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Abstract.

The investigation of the magnetic flux signals of muscles, magnetomyography (MMG), was already
described in the 1970s, but hardly pursued due to the lack of spatial flexibility of SQUID systems. In
recent yaers compact optically pumped magnetometers (OPMs) have been brought to market that are
capable to measure the tiny biomagnetic signals almost as SQUIDs, while being flexible just as
electrodes. First explorative experiments indicate the potential for MMG that comes along with OPMs.
By enabling MMG to be used as a novel method in medicine and sports science they herald a renaissance
for MMG. But this also requires further development of the sensors as well as a deeper understanding of
the spatial and temporal magnetic field structure. Thus, it is necessary to understand the magnetic flux
signal starting from the smallest unit of a muscle signal - the muscle action potential (MAP) of a single
muscular fiber - and then venture into its complex summation. This work summarizes the current state
of the several sequential experiments that demonstrate the possibilities and limitations of MMG using
OPMs. We indicate how OPM might be a valuable complement to conventional electrophysiology in the
future.
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1. Introduction

The biological control of muscle activity is a highly synchronized and fine-tuned process. To
understand the potential possibilities and impacts of magnetomyography (MMG) in this process, it is
necessary to understand the magnetic flux signal of the smallest unit of a muscle signal - the muscle
action potential (MAP) - and then venture into its complex summation. Muscle action potentials (MAP)
are action potentials at the neuromuscular endplate that propagate longitudinally along muscle fibers as
well as radially in T-tubules of the muscle fibers. The resulting depolarization of the cell membrane
initiates signaling cascades that cause an influx of calcium ions into the cell and an additional release of
calcium ions from the sarcoplasmic reticulum, ultimately leading to skeletal muscle contraction. To
measure an isolated and single MAP is almost only possible under laboratory conditions. In medicine
and sports science, the sums of many MAP (CMAP) are measured as a result of temporal and spatial
summation.
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While electromyography (EMG) is essentially driven by transmembrane potential,
magnetomyography (MMG) results from bioelectrical current flow. The relation between these currents
and the measured magnetic activity follows Biot-Savart's law [1]. In short: Wherever an electric current
flows a magnetic field is generated, which can be measured by means of highly sensitive magnetic field
sensors, the so-called magnetometers. Consequently, the MMG represents the current flow indirectly via
the accompanying magnetic field.

In contrast to electrical signals, magnetic signals have the advantage that the surrounding tissue only
minimally influences the signal strength, such that the skin and the underlying fatty tissue hardly reduce
the magnetic signals. Therefore, the low bioelectric signal from muscle cells can be contactlessly
measured with higher spatial resolution via the resulting magnetic fields. MMG theoretically offers the
possibility to indirectly measure muscle bioelectric signals that can otherwise only be derived using an
invasive needle electrode. Although this idea has been addressed in the past [2], studies have failed so
far to show the viability of MMG due to technical feasibility and applicability of existing magnetometers.
The systems primarily used in these previous studies, were SQUIDs (superconducting quantum
interference devices). Since they rely on cryogenic cooling to -268 °C, they are large, spatially static, and
have a fixed geometry, typically either a flat vessel to be put above the chest for magnetocardiography
or a one-size-fits-all helmet for magnetoencephalography (MEG). While the head size and shape does
not differ too much, the geometry of arms and legs has a considerably larger diversity, which makes
practical examination of individual muscles difficult or impossible. Thus, for MMG measurements a
higher flexibility in sensor placement, as well as a possibly close proximity of the sensing volume to the
field source (muscle) is needed. Both is now possible with commercial optically pumped magnetometers
(OPMs). which have brought to marked within the past five years. An additional advantage that MMG
gains from these OPMs is the fact that it can be performed even in a small table-top shield [9] instead of
a magnetically shielded room which opens interesting prospects for practical implementation in clinical
environments.

Optically pumped magnetometers (OPMs) do not rely on cryogenic cooling, since they use a hot
atomic vapor in a small spectroscopy cell as the sensing element. Commercial realizations meanwhile
reach a size in the order of 5 cm”™3 an have already been used to demonstrate MEG and MCG while the
subject is moving [3][10]. Similarly, also MMG can gain from OPMs, since they can be flexibly attached
to the target muscle.
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Figure 1: Basic principles and comparison of EMG and MMG: Anatomical drawing of the right forearm for
illustration. A: Simplified advantages and characteristics of magnetomyography (MMG) with optically pumped
magnetometer (OPM). B: Basic principles of needle electromyography (EMG) and its limitations. Note that in
conventional bipolar needle electrodes the outer sheath of the needle serves as reference electrode, whereas inside
and at its tip the recording electrode is located. C: Illustration of surface-EMG and it’s limitations. D: Schematic
drawing of a neuromuscular junction with two action potentials (yellow arrows, one depicted above) propagating
from the neuromuscular junction along the muscle fiber. While the EMG measures potential differences (AV), the
OPM-MMG indirectly measures the electric current (Z, illustration depicted below €°) that goes along with a magnetic
field. Magnetic fields have an orientation; thus, in principle, they have vectorial components in all three geometrical
directions (X, Y, and Z).



However, the following circumstance is challenging for the analysis of magnetic signals: While the
EMG measures electrical potentials on the skin surface, where the geometric orientation of the electrode
can be neglected in the case of the muscle, the geometric orientation must be taken into account for
magnetic fields. Only indirect conclusions about the flowing intramuscular currents are possible via the
electrical MAP, so that the propagation of the MAP along and in the muscle fiber cannot be measured
without a considerable effort. In contrast, it would be consistent and much more informative to measure
the current along the muscle fiber, which is indirectly possible using OPM-MMG.

Based on these ideas, we investigated the MAP with SQUID and OPM and compared it with
simultaneously recorded conventional surface- and needle-EMG. on MMG with both SQUID and OPM,
highlighting both technical and practical implications and limitations.

2. Experiments & Results

The subsequential experiments[5 and unpublished data] as well as their main results are illustrated
and described in Figure 2.
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Figure 2: Illustration of three subsequent experiments and their main results. A: Illustration of a compound
muscle action potential (cMAP) as a result of abduction of the abductur digiti minimi muscle of the left hand. Note
that in the SEMG there is a smearing of the cMAP and a reduction in amplitude compared to the needle EMG. In the
SQUID-MMG, the amplitude of the cMAP does not decrease. B: cMAP after muscle tendon reflex (green) and
evoked cMAP in needle EMG (blue) and OPM (red: Z-direction and orange: Y-direction). Note that after 20ms
OPM record additional and to date not known signals of unknown origin. C: Feature-based (time-frequency-
analysis) linear classification of the fingerflexion of Digitus IV and V (red line: fingerflexion). OPM can differeniate
with a high accuracy if a subject flexes digitus V alone or digitus V with digitus IV simultaneously.

2.1 Experimental setup & data analysis

A previously described OPM System (QZFM-gen-1.5, QuSpin Inc., Louisville, CO, USA) in a
magnetically shielded room was used to record magnetic fields in combination with simultaneous EMG
recordings. The small size of the OPM devices (13x19x85 mm) allowed for easy handling and flexibility
to adapt the sensors to the specific geometrical situation. The employed OPMs were capable of measuring
two components of the magnetic field vector: the y- and z-direction. They provided a magnetic field
sensitivity in the order of 15 fT/v/Hz in a bandwidth of 3—135 Hz, an operating range below 200 nT, and
a dynamic range of a few nanotesla. The analog output signals of the OPM system were recorded using
the data acquisition electronics of an MEG System (CTF Omega 275, Coquitlam, BC, Canada). The
OPM system had an intrinsic delay of 3.8 ms, which was corrected offline. Data was analyzed with BESA
software (Brain Electric Source Analysis), Fieldtrip, Python and to R (R Core Team, Vienna, Austria).




3. Discussion

In this contribution, we illustrate the basics of MMG and present three experiments demonstrating
that OPM-MMG is a method that is at least comparable to EMG.

In our opinion, exploring the magnetomyographic characteristics of MAP provides the basis for
understanding and applying MMG as a neurophysiological method. The MAP measured by MMG is
biphasic and can be displayed in several spatial axes. It corresponds in sequence to electrical MAP and
is not attenuated by skin or subcutaneous fat compared to simulated surface and needle EMG
(Experiment 1, Figure 2, A). Interestingly, after triggering a muscle intrinsic reflex (Experiment 2,
Figure2, B) 15-20ms after the actual MAP, further magnetic field components could be identified, whose
origin and biological significance are unknown. Speculatively, this could be a signal from the contractile
apparatus, since ultrasound studies on muscle intrinsic reflexes show that the contractile apparatus is
activated precisely after those 15-20ms[5]. If MMG is indeed able to detect signals from the contractile
apparatus, then new insights into muscle physiology could emerge. In addition, it is also possible to
differentiate complex finger movements (Experiment3, Figure 2, C) using OPM-MMG; the latter is also
possible with sSEMG, but Experiment 3 demonstrates that OPM-MMG is also suitable for this purpose.

Regarding neurophysiological research, directional information can provide more insight into the
propagation of the MAP within the muscle[6]. In this sense, we could recently show using MMG that,
as an example, the characteristic frequency decrease in muscle fatigue is mainly distributed circularly
around the muscle fibers[7]. Also, regarding clinical-medical applications, MMG already offers the
possibility to detect subtypes of the so-called pathological spontaneous activity (PSA). PSA is an
umbrella term for MAP occurring spontaneously (i.e., without efference from a nerve) at the muscle
fibril, which can almost only be detected invasively by needle EMG due to the small signal. In a proof-
of-principle work, which is currently under review, we could already show that it is possible to detect
one subtype of PSA, specifically fasciculations, non-invasively by OPM-MMG. We propagate that non-
invasive MMG has the potential to at least partially replace invasive needle EMG regarding the detection
of PSA.

3.1 Limitations

This work provides only a basic overview and introduction to MMG using OPM. For more
comprehensive information, we refer the reader to our previous work[4], [6], [8].The OPM used
in our experiments have technical limitations: Having too low a bandwidth to record even high-
frequency components of muscle signals. In comparison, a conventional needle EMG has a
bandwidth of 10 kHz, an OPM only 135Hz.

4. Conclusions

MMG offers new insights into the analysis of muscular activity. We are confident that MMG by OPM
will be a valuable complement to conventional electrophysiology in the future. Future studies have to
show the practical applications of OPM in medicine and sports science.
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