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Abstract

Purpose: Assessment of temporal and spatial relations between spontaneous mechanical activities in
musculature (SMAM) at rest as revealed by diffusion-weighted imaging (DWI) and electrical muscular
activities in surface EMG (SEMG). Potential influences of static and radio-frequency (RF) magnetic

fields on muscular activity on SEMG measurements at rest were examined systematically.

Methods: Series of diffusion-weighted stimulated echo planar imaging were recorded with concurrent
SEMG measurements. Electrical activities in SEMG were analyzed by non-parametric Friedman and
two-sample Kolmogorov-Smirnov test. Direct correlation of both modalities was investigated by tem-

poral mapping of electrical activity in SEMG to DWI repetition interval.

Results: Electrical activities in SEMG and number of visible SMAMSs in DWI showed a strong correla-
tion (p = 0.9718). High accordance between sEMG activities and visible SMAMs in DWI in a near-
surface region around SEMG electrodes was achieved. Characteristics of SEMG activities were almost

similar under varying magnetic field conditions.

Conclusion: Visible SMAMs in DWI have shown a close and direct relation to concurrent signals rec-
orded by SEMG. MR-related magnetic fields had no significant effects on findings in SEMG. Hence,
appearance of SMAMs in DWI should not be considered as imaging artifact or as effects originating
from the special conditions of MR examinations. Spatial and temporal distributions of SMAMs indicate
characteristics of spontaneous (microscopic) mechanical muscular action at rest. Thus, DWI techniques
should be considered as non-invasive tools for studying physiology and pathophysiology of spontaneous

activities in resting muscle.

Key Words: Spontaneous Mechanical Activities in Musculature, Surface Electromyography, Diffusion-
Weighted Imaging, Incoherent Motion



Introduction

Diffusion-weighted imaging (DWI) enables non-invasive imaging of self-diffusion of water molecules
at microscopic levels. DWI is already well established for clinical examinations of stroke patients, for
fiber tracking in white matter of the brain, and for tumor staging (1). Sophisticated techniques with
variable strengths, timings and orientations of diffusion-sensitizing gradients allow for assessment of

microscopic features of tissues in many current investigations (2-5).

DW1 also has a crucial role in non-invasive studying of muscle architecture and physiology: Diffusion-
tensor imaging (6) enables characterization of microscopic anatomical structures including muscle fiber
direction and mean fiber dimensions (7-9). Changes in fractional anisotropy are detectable under varying
conditions (10).

While DWI provides insight into diffusion or incoherent motion of water molecules of skeletal muscu-
lature, electrophysiological properties can be recorded by electromyography methods. Even simultane-
ous examinations with MRI and non-invasive version of electromyography utilizing surface electrodes
(surface electromyography, SEMG) can be performed with special MR-compatible equipment: First
simultaneous measurements have been performed by Hoffmann et al. (11) in order to investigate the
influence of fast switching gradient fields in echo planar imaging on the peripheral nerve system and for
assessment of related stimulation activation thresholds. A major problem is the influence of gradient
switching (with high induced voltages) on recording of very small electrical potential differences on the
skin by SEMG. However, suitable methods for removal of related undesired signals in SEMG data have
been developed and successfully applied during quantitative functional MRI of the brain and simulta-
neous isometric contractions of first dorsal interosseus (12) as well as irregular limb motion (13). SEMG
is also an established technique for measuring the electromechanical delay between electrical activation
and force onset of muscle fibers (stretching of mechanically active components) by fusion with mech-
anomyography or ultrasound examinations (14, 15). Muscle contractile properties are often measured
under active voluntary control or by surface electrode induced potentials (electrically evoked). For ac-
tive isometric muscle contraction an electromechanical delay of 49.73+7.99 ms has been reported in the
literature (14), but it was also reported that electrically stimulated contractions show a significantly
shorter electromechanical delay than voluntary contractions (16). Furthermore, each muscular activity
has a specific contraction and relaxation time which is probably depending on the composition of muscle
fiber types. Contraction and half-relaxation times of single twitches have been determined by electrical
stimulation to ensure repeatability of measurements. For m. gastrocnemius medialis around 110 ms (17)

have been reported for contraction and half-relaxation time, respectively.

Due to the diffusion-sensitizing gradients with long-lasting diffusion-sensitizing time in between, the
DWI technique is well-known to be susceptible to non-diffusional but incoherent motion-induced effects
(18-20). Incoherent motion due to vessel enlargement from cardiac pulsation has been reported to cause

circular signal voids in the vicinity of large vessels (21, 22). However, signal voids can also occur in
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muscle regions with higher distance to large vessels, which cannot be suppressed by electrocardiography
triggering (22, 23). These signal voids in DWI can originate from active microscopic incoherent motion
of skeletal musculature as reported recently (22-25). This incoherent motion is considered to be an in-
dependent source of muscular motion-induced effects recordable by MRI.

In a recent study (23), it was shown that sporadic incoherent motion inside various muscle groups in the
lower leg might lead to signal voids in repetitive single-shot diffusion-weighted stimulated echo (26)
echo planar imaging. It is assumed that this incoherent motion is caused by unconscious focal sponta-
neous mechanical activity of the musculature (SMAM). These focal activities are leading to signal voids
due to incoherent motion by non-uniform contraction of single muscle fibers or small compartments of
muscles groups. SMAMs in DWI have shown random appearance in spatial and temporal domain with-
out strong correlation to different b-values, diffusion-sensitizing direction, cardiac pulsation or patient
position (23). Figure 1a/1c show DWI of human calves recorded in time periods without SMAMs and
without resulting signal voids, whereas images in Figure 1b/1d clearly exhibit distinct SMAMs in
m. gastrocnemius medialis and m. soleus. The underlying processes of the SMAMs are still not fully
understood. DWI enables to image these mechanical activities encoded as signal drop in the MRI.

Usually, muscular activation is a consequence of preceding electrical activities measureable by SEMG
techniques. However, correlations with electrical activities of SMAM-affected muscle regions have not
been studied so far. This work focuses on temporal and spatial relations between spontaneous electrical
activity (revealed by sEMG) and SMAMs (visualized by DWI) in healthy volunteers.

In order to examine potential influences of the MR system (static magnetic field, gradient switching,
and RF pulses) on spontaneous electrical activity, SEMG measurements were recorded under varying
magnetic field conditions. Therefore, SEMG were recorded without the influence of MR magnetic fields,
inside the static magnetic field and under MR imaging conditions. In the latter case results of SEMG
measurements were fused with concurrent DWI to get insight into the relationship of measurable me-

chanical and electrical muscle activities.

Methods

Participants and Measurement Procedure

Seven male and one female volunteers (age: 34+13 years, body mass index: 24.8+1.4 kg/m?) partici-
pated in the study after giving written informed consent. A potentially strong correlation between SEMG
events and visible SMAMs in DWI were expected and thus a small sample size was chosen. Moreover,
long lasting time series of data were recorded, which increases the number of spontaneous events in
both modalities. The study protocol was approved by the local ethics review board. SEMG examinations
started after at least 5 minutes of resting in order to achieve well relaxed musculature of the lower leg.

Furthermore, the heel was placed on a soft towel and the foot position was stabilized to prevent leg
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movements and to ensure muscular relaxation during longer examination times. The measurement pro-
tocol included three SEMG examinations under varying conditions: 1% outside of the MR examination
room to reduce possible influences of the magnetic field, 2" inside the MR bore in the static magnetic
field of the scanner (without gradient switching and RF), and 3" under MRI scanning conditions (static
and time-varying magnetic field). Each SEMG examination lasted 480 s and all measurements were
executed in the same order without repetition. For subsequent SEMG measurements outside and inside

the magnet bore the participants were carried in horizontal position without active movement.

MR setup and sequences

DWI examinations were conducted on a 3T MR scanner (MAGNETOM Skyra, Siemens Healthcare
GmbH, Erlangen, Germany) with a 15-channel Tx/Rx knee-coil. Transverse slices were recorded while
the volunteers were comfortably lying in supine position. A prototype DWI single-shot stimulated-echo
echo-planar imaging sequence (Siemens Healthcare GmbH, Erlangen, Germany) was utilized (Figure
2a). The sequence parameters were chosen analogous to an earlier protocol reported in (23): matrix size
of 64 x 64, field of view (FoV) of 192 x 192 mm?, slice-thickness of 6 mm, 6/8 readout, receiver band-
width (BW) = 2004 Hz/px, echo time TE =31ms, repetition time TR =500 ms, mixing time
TM = 145 ms and diffusion-sensitizing time A = 157 ms. A b-value of 100 s/mm?2 was chosen according
to previous studies as reported in (23). This b-value leads to easily observable SMAMs in DWI, appear-
ing with complete signal voids. On the other hand, signal intensity of unaffected surrounding muscle is
not strongly decreased, since sensitivity to “true diffusion” is relatively weak. Thus, DWI with
b = 100 s/fmm2 show SMAMs with relatively high contrast to surrounding muscle areas.

In former studies SMAMSs showed similar spatial and temporal characteristics for all three orthogonal
diffusion gradient directions used (23). The signal extinction pattern was nearly independent of the dif-
fusion gradient direction, since incoherent motion components occurred along all spatial axes. There-
fore, the diffusion-sensitizing gradient was restricted to the head-feet direction. Taking the 480 s of
SEMG into account, a series of 960 repetitive measurements was acquired. For fat suppression a so
called spectral attenuated inversion recovery (SPAIR) preparation was chosen. All DWI were acquired
at the position with maximum diameter of the right calf. For anatomical referencing T:-weighted fast
spin-echo images at same location with matrix size of 256 x 256, FoV of 192 x 192 mm?, slice-thickness
of 6 mm, BW of 180 Hz/px, TE =10 ms, TR = 650 ms and echo train length of 5 were acquired. To
determine vessel location, flow-compensated gradient-echo images were acquired at same slice position
with matrix size of 288 x 288, FoV of 200 x 200 mm?, slice-thickness of 4 mm, BW of 405 Hz/px,
TE =4.6 ms, TR = 650 ms and 15 averages.

SEMG setup
Three bipolar circular-shaped gelled Ag/AgCl electrodes with 8 mm inner diameter were placed on
m. gastrocnemius medialis of the right calf with an inter-electrode distance of 2 cm. The m. gastrocnem-

ius medialis was chosen because especially high spontaneous activity had been seen in this region of the



calf as reported in (23) (SEMG electrode placement is depicted in Supporting Figure S1). An eight chan-
nel MR-compatible amplifier (BrainAmp ExG MR, Brain Products GmbH, Gilching, Germany) with
appropriate recorder software (BrainVision Recorder, Brain Products GmbH, Gilching, Germany) was
utilized for SEMG acquisition. The SEMG signal was recorded with a sampling rate of fsampiing = 5 kHz,
resolution of 0.5 pV and dynamic range of £16.384 mV. For adequate suppression of signals from the
electric power supply, the SEMG signal was notch filtered at 50 Hz. To ensure patient safety by reducing
induction voltage, all applied SEMG electrodes have had an incorporated serial resistor R = 15 kQ (27)
and twisted wires (28). To provide an accurate MR gradient distortion correction, the sampling clock of
the SEMG equipment was synchronized with the MR gradient clock by manufacturer tools (BrainVision
Syncbox, Brain Products GmbH, Gilching, Germany) (29).

Post-processing
SEMG

The distortions in SEMG signals caused by gradient switching were corrected using FACET (Flexible
Acrtifact Correction and Evaluation Toolbox) (30) and EEGLAB (31). The average template method
from Van der Meer et al. (13) and artifact residual removal based on Niazy et al. (32, 33) (FMRIB plug-
in for EEGLAB, provided by the University of Oxford Centre for Functional MRI of the Brain) were
utilized for this purpose. Techniques are based on template subtraction according to Allen et al. (34);
for template generation epochs with highest correlation were utilized (13). Subsequent artificial residu-
als were removed by fitting principle components of the signal on an optimal-basis set (PCA-OBS) (32,
33). Narrowband distortions were additionally reduced by notch-filtering. Besides MR-induced artifacts,
SEMG signals could also be impaired, if electrodes were placed nearby vessels. Most of signal power of
the ballistocardiogram is present below a frequency of 12 Hz (35), thus no effects on spontaneous SEMG
activities were assumed. Therefore, a band pass-filter of f,, = 20-500 Hz was applied for ballistocardiac

artifact suppression with additional reduction of high-frequency environmental noise.

Spontaneous aperiodic and biphasic SEMG activities as shown in Figure 2b and Figure 3 were semi-
automatically detected with a custom made program in MATLAB (The Mathworks, Inc., Natick, MA,
USA). sSEMG detections within an amplitude range of £10 VvV were discarded (independent of the dif-
ferent magnetic field conditions), since those more random signals are not indicating clear activities in
musculature. In a first step, SEMG activities were detected by an implementation of the matched filter
method according to Merlo et al. (36, 37). A 10-scale continuous wavelet transform with first order
Hermite-Rodriguez polynomial as mother wavelet was utilized. Pulse duration was set to 5-20 ms based
on pre-evaluation of the pulse duration of 27 randomly chosen potentials (3 potentials of each partici-
pant). Thresholds for activation detection were user-defined for each SEMG channel. SEMG events
within a range of 200 ms were considered as one activity. In second step, all detected potential activities

were monitored by a human observer to ensure the classification of results.



DWI

SMAMs are causing signal drops in muscle areas of single images of DWI series. Those signal voids
were automatically detected and segmented by an self-written MATLAB routine (38). The routine is
based on a two-stage detection and refinement segmentation approach: After preprocessing (image scal-
ing and registration), events in DWI were detected in a time-difference representation of DWI (39-42)
and subsequently utilized as seeding points for a graph-based segmentation procedure (43, 44). For
evaluation, event count maps (ECM) representing the activity of each voxel within a DWI series were

calculated. Segmentation and classification results were subsequently controlled.

For visualization, DWI were interpolated on a 512 x 512 matrix size (same for Supporting Animation
S1, S2, S3, S4 and S5).

Evaluation of SEMG activity
Bulk movements indicated by high SEMG activity across multiple channels or distinct signal drop across

multiple muscle regions/whole muscles were discarded from the evaluation in both modalities.

SEMG activity of resting legs was assessed in terms of overall number of spontaneous SEMG activities
for all three different conditions. A non-parametric Friedman test (45) (three paired measurements) in
SPSS (IBM Corp., Armonk, USA) was applied for detection of significant differences. To reveal poten-
tial intra-individual changes in the temporal distribution of SEMG activities, each SEMG series measured
inside MR bore and under imaging condition was compared to the measurement outside of the MR
examination room. A two-sample Kolmogorov-Smirnov test (46, 47) with significance level a. = 0.01
was applied on the inter-event temporal distance (i. e. temporal distance between consecutive SEMG

activities) to get insight into the temporal distribution of SEMG events within the time series.

Evaluation of temporal and spatial relations between signal voids in DWI and SEMG

In a first approach, correlations between visible SMAMs in DWI and SEMG signals were assessed by
calculating the correlation coefficient between the overall numbers of activities in both modalities. For
a more detailed insight, temporal relations between signal voids in DWI and SEMG activities were in-
vestigated. For this purpose each sSEMG activity was analyzed regarding its time point in the course of
the DWI sequence. It is obvious that DWI is only sensitive to incoherent motion taking place in-between
switching of diffusion-sensitizing gradients, and therefore not necessarily all SMAMSs are resulting in

visible signal voids.

Signal amplitudes in single SEMG channels and the distance between the respective SEMG electrode
and concurrent signal voids in DWI were evaluated. For that, DWI were registered on anatomical images
and the shortest in-plane distance between the boundary of the signal void and the position of the SEMG
electrode on the skin in DWI was measured (SEMG electrode location was determined in T1-weighted

spin-echo and gradient-echo anatomical images). The evaluation of the spatial relations between SEMG



activities and visible SMAMs in DWI was performed under consideration of the fact that an SEMG

electrode has a limited detection range due to signal attenuation of electrical signals in tissue.

The influence of the time point of SEMG activities with respect to the course of the DWI sequence on
the visibility of related SMAMSs in DWI was further evaluated. Mapped sEMG activities were analyzed

separately for cases with and without related visible SMAMSs (images with signal voids) in DWI.

Results

All SEMG measurements (including those inside the MR unit and active DWI recording) led to sufficient
quality for reliable evaluation of electrical muscle activity. Only one channel was excluded from evalu-
ation due to large signal distortions (Ch. 2 on subject #1). The maximum allowed signal amplitude
(Vmax = £16.384 mV) of the SEMG amplifier was never exceeded, and so no saturation of the front-end
of the SEMG amplifier occurred. Therefore, it was possible to derive an undistorted artifact template
from each raw sEMG signal for the correction of MR gradient artifacts. In 45.6+13.0 % of all detected
SEMG events the human observer had to intervene due to small residual MR gradient or vibration arti-
facts. Figure 3 shows an SEMG measurement during one repetition interval in DWI. Time periods with
gradient switching in the sequence resulted in very dominant induced voltages in the SEMG with ampli-
tude of up to 2960 pV. SEMG signal region with low-intensity noise of only £10 uV is highlighted in
b) and c). One exemplary spontaneous SEMG activity is clearly visible in this example after MR gradient
artifact correction and band pass-filtering at 423 ms with signal amplitude of 27.7 pV.

Kolmogorov-Smirnov testing of the dependence of SEMG activity distribution on the magnetic field
conditions in the three measurements did not indicate significant differences (P > 0.01) except for sub-
ject #5. Intra-variability across all SEMG measurements was 31.3+16.6 %. The overall activity in SEMG
and number of visible SMAMs in DWI are given in Table 1. No significant differences in overall SEMG
activity for different magnetic field conditions are detectable by analyzing the three paired measure-
ments with a non-parametric Friedman test (IBM SPSS: mean ranks: 1.38, 2.38, 2.25, Friedman’s
Q =4.750 and P = 0.120). Time points of SEMG activities of each electrode during DWI have not shown
prominent temporal clustering within the repetition interval (given in Supporting Figure S2). SEMG
activities of two subjects (#5 and #8) with highest and lowest overall number of SMAMs in DWI are
depicted in Figure 4a for the three different conditions mentioned above. Clear inter-individual differ-
ences regarding the frequency of SEMG events are obvious, whereas different conditions (with and
without static, gradient, and RF-magnetic fields) did not lead to marked intra-individual changes. A
nearly uniform temporal spread over the entire measurement time of 480 s without any prominent clus-
tering in both subjects is noticeable. The empirical cumulative density functions F(At) of inter-event

time distance At of both subjects are depicted in Figure 4b showing only small intra-individual changes.



In Figure 5, SEMG measurements recorded outside of MR examination room during a period of 100 s
and ECMs of DWI series (200 repetitions) are depicted for subjects #5 and #8 (time series of DWI for
both subjects are illustrated in Supporting Animation S2 and S3). Clear inter-individual differences in
the frequency of activities between the subjects are perceptible in both modalities: Figure 5a shows
37 spontaneous SEMG activities within a time interval of 100 s for subject #5 versus only three activities
for subject #8 in Figure 5b. The ECM of subject #5 in Figure 5¢ shows more than 10 activities per voxel
in 200 image frames with large SMAM-affected regions. In contrast, ECM of subject #8 in 5d has only
small affected regions with few SMAMSs at same location in DWI. From Table 1, it can be seen that
subjects with higher activity in SEMG outside the MR also had a high activity in DWI (ECM maps of
all volunteers are depicted in Supporting Figure S1). Correlation coefficient between both modalities is
p = 0.9718 (SEMG events outside MR room vs. number of visible SMAMs, P < 0.001).

Four TR intervals (2 s) of an SEMG measurement with concurrent DWI are demonstrated in Figure 6.
SEMG signal recorded on Ch. 3 at m. gastrocnemius medialis shows two activities within this time pe-
riod. The raw signal of Ch. 3 is depicted additionally in order to provide temporal relation of electrical
activity to the DWI sequence. Under the assumption that the DWI sequence is no longer able to encode
motion occurring after signal readout, the detection frame for each DWI was set from -175 ms to 325 ms
in relation to the TR interval. This region corresponds to the time between diffusion rephasing gradient
of previous repetition and diffusion rephasing gradient of current repetition and results in a temporal
window of 500 ms. An SEMG activity which was present within repetition no. 118 had a concurrent
visible SMAM in DWI. In contrast, an SEMG activity within repetition no. 115 has not resulted in a
visible SMAM in DWI. It is also shown exemplarily that intermediate DWI repetitions without activity
in SEMG never show SMAM activity in near-surface electrode distance. These findings support follow-
ing interpretation: Some electrical activities seen in SEMG lead to mechanical responses in musculature
taking place during the motion-sensitive period of the DWI sequence, whereas other electrical activities
probably lead to SMAMs invisible in DWI, because their temporal course starts and ends outside the
motion-sensitive frames of DWI. For a more detailed insight over a longer time interval, Supporting
Animation S1 depicts a period of 24 s of concurrent SEMG with DWI of subject #5 for all three elec-

trodes.

The temporal mapping of all SEMG activities from all subjects with (marked in blue) and without
(marked in red) visible SMAM in DWI is given in Figure 7a. In total 60.4 % of all SEMG activities can
be mapped to an according visible SMAM in DWI, hence 39.6 % showed no visible SMAM. Most
SEMG activities occurring directly after motion-sensitizing period don’t lead to visible SMAMs in DWT.
Based on this, the probability that an SEMG activity results in visible SMAM in DWI in relation to the
time point of occurrence is depicted for subjects #1, #5 and all subjects in Figure 7b (probability calcu-
lation was restricted on those two subjects due to the requirement of sufficient amount of data). Tem-

poral distance was determined as time between SEMG activity and onset of diffusion rephasing gradient



(end of motion-sensitive period). With a higher temporal distance than 300-350 ms (respectively 143-
193 ms to onset of diffusion dephasing) the probability that an SEMG activity lead to visible SMAM in
DW1 is markedly reduced.

The relation between amplitude of SEMG activity and distance between SMAMSs in DWI and SEMG
electrode location is depicted in Figure 8. The regions of skin and subcutaneous tissue (in average
6.51 mm over all subjects) as well as the noisy region within £10 puV are separated. It can be seen that
with increasing distance between the SEMG electrode and the boundary of signal void in DWI the meas-
ured maximum voltage at the electrode decreases from up to 120 pV to 10-20 puV; however, also events
with smaller amplitudes were observed with rather low distance to the electrode position.

In Figure 9, the relative share of visible SMAMs in DWI with detectable SEMG activity is illustrated.
Relative counts of SMAMs were determined in assumed circular detection areas around sSEMG elec-
trodes starting from a radius of 10 mm to 100 mm for each subject in Figure 9a, and as average over all
subjects in Figure 9b. Nearly all SMAMSs visible in DWI within a small distance of 10-15 mm to the
SEMG electrodes also showed an electrical activity in SEMG recordings. In a region of 15 mm around
electrode location the relative amount of SMAMs in DWI with concurrent SEMG activities was between
69.7-100 %, with an average accordance of 91.3+10.9 %. A decrease to 36.1+16.7 % was found for

increasing the electrode distance to 30 mm.

Discussion

Electrical activities measured by SEMG of the lower leg in healthy volunteers at rest were found to be
not markedly affected by outer static or variable magnetic fields as present during MRI examinations.
This statement is statistically supported by non-parametric Friedman test and Kolmogorov-Smirnov de-
spite one exceptional subject (#5). However, intra-variability regarding the number of SEMG events of
subject #5 (26.8 %) was smaller compared to the overall intra-variability considering all subjects
(31.3 %). Moreover, longer lasting SEMG measurements from one volunteer have revealed a variability
of about 24 %, thus high intra-variability is to be expected in intra-individual examinations. SMAMs
could be well visualized in all volunteers by signal voids in DWI with relatively low b-values (approx.
100 s/mm?), and those signal voids show a strong correlation to preceding detectable SEMG activities.
Observed signal voids in DWI in a region of 15 mm around SEMG electrodes had related SEMG activ-
ities in 91.3+10.9 % of all cases (total number of SMAMs in this region was 133 in 8 volunteers). If
peripheral nerve stimulation or other MR-induced motion caused additional mechanical activity, an in-
creased activity level would have been measureable with potential temporal clustering at regions of MR
switching (11). Since small mechanical activities of lower leg musculature indicated by signal voids in
DWI are 1% closely related to electrical activities visible by SEMG and 2™ those electrical activities are

not significantly influenced by static or variable magnetic fields, it is supposed that the conditions of
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MR examinations including gradient switching are not causing the phenomenon of SMAMs and related

signal voids in DWI.

Not all electrical activities indicated by sSEMG led to SMAMs visible in DWI. This finding can be at
least partly explained by the temporal sensitivity characteristics of the DWI sequence to motion. In the
applied DWI sequence the incoherent motion-sensitive time between both sensitizing gradients
amounted to 157 ms, whereas the rest of the TR interval of 343 ms was insensitive. Furthermore, only
incoherent motion of muscle fibers which is not completely reversed in-between motion-sensitizing gra-
dients will lead to signal voids in DWI. This limited sensitivity of DWI to muscular activities was re-
flected by the distributions of SEMG activities with and without visibility of SMAMSs in DWI, which
were found to be unbalanced over the repetition interval of DW sequence. Most SEMG activities with a
temporal distance up to 300-350 ms till the end of motion-sensitive period led to visible SMAMs in
DWI, thus the minimal duration of a SMAM should be about 143-193 ms (time to onset of incoherent

motion-sensitive period).

Spatial and temporal relations between matching activities in SEMG and visible SMAMs in DWI were
analyzed: It was found that the voltages of SEMG activities were decreasing for higher distances between
the electrode location on the skin surface and the muscular area with signal void. This finding is in
consensus to an expected decay of electrical signals inside tissue (48). Due to marked attenuation of
electrical signals in tissue SEMG inherently enables only local detection coverage. Regarding this, a
detection range of about 10-35 mm was reported for activities with 40 pV peak-peak amplitude depend-
ing on the number of innervating fibers (48). That implies that electrical signals of SMAMs in deeper
muscle regions, e. g. in m. soleus or m. tibialis posterior, should be more difficult or even impossible to
detect using SEMG equipment. The evaluation of the accordance between visible SMAMs in DWI and
SEMG activities confirms this expected behavior: In deeper muscular areas less SMAMs visible in DWI
have a relation to concurrent measurable SEMG activities. For distances ranging 15-30 mm, the relative
share of SMAMs in DWI with preceding detectable SEMG activity drops from 91.3+10.9 % to
36.1+£16.7 %. Within this spatial region, the fascia between m. soleus and m. gastrochemius medialis
seems to be responsible for an increased electrical attenuation (distance from electrode to fascia for all
subjects in average 27.1+4.7 mm in our measurements). Mechanical muscular activity behind this fascia
was often not paralleled by detectable SEMG signals, and subjects with rather high mechanical activity
in deeper muscle regions (as revealed by ECMs) sometimes showed relatively low activity in SEMG. In
contrast, accordance between both modalities was especially high for small distances up to 15 mm be-
tween SEMG electrodes and visualized mechanical activities: nearly all SMAMs visualized in DWI were
also visible in electrical signal the neighboring SEMG electrode. Nevertheless, a few signal voids in
DWI due to SMAMs did obviously not show preceding detectable SEMG signals. One possible expla-

nation for this finding is that “active” muscle contractions occur in remote regions of the same muscle
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outside of the SEMG detection range. Since muscles and their fibers are relatively long, incoherent mo-
tion can be possibly transferred from the “active” area to other regions along the muscle axis causing
the mentioned phenomenon. It was found in earlier (DWI only) measurements that the extension of
signal voids along the fiber direction is often much larger compared to the perpendicular view (23).

Whether SEMG events are leading to signal voids in DWI or not is mainly depending on the delay from
the electrical event to the onset of the mechanical activity and on the duration of the incoherent motion.
Mechanical activities starting directly after a motion-sensitive interval in DWI are possibly relaxed be-
fore the next motion-sensitive period in the DWI sequence starts, and thus were not visible in DWI. No
reliable data for durations and time courses of spontaneous microscopic muscular activities (SMAMs)
are available, but it is likely that typical principles of electro-mechanical coupling in musculature are
also valid in those cases. It should be mentioned that electromechanical delay is usually measured during
repeated voluntary controlled muscle exercise or by electrical stimulation. However, time courses might
be different between intentional activities with strong parallel electrical stimulation by nerves and spon-

taneous muscle activities with their clearly weaker electrical representation.

The physiological background of SMAM s is still not fully clear. On the one hand, spontaneous minor
membrane depolarization of myocytes have been reported to cause weak continuous fluctuations in the
EMG of healthy subjects at rest, but this phenomenon does not seem to cause mechanical activities. On
the other hand, action potentials of motor neurons are known as common stimulus for the excitation of
larger muscle areas (motor units, comprising hundreds of myocytes in the calf muscles). Fasciculations
are visible but unintentional contractions that occur spontaneously in healthy subjects or subjects af-
fected by movement disorders, motor neuron diseases or system diseases (49). These fasciculations are
caused by repetitive activation by motor units (50) leading to electric potentials in SEMG with a peak-
to-peak amplitude up to 500 pV (51). Due to the near-surface detection radius of SEMG-electrodes and
non-noticeable muscular contractions under the skin of the subjects, the activities are potentially smaller
compared to fasciculations, but larger than single fiber contractions, which are difficult to be detected
by SEMG (52). The impression of spatial extensions of SMAMSs suggests that at least a considerable
number of muscle fibers (possibly many fibers belonging to one motor unit enervated by one motor
neuron) were activated for muscular contraction. It seems that the reported “SMAMSs” are in-between
these two well-known levels of muscular activity, and it is still unknown where SMAMSs originate and

how motor neurons are involved.

It seems likely that temporal and spatial patterns of SMAMSs are influenceable by both, neurogenic and
myopathic diseases. If the hypothesis holds true that spontaneous action potentials in single motor neu-
rons are causing SMAMs, the frequency and distribution of those events possibly reflect spontaneous
depolarization of motor neurons. Thus, detection of SMAMs could be helpful for assessment of early

stages of motor neuron diseases. However, these statements are speculative.
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This study is limited due to the restriction of measurements to a constant b-value, diffusion-sensitizing
time A and repetition time TR. The diffusion-sensitizing time A affects the sensitivity of the DW se-
quence to tissue incoherent motion effects (22) and hence the ability to image SMAMs (53). As reported
in (23), a reduced repetition time increases the chance to image SMAM s at the same location in consec-
utive DWI and hence should affect the overall ability to detect SMAMSs in general, but prolonged repe-
tition time increases SNR (Supporting Animation S4/S5 in contrast to S2/S3). To investigate the overall
influence of each sequence parameter onto the ability of the DWI sequence to image SMAMSs systematic
studies on many SMAM events have to be carried out. Results have to be analyzed statistically due to

the uniqueness of each single event.

This study shows spontaneous microscopic muscle contractions with electrically measureable potentials
without outer nerve stimulation. Fusion of SEMG and DWI enables estimation of the temporal delay
between onset of SEMG activities and resulting incoherent motion without electrical stimulation.

It should be noted that an electromyogram is known to show nearly lacking electrical activity of skeletal
muscle at rest. Only spontaneous electrical discharges have been reported to result in small electrical
signals in SEMG of the healthy human musculature. The nature of the spontaneous local incoherent
motions is still not totally clarified. However, this report shows that there are clear spatial and temporal
correlations between small electrical potentials measurable by SEMG and microscopic incoherent mus-
cular motion measurable by DWI.

Conclusion

The study shows that most spontaneous activities of human musculature in the lower leg, especially in
superficial areas, are detectable by both diffusion-weighted MRI and surface EMG. Both techniques can
be applied simultaneously enabling a good coverage of electrical and mechanical activities, including
their spatial and temporal relations. In our setup, it was shown that the MR system itself had no signifi-
cant influence on the occurrence of spontaneous activities in SEMG. According to this and the overall
strong correlation between SEMG and visible SMAMs, no influence of MR-related circumstances on
the spontaneous electrical and mechanical activity is to be expected. Due to the fact that recorded
SMAM s are not related to MR imaging artifacts and showing a tight correlation to electrophysiological
processes, the topic of SMAMs should not be considered as MR imaging artifact but rather as new

interesting opportunity to assess resting muscle activity non-invasively.
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Tables

Table 1: Number of spontaneous activities in each measurement for all three different environmental

conditions and both modalities: 1st) outside MR room, 2nd) inside MR bore with static magnetic field
and 3rd) under imaging conditions. Non-parametric Friedman test shows no significant differences
(IBM SPSS: mean ranks: 1.38, 2.38, 2.25, Friedman’s Q = 4.750 and P = 0.120). Number of SMAMs
in DWI for all volunteers shows strong correlation to activities in SEMG outside MR room (p = 0.9718,

P < 0.001).
Subject #1 #2 #3 #4 #5 #6 #7 #8
Number of SEMG events (outside MR room) 112 5 28 29 160 6 37 12
Number of SEMG events (inside MR bore) 144 11 42 53 176 28 47 11
Number of SEMG events (imaging condition) 176 15 34 55 259 18 30 9
Number of visible SMAM in DWI 297 37 127 168 466 56 83 20
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List of Captions

Figure 1: Four DWI recorded at the right calf of two different subjects. DWI in b) and d) show distinct

signal voids in m. soleus and m. gastrocnemius medialis in contrast to DWI in a) and c).

Figure 2: MR sequence scheme and SEMG signal. a) Diffusion-weighted stimulated echo MR sequence
with diffusion-sensitizing time A = 157 ms. Within the diffusion-sensitizing time, the sequence is sen-
sitive to incoherent motion. b) Period of 25 s SEMG measurement recorded on the m. gastrocnemius

medialis at rest showing clear spontaneous activities.

Figure 3: Elimination of SEMG signal distortions in a period of 500 ms (one repetition interval) con-
current SEMG and DWI measurement. a) Raw SEMG signal with gross MR switching artifacts. b) MR
gradient corrected SEMG signal shows slow moving artifacts with rather small artifact residuals. c)
SEMG signal after band pass-filtering (region of £10 uV highlighted in gray). A spontaneous SEMG

activity is perceptible in b) and ¢) (marked with an asterisk).

Figure 4: Temporal distributions of spontaneous SEMG activities under varying magnetic field condi-
tions. a) Time points of SEMG activities for subject #5 and #8 on the overall measurement time. b)

Empirical cumulative density functions F(At) of inter-event time distance At for same subjects.

Figure 5: Period of 100 s surface EMG (SEMG) measurement recorded outside the MR room for subject
#5 in a) and subject #8 in b). Distinct differences are perceptible regarding number of spontaneous
SEMG activities. ECM of both volunteers for a DWI series of 200 repetitions in c) and d) shows same

trend (exemplary SEMG events are highlighted for each channel).

Figure 6: SEMG signal recorded at electrode Ch. 3 during four TR intervals (2 s) with concurrent DW
images (repetition 115-118). Artifact corrected SEMG signal at Ch. 3 is depicted at top with two spon-
taneous SEMG activities. Raw signal is given at the bottom. Red box indicates the detection frame
(-175 ms to 325 ms) for one DW!I acquisition. Two sEMG activities are perceptible; however, only one
SMAM in DWI is visible.

Figure 7: Temporal distribution of SEMG activities for all subjects during the whole measurement time
mapped on repetition interval (TR = 500 ms) of DWI sequence in a). All time points of SEMG activities
with SMAM in DWI are marked in blue, and without SMAM in DWI in red. Most SEMG activities
occurring directly after motion-sensitizing period don’t lead to visible SMAMs in DWI. b) Probability
of SEMG to result in a visible SMAM in DWI in relation to the time between sEMG activity and end of
motion-sensitizing period (onset of diffusion rephasing gradient). Courses are depicted for subjects #1

and #5. Solid line represents probability for all subjects.

Figure 8: SEMG amplitude of spontaneous activity over the distance (measured in imaging plane) be-

tween SMAM in concurrent DWI and SEMG electrode location. Event-free regions are indicated as skin
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with subcutaneous tissue and amplitude range of 10 pV, which was excluded from evaluation. Reduced
potentials of SMAMSs measured by SEMG occur for increased distance between SMAM and electrode
position.

Figure 9: Relative amount of SMAMSs in DWI, which are showing activities in concurrent SEMG meas-
urements. Due to limited measurable detection range of each SEMG electrode (due to signal attenuation),
the assumed detection range is increased in steps of 5 mm for all volunteers in a) and in average b). The

diagrams show a decrease of SMAMSs in accordance with increasing of the SMAM to electrode distance.

Supporting Animation S1: SEMG measurement during a period of 24 s with concurrent DWI. All three
artifact corrected electrodes with an assumed detection radius of 25 mm (circle in DWI) are depicted.
Bottom signal equals raw data signal. Change in circle color indicates SEMG activity of the correspond-
ing electrode (temporal shift between detection frame and DWI sequence (-125-375 ms) has to be con-
sidered).

Supporting Animation S2: DWI time series of subject #5 during a period of 24 s. Distinct signal voids
are visible in several image frames and different muscle regions, (mainly in m. soleus and m. gas-

trocnemius medialis). Note that signal voids often show high distance to pulsation sources like vessels.

Supporting Animation S3: DWI time series of subject #8 during a period of 24 s. In contrast to subject

#5, rather rare spontaneous activities are recordable.

Supporting Animation S4: DWI time series of an older experiment with longer repetition time

(TR = 1000 ms) showing clear signal voids in several muscle regions.

Supporting Animation S5: DWI time series of an older experiment with longer repetition time
(TR = 1000 ms) of a subject, which shows rather less spontaneous activities in contrast to Supporting

Animation S4.

Supporting Figure S1: SMAM activity maps and SEMG electrode placement. Summed SMAM activ-
ities over the whole DWI series (event count map — ECM) for all volunteers showing clear inter-indi-

vidual differences regarding active muscle region and number of overall occurrences.

Supporting Figure S2: Time points of SEMG activities within repetition interval of DWI sequence for

all subjects.

20



21



Figure 2

A !\

0 < A= 157 ms > 500 ms
diffusion-sensitizing time A

SPAIR

a)

VsemalHV]

A

25 is

25 s

b) -251



Figure 3

excitation + diff. rephasing
diff. dephasing + +
VsemalHV] ;ip-u& sig&al rea?dout
2500 ™
>
i I !
0o i M ‘\ 500 >t [ms]
> - —»
SPAIR diffusion-sensitizing time
MR Gradient Correction
VsemalHV]

>

500 [ms]

VsemalHV]

23



#8

Figure 4

+ with DWI
oinside MR bore
x outside MR room

P " + 4+ + +
00 o o ® o o °
x x x X . % *

PERDICHICNACHICORONK X XK HOROBAK XK }XIMECKOC MO SHBEOBIROC ORI X

|
L 500 400
t[s]

------------------ with DWI
----- inside MR bore

outside MR room

70 140




Figure 5

Ch. 1 S ———————
h. 2 st —@-——-—-—»}-—-—-—-
a) b)
) d)

>10

25



Figure 6

TR interval

detection frame

A it o A A A s A A

26



Figure 7

diffusion-sensitizing time A

< >

t [ms] H

. EMG event with SMAM in DWI
. EMG event without SMAM in DWI




probability [%]

Figure 8

100 o

0 100 200 300 400 500

detection frame [ms]

28



Figure 9

o
N
[ —
1
i
1
|}
1
1
i
1
X
i o
N X 2
1
X X
Y
o X
1
1
x|
[ o
! [¢3]
1
1
x
X X x |
XX |
“ s
X _m
* x“ﬂ o
x ) O | ©
vwmxx *
%15
xx X =
x i
¥
x  Xx !
x
x <
x
x
xx %
x
x
x X
x x X X x 3¢ 348
x X N X
x x X XX
x x *vmm
X X X X X XK o
x X g 3% oo
............................. £ S SIS o S 0
9NSSI3 SnoaueINdgns + up|s

o o o o o o
4 2 O 8 6 4
1 1

[Af] spnydwe yusns oIS

29

distance to sEMG electrode [mm]



a)

100

50

[%]

Figure 10

#1 #2 #3 #4 #5 #6 #7 #8
100
50
i
0 50 100
[mm]

HW10 mm
BW15 mm
E20 mm
125 mm
B30 mm
W35 mm
EH40 mm
1100 mm

30



Supporting Figure 1
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