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Abstract
Objective. Muscle fiber conduction velocity (MFCV) describes the speed at which electrical activity
propagates along muscle fibers and is typically assessed using invasive or surface electromyography.
Because electrical currents generate magnetic fields, propagation velocity can potentially also be
measured magnetically using magnetomyography (MMG), offering the advantage of a contactless
approach. Approach. To test this hypothesis, we recorded MMG signals from the right biceps
brachii muscle of 24 healthy subjects (12 male, 12 female) using a linear array of seven optically
pumped magnetometers (OPMs). Subjects maintained muscle force for 30 s at 20%, 40%, and 60%
of their maximum voluntary contraction.Main results. In 20 subjects, propagation of MMG signals
was observable. Change in polarity and signal cancellation enabled localization of the innervation
zone. We estimated the MFCV for each condition by cross-correlating double-differentiated MMG
signals. To validate our results, we examined whether MFCV estimations increased with higher
force levels, a well-documented characteristic of the neuromuscular system. The median MFCV
significantly increased with force (p= 0.007), with median values of 3.2 m s −1 at 20%, 3.8 m s −1

at 40%, and 4.4 m s −1 at 60% across all 20 subjects. Significance. Our results establish the first
measurements of magnetic MFCV in MMG using OPMs. These findings pave the way for further
developments and application of quantum sensors for contactless clinical neurophysiology.

1. Introduction

Muscle fiber conduction velocity (MFCV) is the
speed of propagating electrical activity along muscle
fibers. It is used in clinical diagnostics (Drost et al
2006, Campanini et al 2020) and research to detect
neuromuscular disorders (Blijham et al 2011), assess
muscle fatigue (Masuda et al 1999), or evaluate the
effects of training or rehabilitation (Conrad et al 2017,
Casolo et al 2020). The principle ofmeasuringmuscle
fiber conduction velocity is based on the propagating
electrical activity induced by motor neurons at their
innervated muscle fibers (i.e. within the motor unit).

These potentials propagate along the surface of the
muscle fibers in both directions, starting from the so-
called innervation zone (IZ) and moving toward the
fiber ends (Heckman and Enoka 2004). This propaga-
tion is not stable over time; it varies according to
age, sex, fatigue, training condition, or force (Farina
andMerletti 2004b, Casolo et al 2020). Smaller motor
units with lower conduction velocities are predom-
inantly activated at lower force levels. As the force
increases, larger motor units with fast-twitch fibers
are progressively recruited, exhibiting higher con-
duction velocities due to their greater diameter (Del
Vecchio et al 2018b, Casolo et al 2023). MFCV is
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typically measured using electromyography (EMG),
either invasively, by inserting needle electrodes dir-
ectly into the muscle, or non-invasively, using surface
electrodes placed on the skin. Multiple conduction
velocities of many different motor units are included
in global MFCV. If the MFCV of single motor units
should be estimated, either decomposition methods
of multiple signals or invasive EMG are necessary
(Del Vecchio et al 2017). To calculate the conduction
velocity in principle, the time difference (i.e. delay)
between the same potential at two different locations
is measured:

MFCV=
Distance between electrodes

Time difference between signals
. (1)

Acknowledging variations in signal shapes and
experimental designs, various approaches have been
developed to calculate the time difference between the
signals during voluntary contractions or electrically
evoked muscle responses. Reference points like local
extrema, global extrema, or zero crossings can be used
to estimate a delay (Farina and Merletti 2004a). Since
these methods are sensitive to noise, the normalized
cross-correlation is a common method to calculate
the delay between similar signals:

ρ1,2 (τ) =

∑N
n=1x2 (n+ τ)x1 (n)√∑N
n=1x

2
1 (n)

∑N
n=1x

2
2 (n)

. (2)

The time point that maximizes the cross-
correlation provides an estimate of the delay between
signals with unequal shapes, where higher sampling
rates or up-sampling will increase the resolution
(Parker and Scott 1973, Farina and Merletti 2004b).

EMG andMFCV are well-established but have the
inherent disadvantage of requiring contact through
skin preparation (which is time-consuming and can
cause skin irritation) or penetration (which can cause
pain). This motivates the exploration of contactless
alternatives. In recent years, there has been a not-
able advancement in the field of miniaturized mag-
netometers, which can measure the magnetic coun-
terpart of electrical activity. This has led to the
emergence of a novel modality, magnetomyography
(MMG), a contactless and painless alternative to elec-
tromyography. MMG involves measuring magnetic
fields generated by electrical currents, as described by
the Biot–Savart law, which allows for assessing mus-
cular activity without requiring direct contact with
the skin or muscle. Although MMGwas initially pro-
posed in 1972 (Cohen and Givler 1972), its explora-
tion has remained limited due to the technical con-
straints of bulky and spatially inflexible sensors, most
importantly the superconducting quantum interfer-
ence device (SQUID). SQUIDs are considered the
gold standard for biomagnetic sensors but require
cryogenic cooling to −268 ◦C. This necessitates a

rigid design, limiting measurements to a predeter-
mined shape and preventing adaptive or individu-
alized sensor configurations, which are more suit-
able for MMG. Other more recent sensor technolo-
gies, such as tunnel magnetoresistance sensors and
nitrogen-vacancy (NV) centers, though highly prom-
ising, have yet to demonstrate the capability to record
MMG in vivo as they do not reach the necessary
sensitivity beyond 1 pT/

√
Hz. However, another class

of magnetometers, optically pumped magnetometers
(OPMs), are sensitive up to ∼15 fT

√
Hz and can be

flexibly positioned to suit a subject’s anatomy. This
has led to a resurgence of interest in MMG (Kominis
et al 2003, Boto et al 2017). Existing research indic-
ates that MMG and EMG share similar signal charac-
teristics, while MMG could offer advantages in com-
fort and speed (Broser et al 2021, Marquetand et al
2021, Ghahremani Arekhloo et al 2023). Additionally,
MMG has the theoretical potential to detect signals
from deeper muscle layers, thereby providing addi-
tional insights into neuromuscular physiology (Klotz
et al 2023). In light of these considerations, an invest-
igation into the potential of MMG for contactless
recording andmonitoring of neuromuscular changes,
such asMFCV, represents a promising opportunity. It
offers the prospect of a novel contactless muscle dia-
gnostic for research and clinical applications, partic-
ularly in sports science.

2. Methods

2.1. Participants
Twenty-four healthy adults (12 females, 12 males)
participated in this study, with a mean age of
28.6 ± 4.3 years and a mean body mass index
of 22.2 ± 2.5 kg m−2. Measurements were taken
from the right biceps brachii muscle, a long and
comparably low-pennated muscle. All participants
reported no history of neuromuscular disorders. The
study was approved by the research ethics commit-
tee of the University of Tübingen (797/2021BO2),
and research was conducted in accordance with the
principles embodied in the Declaration of Helsinki
and in accordancewith local regulatory requirements.
Informed consent, including permission to parti-
cipate and to publish data, was obtained from all
participants. Considering previous EMG studies on
MFCV often involved around 10 subjects (Farina and
Merletti 2004a, Farina et al 2004b, Casolo et al 2020)
and the fact that the signal-to-noise ratio (SNR) of
MMG recordings might not be stable due to the
movement-induced changes in the sensor to source
distance, we increased this number to 24.

2.2. Experimental setup
MFCV estimation requires that sensors are aligned
with the muscle fiber direction and that the sensors
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Figure 1. Illustration of the study protocol. (a) Anthropometric and ultrasonic measurements were conducted to estimate the
location of the innervation zone and fiber orientation, respectively; (b) measurements were performed in a magnetically shielded
room while the subjects executed steady contractions at 20%, 40%, and 60% of their maximum voluntary contraction (MVC).
The z-axis of the OPM was pointing towards the muscle fiber as this configuration showed robust results in previous studies
(Sometti et al 2021) (c) data acquisition for MMG was performed at a sampling rate of 1 kHz, and data processing was performed
using MATLAB.

are located between the IZ and the myotendin-
ous junction (Mito et al 2006, Nielsen et al 2008).
Thus, the right biceps brachii muscle was selec-
ted due to its minimal muscle-skin distance, par-
allel fiber alignment, and extended fiber length on
one side of the IZ (Saitou et al 2000, Barbero et al
2012). Ultrasonic imaging (Butterfly iQ+, Butterfly
Network, Inc., Guilford, USA) was used to determ-
ine the muscle fiber orientation, which was marked
on the skin. Further, the distance from the acromion
to the elbow joint was measured, and 70% of this
length was considered the IZ’s location (Barbero et al
2012), as illustrated in figure 1(a). The study was con-
ducted in a magnetically shielded room (Ak3b, VAC
Vacuumschmelze, Hanau, Germany) at the MEG
Center of the University of Tübingen, Germany.
Participants removed all magnetic materials and
changed into non-magnetic clothing to minimize
interference. Participants were positioned supine in
the shielded room, with the right forearm fixed in an
anatomically adjusted setup to prevent biceps move-
ment during measurement. Seven OPMs were placed
close to the skin, aligned with the muscle fiber ori-
entation. The distance from the center of the OPM’s
vapor cell to the skin was approximately 10 mm.
The OPMs were positioned such that the first OPM
is distal to the expected position of the IZ and the
second OPM is proximal to the expected position of
the IZ (figure 1(b)). Each participant performed a
maximum voluntary contraction (MVC) to ensure
no contact between the biceps muscle and the OPM

sensors, thereby preventing artifacts caused by sensor
movement in residual magnetic fields.

2.3. Force measurements
The apparatus fixed the elbow joint in a neutral-zero
position and was equipped with a custom-built, non-
magnetic force transducer connected to the parti-
cipant’s palm via an adjustable sling to prevent slack
and ensure no pretension. The force transducer’s ana-
log output was amplified and processed using a data
acquisition system (Quattrocento, OTBioelectronica,
Torino, Italy) managed by OT BioLab+ software.
MVC measurements were conducted, and a relative
scale was established for three target force levels. OT
BioLab+ software provided live feedback from the
force transducer, enabling the experimenter to mon-
itor the force output at various levels. This data was
provided audibly in real time to participants inside
the shielded room to maintain steady force levels, as
shown in figure 1.

2.4. Experimental protocol
From three MVC, the median force was used to
establish each participant’s individual MVC in OT
BioLab +. At the beginning and end of the experi-
ment, 30 s of baseline noise were recorded for MMG,
with no participant involvement.

Participants were instructed to maintain 20%,
40%, and 60% of their MVC for 30 s each, with a 60-
second rest period between efforts. Force levels were
randomly ordered, i.e. increasing (20% to 40% to

3
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Figure 2. (a) Illustration of the data processing pipeline, including filtering, calculating double-differential signals, and visual
inspection. (b) The middle ten seconds of the signals were divided into 50 windows. Cross-correlation is calculated for each
window between the three most proximal signals (i.e. 3 top signals in the left panel furthest away from the innervation zone). This
analysis was performed for 20%, 40%, and 60% of MVC for all subjects.

60%) or decreasing (60% to 40% to 20%). Given the
constraints of the magnetically shielded room, parti-
cipants received auditory feedback to help maintain
the target force level throughout the task.

2.5. OPM-sensors, MMG-setup, and data
acquisition
We used seven FieldLine Medical (v2, Boulder,
Colorado, USA) OPMs. These rubidium-based
OPMs have a bandwidth of 185 Hz, operate in a zero-
field regime, and their sensing vapor cell is 5 mm
distant from the outer surface of the sensor housing.
All OPMs were operated in closed-loop mode and
were recalibrated before measuring each new force
level. OPMs were arranged in a linear configuration
within a custom-made, 3D-printed housing to meas-
ure the change in magnetic fields and, consequently,
the propagation along a muscle fiber. Each OPM
measured 13 mm by 15 mm by 30 mm. The dis-
tance between the vapor cells of successive OPMs was
18 mm. Data acquisition was performed at 1000 Hz
using the FieldLine Medical acquisition device.

2.6. Data analysis and processing
All data analyses were performed in Matlab
(MathWorks, R2023b) using custom scripts and
the open-source toolbox Fieldtrip (Oostenveld et al
2011). After visual inspection, MMG data were

digitally bandpass filtered using a zero phase first-
order Butterworth filter between 25 and 100 Hz.
Preliminary studies indicated that the highest sig-
nal agreement with the EMG was observed in this
frequency range. Line noise was attenuated using a
zero phase first order band-stop Butterworth filter
(49-51 Hz). The data were upsampled and interpol-
ated to a sampling rate of 10 kHz. Double differen-
tial derivations (DDi(t)) along the muscle fiber were
computed, with Si representing the signal observed at
the ith sensor:

DDi (t) =−Si+1 (t)+ 2 · Si (t)− Si−1 (t) . (3)

An experienced investigator visually inspected all
magnetic field component signals and double differ-
ential signals to determinewhether the signals showed
propagating components and a directional change
of the propagation (i.e. an indicator of an IZ), see
figures 2 and 3. For each force level, the middle 10 s
was segmented into 50 windows, each with a duration
of 200ms (Del Vecchio et al 2018a). Due to the poten-
tial impact of the IZ, sensors 1 and 2 (i.e. the twomost
distal sensors)were excluded for furtherMFCVcalcu-
lation. The double DD from sensors 3–7 yielded three
double-differential signals. Cross-correlation was cal-
culated for each window and was used to estimate the
MFCV between the double DD.

4
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Corresponding with previous EMG studies, only
physiological values within the range of 2 m s1–
8 m s−1 were accepted (Beretta-Piccoli et al 2019).
Global MFCVs were determined by calculating the
median MFCVs of all 50 windows for each force level
and subject separately. Furthermore, for each subject,
we calculated the averaged root mean square (RMS)
values for noise recordings and each different force
level using the 10 s mid-recording window of each
condition.

2.7. Statistics
All sociodemographic, morphometric, and pre-
processedMMGdata were statistically analyzed using
MATLAB. In addition to descriptive statistics, the
normality of distributions was assessed using the
Shapiro-Wilk test. Since the data were not normally
distributed, the Friedman test was employed, fol-
lowed by the post-hoc Dunn-Bonferroni method for
pairwise comparisons. The coefficient of variation
was estimated by themean absolute deviation divided
by the median, multiplied by 1.48.

3. Results

In 20 out of 24 subjects, visual inspection showed
neuromuscular propagation for all force levels. Four
subjects were excluded due to no visible propaga-
tion (3 females, 1 male, mean age of 27 ± 5.3 years,
mean body mass index of 22.1 ± 2.6 kg m−2).
Consequently, 20 subjects were used for further
analysis.

3.1. Innervation zone
The location of the IZ was estimated whenever a
change in the conduction direction was visible and
was possible for 18 subjects. Two subjects revealed
a continuous propagation direction, thus indicating
that the IZ was located distal to the sensor placement.
Those 20 subjects were used for furtherMFCV estim-
ation. Figure 3 exemplarily illustrates that an IZ is fur-
ther characterized by a change in the magnetic field’s
polarity (in all subjects) as well as magnetic field can-
cellation (observed in 6 out of 20 subjects).

3.2. Relationship betweenMFCV and force
For most subjects (17 out of 20), MFCV monoton-
ically increased with force. Only 3 subjects (subjects
5, 15, and 16) showed non-monotonic behavior (see
figure 4). At the group level, the median values were
3.1 m s−1 for 20% MVC, 3.6 m s−1 for 40% MVC,
and 4.4 m s−1 for 60% individual MVC. Friedman’s
test revealed a statistically significant effect of force
level on MFCV (Chi2 = 37.03; p < 0.001). Post-hoc
pairwise comparisons using the Dunn-Bonferroni
method revealed significantly different MFCV values
between all force levels (20% vs. 40%: p= 0.007; 20%
vs. 60%: p < 0.001; 40% vs. 60%: p = 0.007). The
estimated coefficient of variation of MFCV on the

group level was 15.0% at 20% MVC, 12.3% at 40%
MVC, and 14.2% at 60%MVC.Moreover, the greater
the force, the larger the average RMS of MMG across
all OPMs (p < 0.001, post-hoc pairwise comparison,
figure 5. For information on individual OPMs, see
supplemental figure 1).

3.3. Amplitude and noise characterization
The RMS was calculated to quantify the amplitude of
the measured magnetic fields, using the middle ten
seconds for each subject and force level. Figure 5 sum-
marizes the mean and standard deviation of the RMS
values, averaged across all sensors. Further, the RMS
at each OPM sensor is given in supplementary figure
1. The RMS of noise levels was found to be within
the range of 0.25 ± 0.05 pT for all subjects. In con-
trast, the RMS of force levels exhibited an increase
from 1.01 ± 0.18 pT at 20% MVC to 1.97 ± 0.37 pT
at 40% MVC and 3.41 ± 0.71 pT at 60% MVC.
SNR was calculated for each subject based on RMS
values, as shown in figure 5. The SNR increased
with contraction intensity, from 11.10 ± 4.13 dB to
16.67± 4.70 dB to 21.37± 5.24 dB.

4. Discussion

Here, we demonstrated in 20 healthy adults that it
is possible to measure the MFCV and localize the IZ
of a human muscle without contact. The correlation
between force andMFCV falls within the range repor-
ted in the literature using different EMG methods
for the biceps brachii muscle (Li and Sakamoto 1996,
Rainoldi et al 1999, Beretta-Piccoli et al 2018) and can
serve as a valuable reference for future MMG studies
on MFCV.

A contactless measurement of MFCV is prom-
ising for clinical application. Although the measure-
ment of electrical MFCV using surface EMG is well-
established, it has not made its way into the daily
clinical routine due to the time-intensive nature of
skin preparation and electrode placement, as well
as the robustness of the method. In contrast, mag-
netic MFCV measurement using OPM-MMG elim-
inates the need for skin and electrode preparation,
as it only requires positioning the muscle next to
an array of sensors in a shielded room. This under-
scores its potential as a contactless, painless dia-
gnostic and monitoring tool for clinical practice and
applied physiology (e.g. sports science). This contact-
less approachmay not only broaden the use ofMFCV
in clinical routines but also facilitate the translation
of metrics from sports science into everyday med-
ical practice. Our results support the hypothesis that
magnetically, MFCV shares the same characteristics
as reported by EMG and promotes both MFCV and
OPM-MMG for clinical use.

Detecting the IZ is essential for accurately estim-
ating MFCV, as placing electrodes or sensors (here
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Figure 3. Pre-processed data shows the propagation of potentials (subjects 1 and 16 in panels a and b, respectively) during
voluntary contraction. Double differential derivations from seven OPM channels produce five signals of the same subjects
(subjects 1 and 16 in panels c and d, respectively). The top signal is the most proximal, and signal 1 is the most distal. Arrows
indicate visible propagation of motor unit action potentials. (a) Propagation in both directions and magnetic field’s polarity
change estimates the innervation zone between signals 2 and 3. (b) Propagation, magnetic field’s polarity change and magnetic
field cancellation of signal 2 estimates the innervation zone close to signal 2. (c) and (d): Double differential signals increase the
visibility of propagating action potentials and are necessary for further delay estimation.

OPM) directly over the IZ can cause artifacts, lead-
ing to unreliable MFCVmeasurements. Thus, proper
localization of the IZ ensures optimal sensor place-
ment along the muscle fiber direction and is essential
for robust MFCV estimation.

Our study demonstrates that OPM-MMG arrays
directly enable the detection of the IZ. In detail, at
the sensor level, the IZ is characterized by changes in
magnetic field polarity or magnetic field cancellation
(see figure 3). Although we did not precisely register
each OPM to the respective individual anatomy, the
IZ consistently was found to be approximately in the
expected distal third of the biceps brachii muscle.

Previous studies showed electrically (EMG)meas-
ured MFCV effects according to force (Zwarts and
Arendt-Nielsen 1988, Farina et al 2004a, Casolo et al
2020). Force-correlated recruitment of motor units
containing fibers with greater diameters is decisive.
We observed a similar behavior forMMG.We showed

that magnetically (MMG)measuredMFCV increases
significantly with each increase in force level on an
individual level (figure 4). However, three subjects
did not increase the MFCV across all force levels.
The reason could be the movement of the subject’s
biceps muscle in between force levels, leading to a
lower signal amplitude due to an increased sensor-
to-source distance. Moreover, any lateral movement
would lead to a measurement of a different subset
of muscle fibers. Fiber diameter, inhomogeneities,
or local metabolic conditions would lead to another
global propagation speed. Optical distance and local-
ization control (e.g. localization coils) could be used
in further studies to prevent this.

We excluded four subjects from the analysis as we
could not reliably observe neuromuscular propaga-
tion by visual inspection. These could be due to
several reasons: (1) Participant movement during
the experiment, particularly during contraction, may

6
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Figure 4. (a) Individual muscle fiber conduction velocity (MFCV) across subjects for 20%, 40%, and 60%MVC. MFCV was
calculated using cross-correlation for 20 windows with a length of 500 ms (see also figure 1). (b) Individual median MFCV across
the applied force, which illustrates an individual increase of MFCV with increasing force levels. (c) A group-level comparison of
all 20 subjects will be conducted, providing a perspective on the relationship between MFCV and applied force levels as described.

Figure 5. Root mean square values (RMS) and signal-to-noise ratio (SNR) from 20 subjects across three force levels (20%, 40%,
60%MVC) averaged over seven sensors. Left: Noise RMS, mean and standard deviation of RMS in Picotesla (10−12 Tesla). Right:
SNR in dB. A color scale illustrates RMS and SNR increase as force levels rise.

7
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have shifted the biceps muscle beyond the optimal
detection range of the OPMs, reducing spatial resol-
ution and the ability to resolve distinct neuromus-
cular activities. This is analogous to enlarging the
recording area of EMG electrodes. (2) Participant
movements during the recording may have altered
not only the distance but also the geometry between
the muscle fibers and the OPM sensors, potentially
impairing the accurate measurement of magnetic
muscle activity. Misalignment of the used uniaxial
OPMs, oriented in the z-direction according to the
muscle fibers (figure 1), could limit the detection of
signal propagation, similar to alignment challenges
seen in EMG when studying muscle fiber conduc-
tion velocity. While the spatial sensitivity of MMG
poses challenges, it also offers advantages, as triaxial
OPM arrays could significantly improve the resolu-
tion of distinct neuromuscular signals. This prom-
ising avenue lies beyond the current study and war-
rants further experimental investigation. (3) Despite
careful visual inspection of each participant’s record-
ing, the potential influence of environmental mag-
netic artifacts on signal quality cannot be entirely
ruled out. In addition, touching the sensors during
the experiment can cause the OPMs to oscillate in
residual magnetic fields, affecting signal quality. (4) A
thicker subcutaneous fat layer, which was not meas-
ured in all participants, may have diminished signal
quality. The higher dropout rate among female parti-
cipants supports this hypothesis, as women typically
have thicker subcutaneous fat layers thanmen, partic-
ularly in the upper body region (Hattori et al 1991).

Further studies are required to investigate these
potential factors and to further improve the robust-
ness of OPM-MMG for measuring MFCV.

The further application of the magnetic MFCV
provides insights into neuromuscular health, offer-
ing applications in diagnosis, monitoring, and thera-
peutic evaluation. In clinical diagnostics, MFCV aids
in distinguishing or identifying different neuromus-
cular disorders. Particularly in pediatrics, MFCV
might be important for early detection of neuromus-
cular changes, as children may exhibit greater toler-
ance for contactlessmeasurementmethods compared
to those requiring physical contact (Boto et al 2022).
MFCV also detects metabolic changes like muscle
fatigue during sustained contractions. In rehabilita-
tion, MFCV enables recovery tracking and assesses
adaptations to therapy or training. Furthermore,
MFCV reflects muscle fiber composition, providing
information relevant to age-related muscle decline,
athletic performance, and systemic diseases such as
diabetic neuropathy and chronic conditions. The
current potential of MMG is comparable to the
advancements brought by HD-sEMG in studying
neuromuscular activity. However, despite its capabil-
ities, HD-sEMG has seen limited adoption in clinical
settings due to challenges such as time-intensive pre-
paration, complex post-processing, and a preference

for invasive EMG, which remains the gold standard
due to its cost-effectiveness, speed, reliability, and
ability to detect highly localized signals. MMG could
bridge this gap, as it eliminates preparation timewhile
offering signal content comparable to HD-sEMG.
MMG’s practical potential is particularly evident in
three scenarios: (1) patient populations intolerant to
invasive EMG or skin preparation, such as infants,
children, individuals with dementia, or burn victims;
(2) cases requiring a holistic view of neuromuscular
activity, such as in neuromuscular disorders where
altered activation patterns (Semeia et al 2022) and
motor unit recruitment serve as biomarkers of dis-
ease (e.g. motor neuron diseases such as amyotrophic
lateral sclerosis or neuromuscular junction disorders
such as myasthenia gravis), with motor unit decom-
position using OPM arrays (Noury et al 2024); and
(3) repetitive monitoring in rehabilitation medicine,
such as for stroke survivors or patients with progress-
ive neuromuscular disorders, where MMG’s contact-
less nature avoids skin irritation. These applications
highlight MMG’s value in pain-sensitive populations
and scenarios requiring comprehensive neuromuscu-
lar assessment. These insights could guide interven-
tions, optimize treatments, and monitor progression.

Our findings demonstrate that MMG RMS
increases with force level. While a detailed analysis of
individual sensor distributions was beyond the scope
of this study, the additional data provided will facilit-
ate future investigations into MMG signal variability
and SNR optimization. A key challenge in MMG
studies is the strong dependency of SNR on sensor-
to-source distance. Although an ideal setup would
maintain a constant sensor-to-source distance, the
dynamic curvature of the biceps during contraction
leads to unavoidable variations when using a planar
linear array, as in our study. While this remains an
active area of research, we consider this effect negli-
gible for MFCV estimation in our proof-of-feasibility
design. To ensure transparency, we have also repor-
ted both the average signal RMS and SNR at different
force levels as well as noise RMS per subject, allowing
for direct comparison with future studies (figure 5).

4.1. Strengths and limitations
The primary limitation of the experiments is the
absence of a ground truth within each subject.
Given the considerable temporal and spatial variab-
ility inherent to global MFCV, it is only possible to
make exact comparisons at the local level, specific-
ally between the same single motor units in EMG and
MMG.

Nevertheless, this necessitates the implementa-
tion of a simultaneous recording utilizing a high-
density surface EMG. Subsequently, a motor unit
decomposition in both EMG and MMG could be
employed to identify the associatedmotor units, facil-
itating an optimal comparison. Indeed, motor unit
decomposition inMMGhas recently been established
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(Noury et al 2024). Moreover, factors such as muscle
size, training habits, fiber type, age or sex have yet
to be systematically explored, as they have been in
EMG research (Cruz Martínez and López Terradas
1990, Kupa et al 1995). In particular, the influence
of varying pennation angles across different muscle
types on magnetic MFCV remains an important spa-
tial challenge. While current miniaturized OPMs are
available, their size—larger than conventional surface
electrodes—makes measuring small muscles challen-
ging, if not impractical.

Using cross-correlation for sEMG, a higher cor-
relation coefficient is expected to ensure the reliability
of signal-matching (Beretta-Piccoli et al 2019, Casolo
et al 2020). As we use different sensors with no com-
mon ground, the signal shapes vary greatly depend-
ing on the spatial position. Therefore, using the same
correlation coefficient from EMG will not work in
MMG. In sEMG, a maximum likelihood estimator
can reduce the standard deviation by minimizing the
mean square error (Farina et al 2004b). However, this
method did not lead to reasonable results inMMG for
the same reasons mentioned above. Therefore, cross-
correlation was used due to its traceability and trans-
parency. Although our work highlights the potential
of MMG in general and OPM-MMG in particular, its
translation into daily clinical practice remains unes-
tablished, necessitating further studies to assess the
reliability and validity of MMG across diverse meas-
urement scenarios. Although OPMs are less expens-
ive than SQUIDs, the cost of acquiring two or three
OPMs, along with the required magnetic shielding, is
currently similar to that of a standard EMG amplifier
with preamplifiers and electrodes. Additionally, prac-
tical advancements toward portability and a compre-
hensive turnkey solution for clinical use have yet to be
realized. With growing interest in OPMs within the
scientific community, sensor costs—and potentially
magnetic shielding costs—are expected to decrease.
Nevertheless, significant technological development
is required for their integration into routine clinical
applications.

4.2. Conclusion
Conduction velocity within a muscle fiber can be cal-
culated by measuring magnetic fields using OPM.
In general, neuromuscular activity and IZ propaga-
tion are visible in MMG. MMG can measure MFCV
using magnetic fields arising from neuromuscular
activity, exhibiting the same characteristics as EMG.
Comparing properties of single motor units in MMG
and EMG is essential for further understanding and
comparison of both modalities.
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