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Abstract—The rapid onset of muscle fatigue during functional
electrical stimulation (FES) is a major challenge when attempt-
ing to perform long-term periodic tasks such as walking. Surface
electromyography (SEMG) is frequently used to detect muscle
fatigue for both volitional and FES-evoked muscle contraction.
However, sEMG contamination from both FES stimulation
artifacts and residual M-wave signals requires sophisticated
processing to get clean signals and evaluate the muscle fatigue
level. The objective of this paper is to investigate the feasi-
bility of computationally efficient ultrasound (US) echogenicity
as a candidate indicator of FES-induced muscle fatigue. We
conducted isometric and dynamic ankle dorsiflexion experi-
ments with electrically stimulated tibialis anterior (TA) muscle
on three human participants. During a fatigue protocol, we
synchronously recorded isometric dorsiflexion force, dynamic
dorsiflexion angle, US images, and stimulation intensity. The
temporal US echogenicity from US images was calculated based
on a gray-scaled analysis to assess the decrease in dorsiflexion
force or motion range due to FES-induced TA muscle fatigue.
The results showed a monotonic reduction in US echogenicity
change along with the fatigue progression for both isometric
(R? = 0.870 & 0.026) and dynamic (R? = 0.803 4 0.048) ankle
dorsiflexion. These results implied a strong linear relationship
between US echogenicity and TA muscle fatigue level. The
findings indicate that US echogenicity may be a promising
computationally efficient indicator for assessing FES-induced
muscle fatigue and may aid in the design of muscle-in-the-loop
FES controllers that consider the onset of muscle fatigue.

I. INTRODUCTION

Human ankle dorsiflexion plays an essential role during
lower limb functionalities, especially for ground clearance
during the walking swing phase [1]. Neurological disorders,
like stroke and multiple sclerosis, are very likely to impede
ankle dorsiflexion movement, known as drop foot. Patients
with drop foot lack normal foot ground clearance, which
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results in unnatural steppage gait to avoid tripping/falling [2].
Functional electrical stimulation (FES) has been widely used
in recent decades to address drop foot [3]-[5]. However, due
to the non-selective stimulation nature of FES, peripheral
motor units are synchronously activated and discharged,
resulting in a rapid onset of muscle fatigue that decreases the
force generated from the muscle contraction, which usually
causes the loss of FES control effectiveness [6].

The deficiency of direct measurement of muscle fatigue
limits the quantitative assessment of the fatigue influence
on the FES-elicited neuromusculoskeletal dynamic system
and impedes the adaptive FES controller design. Efforts
in indirectly measuring fatigue include but are not limited
to tetanic contraction force measurement [7], electromyo-
graphy (EMG) / surface electromyography (SEMG) [8]-
[10], mechanomyography [11], near-infrared spectroscopy
[12], [13], and phosphorus nuclear magnetic resonance [14].
Among these technologies, SEMG is the most well-developed
and convenient non-invasive methodology to assess periph-
eral muscle fatigue. Although significant contributions in
volitional SEMG extraction during FES have been reported in
[15], [16], the analysis and evaluation of FES-elicited muscle
fatigue based on the extracted volitional SEMG signals are
still challenging, mainly due to 1) FES-induced contractions
cluttering and masking the pure SEMG signals [17], [18],
2) interference and cross talk from adjacent muscles [9],
and 3) the inability to measure deeply located muscles [19].
Recently, ultrasound (US) imaging has been investigated to
assess muscle fatigue for volitional and FES-induced muscle
contraction as an alternative to EMG. Due to the relatively
high spatial and temporal resolution, the US images can
provide a direct visualization of muscle contraction deforma-
tion during fatigue and a comprehensive measure to reflect
the fatigue effect. Shi et al. [20] used muscle thickness
extracted from cross-sectional US images to characterize the
biceps brachii muscles’ behaviors during fatigue caused by
volitional isometric contraction for a long duration. Witte et
al. [21] applied US strain imaging to capture the elastic and
viscoelastic-like modifications in the 3" flexor digitorum su-
perficialis muscle after a fatiguing exercise. Sheng et al. [22]
investigated an adaptive speckle tracking algorithm to assess
the quadriceps contraction strain change to evaluate muscle
fatigue induced by FES under isometric knee extension.

The aforementioned US imaging-related studies for as-
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sessing muscle fatigue were all based on isometric muscle
contractions, and few studies have considered dynamic mo-
tion. Additionally, the US imaging characteristics extraction
methods in these studies were computationally intensive,
which impedes the real-time implementation. Inspired by
recent work in US imaging to detect changes in muscle
contractility [23], [24], we investigated the feasibility of
using the computationally efficient US echogenicity to quan-
titatively assess FES-induced tibialis anterior (TA) muscle
fatigue during both isometric and dynamic ankle dorsiflexion
movements. We synchronously collected dorsiflexion force,
dorsiflexion angle, TA muscle US images, and FES intensity
during the muscle fatigue progression for both isometric
and dynamic cases from three human participants without
neurological disorders. The temporal US echogenicity feature
within the image region of interest (ROI) was calculated
based on a gray-scaled analysis as mentioned in [23]. A
comprehensive correlation analysis between the temporal US
echogenicity relative change (ERC) and TA muscle fatigue
progression (decay of dorsiflexion force or angle during
isometric or dynamic scenarios) was performed to assess the
muscle contractility during fatigue progression. It is hypoth-
esized that there exists a nonlinear relationship (exponential
function) between the US ERC and the duration of applied
FES, as well as a linear relationship between the US ERC
and the decay of dorsiflexion force or angle. Furthermore,
the performance of US ERC as a surrogate metric of muscle
fatigue was compared to US tissue strain that was derived by
a speckle tracking algorithm [22].

II. METHODS AND APPARATUS
A. Experimental protocol and data collection

The study was approved by the Institutional Review Board
(IRB) at North Carolina State University (IRB approval
number: 20602). Three able-bodied participants without any
neuromuscular disorders were recruited to complete FES-
elicited ankle dorsiflexion experiments. Every participant
signed an informed consent form before participating in the
experiments. The isometric and dynamic experimental setup
is illustrated in Fig. 1. Detailed descriptions of the isometric
setup, including the load cell platform and US imaging ma-
chine, can be found in [24], [25]. In the dynamic experimental
setup, the participant’s foot was released from the load cell
platform, and a wearable ankle brace connected with an
incremental encoder was inserted into the participant’s shoe.
This seated posture was maintained throughout the entire
experimental procedure. Two electrodes (size: 2”x2”) were
placed on the fibular head and the distal belly of the TA
muscle, respectively, and used to pass the bi-phase stimula-
tion pulse trains from a stimulator (Rehastim 2, HASOMED
GmbH, Germany). A targeted region approximately 30% to
50% of individual shank length distal from the knee joint
was chosen as the location for the US transducer placement,
and depth of US imaging was set as 40 mm to include the
entire TA muscle area.

There were three separate experimental sets on three
different days, during which participants were instructed to
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Figure 1: Ilustration of isometric (right) and dynamic (left)
experimental setup. a-FES electrode pads. b-Prodigy US
transducer. c-Load cell platform. d-Incremental encoder. e-
FES stimulator. f-B-mode US imaging screen. g-Prodigy US
machine. h-Safety stop button.

avoid any volitional TA muscle contraction. The first set
on the first day was performed to determine subject-specific
system identification parameters, while the second and third
sets were performed randomly on two days to analyze muscle
fatigue in both isometric and dynamic scenarios. At least
72 hours were given between sets for each participant to
have a full recovery and to mitigate muscle fatigue effects
from the previous set. For both isometric and dynamic ankle
dorsiflexion experiments, stimulation pulse trains with 25
mA current amplitude and 33 Hz stimulation frequency were
commonly applied for all participants while stimulation pulse
width was selected individually (400 us, 500 s, and 450
ps for three participants). In the first set, following the
procedures described in [26], the threshold and saturation
pulse widths for each participant were determined under the
isometric case, and 80% of an individual’s saturation pulse
width was applied throughout the second and third sets.
Two fatigue progression periods of 120 seconds and 240
seconds (FES was activated every 2 seconds with a duty cycle
of 65%) were applied for the isometric case and dynamic
case, respectively. Under the isometric and dynamic fatigue
progressions, the dorsiflexion force signal and dorsiflexion
angle signal were collected at 1000 Hz throughout the entire
period, respectively. During the stimulation of both fatigue
progressions, plane-wave US images were collected at 1000
frames per second to image 1 complete muscle contraction
for every 4 FES stimulation cycles. The aforementioned
experimental and data collection procedures were applied on
both ankle joints of each participant.

B. Data processing and analysis

The ankle dorsiflexion force and angle measurements were
low-pass filtered by a 4‘"-order Butterworth filter with a cut-
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off frequency of 5 Hz. After the US imaging radio frequency
(RF) data was beamformed to get B-mode image sequences
using MATLAB (R2018b, Mathworks, MA, USA), the first
frame in every imaged contraction was subtracted from all
of the subsequent images, and the resultant difference image
was spatially filtered by a median filter and non-local means
denoising [27]. The brightness of each difference image
represents the normalized gray-scaled value (between O and
255) of each pixel. The ROI was selected with a depth
from 5 mm to 35 mm to include most of the section of
the bipennate TA muscle. The temporal US ERC in the
same contraction was calculated as the mean gray-scaled
value from the difference image time sequence. Given the
FES-induced fatigue progression protocol, the time period
during which US images were captured could guarantee
the submaximal dorsiflexion force or motion to be reached
after a transient muscle activation period; therefore, the final
measure from dorsiflexion force or angle during each FES-
elicited muscle contraction, along with the final measure from
ERC during each US imaging-recorded muscle contraction,
were selected to characterize the muscle contractility during
fatigue progression. Therefore, during the isometric fatigue
progression, 60 samples from dorsiflexion forces and 15
samples from ERC were obtained, while during the dynamic
fatigue progression, 120 samples from the dorsiflexion angles
and 30 samples from ERC were obtained. Then, the samples
of each signal were normalized to the corresponding first
sample, and all resultant values were between 0 and 1.

According to the muscle fatigue dynamics and its solution
mentioned in [6], an exponential regression model was used
to fit the curve between the normalized submaximal dorsi-
flexion force or motion and the index number of contractions
¢ =1,2,..,60/i = 1, 2,..., 120), as well as the curve
between the normalized submaximal ERC and the index
number of contractions (: = 4, 8, ..., 60/i = 4, 8§, ..., 120).
The coefficients of the exponential regression models were
determined by using the Levenberg-Marquardt nonlinear least
squares algorithm. A linear regression model was used to fit
the line between the normalized down-sampled submaximal
dorsiflexion force or motion and the normalized submaximal
ERC. The coefficient of determination (R?) of each regres-
sion model was also calculated to evaluate the goodness of
fitting. A paired t-test was performed on each of the linear
and nonlinear model coefficients, where the optimal coeffi-
cient value was compared to zero with a p-value selected
as 0.05. Similarly, a paired t-test was used to determine if
there was a significant difference between R? values under
isometric and dynamic cases. The significant difference level
was chosen as p < 0.05.

ITI. RESULTS AND DISCUSSION
A. Effects of fatigue on isometric and dynamic dorsiflexion

Figure 2 shows the representative FES-induced TA muscle
fatigue’s effects on the isometric dorsiflexion force normal-
ization, dynamic dorsiflexion motion normalization, and TA
muscle US ERC normalization, where the data are from the

right ankle joint of participant Al. Remarkably, all signals
show a monotonic decay trend with the muscle fatigue
progression. The exponential regression model’s equations
and R? values are labeled in each subplot. In Fig. 2a, the
submaximal dorsiflexion force reduces to 50% of the pre-
fatigue value after about 35 contraction cycles, while the
submaximal dorsiflexion angle reduces to 65% of the pre-
fatigue value after about 65 contraction cycles. The results
indicate that dynamic ankle dorsiflexion requires more FES
repetitions than the isometric case to reach the same TA mus-
cle fatigue level. In Fig. 2b, the decay of US ERC under iso-
metric dorsiflexion is smoother than that under the dynamic
case. Across the three participants, the exponential regression
models present R? values of 0.9174-0.032 (mean-standard
deviation) and 0.904+0.047 between the normalized dor-
siflexion force/normalized US ERC and contraction cycles
under the isometric case, respectively, as well as R? values
of 0.85140.039 and 0.753+0.059 between normalized dor-
siflexion angle/normalized US ERC and contraction cycles
under the dynamic case, respectively. It is clear that the
isometric fatigue progression causes a significantly stronger
exponential relationship between the normalized dorsiflexion
force (p < 0.001)/normalized US ERC (p < 0.001) and
contraction cycles than the dynamic fatigue progression. By
taking the dorsiflexion force and angle reduction as the
muscle fatigue benchmark for the isometric and dynamic
scenarios, the results from Fig. 2 present the potentials of
the normalized US ERC as an alternatively and commonly
effective muscle fatigue indicator.

B. Implication of US echogenicity as a fatigue indicator

Figure 3 presents the representative scatter plots between
the TA muscle’s US ERC normalization vs. dorsiflexion force
normalization/angle normalization under isometric/dynamic
fatigue progressions, where the data were collected from the
left ankle joint of participant A2. The direction of decreasing
force or angle corresponds to the fatigue progression direc-
tion, as labeled in Fig. 3. Through a linear regression model
(the equations and R? values as shown in Fig. 3), strong
linear relationships between the US ERC and dorsiflexion
force/angle were observed with the p-value of each slope
from the F-statistic less than 10—, which indicates US ERC
is a reliable alternative fatigue indicator. To generalize the
observed results in this trial, a summary of R2, slope with p-
value, and y-intercept with p-value from the linear regression
analysis under isometric and dynamic fatigue progression on
three participants is given in Table L. It is observed that only
under the isometric scenario, the slope values are close to
1 and the y—intercept values are close to O across three
participants, which indicates a consistent fatigue indicating
performance among different individuals. Overall, the R?
value is 0.8701+0.026 under the isometric case, while it is
0.803£0.048 under the dynamic case. Therefore, the results
in Fig. 3 and Table I imply that when using US ERC as the
secondary fatigue indicator, the isometric scenario is likely
to show significantly better indicating performance than the
dynamic scenario (p = 0.015).
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Table I: Results summary of linear regression models between the US ERC normalization and dorsiflexion force

normalization, and between the US ERC normalization and dorsiflexion angle normalization on three participants.

Isometric ankle dorsiflexion Dynamic ankle dorsiflexion
Ankle joint | RZ value | Slope (p—value) | y—intercept (p—value) | R? value | Slope (p—value) | y—intercept (p—value)
Al Left 0.873 1.059 (<0.001) -0.064 (0.098) 0.741 1.256 (<0.001) -0.192 (0.077)
Al Right 0.844 1.063 (<0.001) -0.046 (0.153) 0.789 0.611 (<0.001) 0.331 (<0.001)
A2 Left 0.899 1.130 (<0.001) -0.055 (0.487) 0.857 0.521 (<0.001) 0.421 (<0.001)
A2 Right 0.836 1.043 (<0.001) 0.026 (0.761) 0.857 0.778 (<0.001) 0.284 (0.306)
A3 Left 0.897 1.082 (<0.001) -0.040 (0.487) 0.813 0.856 (<0.001) 0.320 (0.688)
A3 Right 0.869 1.075 (<0.001) -0.044 (0.317) 0.759 0.913 (<0.001) 0.071 (0.084)
i Isometric ankle dorsiflexion Isometric ankle dorsiflexion
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(a) Normalization of dorsiflexion force and angle decay relevant to
TA muscle fatigue.
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(b) Normalization of US ERC relevant to TA muscle fatigue.

Figure 2: The representative effects of FES-induced TA
muscle fatigue on the dorsiflexion force normalization, dorsi-
flexion angle normalization, and US ERC normalization for
both isometric and dynamic scenarios on Participant Al.

The findings of the US imaging strain study in [28] showed
that under the isometric case, the R2? value of the linear
regression model between submaximal mean (maximal) axial
tissue strain and submaximal muscle force was 0.8234-0.151
(0.850£0.165). The statistical analysis based on one-way
repeated-measure ANOVA did not show any significant dif-
ference among three R? value groups (p = 0.102) for the

ERC normalization

Figure 3: Relationships of the US ERC normalization vs.
submaximal dorsiflexion force normalization and the US
ERC vs. submaximal dorsiflexion angle normalization under
isometric and dynamic FES-induced muscle fatigue progres-
sion periods. Reported data are from Participant A2.

isometric scenario, which indicates that US echogenicity is
comparable to tissue strain as a muscle fatigue indicator.
Furthermore, the computation times to get tissue strain and
echogenicity in the same ROI were also calculated and
compared based on a parallel computation framework, where
the computation times per image frame were 0.795+0.261
ms and 368.714£7.168 ms for US echogenicity and tissue
strain, respectively. Therefore, the advantages of using US
echogenicity include: (1) the relatively robust selection of the
ROI due to the static nature, (2) no requirement of US image
with higher resolution and clearly visualized architectural
features, (3) the significant reduction of calculation time
(within 1 ms) for easier real-time implementation, and so
on. The muscle force’s or joint moment’s decay during the
FES-elicited muscle contraction has always been taken as
a gold standard indicator for peripheral muscle fatigue, but
measures of muscle force or joint moment usually require
sophisticated hardware setup and are mainly constrained
to isometric muscle contraction. Therefore, introducing an
alternative non-invasive muscle fatigue indicator that can be
easily implemented for both isometric and dynamic tasks,
with a simpler setup and in a real-time manner, is neces-
sary. Regarding features extraction from US imaging, the
preliminary results showed that US echogenicity with easy
access and simple calculation from US imaging is a prefer-
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able real-time fatigue indicator during FES-induced muscle
fatigue progression, which exhibits similar fatigue indication
performance as previous methods such as strain imaging. Its
main benefit in comparison to the strain imaging method
is its quick computation time, which implies the potential
implementations to assess muscle fatigue level during real-
time FES rehabilitation training.

IV. CONCLUSION

The present study investigated the use of temporal US
echogenicity from B-mode US images as the TA muscle
fatigue candidate indicator during FES-induced isometric and
dynamic ankle dorsiflexion motions. Synchronous measure-
ments from isometric dorsiflexion force, dynamic dorsiflex-
ion angle, and US images under the FES-induced muscle
fatigue protocol were collected from both left and right
ankle joints of three able-bodied participants. A computa-
tionally efficient gray-scaled analysis was used to determine
if temporal ERC is correlated with the isometric dorsiflexion
force (R? = 0.87040.026) and dynamic dorsiflexion motion
(R? = 0.803+0.048). The results of correlation analysis
showed that the US echogenicity change was a comparable
fatigue indicator to axial tissue strain during the isometric
fatigue progression but with far-less computation time and
high potentiality of real-time implementation. The findings in
the current work indicate that, potentially, US echogenicity
may be a promising non-invasive computationally efficient
measure for assessing FES-induced muscle fatigue during
neurorehabilitation implementations and can help with ad-
vanced FES controller design with the consideration of real-
time muscle fatigue.
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