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Stimulation-Induced Muscle Deformation
Measured With A-Mode Ultrasound
Correlates With Muscle Fatigue

Jonathan T. Alvarez", Yichu Jin“, Dabin K. Choe, Elizabeth L. Suitor, and Conor J. Walsh

Abstract— Muscle fatigue is a common physiological
phenomenon whose onset can impair physical perfor-
mance and increase the risk of injury. Traditional assess-
ments of muscle fatigue are primarily constrained by their
dependence on maximum voluntary contractions (MVCs),
which not only rely heavily on participant motivation,
reducing measurement accuracy, but also require large,
stationary equipment such as isokinetic dynamometers,
limiting their application to discrete assessments in lab-
based environments. In this work, we introduce a wearable
muscle fatigue tracking strategy that employs low-profile
single-element ultrasound and electrical stimulation. This
integrated approach demonstrates that muscle deformation
from electrically-induced muscle contractions correlates
with muscle fatigue, thus circumventing the need for bulky
hardware and eliminating the variability associated with
human volition. We define a deformation index, which
fuses stimulation-induced changes in muscle thickness
with baseline muscle swelling to track muscle fatigue. Our
results demonstrate that the deformation index reliably
tracks muscle fatigue (r = 0.85 + 0.15), under specific
conditions, namely extended joint angles and increased
stimulation, as measured by changes in knee extension
torque during a series of dynamic, volitional fatiguing
contractions on 8 subjects on an isokinetic dynamometer.
This approach has the potential to enable real-time, semi-
continuous muscle fatigue monitoring in unconstrained
environments.

Index Terms— Muscle fatigue, wearable technology, elec-
trical stimulation, A-mode ultrasound, muscle deformation.

. INTRODUCTION

USCLE fatigue is a complex phenomenon, involving
changes in global cortical activation, local neural motor
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input to muscle, and underlying physiological and metabolic
changes to muscle state [1], [2], [3]. The progression of fatigue
has significant implications for a variety of application areas
including sports, rehabilitation medicine, and occupational
health and safety [4]. The most common way to evaluate
fatigue is by tracking a participant’s ability to perform a certain
task over time. For example, participants are often asked to
maintain a submaximal torque target for a period of time or
perform consecutive maximum voluntary contractions (MVCs)
to evaluate the progression of muscle fatigue [5], [6].

While accurate, MVC testing has two key limitations. First,
this approach requires some way of measuring muscle force,
such as with an isokinetic dynamometer, which limits its use to
research or clinical settings [7]. Moreover, these evaluations
can only be conducted at discrete intervals, often pre- and
post-exercise. A more effective approach would continuously
monitor fatigue during dynamic activities to provide targeted
and timely feedback. Second, standard protocols for fatigue
evaluation are limited by their reliance on MVCs during
measurements. Such dependence on volition can introduce
variability in results due to differences in individuals’
motivation and effort, complicating the interpretation of
muscle fatigue levels [8], [9], [10], [11]. MVC testing is
also impractical for certain clinical populations, such as
patients recovering from surgery who cannot exert maximum
force without risking injury [12]. Furthermore, neurological
conditions like stroke may lead to central activation deficits,
which can prevent full muscle activation during testing,
resulting in underestimated muscle strength and ultimately
confounding results [13], [14].

In response to the size and portability constraints of
traditional muscle fatigue assessment tools, the field often
employs systemic measurement approaches such as heart rate
monitoring [15], [16], measuring metabolic cost [17], [18],
or blood lactate testing [19] that assess physiological responses
across the entire body. However, the broad scope of these
measures limits their ability to provide specific insights into
individual muscles or muscle groups, as they capture global
physiological responses rather than localized muscle activity.
Targeted and wearable approaches for estimating muscle
fatigue do exist, such as surface electromyography (EMG)
[20], [21], mechanomyography (MMG) [22], [23], and near-
infrared spectroscopy (NIRS) [24], [25], among which EMG
is the predominant method [26]. EMG features are commonly
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used to estimate fatigue in clinical diagnostics, sports science,
and rehabilitation [21]. Specifically, changes in the median
frequency (MDF) and root-mean-square (RMS) voltage of
an EMG signal can be tracked to monitor the progression
of fatigue [26], [27]. However, despite its utility, EMG has
several limitations that complicate its interpretation [28], [29].
These include cross talk from adjacent muscles, interindividual
physiological differences, and interfacial variability, such as
changes in electrode-skin impedance caused by sweating.
Moreover, the interpretation of EMG during dynamic activities
faces additional challenges due to the influence of muscle
velocity and length on the relationship between the electrical
and mechanical activity of muscle [30].

Researchers have investigated how muscle deformation can
be used as a marker of muscle force and, by extension, fatigue.
As a muscle contracts, it shortens along its longitudinal
axis, bulging outwards and changing in thickness and width,
architectural changes which have been shown to correlate with
muscle force [31], [32], [33]. Traditional brightness mode (B-
Mode) ultrasound, with its ability to capture detailed muscle
architecture, has been used to understand the progression of
muscle fatigue by tracking thickness changes over time [34],
[35], [36]. However, due to the challenge of reliably extracting
architectural parameters from B-Mode images, most fatigue
research with B-Mode ultrasound derives meta-parameters
from collected images, such as echogenicity [37], [38], [39],
muscle contractility [40], [41], [42], or textural entropy [43]
to correlate with fatigue, rather than deformation [44].
While B-Mode ultrasound can offer detailed insights into
muscle architecture, the widespread adoption of B-Mode
ultrasound beyond research settings is still limited by its
significant hardware and computational complexity [26].
Amplitude mode (A-mode) ultrasound has emerged as a
potential wearable alternative to B-Mode, promising real-
time, muscle-specific measurements for a fraction of the
hardware and computational demands [45], [46], [47]. A-mode
ultrasound uses single-element transducers (SETs) to track
one-dimensional (1D) changes in muscle (e.g., thickness).
It has also shown promise in the estimation of static and
dynamic muscle force [48], [49] and classification of various
kinematic poses [50]. Regarding fatigue, three studies have
explored the use of A-mode ultrasound for muscle fatigue
monitoring during strenuous, volitional activity: one study
categorized muscle states [51], while the other two tracked
muscle thickness during a single submaximal hold [52], [53].
However, despite the opportunity and promise of A-Mode
ultrasound for real-time, muscle-specific measures of fatigue,
A-Mode ultrasound alone does not address the second major
limitation of traditional fatigue evaluation—its reliance on
MVC testing.

To overcome the variability introduced by participant effort
in fatigue evaluation, researchers have turned to electrical
stimulation (ES) to directly activate muscle fibers, bypassing
the central nervous system altogether. When paired with force
measurement tools, ES has been shown to enable precise and
accurate measurement of a muscle’s force-generating capacity
over time, mitigating the variability associated with voluntary
effort [2], [3], [54], [55]. However, the precision ES can

bring to muscle fatigue assessment is still constrained by the
inherent dependence on external force measurement devices,
which has historically restricted its use to clinical or research
settings. Tensiomyography (TMG) offers an alternative ES-
based method for estimating fatigue by measuring radial
muscle belly displacement in response to electrical stimulation,
thus providing an indirect measure of muscle force without the
need for direct force or torque measurements [11], [56], [57].
While TMG illustrates how ES can be used to assess fatigue
without direct force measurement, it is limited to benchtop
use, requiring a linear displacement sensor to measure radial
displacement. In response, ES has more recently been paired
directly with wearable methods, such as MMG, enabling more
accessible and continuous muscle function monitoring. While
traditional EMG is incompatible with ES without significant
processing or specialized hardware [58], MMG has been
used synchronously with ES to track fatigue [59]. However,
MMG is restricted to superficial muscles and is susceptible to
crosstalk issues from adjacent muscles like EMG [27], [60]. A-
Mode ultrasound is also compatible with ES, and researchers
have demonstrated their combined use for monitoring changes
in muscle thickness during fatigue induced by repetitive
electrical stimulation, but not during volitional exercise [46],
[47].

The objective of this study was to assess the simultaneous
use of electrical stimulation and wearable A-mode ultrasound
to semi-continuously monitor changes in muscle force
generation during a volitional dynamic fatiguing activity.
Using electrical stimulation to directly activate resting
muscles, we explored how stimulation-induced changes in
muscle deformation, measured via A-Mode ultrasound, could
serve as indicators to estimate simultaneously generated torque
and track deficits in overall volitional MVCs.

I[I. METHODS
A. Measurement Devices

1) Amplitude-Mode Ultrasound: Four 5 MHz SETs (Alpha
113-124-660, Waygate Technologies, Germany) were mounted
in a custom 3D printed case (35 mm by 43 mm) at angles of
0°, 1.25°, 2.5°, and 3.75°. These transducers were worn on
the upper thigh using a compression band (Scosche, USA).
Thin layers of ultrasound gel (Aquasonic, USA) were applied
to the SETs before donning. The transducer assembly had
a total mass of 35.1 g (excluding the transducer cables).
Raw radio-frequency data of the four SETs was collected
using a portable ultrasound engine (Ursus Medical, Pittsburgh,
PA) with custom software (Brodware). Each SET had a
frame rate of 100 Hz. The receiver recorded echoes up to
a depth of 80 mm with sampling frequency set to 40 MHz.
1540 m/s was used as the speed of sound in human tissues
(Fig. 1). To account for human variability, we selected the SET
with the strongest echo intensity among the four for further
processing, extracting changes in muscle thickness using
a muscle boundary tracking algorithm previously outlined
in [49].

2) Electrical Stimulation (ES): A current-controlled stimu-
lator (Rehamove3, Hasomed, Germany) delivered biphasic
symmetric electrical stimulation to 3 by 5 inch electrodes
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Fig. 1. Overview of the combined stimulation and deformation sensing methodology. (A) Electrical stimulation directly induces a muscle contraction.
Simultaneously, a single-element transducer measures A-Mode ultrasound data to derive muscle thickness. By monitoring changes in thickness in
(B) baseline (unfatigued) and (C) fatigued muscle in response to targeted electrical stimulation, muscle fatigue can be estimated.

placed distally and proximally to the muscle belly of the
rectus femoris (RF). Two types of stimulation were used in
this study, twitch and train pulses. Both twitch and train
stimulations were used to compare the levels of stimulation
required to detect fatigue. A twitch pulse refers to a single
pulse and reflects the muscle’s response to a single stimulus,
typically activating a small number of motor units. A train
pulse refers to a pulse train, which is generated by chaining
single pulses at a fixed frequency over a designated train
duration period leading to the recruitment of multiple motor
units. Both types of stimulation were tested to determine the
minimum amount of stimulation necessary for reliable fatigue
detection. Stimulation parameters for the present study were
adapted from [61]. The current amplitude for both stimulus
types was fixed at 90 mA. For the train stimulus, the pulse
train frequency was fixed at 30 Hz and the train duration
was fixed at 250 ms. Individual stimulus pulse duration was
determined per participant as outlined in the experimental
protocol. To ensure targeted muscle activation, pulse duration
was chosen as the minimum required to reach the specified
torque target [62].

3) Electromyography (EMG): Two bipolar surface EMG
electrodes (Ultium, Noraxon, USA) were placed on the RF
to measure electrical activity during the protocol. Electrodes
were placed following SENIAM recommendations for each of
the target muscles [63]. Raw EMG data were sampled at 2 kHz
and filtered through a two-stage filtering approach [64]. First,
data were high-pass filtered using a 3rd-order Butterworth
filter with a 20 Hz cutoff to attenuate low-frequency noise and
stabilize baseline drift. Second, a low-pass Butterworth filter
with a 500 Hz cutoff was applied to reduce high-frequency
components.

4) Isokinetic Dynamometer: All experiments were con-
ducted on an isokinetic dynamometer (HUMAC Norm, CSMi

Solutions, USA), which served as a ground truth measure
of joint torque. Isokinetic dynamometers are capable of
measuring torque during isometric (fixed-angle) and isokinetic
(fixed-velocity) contractions. All torque data were low-pass
filtered with a 4th-order Butterworth filter with a 150 Hz
cutoff.

5) Data Acquisition Unit: All data were synchronized
through a PowerLab 8/35 external data acquisition unit (AD
Instruments, New Zealand) sampling at 10 kHz. This unit
logged torque and position via analog outputs from the
dynamometer. Synchronization 5V pulses emitted by the
EMG, ES, and ultrasound systems were also logged and used
to align all data in post-processing.

B. Experimental Protocol

The experimental protocol was designed to assess the effects
of fatigue on both volitional and stimulation-generated joint
torque, ultrasound-derived muscle deformation, and EMG-
measured neuromuscular activity (Fig. 2).

Eight healthy participants, (six males, two females;
mean+SD: 28.3+1.8 years; height: 1.77£0.07 m; mass:
69.1+13.8 kg) were recruited to participate in this study.
All participants self-reported as active individuals. For
all participants, the right leg was tested on, regardless
of dominance. All participants provided written informed
consent before participation. The study was approved by
the Harvard Medical School Institutional Review Board
(IRB 17-1201).

Prior to testing, participants were led through a series of
static and dynamic warm-up stretches. Following the warm-
up, participants were instructed to mount the dynamometer,
placed in an upright sitting position, and secured to the chair
with chest and waist straps to minimize compensatory trunk
movements during contractions. A standardized calibration



ALVAREZ et al.: STIMULATION-INDUCED MUSCLE DEFORMATION MEASURED WITH A-MODE ULTRASOUND CORRELATES 13

A

Pre-Post Fatigue A nent

A — rest
£ 100+ — active
A I | |
w
" e g

S

1 Os/
_ < stimulation|
§';93 4 profile
BE -
vy b

Fatiguing Protocol

° — rest
? 110° - active
<
MVAVAWEAN
2 20 A >
¥4
'4—' '4—' \30°/s
S S

= 5 stimulation
28 ” H H H profile
"5 3

€
- I N [ 1 O | P

w

A-Mode

) Ultrasound
Electrical

Stimulation

o

Isometric

20°

Isokinetic

110°

Concentric and Eccentric
Isokinetic MVC
(20 x 110° - 20°)

Fatiguing Protocol

Isometric MVC

(3% 90%) >

—»

Pre-Fatigue Assessment

Isometric MVC
(1x90%) »

Post-Fatigue Assesment

30% Drop
or

Concentric and Eccentric
Isokinetic MVC
No (10x 110° - 20°)

Fig. 2. QOverview of the experimental protocol. (A) lllustration of the experimental protocol timing schedule for volitional and stimulated contractions.
(B) All participants first performed three maximum effort volitional isometric contractions (MVIC). Before and after each contraction, two twitch and
two train pulses were delivered to resting muscle, in random order. The fatiguing protocol which followed consisted of a minimum of 20 maximum
concentric and eccentric knee extension contractions. At each end of the range of motion, the dynamometer was locked, and one twitch and one
train pulse was delivered to the resting muscle, in random order. Following the completion of the fatiguing protocol, a single MVIC was performed,

with resting stimulation delivered before and after the MVIC.

procedure was performed to establish the participant’s knee
range of motion (ROM) between extended 20° and flexed
110° knee angles. All testing in this study was conducted
during knee extension movements, with 0° defined as full
knee extension (Fig. 2A). With the participant set up in the
dynamometer, the transducer assembly containing the four
SETs was then placed above the muscle belly of the RF.
Following initial placement, participants were instructed to
perform several isometric knee extension contractions, during
which the motion mode (M-Mode) ultrasound signal was
monitored by the researchers. The position of the transducer
assembly was adjusted until the muscle boundaries captured
by each SET were visible throughout the full contraction
range. Next, the two electrical stimulation electrodes were
adhered just distal and proximal of the transducer assembly,
centered along the longitudinal axis of the RF. Finally, the two
bipolar EMG electrodes were adhered over the RF. Following
placement of the transducers, stimulation electrodes, and
EMG electrodes, participants were instructed to perform a
set of submaximal isometric and isokinetic knee extension

contractions to familiarize themselves with the contraction
types.

Next, participants were asked to perform a single maximum
voluntary isometric contraction (MVIC) at a neutral knee
angle of 90° to both potentiate the knee extensors [65] as
well as serve as a torque threshold for subsequent stimulation
calibration. Whenever participants were asked to perform a
“maximal” contraction, they were verbally encouraged by the
research staff. For maximal dynamic contractions, participants
were instructed to generate maximal force throughout the
entire range of motion. To calibrate stimulation parameters,
a fixed-amplitude biphasic train (90 mA, 30 Hz, 250 ms)
was delivered to the resting muscle. The pulse duration was
individualized for each participant and gradually increased
until the stimulation generated 10% of the potentiated MVIC
contraction torque, with the knee maintained at a fixed 90°
angle under isometric conditions.

The main experimental protocol was divided into three
sections: a pre-fatigue assessment, a fatiguing protocol, and
a post-fatigue assessment (Fig. 2B).
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1) Pre-Fatigue Assessment: Participants were asked to
perform a series of three MVICs at a neutral knee angle of 90°
(Fig. 2B). Before and after each MVIC, participants received
four resting stimulations (when the muscle was relaxed),
consisting of two twitch and two train pulses, presented in
random order (Fig. 2A). Each set of MVICs was separated by
a 60 second recovery period to minimize fatigue. The highest
torque generated during the three MVICs was recorded as
the MVIC value for each participant. Data from this single
contraction was then used for comparison with the post-fatigue
contraction (Fig. 2B).

2) Fatiguing Protocol: The fatiguing protocol was designed
to induce a reduction in peak isometric torque by fatiguing
the quadriceps muscles through a series of maximum
effort isokinetic concentric and eccentric knee extension
contractions. Following each contraction, resting stimulation
was administered to the participants (Fig. 2A). The fatiguing
protocol consisted of a set of “interrupted isokinetic contrac-
tions” repeated a fixed number of times (Fig. 2B). Each set
consisted of a four-part sequence, beginning with a maximal
effort isokinetic concentric knee extension contraction, moving
from a knee angle of 110° to 20° at an angular velocity of
30°/s. Upon reaching a knee angle of 20°, the dynamometer
locked for four seconds. During this period, participants
were instructed to relax completely, at which point one
twitch and one train pulse were administered to the resting
muscle, in random order. The sequence continued with a
maximal effort eccentric knee extension contraction moving
back from 20° to 110° at an angular velocity of 30°/s. Once
more, upon reaching 110°, the dynamometer was locked in
place for four seconds, participants were instructed to relax
completely, and one twitch and one train pulse were delivered
to resting muscle, in random order. Following the completion
of 20 interrupted isokinetic contractions, the dynamometer was
locked at a knee angle of 90° and participants began the post-
fatigue assessment (see below). If their peak MVIC torque
had decreased by 30% relative to their pre-fatigue MVIC
torque the protocol concluded. However, if the reduction in
the participant’s peak MVIC torque did not meet the 30%
threshold, participants continued with up to two additional sets
of 10 interrupted isokinetic contractions, until either the 30%
reduction in peak isometric torque was reached or a total of
40 sets had been completed. The early stopping criteria of
a 30% reduction in MVIC torque was included to prevent
excessive fatigue in participants.

3) Post-Fatigue Assessment: The post-fatigue assessment
consisted of one MVIC, preceded and followed by four
resting stimulations (two twitch, two train; randomized)
performed immediately after the fatiguing protocol. Note,
if the fatiguing protocol ended because the participant’s
peak torque had decreased by 30% relative to their pre-
fatigue MVIC, two-thirds of the post-fatigue assessment had
already been completed, and only the final resting stimulations
remained to be administered.

C. Outcome Metrics

1) Deformation Index: When stimulated, the knee extensors
deform in width and thickness. This deformation was

quantified using a new metric, the deformation index. Derived
from A-Mode data, the deformation index was computed by
calculating the maximum induced deformation per stimulated
contraction (AMT) and normalizing it by the resting muscle
thickness at the time of stimulation delivery (M Ty) (Fig. 3C).
The deformation index was designed to capture the combined
effect of changing muscle contractility and swelling during
fatigue [3], [11], [66]. Across the entire experimental protocol,
the deformation index was calculated per twitch and train
stimulation for each participant (Fig. 3B).

2) Voluntary and Stimulated Torque: From the pre-fatigue
assessment, the maximum voluntary torque generated across
the three MVICs was recorded (Fig. 3D) [67]. The
stimulation-generated peak torque was then recorded per
twitch and train stimulation before and after the maximum
contraction identified from the three MVICs (Fig. 3A).
Maximum voluntary and stimulated torque were similarly
recorded from the post-fatigue assessment [3]. From the
fatiguing protocol the maximum voluntary isokinetic torque
per concentric and eccentric contraction were calculated.

3) EMG Median Frequency and Root-Mean Square Voltage:
EMG median frequency (MDF) and root-mean-square (RMS)
voltage were calculated for all voluntary contractions. For both
the pre- and post-fatigue assessments, MDF and RMS values
were determined within a 600 ms window centered around the
maximum force generated during each isometric contraction.
During the fatiguing protocol, MDF and RMS were assessed
separately for concentric and eccentric isokinetic contractions.
For each contraction phase, EMG MDF and RMS were
calculated from data starting 250 ms after movement onset
and continuing up until 250 ms before the range of motion
limit was reached.

D. Results Processing and Statistical Analysis

1) Pre- and Post-Fatigue Assessment: For the pre- and post-
fatigue assessment, a paired t-test was used to assess the
presence of significant differences between each metric before
and after fatigue. The Anderson-Darling test was used to assess
data normality, and a Johnson transformation was applied to
non-normal data.

2) Fatiguing Protocol: To assess the correlation between
stimulated torque and the deformation index during the
fatiguing protocol, Pearson’s linear correlation coefficient
was calculated for each stimulation type (twitch or train)
and knee angle (20° or 110°) per participant, and reported
as meanztstandard deviation (mean+SD). Although fatigue
is often characterized as a nonlinear phenomenon, linear
correlations were used in this work because the focus was
on the relationship between torque and the ultrasound-derived
deformation index, which was hypothesized to be linear.
Pearson’s was chosen because it preserves the directionality of
the relationship, distinguishing between positive and negative
correlations, which is essential for accurately interpreting
physiological changes, such as increases or decreases in
muscle thickness with fatigue. A linear mixed-effects model
was used to examine the influence of joint angle and
stimulation type on the correlation between stimulated torque
and the deformation index. Participant ID was included
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Overview of data processing and pre-post evaluation results. (A) Stimulated torque response to train and twitch stimulation before and

after fatigue, with accompanying (B) M-Mode visualization of muscle thickness. (C) Overview of deformation index metric derivation. AMT was
calculated as the total range of deformation induced by a single stimulation. MTy was defined as the thickness when stimulation was delivered.
The deformation index normalizes AMT by MTg. (D) Mean maximum voluntary isometric torque generated by participants before and after fatigue,
shown in (E) as a percentage change from baseline. Group-level results showing mean (F) stimulated torque and mean (G) deformation index
before and after fatigue across all 8 participants. *Indicates statistically significant mean difference between conditions (determined via paired t-test,

p < 0.05).

as a random effect, and stimulation type and joint angle
were incorporated as fixed effects. Data normality was
assessed using the Anderson-Darling test, and through normal
probability plots, conditional fits, histograms, and order fit
plots. When data were found to deviate from normality,
a Johnson transformation was applied to normalize the data.
Prior to calculating the correlation coefficients, a Hampel
filter with a sliding window of five contractions and a
threshold of three standard deviations above the local median
was used to detect and remove common outliers [68]. The
Hampel filter specifically targeted outliers in the measurements
of stimulation-induced deformation and baseline thickness
(Fig. 3C) and removed outliers caused either by motion
artifacts or inadequate relaxation during the four second rest
periods at each end of the range of motion. On average,
the Hampel filter identified 7.2% of contractions as outliers,

corresponding to approximately 1.4 outliers identified per
20 contractions.

To assess the correlation between volitional torque and
EMG MDF and RMS, Pearson’s linear correlation coefficient
was calculated between peak concentric or eccentric torque
and each EMG metric per participant and reported as
mean=+SD.

Additionally, trends over time across eight participants were
examined to compare the consistency in trends of volitionally-
generated (concentric and eccentric) versus stimulated (twitch
at 20°, train at 20°, twitch at 110°, train at 110°) torque
using the Mann-Kendall test. The Mann-Kendall test is a non-
parametric method for detecting monotonic trends. In this
work, the test was used to identify significant trends in the
data, which would indicate a consistent decrease in torque
measurements over time [69], reflecting a reliable pattern of
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TABLE | TABLE Il
MEAN DIFFERENCES BEFORE AND AFTER THE FATIGUING PROTOCOL MANN-KENDALL P-VALUES (Ppx) DURING THE FATIGUING PROTOCOL
Metric ‘ Type Percent Decrease (%)  Significance | Volitional Torque Sti d Torque

Volitional Torque Volitional -32.1 p < 0.01 Conc. Torque  Ecc. Torque | Twitch 20°  Train 20°  Twitch 110°  Train 110°
" P1 0.010 0.0381 <0.001 <0.001 <0.001 <0.001
]]?:111/[/[?; 11\{41\]/)[1; xo%?t?ona% 55612 P> 8‘8? P2 0.042 <0.01 <001 <001 <0.001 <0001
. olitiona -20. p <0 P3 <0.001 0.112 <001 <001 <0.01 <001
Stimulated Torque Train -52.2 p < 0.01 P4 0.681 0.905 <0.001 <0.001 <0.001 <0.001
Stimulated Torque Twitch -63.2 p < 0.01 P5 <0.001 <0.01 <0.001 <0.001 <0.001 <0.01
Deformation Index Train -56.2 p < 0.01 P6 <0.01 <0.01 <0.001 <0.001 <0.001 <0.001
. : P7 0.017 0.059 0.064 0.081 <0.001 <0.001
Deformation Index Twitch -56.9 p <001 P8 0.547 0.030 <0.001 <0.001 <0.001 <0.001

muscle fatigue throughout the testing period. To enhance the
robustness of our findings and reduce the likelihood of false
positives, we have adopted a more stringent significance level
of 0.01 for the Mann-Kendall test results, ensuring greater
confidence in detecting true trends.

[1l. RESULTS

A. Pre- and Post-Fatigue Assessment

All metrics, except for EMG MDF, were significantly influ-
enced by fatigue (Table I). Following the fatiguing protocol,
maximum voluntary isometric torque exhibited a significant
reduction, decreasing by 32.1% (p < 0.01). Similarly, EMG
RMS values measured during these contractions also decreased
significantly by 56.6% (p < 0.01), whereas changes in
EMG MDF were not statistically significant (p > 0.05).
The maximum torque output from both train and twitch
stimulations also showed a significant decline following
fatigue, decreasing by 63.2% for twitch and 52.2% for
train stimulations (p < 0.01) (Fig. 3F). The corresponding
ultrasound-derived deformation index was also significantly
reduced by 56.9% for twitch and 56.2% for train stimulations
(p < 0.01) (Fig. 3G). Of note, in the pre-fatigue assessment,
train stimulation generated 59.2+23.8% more torque and
47.1£13.4% more thickness change (AMT) than twitch
stimulation on average.

B. Fatiguing Protocol

1) Correlations Between Stimulated Torque and Deformation
Index: Across all knee angles and stimulation types, the
correlation between stimulated torque and the deformation
index during the fatiguing protocol was r = 0.5010.54,
indicating moderate agreement with significant variability.
However, the linear mixed-effects model revealed a significant
effect of knee angle (p < 0.01) on this correlation; increasing
significantly from r = 0.2240.56 at 20° to r = 0.7940.33 at
110° (Fig. 4C). In contrast, stimulation type alone did not
significantly affect the correlation (p > 0.05), with twitch and
train stimulations showing correlations of r = 0.46+0.57 and
r = 0.54£0.52, respectively (Fig. 4C). Additionally, the
interaction between stimulation type and knee angle did not
significantly influence the correlation (p > 0.05), indicating
that the effect of stimulation type on the correlation between
stimulated torque and deformation index is consistent across
different knee angles. Overall, the strongest correlation was
observed at a knee angle of 110° with train stimulation (r =
0.85£0.15) (Fig. 4D).

2) Correlations Between Volitional Torque and EMG Metrics:
The correlation between volitional torque and EMG metrics
during the fatiguing protocol varied significantly depending
on the contraction type. For EMG MDF, the correlation
during eccentric contractions was low (r = 0.024+0.31), but
increased during concentric contractions (r = 0.29+£0.35).
The correlation for EMG RMS demonstrated a moderate
association with volitional torque during eccentric (r =
0.6140.32) and concentric contractions (r = 0.56+0.3).

3) Consistency in Trends of Volitional Vs. Stimulated Torque:
The Mann-Kendall trend results for the volitional concentric
and eccentric MVC torque were mixed, reflecting significant
interparticipant variability (Table II). Both concentric and
eccentric torque only revealed significant trends (pyx < 0.01)
in two of the eight participants, with p-values indicating mixed,
or weak to no significance in the remaining six participants
(shaded red in Table II; pyrx > 0.01). Contrastingly, stim-
ulated torque measurements exhibited strong and consistent
negative trends, indicating a reliable decrease in torque values
across the testing period (Table II). Seven of eight participants
showed highly significant trends for both stimulated twitch
and train contractions at 20°. At 110°, all eight participants
had consistently significant trends for both stimulation types
among the participants.

4) Trends of Stimulation-Induced Thickness Change: At
20°, the knee extensor compartment increased in thickness
(normal to the skin surface) in response to stimulation for
all participants; however, at 110°, it decreased in thickness
for seven out of eight participants when stimulated. For both
train and twitch stimulations, the induced deformation (AMT)
was 32.3+50.2% and 35.1+£59.8%, respectively, higher at 20°
compared to 110°. The average torque generated by train
stimulations at 20° was 4.5+29.2% greater compared to 110°.
However, the average torque generated by twitch stimulations
at at 20° was 32.5+45.2% smaller compared to 110°.

IV. DISCUSSION

In this paper, we demonstrate the utility of combining
electrical stimulation and A-Mode ultrasound to monitor
stimulation-induced changes in muscle deformation, offering
the potential for a low profile, wearable, and continuous
method for measuring muscle fatigue. Our findings reveal that
stimulation-induced, ultrasound-derived muscle deformation
metrics can accurately track the progression of muscle fatigue
before, during, and after strenuous activity. This approach
overcomes limitations of traditional clinical assessments,
which primarily rely on discrete, volitional force measure-
ments before and after a fatiguing activity, by circumventing
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Fig. 4. Overview of results from the fatiguing protocol. (A) Scatter plot of maximum volitional concentric and eccentric torque per contraction for
a single participant, with the Mann-Kendall p-values listed. (B) Scatter plot of stimulated torque and deformation index per contraction expanded

by knee angle and stimulation type for the same participant, with the Man

n-Kendall p-values and correlation values between stimulated torque and

deformation index listed. (C) Box plot depicting correlation between stimulated torque and deformation index across stimulation types (left) and
knee angles (right) for all participants. (D) Box plot depicting correlation between stimulated torque and deformation index across stimulation types

and knee angles for all participants (n = 8). *Indicates statistically signif
model, p < 0.05).

the need for a force measurement apparatus and the variability
associated with volitional control [12]. The direct activation
of muscles with stimulation is particularly advantageous
for continuous fatigue monitoring, where motivation and
concentration can waver. Additionally, this approach does not
require calibration, as we are looking at relative changes
over time in response to a known stimulation input, and thus
consistent muscle activation.

Standard clinical assessments of fatigue compare
volitionally-generated joint torque before and after a
fatiguing exercise, with a decrease in joint torque indicating
fatigue. In our study, all participants exhibited a significant
decrease in maximum volitionally-generated isometric torque

icant mean differences between conditions (determined via linear mixed

after the fatiguing protocol (mean MVIC reduction of 32.1%,
Fig. 3D and E), confirming fatigue. This decrease was
paralleled by reductions in EMG-measured RMS voltage,
although no significant changes were observed in MDEF.
Alongside the volitional reductions in torque, there was
a significant decrease in stimulated torque following the
fatiguing protocol, with corresponding reductions in the
ultrasound-derived deformation index, regardless of the
stimulation intensity used (Fig. 3F and G, and Table I). These
ultrasound-derived results are consistent with prior benchtop
studies using TMG, which reported similar reductions in
elicited muscle belly radial displacement following dynamic
volitional fatiguing protocols [11], [70], [71], [72], [73]. These
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findings highlight the sensitivity of our stimulation-induced,
ultrasound-derived deformation index in detecting muscle
fatigue.

To demonstrate the capability of our combined electrical
stimulation and A-mode ultrasound approach for tracking mus-
cle fatigue (i.e., not comparing pre-post torque generation),
we analyzed the correlation between stimulated torque and the
ultrasound-derived deformation index throughout the fatiguing
protocol. We found a robust correlation (r = 0.85%0.15)
between ground-truth stimulated torque and the ultrasound-
derived deformation index when delivering train stimulation at
a knee angle of 110°. This correlation was stronger than those
observed between EMG-derived metrics and volitionally-
generated concentric and eccentric torques (concentric RMS:
0.56+0.3, MDF: 0.29+£0.35; eccentric RMS: 0.61£0.32,
MDF: 0.0240.31) during the fatiguing protocol. Although
a direct comparison with existing literature is not possible
due to the absence of studies comparing ultrasound-measured
deformation to stimulation-generated torque during dynamic
volitional fatiguing protocols, a recent study did find
a correlation of 0.89+0.25 between B-mode ultrasound
echogenicity of the tibialis anterior and functional electrical
stimulation-induced fatigue during isotonic dorsiflexion of the
ankle [38]. The correlation between the deformation index
and stimulated torque aligns well with such measurements
from prior research. Ultimately, continuous monitoring of
muscle fatigue could enable real-time adjustments during
rehabilitation and training sessions, compared to traditional,
discrete pre-post assessments, such as those conducted on a
dynamometer or using TMG.

Standard muscle fatigue assessment protocols have high
inherent variability as they rely on subjective maximum vol-
untary contractions [9], [10], [12]. To address this, traditional
approaches often require three to five MVCs. However, this
approach can inadvertently confound results by inducing
fatigue through the testing process itself. Additionally, MVC
testing can be impractical for certain populations, such as
those recovering from injury or surgery, who are physically
unable to perform at maximum effort without risking re-injury.
Our findings highlight the inherent variability of volitional
testing: although MVIC torque showed significant reductions
post-exercise, the volitionally-generated torque during the
dynamic concentric and eccentric phases of the fatiguing
protocol varied considerably among participants (Table II).
Despite all eight participants showing significant fatigue
in pre-post comparisons, only two participants exhibited
significant monotonic trends (pysx <0.01) in their volitionally-
generated concentric and eccentric torque during the protocol,
according to the Mann-Kendall test results. This variability
can compromise EMG’s ability to track fatigue, as evidenced
by the comparatively weak to moderate correlations observed
between EMG RMS, EMG MDF, and isokinetic torque.
This underscores the challenges of using EMG for fatigue
monitoring during dynamic activities where volitional effort
may vary [10]. By directly activating the muscle with a known
and consistent input with ES, we demonstrate how we can
limit neurological confounds and more accurately measure
the peripheral changes to the muscle’s force-generating

mechanisms. In contrast to the volitionally-generated torque
during the isokinetic contractions, stimulated torque at flexed
and extended knee angles showed significant Mann-Kendall
trends in nearly all participants (except one participant at
extended knee angles). The enhanced consistency and reliabil-
ity of stimulated torque measurements highlight the potential
utility of stimulation in clinical and experimental settings,
particularly in scenarios requiring precise and repeatable
measurements, such as fatigue assessment. In addition, the
electrically-induced stimulations in our study elicited no more
than 10% of an individual’s maximum force output, potentially
making fatigue monitoring safer and more accessible for
groups traditionally excluded from MVC assessments.

At the highest level, fatigue occurs because force-generating
contractile proteins become impaired [74]. As fatigue
develops, there is a decrease in the force-generating
capacity of a muscle that is associated with changes in its
deformation [3]. This reduction in force is due to various
factors, including the depletion of energy stores, accumulation
of metabolic byproducts (e.g., lactic acid), and impairments
in the excitation-contraction coupling process, which affect
muscle fibers’ ability to contract efficiently [19], [74], [75].
We know that as fatigue progresses, there is a parallel
reduction in overall muscle deformation and contractility [76],
[77], [78]. During strenuous activity, the accumulation of
metabolic byproducts impairs the interaction between actin
and myosin, reducing the muscle’s ability to contract forcefully
and thus decreasing muscle deformation [3]. Additionally,
a reduction in calcium release during prolonged activity
weakens contractions can further limit the muscle’s capacity to
deform, which mechanically reflects its diminishing contractile
power. Parallel to a reduction in force and deformation, muscle
swelling can also occur due to an increase in blood flow
to the area. As the body attempts to provide more oxygen
and remove waste products, the accumulation of metabolic
byproducts draws water into the muscle tissue, causing edema.
In addition, during intense exercise, there could be microscopic
damage to muscle fibers, leading to an inflammatory response
that further contributes to swelling [66]. With our combined
ES + SET approach, we are able to independently measure
both the transient reductions in the force-generating capacity
(as elicited deformation; AMT) as well as longer-time-scale
changes in muscle swelling (by tracking baseline thickness
changes; M Tp). The deformation index combines both signals
to provide a single, holistic view of muscle architectural
changes during fatigue.

To further validate the efficacy of the combined ES +
SET approach, we examined the impact of joint angle
on the correlation between muscle deformation and torque
during fatigue. Our findings revealed that correlations between
muscle deformation and stimulated torque during fatigue
varied significantly with knee angle, with significantly higher
correlations observed at a 110° knee angle (r = 0.794+0.33)
compared to those at 20° (r = 0.2240.56) (Fig. 4C and
D). This variation is likely influenced by the muscle’s
force-length relationship, which describes how muscle force
generation varies across the range of motion and has been
shown to influence ultrasound [79] and TMG [80], [81]



ALVAREZ et al.: STIMULATION-INDUCED MUSCLE DEFORMATION MEASURED WITH A-MODE ULTRASOUND CORRELATES 19

measurements of deformation at different joint angles, as well
as the rate of fatigue development [18], [82]. For the knee
extensors, longer muscle lengths and increased pre-tension at
a flexed knee angle (110°) led to more consistent deformation
measurements, while shorter muscle lengths and less pre-
tension at extended knee angles (20°) resulted in more
deformation with increased variability [80], [81]. Variability in
deformation is in part due to musculotendon coupling, which
results in muscle translation during joint rotation, affecting
the positioning of the muscle relative to the skin surface,
stimulation electrodes, and ultrasound transducer, independent
of force generation [33], [36], [49], [83]. These results
highlight the importance of considering joint angle in the
practical implementation of wearable systems for continuous
fatigue monitoring, particularly when estimating fatigue during
dynamic activities where the timing of stimulation should
account for the current joint angle.

In addition to exploring joint angles, we also investigated
the impact of different stimulation types on our approach.
We assessed the correlation between stimulated torque and
the ultrasound-derived deformation index during fatigue, and
found no significant effect of stimulation type (train: r
= 0.54+£0.52; twitch: r = 0.46£0.57) (Fig. 4C and D).
These findings align with results from the pre-post fatigue
evaluation, which revealed a similar percent reduction of
the ultrasound-derived deformation index between twitch
and train stimulations. The lack of significant differences
between stimulation types is notable, given that train
stimulations elicited, on average, 59.2% more torque and
47.1% more thickness change than twitch stimulations during
isometric contractions. This consistency across stimulation
types suggests that lower levels of stimulation may be
sufficient for effective fatigue monitoring. Implementing lower
stimulation levels can enhance comfort, minimize the risk
of inducing additional fatigue, and avoid unintended joint
movements due to excessive stimulation. Consequently, this
could improve the feasibility and tolerability of continuous
fatigue monitoring systems in real-world settings, while
maintaining measurement accuracy. Future work is needed to
identify the lowest stimulation intensity that can still yield
accurate and reliable estimates of fatigue.

True adoption of an approach for continuous monitoring
of fatigue in unconstrained environments will require further
research. Although this work demonstrated strong correlations
between the stimulation-induced torque and the ultrasound-
derived deformation index during fatigue, the generalizability
of these findings is limited to semi-constrained, isokinetic
movements on a dynamometer. Additionally, all participants
in this study were young, healthy adults who self-reported
as moderate to highly active individuals. Factors such as
subcutaneous tissue thickness, which have been shown to
modulate the TMG response [84], might vary significantly
in other populations. Future research should explore how
these results might differ in less active, aging, or clinical
populations where variations in physiological characteristics
such as subcutaneous tissue could influence outcomes.
Also, although our approach demonstrates the potential for
wearability and real-time implementation [49], currently the

deformation index calculation was performed offline, in post-
processing. Additionally, because current technology does
not allow for the non-invasive measurement of force from
individual muscles [30], this work utilized a dynamometer
to measure overall knee extension torque, which results from
the combined effort of multiple knee extensors. Consequently,
we measured the bulk deformation of the rectus femoris
and vastus intermedius in response to stimulation. Although
this approach may limit interpretability regarding muscle
specificity, A-mode ultrasound has proven capable of tracking
individual muscle thickness changes [49]. Finally, we noted
joint angle-specific changes in muscle deformation with
stimulation. At 20°, the knee extensor compartment increased
in thickness in response to stimulation for all participants;
however, at 110°, it decreased for 7 out of 8 participants. This
may be due to muscle deformation occurring perpendicular
to the imaging plane at more flexed angles (i.e., the muscle
expands in width, perpendicular to the skin surface, thus
registering as a decrease in thickness when assessed with our
A-Mode system). Additionally, although fatigue in this study
was induced during dynamic contractions, deformation index
measurements were taken under static conditions at each end
of the ROM. As stimulation-induced deformation is known
to differ from deformation caused by volitional contraction
and joint movement [85], understanding these dynamics will
be crucial for accurately interpreting deformation signals in
dynamic applications where joint angles continuously vary.

Our study introduces an approach for semi-continuous
fatigue monitoring by tracking changes in electrical
stimulation-induced muscle deformation with A-Mode
ultrasound. Our results demonstrate how this combined
methodology can provide highly correlated measures of
muscle fatigue when compared to stimulated torque during
a dynamic knee extension fatiguing protocol. By directly
activating muscle with stimulation, this approach could
also be used to track muscle fatigue in populations that
historically could not be measured with traditional methods
due to minimal muscle activity or volitional control (e.g.,
multiple sclerosis or stroke). Finally, although in this study
we only measured deformation in response to stimulation
delivered to resting muscle, stimulating during volitional
contractions could provide deeper insights into the central
mechanisms of fatigue [86].
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