory period, the ISI at which a
single-conditioned impulse has the same latency as an uncondi-
tioned one; ESN, 5ESN = early supernormality, the greatest latency
reductions in the first 15 ms following 1 or 5 conditioning stimuli;
LSN = late supernormality, the mean latency reduction between 50
and 150 ms following a single conditioning stimulus; 2XLSN,
5XLSN = extra late supernormality following 2 or 5 conditioning
stimuli; RSN, 5RSN = residual supernormality, the mean latency
reduction between 900 and 1000 ms following 1 or 5 conditioning
stimuli. Amplitudes of the test responses, which declined progres-
sively at short ISIs (Fig. 5A) were less consistent between subjects
and have not been measured routinely.
stimulus following 2 and 5 conditioning stimuli. Arrows and letters indicate MVRC
parameters measured (see text).
2.1.4. Strength of conditioning and test stimuli
The multi-fibre MVRCs described here differ from most recov-

ery cycles in that the conditioning and test stimuli are neither min-
imal, to excite just a single muscle fibre (as used by (Mihelin et al.,
1991), nor supramaximal, to excite all the fibres, as used for nerve
excitability cycles (Kiernan et al., 2020; Tankisi et al., 2022).
Instead, an intermediate strength of stimulus is used, and the same
strength is used for both conditioning and test stimuli. This might
be expected to result in very variable recovery cycles, but it turns
out that this is not the case. Latencies of multi-fibre muscle action
potentials are rather insensitive to stimulus strength over a wide
stimulus range (Fig. 6A–C) and MVRCs are insensitive to changes
in conditioning stimulus strength over the range 90–150% of the
test stimulus (Fig. 6D,E). These findings help to justify the
4

simplicity of using equal submaximal conditioning and test stimuli
for the recording of MVRCs.
2.1.5. Frequency ramp and repetitive stimulation protocols
To explore the effect of more extensive stimulus trains on mus-

cle excitability, a frequency ramp protocol was added (Boerio et al.,
2012b). In this protocol, a test stimulus was given every 2 s, as for
MVRCs, and from 1 to 30 conditioning stimuli added, spread out at
equal intervals over the preceding second (Fig. 7). Further repeti-
tive stimulation protocols have been added to investigate fatigue,
using intermittent stimulation at 20 Hz (Boerio et al., 2012a; Tan



Fig. 6. Effects of varying stimulus strength. Left: Stimulus-response relationship for direct muscle excitation in a healthy subject. A: Superimposed multi-fiber action
potentials for stimulus intensities from 0 to 6 mA in 1% steps. B: Latencies to peak of above action potentials. C: Peak amplitudes of muscle action potentials. Latencies varied
little with stimulus intensity, whereas peak amplitudes were almost linearly related to stimulus strength, with no sign of saturation. Right: D: Superimposed MVRCs to single
conditioning stimuli with strengths of 90%, 100%, 110%, 120% and 150% of test stimulus. E: Superimposed difference plots of 2–1 and 5–1 conditioning stimuli with same 5
stimulus strengths. Reproduced with permission from Boerio et al. (2012b).

Fig. 7. Example of a frequency ramp recording from tibialis anterior in a healthy control subject. Left panel: Mean stimulation frequency. Middle panel: Responses during the
period 1 s before and up to 20 ms after the test stimulus. These responses have been half-wave rectified to avoid overlaps. Right panel: Unrectified responses to test stimuli on
expanded scale. Vertical dashed line indicates baseline latency to peak of response. Reproduced with permission from Boerio et al. (2012b).
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et al., 2020; Tan et al., 2018) and 36.67 Hz (Hochstrasser et al.,
2021).

Analysis of frequency ramp data proceeded as for MVRC data,
except that measurements were made of the changes in peak
amplitude as well as latency, and for the first response in each train
as well as the last response. Fig. 8 illustrates the frequency ramp
recording from a patient with myotonia congenita, and the points
on the recordings where measurements were made.
5

2.1.6. Practical methodological aspects
2.1.6.1. The duration of the recordings and the success rate. The
recording takes approximately 15 min when MVRC and RAMP pro-
tocols are combined including the time for preparation. The repet-
itive stimulation protocol takes approximately 30–40 min.

It is rare that one should completely fail to obtain a recording;
however, this may occur in end-stage disease where the muscle
fibres have been largely replaced by connective tissue or fat. In



Fig. 8. Frequency ramp measurements. Changes in latency and peak of muscle
action potentials in a patient with myotonia congenita during the frequency ramp
protocol, in which a 1-s train of impulses was given every 2 s. During the period of
the frequency ramp, separate measurements were made of the responses to the first
and last stimulus in the train. Small circles indicate points measured when
intermittent stimulation was at 15 or 30 HZ, and also the frequencies when latency
was minimal; for example, Lat(15HZ)First(%) = % change in latency of first response
in train, when frequency reached 15 HZ, FLatMinLast(HZ) = frequency when the
latency to the last response in the train was minimal. Reproduced with permission
from Tan et al. (2014).
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healthy muscle, recordings are generally successful in all individu-
als. Even with moderate-severe muscle pathology, although it may
be slightly more difficult, it is usually possible to obtain a success-
ful recording. However, the success rate may differ if the examiner
is not trained.
2.1.6.2. Tolerability. The examination is generally very well-
tolerated. Since the stimulus intensity must be less than 10 mA,
and in most cases, a stimulus intensity of around 5 mA is used,
the subjects rarely complain about discomfort.
2.1.6.3. Indications for protocol selection and interpretation. We rec-
ommend that the MVRC and frequency ramp protocols be per-
formed on each subject, since the parameters ESN, MRRP and the
ramp latency changes (e.g. at 15 Hz) are very sensitive indicators
of muscle membrane depolarization. In the case of suspected chan-
nelopathies, other parameters become more important, as
described in Section 5.

Additionally, it is a virtue of the muscle excitability measures,
like nerve excitability ones like threshold electrotonus, that they
provide qualitative information about membrane abnormalities,
and not just an indication of membrane potential. However, this
extra information inevitably comes at the expense of additional
complexity, making interpretation more difficult.
6

3. Normal findings and studies in healthy subjects

Table 1 summarizes the studies using MVRC recordings that have
been done in healthy subjects. The technique of recording MVRCs
was originally developed for brachioradialis, due to its well-
defined and small endplate zone (Z’Graggen and Bostock, 2009).
Test-retest reliability for brachioradialis recordings repeated after a
week by the same operator was found to be ‘excellent’ for ESN
(ICC = 0.90), and ‘fair to good’ for MRRP (ICC = 0.51) (Z’Graggen
et al., 2011a). Coefficients of repeatability, indicating how large a
change has to be to be considered significant, were 2.6% for ESN
and 0.85 for RRP, i.e. about 25% of prior value in each case
(Z’Graggen et al., 2011b). Later, the technique was also used for
recordings from tibialis anterior (Boerio et al., 2012b). The MVRC
recordings from tibialis anterior did not differ significantly from
recordings in the same subject made from brachioradialis by the
same examiner (Wilcoxon paired comparison P values for all MVRC
parameters > 0.11). Furthermore, MVRC recordings from tibialis
anterior performed in two different cohorts of healthy subjects at
two different laboratories by two different examiners were very sim-
ilar (Mann-Whitney unpaired comparison P values all >0.58) (Boerio
et al., 2012b). In contrast, MVRC recordings from the rectus femoris
muscle show distinct variations compared to recordings from tibialis
anterior with a shift of the MVRC curve to the right and upwards
(prolongation of MRRP, reduction of ESN and LSN) (Lee et al.,
2019b), which might reflect the anatomical muscle position and its
anti-gravity function. In general, recordings from the tibialis anterior
muscle are easier to perform due to the geometric conditions and the
muscle characteristics, resulting in a lower probability of displace-
ment of the stimulating and recording needles. In healthy subjects,
it has been shown that MVRC recordings can also be performed
using surface electrodes for recording instead of a concentric EMG
needle (Z’Graggen et al., 2016a). While recordings with surface elec-
trodes are facilitated by the fact that the precise positioning of the
recording needle is no longer required, the stimulus responses have
significantly smaller amplitudes, which in the case of muscle
pathologies may mean that MVRCs can no longer be recorded. This
may be the reason why surface recordings have not been used in
patients with myopathies so far.

MVRC recordings have been shown to be highly sensitive to tem-
perature (Bostock et al., 2012a) and show a slight dependence on
serum electrolytes: MRRP is dependent on potassium and LSN on
bicarbonate (Boland-Freitas et al., 2022). One study focused on the
variability and repeatability of MVRC recordings and showed good
reliability of the technique, which therefore allows comparison of
muscle membrane function both within subjects over time and
between groups (Z’Graggen et al., 2011b). In this study, no associa-
tion was found between age and muscle excitability, however, the
results of a later study that included a sample with a wider age
range, suggest that progressive depolarization of the muscle mem-
brane occurs with normal ageing (Lee et al., 2018).

Four further studies in healthy volunteers aimed to manipulate
muscle membrane function and capture this using MVRC record-
ings. During experimental ischaemia of the examined muscle, the
affected muscle fibre membranes increasingly depolarized as
shown by a prolonged MRRP and reduced ESN (Z’Graggen &
Bostock, 2009) with a high time resolution. Muscle fatigue simu-
lated with 37 Hz muscle fibre stimulation resulted in a decrease
of ESN in the beginning of high frequency stimulation, which
recovered to baseline before the end of stimulation, while LSN
showed progressive changes during stimulation with delayed nor-
malization after the end of high-frequency stimulation
(Hochstrasser et al., 2021). Strength training had the opposite
effect on muscle fibres: a 14-day strength training leads to hyper-



Table 1
Studies in healthy muscles.

Publication Aim Stimulation protocol Findings Interpretation

Muscle velocity recovery cycles:
effects of repetitive
stimulation on two muscles
Boerio et al., 2012a,b

MVRC of tibialis anterior
and brachioradialis
muscles, inter-
investigator dependency
of recordings

MVRC with 1, 2, and 5
conditioning stimuli;
frequency ramp;
intermittent 20-Hz
stimulation

No differences in MVRC
parameters.
No investigator dependency

MVRC provide consistent
assessment of muscle membrane
function

Physiological differences in
sarcolemmal excitability
between human muscles
Lee et al., 2019a,b

Comparison of rectus
femoris and tibialis
anterior muscles

MVRC with 1
conditioning stimulus

tibialis anterior muscle: MRRP",
ESN;, LSN; compared to rectus
femoris muscle

Results indicate a less negative
resting membrane potential in the
tibialis anterior muscle, may
reflect the effects of muscle
function

Muscle velocity recovery cycles:
Comparison between surface
and needle recordings
Z’Graggen et al., 2016

Comparison of MVRC
recorded with surface
and needle electrodes

MVRC with 1 and 2
conditioning stimuli

Smaller action potentials when
recorded with surface electrodes.
No difference in MVRC parameters

It is possible to record MVRCs with
surface electrodes in healthy
subjects

Velocity recovery cycles of human
muscle action potentials:
repeatability and variability
Z’Graggen et al., 2011a,b

Variability and
repeatability of MVRC

MVRC with 1 and 2
conditioning stimuli

High intraclass correlation of ESN.
MVRCs not dependent on electrode
spacing, conduction time or
velocity. No sex or age dependency

MVRCs allow to compare muscle
membrane function both within
subjects and between groups

Sarcolemmal excitability changes
in normal human aging
Lee et al., 2018

Effect of age on MVRC MVRC with 1, 2, and 5
conditioning stimuli

Increasing age was linearly
associated with MRRP" and ESN;

The results suggest a progressive
depolarisation of the resting
membrane potential with age

Temperature dependency of
human muscle velocity
recovery cycles
Bostock et al., 2012a,b

Temperature dependency
of MVRC

MVRC with 1
conditioning stimulus

Cooling: MRRP",
ESN rather insensitive, LSN not
affected

When adequate temperature
control is not possible, ESN should
be considered

Velocity recovery cycles of human
muscle action potentials and
their sensitivity to ischemia.
Z’Graggen and Bostock, 2009

Effect of ischemia on
MVRC

MVRC with 1 and 2
conditioning stimuli

Ischemia: MRRP", ESN; MRRP and ESN are sensitive to
muscle membrane potential

Serum electrolyte concentrations
and skeletal muscle
excitability in vivo
Boland-Freitas et al., 2022

Effects of serum
electrolytes on MVRC

MVRC with 1, 2, and 5
conditioning stimuli;
frequency ramp

Repeated MRRP and frequency
ramp correlate positively with
potassium, LSN negatively with
bicarbonate

Potassium and bicarbonate may be
of importance for the
interpretation of MVRC

Effect of Intermittent High
Frequency Stimulation on
Muscle Velocity Recovery Cycle
Recordings
Hochstrasser et al., 2021

Effect of intermittent
high-frequency
stimulation on MVRC

MVRC with 1 and 2
conditioning stimuli;
intermittent 37-Hz
stimulation

Initial ESN;, recovering during
stimulation; LSN;

MVRC can depict changes of
membrane potential during
exercise

Force training induces changes in
human muscle membrane
properties
Z’Graggen et al., 2016

Effect of force training on
MVRC

MVRC with 1, 2 and 5
conditioning stimuli

MRRP;, ESN", LSN unchanged MVRC show training induced
hyperpolarisation of resting
membrane potential

Exploring the peripheral
mechanisms of lower limb
immobilisation on muscle
function using novel
electrophysiological methods
Zeppelin et al., 2023

Effect of short-term
immobilisation and
subsequent retraining on
MVRC

MVRC with 1, 2, and 5
conditioning stimuli;
frequency ramp

Immobilisation led to a MVRC
parameters not affected, except for
a slight MRRP"

MVRC are not affected by
immobilisation and training

ESN, early supernormality; LSN, late supernormality; MRRP, muscle relative refractory period; MVRC, muscle velocity recovery cycle.
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polarization of the trained muscle fibres (Z’Graggen et al., 2016). A
short-term immobilization period of the respective muscle had no
effect on muscle excitability (Zeppelin et al., 2023).
4. Myopathies

4.1. Uraemic myopathy

Uraemic myopathy is seen in end-stage renal disease and is
characterized by functional and occasionally structural muscle
abnormalities (Campistol, 2002). The cause of uraemic myopathy
is proposed to be the uraemic state itself, and hyperkalaemia and
acidosis are suggested to be the pathophysiology behind the func-
tional abnormalities without structural changes in muscle fibres
(Sinha & Agarwal, 2013; Z’Graggen et al., 2010).

MVRC examinations have the unique possibility to show imme-
diate changes in muscle membrane properties such as intervention
7

studies and the effect of hemodialysis. End-stage renal disease was
one of the first disorders MVRC was applied, and this study showed
depolarization of the muscle membrane mainly caused by hyper-
kalemia (Z’Graggen et al., 2010). In a recent study, the depolarisa-
tion of the muscle membrane was verified in 18 patients with end-
stage renal disease (Larsen et al., 2021). This study could further
elucidate the pathophysiology of uraemic myopathy by including
an additional 5 conditioning stimuli to the MVRC protocol and a
frequency ramp protocol to detect the changes to repetitive stim-
ulation. MVRC and frequency ramp parameters showed depolar-
ization before and normalization at the end of haemodialysis,
and these changes were correlated to serum potassium levels sug-
gesting that the muscle membrane depolarisation is mainly due to
hyperkalaemia. The results of this study suggested that potassium-
induced depolarization may also be the mechanism behind muscle
fatigue and weakness in end-stage renal disease (Larsen et al.,
2021). In this study, quantitative electromyography (qEMG)
showed myopathic changes only in one of the 18 patients.



Fig. 9. MVRC latency changes in sporadic inclusion body myositis (sIBM) patients versus controls. A. MVRC recordings with 1x conditioning stimulus. B. MVRC recordings
with 2x conditioning stimuli. C. MVRC recordings with 5x conditioning stimuli. Grey curves represent individual sIBM patients and the black circles indicates the mean of
normal controls. Reproduced with permission from Lee et al. (2019a).
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4.2. Critical illness myopathy

Critical illness myopathy (CIM) is a frequent cause of muscle
weakness and weaning failure in critically ill patients (Z’Graggen
& Tankisi, 2020). The diagnosis of CIM is possible with nerve con-
duction studies, electromyography, and muscle biopsy, however,
these methodologies detect advanced changes which are first evi-
dent after weeks. Therefore, methodologies for the detection of
early changes are needed.

The first application of MVRC in 10 probable CIM patients
showed abnormal excitability properties, i.e. prolonged MRRP
and decreased ESN indicating muscle membrane depolarization
and/or increased sodium channel inactivation (Z’Graggen et al.,
2011a). We propose the inactivation of the sodium channel
(NaV1.4) for the possible mechanisms for CIM based on earlier
reports (Haeseler et al., 2008) showing that lipopolysaccharides
interact with voltage-gated sodium channels, reducing channel
availability at depolarized membrane potentials. In a later study,
MVRC was applied in 24 patients with ICU-acquired weakness,
i.e. critically ill patients with muscle weakness and/or weaning
failure. In this study, an additional 5 conditioning stimuli to
MVRC and a frequency ramp protocol were applied. MVRC and
frequency ramp parameters showed muscle membrane property
changes with up to 100% sensitivity and specificity whereas myo-
pathic qEMG was seen in 63% of the patients (Tankisi et al., 2021).

In a recent study, longitudinal MVRC and frequency ramp
recordings were performed in critically ill adult COVID-19 patients
requiring mechanical ventilation on Days 1, 2, 5, and 10. CIM diag-
nosis was made based on clinical, electrophysiological, and muscle
biopsy data, and of the 31 patients, 17 developed CIM and 14
8

patients did not. On Day 10, MVRC and frequency ramp parameters
could discriminate between the two groups with a diagnostic pre-
cision of 90% (AUC 0.908; sensitivity 1.000; specificity 0.714), on
Day 1 with a diagnostic precision of 73% (AUC 0.734; sensitivity
0.562; specificity 0.857) and on Day 2, 82% (AUC 0.820; sensitivity
0.750; specificity 0.923). This study suggests that muscle excitabil-
ity testing may be a promising method for early diagnosis of CIM
and monitoring whether CIM will develop or not (Rodriguez
et al., 2022).

Animal studies in a pig sepsis model (Boerio et al., 2018) and
in a porcine faecal peritonitis (Ackermann et al., 2014) showed
similar changes as human CIM MVRC and frequency ramp
recordings.

4.3. Inclusion body myopathy

Sporadic inclusion body myopathy (sIBM) is one of the com-
monest acquired myopathies in the elderly. Various hypotheses
exist as to the pathophysiology of this disease with proponents
for inflammatory and degenerative mechanisms as the original
process (Needham & Mastaglia, 2016). The most common muscles
affected are the long finger flexors and quadriceps complex, and
slow progression is assured. Infrequently, bulbar muscles are
affected, meaning morbidity rather than mortality is more impor-
tant (Benveniste et al., 2011). In a muscle excitability study of 20
patients vs 22 similar age matched controls using both tibialis
anterior and rectus femoris muscles (Fig. 9), high MRRP and low
ESN were noted in patients (Lee et al., 2019a). These measures
imply a state of sarcolemmal depolarization which was not con-
founded by electrolyte or temperature differences given the sim-
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ilarities in these parameters between the two groups. These find-
ings led the authors to conclude this may be supportive evidence
for previous observations that amyloid beta (Ab) protein can dis-
rupt Na+K+ pump function either directly (Mukhamedyarov et al.,
2014) or via an effect on mitochondria (Boncompagni et al., 2012).
An alternative explanation is preferential loss of Type II fibres in
sIBM. However, neither of these parameters correlated with clin-
ical scores of severity such as disease duration, measures of func-
tionality or quadriceps muscle strength. Late supernormality
(LSN), a parameter related to t-tubule function, appeared
decreased in tibialis anterior but not rectus femoris, when using
single or multiple conditioning stimuli. Only LSN to multiple con-
ditioning stimuli in rectus femoris, correlated to quadriceps
strength. This may relate to inflammatory processes affecting
the t-tubular network, but independence of this variable from
ESN changes cannot be assured. Reduced latency reduction in
the ramp protocol was felt to be secondary to membrane
depolarisation.
4.4. Other myopathies

Muscle excitability testing showed in a group of patients with
hereditary and acquired myopathies the potential of these tests
in understanding disease pathophysiology in myopathies
(Meldgaard et al., 2023). The MVRC and frequency ramp parame-
ters could discriminate between healthy controls and myopathy
patients, more significantly for non-inflammatory myopathy.
MVRC differences with normal MRRP in non-inflammatory (hered-
itary) myopathy differed from other conditions with membrane
depolarisation. This study suggested that the pathogenesis in
non-inflammatory myopathy does not seem to be caused by a
depolarisation of the resting membrane potential but one could
hypothesize the change in sodium channels of the muscle mem-
brane as a possible mechanism (Meldgaard et al., 2023).
Table 2
Summary of Muscle Excitability findings in the Chloride Channel myotonias & Myotonic D

Muscle Channelopathy Ion Channel dysfunction Muscle Velocity Recover

Myotonia Congenita (MC)*
(Tan et al 2014)

;Chloride conductance
(CLC-1)

;Relative Refractory Peri
"Early Supernormality to
"Supernormality at 20 m
"Late Supernormality to
"Extra Residual Supernor
not to a single CS.

Comparison of ADMC v
ARMC

;Chloride conductance
(CLC-1)

No significant difference
ARMC

MC TREATED WITH Na
channel blockers v MC
on NO TREATMENT

;Chloride conductance
(CLC-1) + therapeutic ;Na+

conductance

Reduced and delayed on
Supernormality to multip
Late Supernormality to m

Effect of Mexiletine in
Healthy volunteers
(Ruijs et al 2022)

; Na+ conductance Reduced Early Supernorm
Supernormality to multip

Myotonic Dystrophy type 1
(DM1)
(Tan et al 2016; Boland-
Freitas et al., 2018)

;DMPK
; Na+ current (silencing of
Na+ channels)
;Na+/K+ pump activation
RNA toxicity
;Chloride conductance

;Supernormality at 20 m
DM1 patients only, Tan e
"Relative Refractory Peri
in advanced DM1 (Bolan
"Extra Residual Supernor
DM1)

Myotonic Dystrophy type 2
(DM2)
(Tan et al 2016; Boland-
Freitas et al., 2018)

;CNBP & RNA toxicity
;Chloride conductance

"Extra Residual Supernor

CS: conditioning stimuli; Lat: latency; Amp: amplitude.
* Comparison of Dominant (ADMC) & Recessive (ARMC) patients NOT ON TREATMEN
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5. Muscle ion channelopathies

The muscle ion channelopathies comprise a spectrum of clinical
disorders arising from mutations in muscle ion channel genes that
result in alterations in the excitability of skeletal muscle. Ion chan-
nel function can also be affected by mutations in non-ion channel
genes, as in myotonic dystrophy types 1 and 2 where the unstable
tri- and tetranucleotide repeats respectively, lead secondarily to
impaired function of the muscle chloride ion channel. Increased
muscle excitability typically manifests as myotonia or muscle
spasms, and reduced muscle excitability as weakness or paralysis.
However, these clinical features characteristically show marked
variability in intensity and duration, especially in the early stages,
and may be provoked by various combinations of exercise, rest,
diet and changes in serum electrolyte levels. Since the mechanisms
underlying these unusual manifestations appear to involve the
interplay of many different physiological processes, muscle
excitability studies, which measure (indirectly) real time changes
in muscle membrane potential using a variety of stimulation pro-
tocols (mimicking different types of muscle activation) offers a
unique opportunity to study the physiological consequences of a
mutation on ion channel function in vivo, and have proved partic-
ularly helpful in providing complementary insights to in vitro
expression studies. Excitability measures reflect not only changes
occurring as a direct consequence of the mutant channel, but also
secondary changes resulting from compensatory mechanisms or
interactions with other ion channels. Thus, taken together with
the expression data, muscle excitability studies enable a clearer
understanding of the actual consequences of a specific ion channel
mutation to muscle function in vivo.

The main changes in the muscle excitability measures for the
various muscle ion channelopathies studied (Tan et al., 2020; Tan
et al., 2016; Tan et al., 2012; Tan et al., 2014; Tan et al., 2018)
are summarised in Tables 2-4, and the interpretation and relevance
of the findings are outlined in the text below.
ystrophy types 1 & 2.

y Cycle Frequency Ramp

od;
1 & multiple CS;
s;
1 and multiple CS;
mality to multiple CS, but

"Lat reduction at 15 Hz stimulation
"Rate at which the lat reached nadir and rounded
the ‘U’
;Amp of the last in train at 30 Hz

s in MVRC of ADMC and Greater fall in amp in ARMC at 15 Hz and above
(No significant amp change in ADMC v NC)

set of Early
le CS; mild reduction in
ultiple CS
ality and Extra Late
le CS

Lat reduced by less & reached minimum at lower
stimulation frequencies

s to multiple CS (weak
t al 2016)
od, ;Early Supernormality
d-Freitas et al., 2018)
mality to multiple CS (all

;Lat 30 s after end of frequency ramp (weak DM1
patients only), no abnormalities in strong DM1
patients (Tan et al 2016).
;Amp at high frequency in advanced DM1 (Boland-
Freitas et al., 2018)

mality to multiple CS No abnormalities

T with sodium channel blockers v Normal Controls.



Table 3
Summary of Muscle Excitability findings in the Sodium Channel myotonias.

Muscle
Channelopathy

Ion Channel
dysfunction

Clinical manifestation Muscle Velocity
Recovery Cycle

Frequency Ramp Repetitive Stimulation

Sodium
channel
myotonia
(Tan et al
2018)

"inward Na+

current (Nav1.4)
(e.g. ;fast
inactivation &/or
"activation)

Myotonia ; Relative
Refractory period

"Early
Supernormality
to 1 and multiple
CS;

"Supernormality
at 20 ms to
multiple CS;

"Late
Supernormality
to multiple CS;

"Residual
Supernormality

"Lat reduction at 15 Hz
stimulation

;Relative Refractory Period at baseline &
throughout 20 Hz stimulation cycles

"Early Supernormality & "Late
Supernormality at baseline, and
throughout the 20 Hz stimulation cycles
(without reduction in supernormality
seen in NC during Rep Stim)

Paramyotonia
Congenita

"inward Na+

current (Nav1.4)
with non-
inactivating
persistent Na+

currents*

Myotonia
(paradoxical) + exercise/cold-
induced weakness

"Early
Supernormality
to multiple CS;

"Supernormality
to one and
multiple CS at
20 ms;

"Late
Supernormality
to multiple CS;

"Residual
Supernormality
to multiple CS

;Amp during Ramp with
frequencies > 10 Hz,
unrecordable at high
frequencies, partial recovery
30 s after end of frequency
ramp;

"Lat at of first in train at 30 Hz
stimulation

"Relative Refractory period at baseline
(unmeasurable during Rep Stim)

;Amp at start of Rep Stim; no recovery
post-20 Hz stimulation for the 10 min
recorded.

CS: conditioning stimuli; Lat: latency; Amp: amplitude; Rep Stim: repetitive stimulation; NC: normal controls.
* e.g. ;fast inactivation &/or "activation, faster recovery from inactivation, with cold induced left-shift of activation and disruption of final extent of inactivation

Table 4
Summary of Muscle Excitability findings in the Periodic Paralyses.

Muscle
Channelopathy

Ion Channel
dysfunction

Clinical manifestation Muscle Velocity
Recovery Cycle

Frequency Ramp Repetitive Stimulation

Hyperkalaemic
Periodic
Paralysis
(Tan et al
2020)

"inward Na+ current
(Nav1.4), ‘window’
currents*

Periodic paralysis +/-
myotonia with "[ K+]

"Extra Mean
Supernormality
to multiple CS;

"Extra Residual
Supernormality
to multiple CS

Changes from NC not
significant, but in
opposite direction to
HypoPP

Changes from NC in opposite direction to
HypoPP.
HyperPP v HypoPP significant for Relative
Refractory Period after 20 Hz Rep Stim, and
baseline Early Supernormality, Late
Supernormality, & Lat.
No significant difference HyperPP v NC.

Hypokalaemic
Periodic
paralysis
(HypoPP)
types 1&2

Aberrant gating pore
current in Cav1.1
(HypoPP1), Nav1.4
(HypoPP2)

Periodic paralysis
with ;[ K+]

"Relative
Refractory
Period

;Early and Late
Supernormality
to single and
multiple CS

Delay in onset of
change in lat, and ;lat
reduction throughout
frequency ramp

"Relative Refractory period at baseline,
greater post 20 Hz Rep Stim cycles and
persisting above pre-stimulation baseline for
subsequent 10 min recorded

;Baseline Early and Late Supernormality

Andersen-Tawil
Syndrome
(Tan et al
2012)

;Kir2.1 conductance Periodic paralysis/periodic
focal weakness, ventricular
dysrhythmias,
developmental anomalies

"Relative
Refractory
Period

;Extra Late
Supernormality
to multiple CS

"Relative Refractory Period at baseline,
throughout the 20 Hz stimulation cycles,
persisting for the 3 min measured post Rep
Stim
;Early Supernormality post 20 Hz repetitive
cycles
"Lat of the last response in train at 20 Hz

CS: conditioning stimuli; Lat: latency; Amp: amplitude; Rep Stim: repetitive stimulation; NC: normal controls.
* e.g. hyperpolarised shift of activation curve + depolarised shift in midpoint of slow inactivation curve.
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Fig. 10. MVRC latency changes. A. Channelopathies associated with myotonic discharges showing increased early, late and residual supernormality, particularly following
multiple conditioning stimuli. NC – black filled circles; MC – red lines; SCM- blue lines; PMC – cyan lines; HyperPP grey lines. B. Channelopathies associated with periodic
paralysis without myotonia showing reduced early supernormality and increased muscle relative refractory period. NC – black filled circles; ATS – red lines; HypoPP 1 + 2 –
blue lines (data from patients in Tan et al., 2020; Tan et al., 2012; Tan et al., 2014; Tan et al., 2018). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 11. A. Top panel – Decrementing compound multifibre response to 30 Hz stimulation during the ramp in a patient with ARMC. Bottom panel – latency changes during a
recording of MVRC followed by the frequency ramp, with the vertical line marking the time at which the amplitude changes in the top panel are shown. B. Comparison of the
latency and amplitude changes during the ramp in five ARMC patients (black) compared with 5 ADMC patients (gray) not on treatment with sodium channel blockers (Tan
et al., 2014).
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5.1. Patterns of change in the MVRC

Although the types of ion channels and the underlying ion chan-
nel dysfunction differ in the various muscle ion channelopathies,
there are broad patterns of change in the MVRC profile that are
common amongst the disorders associated with increased muscle
fibre excitability/clinical myotonia, and those seen in disorders
typically associated with reduced muscle fibre excitability/clinical
weakness or paralysis.

The MVRC in ion channelopathies associated with myotonic dis-
charges typically show a normal or reduced relative refractory per-
iod, with increased early, late, and residual supernormality, the
latter often exacerbated by trains of action potentials, and reflect-
ing residual depolarisation on the membrane due to delayed/in-
complete repolarisation. This results in a propensity for
spontaneous myotonic potentials following muscle activation.

By contrast, in the ion channelopathies associated with weak-
ness or paralysis, the MVRCs (in the interictal state) typically show
changes in the opposite direction with increased muscle relative
11
refractory period, reduced early and late supernormality, and no
changes in residual supernormality, a pattern consistent with
depolarisation of the resting membrane potential (Fig. 10).

5.2. Myotonic disorders

5.2.1. Chloride channel dysfunction
5.2.1.1. Myotonia congenita (recessive and dominant). Myotonia con-
genita is caused by mutations of the CLCN1 gene, encoding the
skeletal muscle chloride channel CLC-1. In general, the recessive
form (ARMC) is caused by loss-of-function mutations of both fast
gates, whereas in the dominant form (ADMC) there is a depolarised
shift in the voltage gating of the common gate. ARMC is typically
associated with more severe manifestations, with prominent
myotonia and muscle hypertrophy, transient weakness on muscle
activation from rest, and a greater decrement in CMAP amplitude
on the short exercise test (Fournier et al., 2006; Tan et al., 2011).

The changes in the muscle excitability parameters during the
MVRC and frequency ramp protocols are presented in Table 2.
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Comparisons are shown between MC patients not on treatment
with sodium channel blockers and normal controls; ADMC versus
ARMC patients; and MC patients treated with sodium channel
blockers (mexiletine, except for one patient on carbamazepine
and quinine) versus untreated MC patients (Tan et al., 2014). The
effect of mexiletine on healthy volunteers (Ruijs et al., 2022) is pre-
sented for comparison.

In keeping with the pattern of MVRC profile seen in myotonic
disorders described earlier, untreated MC patients showed an
increase in early and late supernormality, and a marked increase
in residual supernormality after multiple conditioning stimuli
(CS), caused by reduced chloride buffering of the excess potassium
in the t-tubules (Table 2). However, contrary to what would be
expected with loss of a major component of the resting membrane
conductance (based on animal studies which estimated chloride
conductance as constituting 80–85% of the resting skeletal muscle
membrane conductance), there was no evidence of slowing of the
decay of the supernormality after a single conditioning stimulus
(Table 2, Fig. 11). If chloride conductance was indeed as high as
80%, the predicted increase in the membrane time constant should
have resulted in a clear slowing of decay, but this was not seen,
neither for the group as a whole, nor in the ARMC or ADMC
patients. The only difference was limited to the brief period up to
100 ms after the action potential (max at 20 ms), suggesting that
chloride channels only played a major role in normalizing the
membrane potential when the membrane had been depolarised
by excess potassium in the t-tubules. Consistent with this, after
multiple CS, there was a clear delay in decay of the supernormality.
This suggests that chloride conductance in resting human muscle is
much lower than once thought. These findings are consistent with
more recent in vitro studies in which internal ATP levels were cor-
rectly controlled (DiFranco et al., 2011), and subsequent studies
showing a species difference in the resting chloride conductance
of human versus rodent skeletal muscle (Pedersen et al., 2009;
Riisager et al., 2016). These findings emphasize the advantage of
direct in vivo study of human muscle physiology.

Differences between the excitability studies of dominant and
recessive MC were only significant during the frequency ramp
(Table 2), where there was a much greater fall in peak amplitude
of the last in train with increasing frequency and train length in
ARMC patients (Fig. 11). In ARMC the loss of the buffering effect
Fig. 12. (A) Latency changes for 5 different groups 20 ms after 5 conditioning impulses, w
indicate interquartile ranges, and lines indicate median values. Comparisons with NC gro
***P < 0.001; ****P < 0.0001; and *****P < 0.00001. (B) Similar plots for residual superno
supernormality at 20 ms to 5 CS in the weak DM1 group (red), compared with NC (gree
5SN20 in the DM2 (dark blue) and MC (black) patients. However, all groups showed incre
channel blockers on MVRCs in myotonia congenita. Scatterplots of 4 groups, comparing
medication (MCa), and MC patients being treated with sodium-channel blockers (MCb). (d
legend, the reader is referred to the web version of this article.)
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of chloride conductance leads to the membrane becoming progres-
sively more depolarised as the AP trains became longer and faster,
with resulting sodium channel inactivation and a fall in amplitude.
In ADMC, the amplitude drop is not significant because, in contrast
with the ARMCmutations where there is loss of function of the fast
gates, the mutations causing ADMC mainly cause a depolarised
shift in the voltage dependence of activation of the common gate.
Thus, when the membrane depolarises sufficiently with the trains
of APs, the common gate eventually opens, and the depolarisation
is self-limiting.

Mexiletine was the main sodium channel blocker used as treat-
ment in these patients. For most MC patients, Mexiletine provides
only partial symptomatic relief. Some insights into the likely expla-
nation are provided by the muscle excitability changes induced by
Mexiletine in healthy volunteers (Ruijs et al., 2022) and MC
patients (Table 2). Mexiletine inhibits sodium channels by causing
a hyperpolarised shift in the voltage dependence of fast inactiva-
tion and has the effect of reducing total inward Na current during
the action potential and increasing the relative refractory period,
thus partly reversing the changes in the early part of the MVRC
in the MC patients. However, it has almost no effect on the residual
supernormality, leaving a persistent predisposition to spontaneous
discharges.

Recent studies have shown that an important mechanism by
which loss of chloride conductance results in myotonic discharges
and transient weakness in ARMC is the activation of slow-
inactivating Na channels by the residual depolarisation of the
membrane caused by the loss of chloride buffering. This small per-
sistent inward sodium current has the effect of potentiating and
perpetuating the residual depolarisation on the membrane after a
burst of action potentials, thus facilitating recurrent trains of myo-
tonic discharges. With sustained trains of rapid action potentials,
the combination of the loss of chloride conductance and the activa-
tion of this slow inactivating sodium current predisposes to pla-
teau potentials that are thought to underlie the transient
weakness seen in ARMC (Hawash et al., 2017; Myers et al., 2021).

5.2.1.2. Myotonic dystrophy types 1 & 2. Myotonic dystrophy type 1
(DM1) is caused by an expansion of an unstable trinucleotide
(CTG)n repeat of the DM1 protein kinase (DMPK) gene. DMPK is a
serine/threonine kinase and has been shown to modulate skeletal
ith the DM1 group separated into stronger (10 s) and weaker (8w) subgroups. Boxes
up by Mann–Whitney U test indicated as follows: NS 5 P > 0.05; *P < 0.05; **P < 0.01;
rmality, 900–1,000 ms after 5 conditioning stimuli. (C) & (D) Reduction in ESN and
n), in contrast to no change in the strong DM1 (light blue), and increased ESN and
ased extra residual supernormality (5XRSN) compared with NC. (E) Effect of sodium-
early and late supernormality changes between NC, DM1, and MC patients not on
ata from Tan et al., 2016). (For interpretation of the references to colour in this figure



Fig. 13. Effects of the frequency ramp on velocities of muscle action potentials. Left-hand column shows latency changes from baseline stimulation (0.5 Hz) to first stimuli in
1-s trains, which increased from 1 to 30 Hz, and recovery when stimulation reverted to 0.5 Hz. Gray lines: mean of NC group; black circles: mean values for stronger DM1
patients (A), weaker DM1 patients (B), and DM2 patients (C). (D) Latency changes 30 s after end of frequency ramp for 5 groups plotted as in Fig. 1C (****P < 0.0001). (E)
Correlation between latency changes 30 s after frequency ramp and muscle strength, according to MRC scale, for 18 DM1 patients (***P < 0.001) (Tan et al., 2016).
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muscle sodium channels and calcium homeostasis (Benders et al.,
1996; Jacobs et al., 1990). Mechanisms for pathology include
RNA toxicity, altered expression of neighbouring genes, and abnor-
malities in the structure, enzymatic activity, and subcellular local-
ization of the DMPK protein itself. Myotonia is thought to arise due
to misregulation of alternative splicing of the muscle chloride
channel CLC-1, together with transcriptional downregulation of
CLCN1.

Myotonic dystrophy type 2 (DM2), is caused by an unstable
tetranucleotide (CCTG)n repeat expansion in the cellular nucleic
acid binding protein (CNBP) gene. As in DM1, the pathogenic
effects of the (CCUG)n RNA expansion is thought to underlie much
of the features of DM2, although CNBP haploinsufficiency in itself
may account for the myotonia, which appears to be due to down-
regulation of CLC-1 secondary to low levels of CNPB, without mis-
splicing of CLCN1 (Chen et al., 2007).

The muscle excitability findings in DM1 and DM2 (Boland-
Freitas et al., 2018; Tan et al., 2016) are summarised in Table 2
and Fig. 12. In common with the MC patients, both DM1 and
DM2 patients showed an increase in extra residual supernormality
to multiple conditioning stimuli, consistent with reduction in chlo-
ride conductance. In the DM2 group, this was the only significant
abnormality. Within the DM1 group however, differences were
seen in the excitability findings of weak compared with strong
DM1 patients (Tan et al., 2016), and in advanced versus less
severely affected DM1 patients (Boland-Freitas et al., 2018). In
the cohort studied by Tan et al (Tan et al., 2016), the weak DM1
patients showed a reduction in supernormality at 20 ms to multi-
ple conditioning stimuli, without significant change in relative
refractory period (Fig. 12), consistent with a reduction in Na+ chan-
nel availability, as observed with DMPK haploinsufficiency in
mouse myocytes (Mounsey et al., 1995). Consistent with this, the
findings in the weak DM1 patients overlapped with MC patients
treated with Na channel blockers (Fig. 12). With more advanced
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disease (Boland-Freitas et al., 2018) the combination of increased
muscle relative refractory period and reduced early supernormal-
ity was seen, consistent with depolarization of the resting mem-
brane potential. In the weak DM1 patients (Tan et al., 2016), the
frequency ramp revealed a delay in the recovery of the latency to
pre-ramp values after cessation of the ramp, and a lack of any
post-ramp latency overshoot (Fig. 13). The rapid recovery and
overshoot of the latency seen in healthy volunteers is thought to
be due to activation and sensitization of the sodium pump to
[Na+]i by the impulse train. This is thought to be driven by the
release of CGRP from sensory nerve endings, which, via cAMP, pro-
tein kinase A, and phospholemman, causes an increase in the affin-
ity of Na+/K+ ATPase for [Na+]i (Buchanan et al., 2002; Shattock,
2009). As phospholemman is a substrate for DMPK, a reduction
in DMPK activity in the weak DM1 patients offers a likely explana-
tion for the impaired pump function.

5.2.2. Sodium channel dysfunction
5.2.2.1. Sodium channel myotonia and paramyotonia congen-
ita. Sodium channel myotonia (SCM), formerly known as potas-
sium aggravated myotonia, and paramyotonia congenita (PMC)
are both caused by mutations in the transient sodium channel
Nav1.4 (SCN4A). Patients with SCM generally have myotonic stiff-
ness which improves with repetition (‘warm-up’ phenomenon),
although in the extraocular muscles, this may sometimes be pre-
ceded by transient worsening of myotonia. SCM patients typically
do not experience muscle weakness. PMC is characterised by
myotonia that paradoxically worsens with repetition (paradoxical
myotonia), and experience exercise-related weakness, particularly
with muscle exertion at cold temperatures. The weakness may per-
sist after warming and, when severe, may last several hours.

In both SCM and PMC, the mutations are associated with a gain-
of-function abnormality of Nav1.4 related to disrupted inactivation
or enhanced activation. Slowed fast inactivation lengthens the



Fig. 14. Frequency ramp in human tibialis anterior muscle. A: Frequency ramp recordings comparing HypoPP patients (black, n = 10) and normal controls (grey, n = 26). B:
Frequency ramp for HyperPP patients (black, n = 7) and controls (grey). C: Frequency ramp for PMC (black n = 8) and controls (grey). Lines plotted are means ± standard errors,
plotted separately for first impulse in train and last impulse in train, with train frequency increasing linearly to 30 Hz over 1 min. HyperPP: Hyperkalaemic periodic paralysis;
HypoPP: Hypokalaemic periodic paralysis; PMC: Paramyotonia congenital (Tan et al., 2020; Tan et al., 2018).
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action potential duration, resulting in increased potassium efflux
into the t-tubules and a larger after-depolarization which, espe-
cially following a train of action potentials, may be sufficiently
large to trigger spontaneous myotonic discharges. In some PMC
mutations, there is additional disruption of the final extent of inac-
tivation, as well as a cold-induced left shift of the activation curve,
causing a more prolonged inward sodium current and more
marked depolarisation.

The main muscle excitability changes for SCM and PMC are
summarised in Table 3, and the MVRC changes are shown in
Fig. 14. In keeping with the presence of clinical myotonia, the
MVRC changes were in the direction expected to facilitate repeti-
tive myotonic discharges, with increases in early, late and residual
supernormality in both SCM and PMC groups. The larger early
supernormality is consistent with a lengthened duration of the
muscle action potential due to a slower rate of entry into inactiva-
tion in both SCM and PMC, and slowed deactivation in SCM. In the
SCM group, despite this, there was a reduction in the relative
refractory period, probably due to faster recovery from inactivation
described in association with the Val1589Met mutation (Mitrovic
et al., 1994), the most common mutation in this study.

Weakness is a feature of PMC, but not of SCM, and the biophys-
ical features of this are demonstrated in the frequency ramp and
repetitive stimulation protocols, where, in the PMC patients, there
was a rapid decline in the amplitude of the compound multifibre
action potential at frequencies above 10 Hz (Fig. 10). The recovery
of amplitude to only about 50% of baseline after the ramp, suggests
that despite cessation of rapid stimulation, about half the fibres
remained in an inexcitable depolarised state, which persisted for
the remaining 30 s of the recording, consistent with the clinical
observation of post-exercise weakness. All the PMC patients in this
study had the Thr1313Met mutation, which has been shown
in vitro to generate large persistent (non-inactivating) sodium cur-
rents (Hayward et al., 1996). Presumably in the fibres that
remained depolarised, these currents were sufficiently large as to
outweigh the repolarising potassium and chloride currents.
5.3. Periodic paralysis

The familial periodic paralyses are caused by dominant muta-
tions in the skeletal muscle calcium (Cav 1.1, CACNA1S), sodium
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(Nav1.4, SCN4A), or potassium (KIR 2.1, KCNJ2) ion channels. The
resultant channel dysfunction destabilises the muscle resting
membrane potential such as to predispose it to sustained depolar-
ization, which manifests clinically as episodes of weakness or
paralysis.

In hyperkalaemic periodic paralysis (HyperPP), gain-of-function
mutations in Nav1.4 predispose to sustained depolarization in high
external potassium. In hypokalaemic periodic paralysis (HypoPP),
mutations in the S4 voltage sensors of Cav1.1 (HypoPP1) and
Nav1.4 (HypoPP2) result in a gating pore leakage current that
makes the membrane susceptible to anomalous depolarization
when extracellular potassium is low. In Andersen-Tawil syndrome,
mutations affecting the alpha subunit of the inward rectifier potas-
sium channel KIR2.1 are associated with variable combinations of
periodic paralysis, ventricular dysrhythmias and developmental
anomalies. The main excitability changes are summarised in
Table 4.
5.3.1. Hyperkalaemic periodic paralysis (Fig. 14)
In keeping with the observation of myotonic discharges in many

patientswith HyperPP, theMVRC showed an increase in extramean
supernormality and extra residual supernormality to multiple con-
ditioning stimuli. Although early studies using heterologous
expression of mutations corresponding to the human HyperPP
mutations Thr704Met and Met1592Val in rat sodium channels
demonstrated disruption of fast inactivation leading to persistent
inward non-inactivating sodium currents similar to those seen in
PMC (Cannon & Strittmatter, 1993), in contrast to the PMC cohort,
no fall was observed in the amplitude of the compound multifibre
response during the frequency ramp or repetitive stimulation in
the HyperPP patients. Instead, there were only mild changes (in
the opposite direction to that seen in HypoPP) in the relative refrac-
tory period and in early and late supernormality, which were not
significantly different from normal controls. These findings were
much more in keeping with later expression studies of human
Nav1.4 channels with the Thr704Met and Met1592Val mutations
(Bendahhou et al., 1999; Hayward et al., 1999; Rojas et al., 1999;
Yang et al., 1994), which found shifts in the voltage dependence
of activation and slow inactivation, with overlaps such as to result
in ‘window currents’(Bendahhou et al., 2002; Bendahhou et al.,
1999; Yang et al., 1994). It is anticipated that with high external



Fig. 15. Separation of groups by combinations of Excitability Measurements. Left panel: Separation of myotonia subtypes. A: The single measurement Pk(30 Hz)First% (i.e. the
amplitude of the first action potential in the train at the end of the frequency ramp) separates the paramyotonia congenita patients (PMC) from the normal controls (NC),
sodium channel myotonia (SCM) and also the myotonia congenita patients (MC) from a previous study. B: Two measurements, Pk(30 Hz + 30 s)% (i.e. the amplitude 30 s after
the end of the frequency ramp) and ESN@(ms) (i.e. the interstimulus interval for peak early supernormality) separate the 3 myotonia subtypes from each other, C: 5XRSN(%)
(i.e. the extra residual supernormality at 950–1000 ms following 5 conditioning stimuli) is enhanced in myotonia congenita and with Pk(30 Hz)First% enables separation of
NC, MC and PMC. D: sodium channel myotonia patients are separated from normal controls by combining multiple measurements: 5XRSN(%), ESN(20 Hz C1,2) (i.e. the mean
early supernormality during the first two cycles of repetitive stimulation oat 20 Hz), and the frequency ramp measurement Pk(30–15 Hz)First% (i.e. the change in amplitude
of the response to the first stimulus in the frequency ramp as the frequency is increased from 15 to 30 Hz) (Tan et al., 2018). Right panel: Separation of groups by
combinations of MVRC and repetitive stimulation measurements. A: Showing increased extra mean supernormality to 5 conditioning stimuli compared with NC (n = 24) in
the conditions associated with myotonia, with a slight differential increase in the baseline supernormality before the start of the 20 Hz trains partially separating the PMC
(n = 8), HyperPP (n = 5), and myotonia congenita (MC) (n = 10, MC patients not on sodium channel blockers) groups. The changes are in the opposite direction from NC for
HypoPP (n = 6). B: The groups can also be partially separated plotting extra mean supernormality to 5 conditioning stimuli against changes in the amplitude of the first in
train for the fourth and fifth cycles during 20 Hz repetitive stimulation. C: As in A, but with NC removed and SCM (n = 10) and ATS (n = 10) data included to show the overlap
between SCM and HyperPP, and between ATS and HypoPP. D: as in B, but with NC removed and again showing the overlap between SCM, HyperPP, and MC, and between ATS
and HypoPP. (MC data from Tan et al., 2014. ATS data from Tan et al., 2012). ATS: Andersen-Tawil Syndrome; HyperPP: Hyperkalaemic periodic paralysis; HypoPP:
Hypokalaemic periodic paralysis; MC: Myotonia Congenita; MVRC: muscle velocity recovery cycle; NC: normal controls; PMC: paramyotonia congenita; SCM: sodium
channel myotonia (Tan et al., 2020).
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potassium the change in EK may become sufficient to shift the rest-
ing membrane potential into the ‘window current’ range, resulting
in an inactivating inward sodium current that would depolarise the
membrane, thereby precipitating a paralytic attack.

5.3.2. Hypokalaemic periodic paralysis types 1 and 2 (Fig. 14)
The muscle excitability findings were similar for both HypoPP1

and HypoPP2 and are summarised together in Table 4. The MVRC
showed an increased relative refractory period and reduced early
supernormality consistent with depolarisation of the resting mem-
brane potential. In the repetitive stimulation protocol, the delayed
and less effective ‘correction’ of the relative refractory period dur-
ing trains of action potentials suggests that in the presence of the
gating pore current, the Na+/K+ pump has difficulty restoring base-
line membrane potential after a period of exercise.

5.3.3. Andersen-Tawil Syndrome
In Andersen-Tawil Syndrome, the excitability changes suggest

that loss of the potassium inward rectifier KIR2.1 conductance
results in mild depolarisation, due to less efficient clamping of
the resting membrane potential to the equilibrium potential of
potassium. Exacerbation of the membrane potential changes with
exercise is suggested by the abnormalities in the relative refractory
period and early supernormality becoming more marked after the
end of the 20 Hz repetitive stimulation cycles.

5.4. Comparisons of excitability properties of the different muscle ion
channelopathies

In keeping with there being a general pattern of change in the
MVRC for conditions associated with increased and decreased
muscle excitability, combinations of excitability measures from
all three stimulation protocols revealed a clustering of excitability
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measures within each ion channelopathy, which generally
diverged from normal controls in the same direction amongst the
conditions associated with myotonic discharges, and in the oppo-
site direction for those associated with periodic paralysis
(Fig. 15). Although the considerable overlap in the polygons in
Fig. 15 suggests that excitability measures in isolation are insuffi-
cient for a precise identification of the underlying ion channel
involved, muscle excitability data can prove particularly helpful
in providing complementary data in situations where there is dif-
ficulty resolving clinical, genetic and expression study data (Thor
et al., 2019).

Overall, the insights gained from muscle excitability studies in
these groups of patients have highlighted the fact that despite pro-
gress in genetic analysis, there remain clear advantages in having a
minimally invasive, reproducible method that allows direct in vivo
assessment of human muscle.
5.5. Axonal neuropathies, ALS, and other clinical conditions

Muscle excitability testing provides an indirect measure of the
changes in muscle membrane properties including depolarization
and physiological consequences of ion channel dysfunction
in vivo. However, these measurements are limited to a small area
around the tip of the needle electrodes. In a study on ALS patients,
MVRCs did not show any abnormality although MScanFit motor
unit number estimation (MUNE)values were reduced, there was
denervation activity in the same examined muscle and quantita-
tive EMG showed chronic neurogenic changes (Kristensen et al.,
2019). In another study on diabetic polyneuropathy, MVRCs were
normal despite confirmed polyneuropathy with nerve conduction
studies and reduced MScanFit MUNE values (Kristensen et al.,
2020).



H. Tankisi, H. Bostock, S.V. Tan et al. Clinical Neurophysiology 164 (2024) 1–18
We propose that we might have sampled healthy muscle fibres
while we were adjusting the stimulation and recording needle
electrodes. Like nerve excitability testing, muscle excitability tests
are most useful for diffuse disorders affecting the whole muscle
such as channelopathies, uraemia and myopathy. However, these
findings in ALS may reflect the patchy disease pattern of ALS
because depolarization has been shown in neurogenic muscles in
other conditions including entrapment neuropathies, radiculopa-
thy and spinal cord injury (Witt et al., 2020a, Witt et al., 2020b;
Witt et al., 2019). Pronounced changes in MVRC and frequency
ramp have also been shown in critical illness myopathy (Tankisi
et al., 2021; Z’Graggen et al., 2011a), uraemic myopathy (Larsen
et al., 2021; Z’Graggen et al., 2010) and in a cohort of subjects with
myopathy of various aetiologies (Meldgaard et al., 2023). For crit-
ical illness polyneuropathy, nerve excitability testing seems to be
more appropriate (Z’Graggen et al., 2006). Another condition char-
acterized with diffuse alterations on muscle membrane is ischemia
(Z’Graggen & Bostock, 2009). Muscle ischaemia induced by a cuff or
orthostatic hypotension (Humm et al., 2011) showedmuscle mem-
brane depolarisation. Similarly, in a study on leg pain in neuro-
pathic postural tachycardia syndrome was found to be associated
with altered muscle membrane properties (Rodriguez et al., 2021).

Showing alterations of muscle membrane properties in real
time, following an intervention demonstrates the potency of mus-
cle membrane excitability testing. Therefore, these tests may be
potential biomarkers for drug trials. In a recent randomized,
double-blind, two-way crossover study, the effects of mexiletine,
a voltage-gated sodium channel blocker could be shown in 15
healthy subjects after a single dose of 333 mg mexiletine versus
placebo (Ruijs et al., 2022).
6. Animal studies

Not long after the establishment of MVRC recordings in the clin-
ical setting, the technique was also used in animal experiments. In
a porcine model of experimental sepsis, MVRC recordings were
successfully applied to the study of the early changes in muscle
membrane potential preceding the development of critical illness
myopathy (Ackermann et al., 2014; Boerio et al., 2018). In pigs,
the MVRC recordings could be performed with exactly the same
technique as in humans. While MVRC parameters showed slightly
different normal values, the MVRC profile was comparable to the
ones in humans.

More recently, adaptation of muscle excitability studies to
allow in-vivo and ex-vivo MVRC studies of rodent skeletal muscle
(Suetterlin et al., 2022; Suetterlin et al., 2021) has enabled the
direct study of the effects of various ion channel modulators in
rodents. The MVRC studies in mice and rats revealed a ‘rodent
MVRC profile’, which was distinct from the MVRCs of humans
and other larger mammals such as pigs (Ackermann et al., 2014;
Boerio et al., 2018; Suetterlin et al., 2022; Suetterlin et al., 2021).
This probably reflects the physiological adaptations needed for
the rapid muscle contractions required to achieve the limb speeds
of these small mammals (Suetterlin et al., 2022). Since mouse mod-
els remain important for studying disease mechanisms and for
exploring possible therapeutic interventions for human disease,
the clear differences between rodent and human MVRCs illustrates
the importance of understanding these species differences in phys-
iology and ion channel function in order to facilitate correct trans-
lation of these studies to humans. Detailed discussion of species
differences in MVRCs and muscle physiology is outside the scope
of this current review; interested readers are referred to the dis-
cussion by Suetterlin et al. (2022). However, the extension of mus-
cle excitability studies to mice is an important development, which
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is anticipated to facilitate detailed studies of various potential ther-
apeutic interventions under laboratory conditions.
7. Conclusions and future directions

Muscle excitability testing is an emerging technique that pro-
vides in vivo information about muscle fibre membrane properties
such as membrane potential and ion channel function. Automated
and fast applications, so-called multi-fibre MVRC, frequency ramp
and repetitive stimulation protocols have accelerated the use of
muscle excitability testing. So far, the technique has been used
mainly in research for revealing disease mechanisms across a
broad range of neuromuscular disorders, but it may have addi-
tional diagnostic uses; value has been shown particularly in muscle
channelopathies and critical illness myopathy. Interpretation of
muscle excitability testing would benefit from further animal stud-
ies and modelling, while new software is needed to make the tech-
nique more widely available.
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