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HIGHLIGHTS

« Aligned, automated outputs from muscle ultrasound and surface electromyography improved characterisation of fasciculations.
« The latency between electrical and mechanical peaks was prolonged in amyotrophic lateral sclerosis.
« Such insight into impaired excitation-contraction coupling could be translated into a novel biomarker of disease.

ARTICLE INFO ABSTRACT
Article history: Objective: In amyotrophic lateral sclerosis (ALS), motor neurons become hyperexcitable and sponta-
Accepted 7 November 2022 neously discharge electrical impulses causing fasciculations. These can be detected by two noninvasive

Available online 17 November 2022 methods: high-density surface electromyography (HDSEMG) and muscle ultrasonography (MUS). We

combined these methods simultaneously to explore the electromechanical properties of fasciculations,
’ . seeking a novel biomarker of disease.

Fasciculation Methods: Twelve ALS patients and thirteen healthy participants each provided up to 24 minutes of
surface EMG . . . .. . L1
ALS recordings from the right biceps brachii (BB) and gastrocnemius medialis (GM). Two automated algo-
Neuronal hyperexcitability rithms (Surface Potential Quantification Engine and a Gaussian mixture model) were applied to
Ultrasound HDSEMG and MUS data to identify correlated electromechanical fasciculation events.

Results: We identified 4,197 correlated electromechanical fasciculation events. HDSEMG reliably
detected electromechanical events up to 30 mm below the skin surface with an inverse correlation
between amplitude and depth in ALS muscles. Compared to Healthy-GM muscles (mean = 79.8 ms), elec-
tromechanical latency was prolonged in ALS-GM (mean = 108.8 ms; p = 0.0458) and ALS-BB (mean = 112.
0 ms; p = 0.0128) muscles. Electromechanical latency did not correlate with disease duration, symptom
burden, sum muscle power score or fasciculation frequency.

Conclusions: Prolonged fasciculation electromechanical latency indicates impairment of the excitation-
contraction coupling mechanism, warranting further exploration as a potential novel biomarker of dis-
ease in ALS.
Significance: This study points to an electromechanical defect within the muscles of ALS patients.

© 2022 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. Introduction
Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS-R, ALS functional
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high-density surface electromyography; LMN, lower motor neuron; MUS, muscle . . .
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modifying drug (riluzole) is licensed for use in Europe, offering
only modest survival benefit (Petrov et al.,, 2017). There remains
an urgent need for validated biomarkers to diagnose, stratify and
monitor patients entering clinical trials, as the quest for effective
therapies continues (Benatar et al., 2016).

Fasciculations are involuntary muscle twitches, resulting from
spontaneous neuronal excitation of individual motor units (Mills,
2005). In ALS, fasciculations are an early harbinger of dysfunction
as their onset typically precedes other symptoms by many months
(Bashford et al., 2020c, de Carvalho et al., 2017). Two noninvasive
methods have been independently employed to characterise fasci-
culations: high-density surface electromyography (HDSEMG) and
muscle ultrasonography (MUS) (Bashford et al., 2020a, Harding
et al., 2016).

HDSEMG records the summed electrical component of a fascic-
ulation (termed fasciculation potential), brought about by muscle
cell membrane depolarisation and repolarisation (Drost et al.,
2007). The multi-channel configuration of HDSEMG enables fasci-
culations to be detected from a larger volume of muscle using
the noise-responsive algorithm, Surface Potential Quantification
Engine (SPiQE) (Bashford et al., 2019). Although this automated
system identifies fasciculations with high specificity and sensitiv-
ity, it is unclear whether this surface approach is representative
of the whole muscle, as the maximum depth for fasciculation
detection is unknown.

MUS detects the mechanical component of a fasciculation (re-
ferred to as a fasciculation event where necessary) resulting from
muscle fibre contraction (Bibbings et al., 2019). MUS has a high
spatial resolution, capable of detecting movements as small as
5 pum (Loram et al., 2006). With regards to the diagnostic power
of ultrasound-detected fasciculations in ALS, studies suggest a high
sensitivity (92-96 %) and specificity (84-100 %) (Tsuji et al., 2018,
Arts et al., 2012). Fasciculation detection can be quantitatively
enhanced using a computational Gaussian mixture model
(GMM)-based analysis approach (Bibbings et al., 2019). Moreover,
recent findings suggest that ultrasound is capable of identifying
movement in both the superficial and deep layers of muscle, con-
siderably broadening the detection area surface electromyography
techniques are considered to provide (Duarte et al., 2020).

In this study, we combine these two noninvasive modalities to
provide unique insight into the electromechanical properties of
fasciculations, anticipating that the advantages of each technique
will resolve important unknowns related to the other. Relation-
ships between depth, electrical amplitude and twitch size can be
explored for the first time in this context. Uniquely, this approach
produces a novel parameter that is intrinsically reliant on both
modalities, specifically the time between electrical and mechanical
peaks (electromechanical latency). As a direct correlate of the
intramuscular excitation—contraction coupling process, this pro-
vides new insight into the pathophysiology of ALS as well as being
a potential source for novel biomarker development in ALS.

2. Methods
2.1. Participants

Twelve patients, who had been diagnosed with probable or def-
inite ALS using the revised El Escorial criteria (Brooks et al., 2000),
were recruited from the King’s College Hospital Motor Nerve Clinic
from June 2019 to October 2019. Thirteen healthy controls were
also recruited from June 2019 to December 2019 from the general
population through the Manchester Metropolitan University.

Prior to the commencement of the study, we collected height,
weight and age from all participants. The healthy participants
undertook the RAND 36-Item Health Survey 1.0 Questionnaire
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(Hays et al., 1993) and the American College of Sports Medicine
(ACSM) Risk Stratification Screening Questionnaire (Riebe et al.,
2015). Participants were excluded from the analysis if their scores
did not fall in the normal distributions for quality of life or there
were significant health exclusion criteria. Healthy participants
were not examined clinically. ALS participants completed the
revised ALS functional rating scale (ALSFRS-R), underwent a neuro-
logical examination, and had a Medical Research Council (MRC)
sum power score assessment (Cedarbaum et al., 1999, Dyck
et al., 2005). Unfortunately, we only recorded regional MRC sum
scores (/30 for upper limbs or lower limbs) and the total MRC
sum score (/60). Although individual muscle power scores were
necessarily obtained to produce these summed scores, these data
were not stored individually and therefore are not available to
report.

2.2. Ethical approval and consent

Ethical approval was obtained from both the local ethics com-
mittees at Manchester Metropolitan University and King’s College
Hospital, and the National Research Ethics Service Committee
(Ref: 19/YH/0164). All participants provided informed and written
consent to take part in the study.

2.3. Data acquisition

MUS and HDSEMG recordings were collected from two muscles,
biceps brachii (BB) and gastrocnemius medialis (GM). The right
side was chosen for investigation in both the ALS patients and
healthy controls. The participants were lying relaxed on the exam-
ination couch with the arms slightly flexed and pronated and the
legs slightly flexed with a slight external rotation at the hip, with
the aim of making the muscles and patients as relaxed as possible.
Firstly, ultrasound image sequences (depth range of 50 mm) were
viewed using a linear probe (7 MHz, 59 mm long, LogicScan 128,
Telemed lItd, Vilnius, Lithuania) and acoustic gel to establish the
borders of the investigated muscles. The skin was then shaved if
required, lightly scrubbed with a mildly abrasive gel and 70 % alco-
hol wipes to remove dry skin cells and skin oils to enable good
electrical contact. The HDSEMG sensors were then placed on the
belly of the investigated muscles and a continuous 30-minute
recording was taken per muscle. Each sensor had 64 circular elec-
trodes (8 x 8 grid; electrode diameter 4.5 mm; inter-electrode dis-
tance 8.5 mm; TMS International BV, The Netherlands). Reference
electrodes (30 x 50 mm) were placed over the ipsilateral olecranon
(biceps) and the patella of the knee (gastrocnemius). EMG signals
were amplified by the Refa-64 EMG Recording System (TMS Inter-
national BV, The Netherlands). From each channel the difference
between the average signal of all the recording electrodes and
the reference electrode was subtracted.

The BB muscle was assessed first, followed by GM. First, the
MUS probe was manually held in place by the same operator
(CC) just proximal to the HDSEMG sensor, while six 60 s MUS
recordings were collected (at ~ 82 frames per second; each record-
ing separated by at least 30 s). The onsets of the MUS recordings
were temporally linked to the HDSEMG trace by a rising edge of
trigger output from the ultrasound device. Second, the MUS probe
was moved to a position that was either lateral (for BB) or medial
(for GM) to the HDSEMG sensor. A second set of six 60 s MUS
recordings were then taken. As such, a total of 24 MUS recordings
(12 for BB, 12 for GM), each lasting a minute, were collected per
patient. During the recordings, participants were asked to remain
as still and as relaxed as possible. Care was taken so that the
MUS probe did not touch the HDSEMG sensor. Effort was made
to ensure the transducer was parallel to the muscle fibres in longi-
tudinal planes and perpendicular to the muscle in transverse sec-
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tion, which was judged by the operator viewing the images as
transducer location was established. If any excessive noise in the
HDSEMG signals or any operator/participant movement was
detected in the ultrasound images, that trial was discarded and
repeated.

2.4. Data processing

2.4.1. HDSEMG

The signal was recorded with a sampling frequency of 2048 Hz,
and both a bandpass filter (20-500 Hz) and a notch filter (50 Hz)
were applied. A 64-channel sensor was used, but the electrodes
on the borders (28 electrodes) were routinely excluded from anal-
ysis due to relatively poor skin contact on the periphery. Moreover,
any additional faulty or compromised channels either due to poor
skin contact, excessive noise, baseline drift or unexplained arte-
facts were excluded from analysis using specifically designed
scripts (Bashford et al., 2019). Computation was performed in
MATLAB (R2021a). We utilised an automated noise-responsive
algorithm for identifying fasciculation potentials from raw
HDSEMG data with a high classification accuracy, named Surface
Potential Quantification Engine (SPiQE) and previously reported
in detail (Bashford et al., 2019, Bashford et al., 2020b). In summary,
it involves a spike detection mechanism based on a probabilistic
analysis of spikes in relation to baseline noise and distinguishes
between fasciculation potentials and voluntary movement. SPiQE
thus allows for standardised comparisons between recordings
taken from different patients, at different times and from different
muscles. As such, fasciculation potential information such as firing
time, amplitude and the channel producing the greatest amplitude
were recorded.

2.4.2. Muscle ultrasound (MUS)

MUS analysis was performed in MATLAB (R2021a) using the
Image Processing toolbox. To maintain objectivity of data analysis
we utilised a recently proposed application of foreground detection
using Gaussian mixture models (GMM), which achieved high
agreement with intramuscular EMG in detecting fasciculations
(82-85 % accuracy for BB and 84-90 % accuracy for MG across
healthy and ALS diagnosed participants) (Bibbings et al., 2019).
In summary, this approach considers fasciculation events as loca-
lised muscle tissue displacements (Pillen et al., 2008, Walker
et al., 1990), resulting from electromechanical coupling. The tissue
displacements are represented in image sequences as transient
changes in greyscale intensity of a group of pixels localised to
the region of disturbed tissue. A Gaussian mixture model is there-
fore constructed (based on first 500 images of a trial) and used to
classify pixels as either being part of a fasciculation event, or part
of the background (remaining, undisturbed tissue)
(KaewTraKulPong and Bowden, 2001). For the analysis applied
here, the minimum image area that should be identified as back-
ground (background ratio) was set to 90 % (healthy controls) and
80 % (ALS patients). The GMM analysis outputs a value for each
image in a sequence, which is 0 in images where no fasciculation
event occurred and > 0 when a fasciculation event did occur. The
number and location of pixel groups identified as being part of a
fasciculation event can also be extracted using this technique, pro-
viding a measure of the mean distance of the fasciculation event
from the surface and hence representing fasciculation depth
(Botter et al., 2021).

If there are clusters of foreground pixels in the image, they are
grouped together to form a foreground object. Namely, this is
when a local displacement occurred in the image, which we under-
stand to be a MUS fasciculation event. Here, the minimum image
area for pixel clusters to be classified as a fasciculation event was
20 % (healthy controls) and 10 % (ALS patients). Moreover, the mix-
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ture model for each pixel also updates when the other images are
analysed. Therefore, if an intensity with a specific Gaussian model
starts occurring more frequently, it becomes more highly weighted
and hence describes the background. This means that the model
adapts and that regular events such as blood vessel pulsation,
breathing patterns and probe motions are considered as back-
ground. The learning rate of this adaptation was 0.05 (healthy con-
trols) and 0.5 (ALS patients). All GMM parameter settings were
established based on a priori optimisation conducted separately
for ALS patient and healthy control data.

2.4.3. MUS-HDSEMG integration

The ultrasound device does not record images with a constant
interval between frames, however the exact times of the frames
are recorded (Miguez et al., 2017). Due to our probe’s sampling rate
of approximately 82 frames per second, our temporal resolution is
in the region of 10-15 ms. Conversely, the duration of the whole
twitch contraction averages 500 ms in duration (Walker et al.,
1990).

HDSEMG fasciculation potentials were temporally aligned to
MUS fasciculation events as shown in Fig. 1. A correlated elec-
tromechanical fasciculation event was identified when a MUS-
detected mechanical peak (highest pixel number) occurred within
a 500 ms window after the HDSEMG-detected peak amplitude
(Walker et al., 1990). These correlated electromechanical fascicula-
tion events were manually identified by two authors (DP and NM).
Only recordings that were appropriately correlated and had both
clear ultrasound and electrical data were included in the final anal-
ysis. Any recordings that were either lacking electrical data due to
excessive noise or had poor correlation due to failure of trigger
cable capturing were excluded.

Due to the mismatch between sampling rates for HDSEMG
(2048 Hz) and MUS (82 Hz), we tested whether this discrepancy
had any effect on the location of detected peaks. As a reduced sam-
pling rate misses some shorter duration events, this may bias the
electromechanical latency outputs between the ALS and HP groups
(ALS fasciculation potentials are known to be longer due to rein-
nervated motor units). Fasciculation potentials from correlated
electromechanical fasciculation events were rectified and down-
sampled with a random start-point to 82 Hz, thereby resembling
the output from MUS. The latency between the original fascicula-
tion potential peak (at 2048 Hz) and the down-sampled fascicula-
tion potential peak was computed. A significant deviation from
zero would represent a sampling rate mismatch artefact.

2.5. Statistical analysis

Statistical analysis was performed in Prism V7.0a or R (V3.6.3).
The statistical significance was set at p < 0.05. The Mann-Whitney
test was used to identify any difference between group ages.
Where there was pseudoreplication in the dataset, linear mixed-
effect regression was employed in R using the Ime4 package. For
all dependent variables (depVar) tested (e.g. latency, amplitude),
the following template formula (in R notation) was used, where
muscleGroup was the fixed effect and participant the random effect:

Imer(depVar ~ 1 + muscleGroup

+ (muscleGroup|participant), data)

QQplots were obtained to ensure sufficient adherence to the
assumption of normal residuals in the model. In doing so, latency
and depth were transformed by finding the square root values,
whereas amplitude and pixel number were transformed by taking
the log,¢ values. The model outputs a mean for the transformed
variable, so although the principal dataset is not normally dis-
tributed, detransformed mean values are quoted in the results. In
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Fig. 1. Data alignment process. a) Positioning of the HDSEMG sensor and MUS probe on the leg overlying gastrocnemius medialis; b) MUS raw data; c) A Gaussian mixture
model construction classified pixels as MUS fasciculation events, which are represented with blue deviations; d) Raw HDSEMG data was analysed using an automated noise-
responsive spike detection mechanism (SPiQE). It distinguished between sub-threshold spikes (red) and fasciculation potentials (green). e) A zoomed in and combined section
of the recording looking at the electrical (green) and mechanical (blue) components of a correlated electromechanical fasciculation event. HDSEMG = high-density surface
electromyography; MUS = muscle ultrasound; SPiQE = surface potential quantification engine.

order to compute a p-value, a comparison model was run omitting
the fixed effect muscleGroup. An analysis of variance (ANOVA) was
then performed comparing the addition of the fixed effect, which
produced a p-value according to the Chi-squared test. For multiple
comparison testing, the glht function (“Generalised linear hypothe-
ses”), which is part of the multcomp package (v1.4-10), was
employed. Outputs from these models are reported as mean [95 %
confidence interval].

For identifying relationships between parameters (e.g. depth vs
amplitude), a common slope across all participants was calculated
using the rmcorr package (“Repeated measures correlation”). Logo
transformations were required for the dependent variables in each
comparison (amplitude or pixel number). Comparisons between
electromechanical latency and clinical measures were performed
by simple linear regression analysis.

3. Results
3.1. Participants

All 13 healthy controls and 12 ALS patients were included in the
analysis. We analysed just over 558 minutes of aligned data. For
the healthy controls, the average age was 54 (40.5-64.5) years
(median [interquartile range]), height 174.5 (168-182.25) cm,
weight 75 (67-88) kg, with a female to male ratio = 5:8. The RAND
36 Item Health Survey 1.0 Questionnaire revealed that their phys-
ical functioning mean score was 100 (95-100) (reference mean
values for healthy participants are 70.6 + 27.4) and their general
health score was 85 (75-95) (reference mean values for healthy
participants are 57.0 + 21.1); this warranted their inclusion as
healthy controls. Moreover, patients reported poor eyesight,
bone/joint problems, high blood pressure, and high cholesterol as
comorbid medical conditions, which were not considered con-
traindications for participation in this study.

ALS patient characteristics are included in Table 1. The ages of
the participants did not differ between ALS and healthy cohorts
(p = 0.34).
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3.2. Fasciculation electromechanical latency

Median fasciculation frequencies were 25.0 per minute for the
ALS-BB group, 35.0 per minute for the ALS-GM group, 6.7 per min-
ute for the HC-BB group and 19.9 per minute for the HC-MG group.
A total of 4,197 correlated electromechanical fasciculation events
were identified (2,520 in ALS-GM; 1,489 in ALS-BB; 185 in
Healthy-GM; 3 in Healthy-BB; Fig. 2). Due to the lack of correlated
events detected, the Healthy-BB group was excluded from the sta-
tistical analysis. Compared to the Healthy-GM group (79.8 ms
[60.3-100.7]; mean [95 % confidence interval]), fasciculation elec-
tromechanical latency was significantly prolonged in the ALS-BB
group (112.0 ms [93.3-131.5], p = 0.0128) and the ALS-GM group
(108.8 ms [78.0-142.2], p = 0.0458). There was no difference in fas-
ciculation electromechanical latency between the two ALS muscle
groups.

There was a negligible impact of down-sampling all correlated
fasciculation potentials to 82 Hz (mean error for HP group = -1.0
0 ms [Cl: —1.79 - —0.21 ms]; mean error for ALS group = 0.69 ms
[CI: 0.49 - 0.88 ms]; see Supplementary Fig. 1), therefore the pro-
longed electromechanical latency observed was only minimally
influenced by the mismatch in sampling rates between the two
modalities.

3.3. Fasciculation depth, amplitude, size, and duration

Compared to the Healthy-GM group (15.0 mm [12.1-18.0];
mean [95 % confidence interval]; Fig. 3), fasciculation event
depth was significantly greater in the ALS-BB group (19.2 mm
[16.2-22.4], p = 0.0182) and the ALS-GM group (19.2 mm
[16.8-21.7], p < 0.0001). There were no significant differences
between any of the muscle groups for the amplitude or size of
fasciculation events.

Compared to the Healthy-GM group (9 ms [7-10]; median [in-
terquartile range]), fasciculation potential duration was signifi-
cantly greater in the ALS-BB group (19 ms [14-28], p < 0.0001)
but not significantly different to the ALS-GM group (9 ms [7-11],
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Patient characteristics. MRC = Medical Research Council; ALSFRS-R = Revised amyotrophic lateral sclerosis functional rating scale; IQR = Interquartile range. All muscle powers

were assessed by the same clinician (DP).

Patient number Age (years) Height Weight Duration since MRC sum ALSFRS-R Gender Site of symptom
(cm) (kg) symptom power score (/48) onset
onset (months) score (/60)
1 59 173 80 26 43 44 M Right arm
2 52 174 70 48 51 39 M Right leg
3 67 177 65 50 58 42 M Bulbar
4 72 175 60 71 42 141 M Right arm
5 55 180 64 16 57 43 M Right leg
6 63 164 75 45 42 33 F Left arm
7 66 176 100 56 51 44 M Left arm
8 51 170 95 24 6 29 F Left leg
9 49 185 95 16 43 31 M Left leg
10 48 173 75 30 56 47 M Right arm
11 34 183 81 18 36 25 M Right arm
12 64 164 76 9 60 46 F Bulbar
Median (IQR) 57 (50-65)  174.5 (171.5-178.5)  75.5 (67.5-88) 28 (17-49) 47 (42-56.5) 415 (32-44) Female to /
male ratio = 3:9
ALS Health - .
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Fig. 2. Electromechanical latency. a) Number of correlated electromechanical fasciculation events detected per subject; electromechanical latency from biceps brachii (b)
and gastrocnemius medialis (d) in ALS subjects; electromechanical latency from gastrocnemius medialis in healthy subjects (c). For b-d, boxes display median and inter-
quartile range (IQR), and whiskers extend 1.5xIQR beyond the 1st and 3rd quartiles; outliers are identified individually. Significant group differences from linear mixed-effect
regression model: #ALS-BB (mean = 112.0 ms) vs Healthy-GM (mean = 79.8 ms), p = 0.0128; *ALS-GM (mean = 108.8 ms) vs Healthy-GM (mean = 79.8 ms), p = 0.0458.

ALS = amyotrophic lateral sclerosis; BB = biceps brachii; GM - gastrocnemius medialis.

p = 0.749). Median fasciculation potential duration did not corre-
late with fasciculation frequency for any of the groups (ALS-BB
group: 1° = 0.24, p = 0.12; ALS-GM group: r? = 0.01, p = 0.82; HP-
GM group: r? = 0.16, p = 0.23).

The relationships between fasciculation potential amplitude,
fasciculation event depth and fasciculation event size (reported
as pixel number on MUS) according to muscle group can be found
in Fig. 4 and Table 2.

75

3.4. MUS probe orientation

The longitudinal probe orientation detected a more uniform
distribution of correlated electromechanical fasciculation events
in relation to displacement from the probe (Fig. 5). In contrast,
for the transverse probe position in the GM muscle, electrome-
chanical events were disproportionately detected from the closest
row of the HDSEMG grid. For the transverse position in the BB
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Fig. 3. Histogram of fasciculation depth from skin surface. Significant group differences from linear mixed-effect regression model: #ALS-BB (mean = 19.2 mm) vs
Healthy-GM (mean = 15.0 mm), p = 0.0182; *ALS-GM (mean = 19.2 mm) vs Healthy-GM (mean = 15.0 mm), p < 0.0001. ALS = amyotrophic lateral sclerosis; BB = biceps

brachii; GM = gastrocnemius medialis.

muscle, an interesting pattern was observed, whereby electrome-
chanical events from row five on the HDSEMG grid were conspic-
uously lacking, consistent with the location of the innervation
zone of the muscle.

3.5. Clinical markers of disease

Amongst the 12 ALS patients, fasciculation electromechanical
latency did not show any significant correlations with months
since symptom onset, ALSFRS-R, MRC sum score or fasciculation
frequency/amplitude dispersion (Fig. 6).

4. Discussion

Through the complementary detection of the electrical and
mechanical components of fasciculations, this study demonstrates
a prolonged electromechanical latency in ALS muscles compared to
healthy muscles. This directly indicates an impairment of the exci-
tation-contraction coupling mechanism within ALS muscles and
may contribute to the prominent muscle weakness and fatigue
experienced by patients. The fact that fasciculation electromechan-
ical latency did not correlate with disease duration, symptom bur-
den or sum muscle power in this small, cross-sectional cohort
should not discourage further evaluation as a potential biomarker
of disease, particularly as part of a serial study design.

The excitation-contraction coupling mechanism in skeletal
muscles involves a complex sequence of events, namely: 1) Depo-
larisation of the neuronal membrane at the neuromuscular junc-
tion followed by acetylcholine release from the motor neuron
terminal; 2) Sodium ion influx across the muscle membrane caus-
ing depolarisation and propagation of an action potential into the
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muscular T-tubule system; 3) Sequential activation of the dihy-
dropyridine CaV1.1 receptors and ryanodine receptors in the sar-
coplasmic reticulum, and 4) Calcium release from the
sarcoplasmic reticulum that initiates actin-myosin crosslinking
and contraction, followed by calcium sequestration and muscle
relaxation (Calderon et al., 2014). Although we observed a delay
between the electrical peak (step 2 of the above sequence) and
the mechanical zenith (step 4) in ALS muscles (see Supplementary
Video), our methodology is not capable of localising and character-
ising the causative impediment(s) in the process. Interestingly,
while one study in an ALS mouse model (G93A-SOD1) showed
reduced depolarisation-induced Ca?* release from the sarcoplasmic
reticulum attributable to dysfunction of the CaV1.1 channel
(Beqollari et al., 2016), another study revealed no deficiencies in
electrically evoked calcium transients (Chin et al., 2014). Therefore,
although the mechanisms for our observations are unclear, the
delay in contraction must point to defective propagation within
skeletal muscle. Additional strategies to elucidate the underlying
mechanism for prolonged EML in human subjects include assess-
ing the impact of pharmacological intervention (e.g. with the fast
skeletal muscle troponin activators tirasemtiv/reldesemtiv or the
muscle sodium channel antagonist mexiletine) and evaluating
the influence of motor unit twitch speed by calculating muscle
fibre conduction velocity.

The influence of the neuromuscular junction on electromechan-
ical latency remains uncertain. Increased jitter as a result of neuro-
muscular junction dysfunction leads to fasciculation potentials
with greater variability in morphology (both amplitude and dura-
tion), but due to the relative insensitivity of surface electrodes to
detect the activity of individual muscle fibres (contrast this with
single-fiber needle EMG) this variability would be subtle. For jitter
analysis, it is essential to record multiple muscle fibre action
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potentials from the same motor unit, either by voluntary contrac-
tion or electrical stimulation of the nerve; neither of these were
performed in this study. We do not routinely perform repetitive
nerve stimulation or single-fibre EMG in our ALS patients, there-
fore this information is not available retrospectively for this cohort.
This requires specific attention in future studies.

We found that the surface electrodes were capable of reliably
identifying fasciculation potentials as deep as 3 cm. Given a surface
area for the high-density surface grids of approximately 46 cm?,
this implies a volume of detection approaching 138 cm?. This paper
circumvents the issues of voluntary activity in tackling the issue of
depth detection of HDSEMG as it relies on spontaneous neuromus-
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cular events. This is novel and highlights the significant spatial
accuracy not yet encountered in the literature. This is especially
important, considering the correlated electromechanical fascicula-
tion events in this study were detected further from the skin sur-
face in ALS muscles than in healthy gastrocnemius muscles.
Assuming an average skeletal muscle fibre cross-sectional diame-
ter of 50 pum and a muscle fibre:motor unit ratio of approximately
2000 in gastrocnemius (Feinstein et al., 1955), the high-density
surface grids could theoretically detect activity in up to 520 motor
units, whereas needle EMG was estimated to record activity from
5-40 motor units (Mills, 2010, Daube and Rubin, 2009). Thus,
HDSEMG offers a major increase in sample size over needle EMG
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Table 2
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Relationships between fasciculation potential amplitude and fasciculation event depth and size (pixel number) according to muscle group. HDSEMG = high-density surface
electromyography; ALS = amyotrophic lateral sclerosis; BB = biceps brachii; GM = gastrocnemius medialis; r = correlation coefficient.

Muscle group

% change as fasciculation event depth increased by

% change as fasciculation event pixel number increased by 10

10 mm

HDSEMG amplitude Pixel number HDSEMG amplitude
ALS-BB —-26% —-245% +7.1%

(r = -0.06; p = 0.0279) (r=-0.3; p < 0.0001) (r=0.1; p = 0.0004)
ALS-GM -59% -252% +0.7 %

(r=-0.1; p < 0.0001) (r=-0.3; p <0.0001) (r=10.015; p = 0.448)
Healthy-GM -73% +1.1% -92%

(r=-0.115; p = 0.131)

(r=0.013; p = 0.87)

(r=-0.1; p=0.188)
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Fig. 5. Effect of row displacement on number of correlated electromechanical fasciculation events according to muscle and orientation of ultrasound probe.

BB = biceps brachii; GM = gastrocnemius medialis.

despite the challenges of surface detection of intramuscular action
potentials (Mesin and Farina, 2005). Additionally, the design of the
electrode array and subsequent processing will impact these esti-
mations (Botter et al., 2021).

Interestingly, we found that fasciculation depth was signifi-
cantly greater in both ALS subgroups compared to healthy controls.
The reason for this remains unclear and warrants further investiga-
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tion. Firstly, there could be a particular propensity for slow-twitch
muscle fibres, which are known to be more amenable to compen-
satory reinnervation in mouse models, to lie more deeply in the
muscle architecture (Kaplan et al., 2014). Secondly, it is possible
that fasciculations of deeper muscles (such as soleus) that are
not known to fasciculate significantly in healthy individuals are
detected in the ALS patients, particularly considering the likely
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atrophy of the superficial gastrocnemii. Thirdly, looking at our
dataset, the ALS individuals contributing a significant number of
fasciculations (Fig. 3) represent patients with a higher body mass
index compared to healthy participants and perhaps this 4 mm dif-
ference could be explained by an increase in subcutaneous adipose
tissue.

Although the strength of the associations was weak (|r|<0.3),
HDSEMG fasciculation potential amplitude was reduced by
increasing depth and decreasing size of the fasciculation event.
Multiple motor unit factors influence the HDSEMG amplitude, such
as distance from the electrode (following the principle of volume
conduction), motor unit subtype (fast-twitch units are larger)
and the extent of reinnervation (as part of the chronic partial den-
ervation process characteristic of ALS) (Zwarts and Stegeman,
2003, de Carvalho and Swash, 2016). By additionally distinguishing
motor unit subtype with the calculation of muscle fibre conduction
velocity and afterhyperpolarisation (both derivable from HDSEMG
grids after motor unit decomposition) (Weddell et al., 2021),
greater focus on the electromechanical alterations attributable to
chronic partial denervation could be achieved in future, larger
studies. Furthermore, how pathophysiological myocytes may trig-
ger, exacerbate, or even curb neurodegeneration in a non-cell
autonomous fashion is an unresolved issue demanding new inves-
tigative strategies such as this (Maimon et al.,, 2018, Dadon-
Nachym et al., 2011).

We acknowledge several limitations to this study. Only two
muscles were assessed, so it is unknown how generalisable our
conclusions are to other muscles, particularly the clinically rele-
vant, smaller intrinsic hand muscles. The inherent characteristic
of the ultrasound as an imaging modality implies a lack of stan-
dardisation of the recorded results and the field of view. Despite
significant care with live image observation, we acknowledge that
the angle between the imaging plane and muscle fibres is unlikely
to be constant across participants, however, due to the connected-
ness of fibres within the muscle volume, displacements in muscle
tissue are likely to be seen in the whole segment. Therefore,
although a single plane of muscle is imaged it cannot be considered
independent of the surrounding muscle structures. Fibres will lie
on a path through the plane, and extracellular matrix and other
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connective components will connect the fibres. There might be a
delay in our measurements depending on the distance between
the excited fibres and imaging plane. However, this is not specific
to any group (healthy vs ALS), and we do not think it would
directly affect our results, particularly given the temporal resolu-
tion of the ultrasound. ALS subject 10 had a monomelic variant
of motor neuron disease at the time of recording, differing from
the remaining patients with a classical ALS phenotype. Correlated
electromechanical fasciculation events were an order of magnitude
more numerous in ALS patients compared to healthy controls, lim-
iting the comparative ability of the analysis. Fasciculations
detected by one modality but not the other were discarded from
this analysis. Uncorrelated instances have been reported in previ-
ous studies of fasciculations in healthy individuals, although the
reason for their occurrence is not clear (Botter et al., 2021). In
the work presented here, such instances could be more common
at higher fasciculation frequencies, as more than one fasciculation
potential (from different motor units) may occur before the detec-
tion of the first mechanical correlate. This could contribute to
uncorrelated events, as well as erroneous pairing of electrical and
mechanical events. Finally, as we only focused on fasciculations,
we do not know whether similar results would be obtained during
voluntary muscle activation.

5. Conclusion

For the first time, this cross-sectional study combined MUS and
HDSEMG simultaneously to assess the electromechanical proper-
ties of fasciculations in ALS. Our principal finding was an extended
electromechanical latency from approximately 80 ms in healthy
gastrocnemius muscles to approximately 110 ms in ALS biceps
and gastrocnemius muscles. This result requires independent
replication but points to an electromechanical defect within the
muscles of ALS patients. In addition, HDSEMG was shown for the
first time to reliably detect fasciculations as deep as 3 cm below
the skin surface. Due to the high tolerance and accessibility of
the two noninvasive techniques, this approach would be amenable
to repeated measurements, providing robust comparisons with
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established measures of disease progression. This could fuel novel
therapy development in ALS by providing a quantifiable and easily
applicable outcome measure in clinical drug trials.
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