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Abstract—The quick onset of muscle fatigue is a critical issue
when applying neuromuscular electrical stimulation (NMES)
to generate muscle contractions for functional limb move-
ments, which were lost/impaired due to a neurological
disorder or an injury. For in situ assessment of the effect of
NMES-induced muscle fatigue, a novel noninvasive sensor
modality that can quantify the degraded contractility of a
targeted muscle is required. In this study, instantaneous
strain maps of a contracting muscle were derived from ultra-
high-frame-rate (2 kHz) ultrasound images to quantify the
contractility. A correlation between strain maps and isomet-
ric contraction force values was investigated. When the
muscle reached its maximum contraction, the maximum and
the mean values of the strain map were correlated with the
force values and were further used to stage the contractility
change. During the muscle activation period, a novel
methodology based on the principal component regression
(PCR) was proposed to explore the strain—force correlation.
The quadriceps muscle of 3 able-bodied human participants
was investigated during NMES-elicited isometric knee exten-
sion experiments. Strong to very strong correlation results
were obtained and indicate that the proposed measurements
from ultrasound images are promising to quantify the muscle
contractility changes during NMES.
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INTRODUCTION

Neurological injuries such as spinal cord injury
(SCI) and stroke result in mobility disabilities.> The
resulting loss of limb functions due to paralyzed or
paretic muscles impairs standing, walking, and grasp-
ing activities. To enhance or restore these limb func-
tions, neuromuscular electrical stimulation (NMES) is
used to artificially recruit extant muscle motor units
(MU) via external electrical pulses.’’ NMES also
provides therapeutic effects such as motor relearning,
cardiovascular conditioning, and treatment of muscle
atrophy.®’ However, compared to unimpaired voli-
tional muscle contractions, NMES causes a rapid onset
of muscle fatigue. The early fatigue onset is attributed
to a non-physiological MU recruitment pattern.® The
effectiveness of NMES is, therefore, quickly deterio-
rated over the time course of operation. Excessively
stimulating a fatigued muscle may also cause injuries
or functional task failures, which may result in sec-
ondary injuries.

To alleviate any adverse effects of muscle fatigue,
improved NMES protocols'*!*>? need to be designed.
To achieve this, an effective strategy for measuring the
fatigue effect is an important precursor. Recently,
ultrasound imaging has been proposed as a sensory


http://orcid.org/0000-0003-1966-1135
http://crossmark.crossref.org/dialog/?doi=10.1007/s10439-020-02536-7&amp;domain=pdf

Ultra-High-Frame-Rate Ultrasound Monitoring of Muscle Contractility 263

modality to assess the changes in mechanical responses
that are hypothesized to be one of the fatigue effects
when a skeletal muscle performs repeated contractions.
Witte et al. compared elastic and viscoelastic-like
modifications from the ultrasound strain imaging be-
fore and after a volitional fatigue exercise of the 3rd
flexor digitorum superficialis muscle.*” The exercise-
induced fatigue in the right biceps brachii muscle was
investigated by a defined thickness change that was
derived from the cross-sectional ultrasound images.*”
Ultrasound shear wave elastography (SWE) was used
to assess muscle stiffness property and was further
considered as an index to monitor muscle func-
tions.*>7* Siracusa er al. proposed SWE to assess
peripheral fatigue by investigating the time course of
the shear elastic modulus change of the vastus lateralis
at rest.>> Compared to other sensory modalities for
measuring fatigue effects such as electromyography
(EMG) or surface electromyography
(SEMG),?10:15:21.25.28.29 mechanomyography
(MMG),"#3*4! near-infrared spectroscopy (NIRS)**#!
and phosphorus nuclear magnetic resonance (NMR),"!
ultrasound imaging is advantageous in multiple as-
pects. For example, it has a relatively wide range of the
field of view (FOV) in-depth and has an in vivo capa-
bility of collecting 2-dimensional (2D) information of a
targeted muscle. Unlike signals from EMG or sEMG,
signals from ultrasound images are less likely inter-
fered by the NMES and do not have a cross-talk
among neighboring muscles.

Our recent study’> proposed the axial strain derived
from ultrasound images as a promising indicator for
detecting the contractility change in the human
quadriceps muscle. In the study, degraded contractility
referred to a decrease in the contractile deformation
after applying an 80-second-long constant NMES
pulse train. However, an in vivo continuous variation
of the muscle contractility at different stages over the
time course of the stimulation protocol has never been
studied. The correlation between the degraded con-
tractility and the varying force produced by a repeat-
edly stimulated muscle is also unknown.

Therefore, this paper aims to develop a strain
imaging technology that applies an ultra-high frame
rate (2 kHz) and quantifies the extremely fast muscle
deformations during each NMES-¢licited contraction.
The quantified muscle contractility was shown to stage
the NMES-induced fatigue effect by investigating the
correlation between the force and the image-derived
strain map. When a muscle was fully activated, the
maximum and the mean of the processed strain map
were correlated with the maximum force of that con-
traction. The strain—force correlation was further im-
proved by using a principal component regression
(PCR) based methodology when multiple strain—force

FIGURE 1. (a) The experiment set-up. Programmed NMES)
pulse trains are sent from a stimulator through two large
electrode pads attached on the thigh to elicit isometric knee
extensions. The proximal electrode is placed closer to the
lateral side and the distal one is placed slightly to the medial
side from the midline to reach the motor points. A load cell is
used to connect the shank to the leg extension machine, of
which the rotary axis is rigidly fixed, and to register the force
produced during isometric muscle contractions. A linear
ultrasound transducer is placed in the longitudinal direction
on the thigh and firmly fixed by a customized probe holder
after being adjusted (as shown by the yellow arrows) to obtain
the best imaging plane. (b) The fatigue protocol. To
continuously stimulate the quadriceps muscle, the NMES
pules trains (with each single pulse set as the amplitude of 28
mA, the pulse frequency of 35 Hz and the pulse width of
300 us) are on for 1.5 s every 2 s (75 % duty cycle). Meanwhile,
force measurements are recorded at 1kHz, and the ultra-fast
ultrasound planewave imaging of 2 kHz FPS, is used to
image 1 complete muscle contraction every 4 contractions. (c)
Ultrasound image process. Each ultrasound image frame is
reconstructed by demodulating the 1Q data after the RF data is
beamformed via a DAS beamformer. A contraction rate
adaptive ultrasound speckle tracking is then performed on
the selected frames of the reconstructed images to estimate
the frame to frame displacement. The instantaneous
displacement field of the current frame with respect to the
initial reference frame, is obtained by accumulating all the
frame-to-frame  displacement during the past. The
instantaneous strain map is obtained by taking gradient
along the axial direction through an S-G filter.

measurements were taken at the high sampling rate
during the muscle activation period.

To demonstrate the proposed technology, isometric
knee extension experiments were performed on 3 able-
bodied human participants by stimulating their
quadriceps muscle under a standard NMES fatigue
protocol. Ultra-high-frame-rate ultrasound images,
targeted at the quadriceps muscle, were collected and
synchronized with the force measurements that were
registered by a load cell. A contraction-rate-adaptive
ultrasound speckle tracking®*? was applied on the
ultrasound image sequence to derive the axial strain
map. The subsequent data analysis was performed to
obtain and explain the strain—force correlations over
the time course of the NMES protocol.

MATERIALS AND METHODS

All the procedures and protocols of the experiments
were approved by the Institutional Review Board
(IRB) of the University of Pittsburgh. 2 male and 1
female able-bodied human participants (of 22 to 27
years old); namely, P1, P2 and P3, joined in the
experiments. Informed consent was obtained from all
subjects before their participation.
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FIGURE 2. (a) The accumulated axial strain maps that are synchronized with the maximum force measured in the 1st, 5th, ..., 37th

muscle contractions of the human participant P1. The images were processed in a 16 mm by 16 mm ROI of the stimulated
quadriceps muscle. The positive (red) strain indicates an extension while the negative (blue) strain indicates a compression along
the axial direction. Each of the strain maps quantifies the accumulated deformation of the fully activated muscle with respect to the
initial relaxed status. (b) A pre-defined rectangular mesh, M, used for the 2D bilinear interpolation to determine the ky(x, y) in the

PCR. Goodness of fitting (R?) can be affected by different meshes.

Experiment Set-Up

Figure la shows the experiment set-up. Each human
participant was seated on a lab-built leg extension
machine while the quadriceps muscle of the right leg
was stimulated by programmed NMES pulse trains to
perform isometric knee extensions. The pulse trains
were sent from a commercial stimulator (Rehastim 1,
HASOMED GmbH, Germany) through two elec-
trodes (Dura-Stick Plus, 6.98 cm by 12.70 cm, Chat-
tanooga, DJO, USA) placed on the thigh. To reach the
motor points'® of the quadriceps muscle, the proximal
electrode was placed closer to the lateral side, and the
distal one was placed slightly to the medial side from
the midline. A load cell (LC101-150, OMEGA Engi-
neering, USA) was attached normally to the front of
the shank. The registered force readings were sampled
at 1 kHz to represent the force produced by the muscle
contractions, provided a constant moment arm from
the knee joint to the surface of the load cell. A clinical
ultrasound linear transducer (L7.5SC Prodigy Probe,

S-Sharp, Taiwan) was placed in the longitudinal
direction on the thigh and fixed by a customized probe
holder to image the targeted quadriceps muscle. The
ultrasound imaging plane was adjusted to visualize the
most noticeable quadriceps muscle deformation as a
response to the NMES and minimize out-of-plane
motions at the same time. As a result, on a typical
ultrasound image, as shown in Fig. 2a, the lateral
direction (y-axis) is roughly aligned with the longitu-
dinal fiber direction toward the distal side of the torso
while the axial direction (x-axis) is orthogonal to the y-
axis and points toward a deeper position beneath the
skin. The ultra-fast planewave imaging, with 2 kHz
frame per second (FPS), 5 MHz of center frequency
and 20 MHz of sampling frequency, was implemented
in the ultrasound imaging system (Prodigy, S-Sharp,
Taiwan). Data synchronization among the NMES
pulses, the load cell measurements, and the ultrasound
image frames were configured in a Matlab/Simulink
(MathWorks, USA) environment on a real-time target
(QPIDe, Quanser, Canada).
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Fatigue Protocol

The objective of the experiments is to investigate the
strain—force correlation when a constant NMES input
applies on each human participant to elicit muscle
contractions and produce the effect of muscle fatigue.
Since the cross-subject analysis is not the immediate
focus of the current study, we used a constant stimu-
lation set-up among all the human participants with-
out considering the variations of their responses to the
NMES. The NMES pulses were set as 28 mA of
amplitude, 35 Hz of pulse frequency, and 300 us of
pulse width. These parameters were selected within a
typical range of experiments on lower-limb neuro-
prosthetic devices that can produce predictable knee
extension forces.” To continuously stimulate the
quadriceps muscle, as illustrated by Fig. 1b, the pulse
trains were on for 1.5 s every 2 s (75 % duty cycle). The
0.5 s rest period lets muscle recover to the relaxed
geometry between consecutive contractions. As a re-
sult, after the system initialization of 1 s, in total, 40
muscle contractions were performed during an 80-
second-long period. A sequence of ultrasound image
frames was collected to include 1 complete muscle
contraction every 4 contractions.

Image Process

During each of the 10 imaged muscle contractions,
image frames, from the time instant when the first
NMES pulse occurred to the time instant when the
maximum force was reached, were extracted for anal-
ysis. Fig. lc illustrates the image processing procedure.
Each image was reconstructed by demodulating the in-
phase and quadrature (IQ) data after beamforming the
raw ultrasound radio frequency (RF) data via a delay-
and-sum (DAS) beamformer. A contraction rate
adaptive ultrasound speckle tracking”* was per-
formed on the selected frames of the reconstructed
images to estimate the 2D frame-to-frame displace-
ment. The frames were selected based on the observed
rate of the muscle contractions. When muscle moves
very fast, tracking is applied between every two con-
secutive frames. This ensures the quasi-static tracking
and minimizes the speckle decorrelation. When muscle
contracts at a relatively low speed, tracking is per-
formed only between selected frames from the image
sequence, by comparing which, a discernable motion
can be visualized. The rest of the frames were all
skipped. This criterion helps reduce unnecessary noise
accumulation when summing the frame to frame
tracking results. An instantaneous displacement field,
d(x,y) = (dx(x,y),dy(x,y)), of each tracked image
frame, with respect to an initial reference frame, was
then obtained by accumulating all the tracked frame-
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to-frame displacement during the past. The instanta-
neous displacement fields of the skipped frames were
calculated by interpolation. According to the
assumptions in our previous study,’” the axial strain
map, s, (x, ), defined based on the principal stretches,
was then derived at each position, (x, y), by calculating
the spatial derivative of du(x, »), as su(x,y) =
dd,(x,y)/0x. A Savitzky-Golay (S-G) filter with the
kernel length in a range from 3.0 to 3.5 mm was
implemented to differentiate d.(x, y).

Data Analysis

During each experiment under the designed proto-
col, 40 NMES-elicited muscle contractions were per-
formed in 80 s. In each of the contractions, the
maximum force was reached and recorded after a
transient muscle activation period. According to Ri-
ener et al.”’ where they modeled the fatigue effect using
first order dynamics, the maximum force produced by
the fully activated muscle during each contraction
should decay almost exponentially under a constant
NMES input. Therefore, an exponential model, y =
o1e”* + a3, was fitted between the maximum force
data and the index number of muscle contractions
(x =1, 2, ..., 40) by using the Levenberg-Marquardt
nonlinear least squares algorithm.?>?*?® The con-
stants, o; and o3, reflect the initial maximum force and
the minimum force that is attained when the muscle is
completely fatigued. o, reflects the fatigue constant,
i.e., the rate of decay, which is expected to be a nega-
tive number. The frame of the processed axial strain
map, which was synchronized to the maximum force
during a contraction, was selected to calculate the
mean and the maximum. By considering the local
extension of the target muscle in the FOV as the major
signal that quantifies the contractile deformation, a
thresholding procedure that sets the negative values on
the map to be zero was applied. The reason for
thresholding rather than excluding the negative values
is in order not to bias the calculation of the area
fraction of the positive axial strains with respect to the
total strain map when calculating the mean. Simple
linear regressions (n = 10) were performed between the
maximum force and the strain mean, as well as
between the maximum force and the maximum strain.
A t test was performed on each of the nonlinear and
linear regression coefficients, which was compared to
zero with the critical p value chosen as 0.05.

To further investigate the correlation between the
strain map and the force during the transient muscle
activation period, PCR was used to fit the model as,

F=boy+Y Y kul(x,)s(x,»)A, (1
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<«FIGURE 3. Data analysis of human participant P1. (a) The
maximum force fitted to an exponential curve shows a
decreasing trend and validate the effectiveness of the
fatigue protocol. (b) Under the fatigue protocol, the
decreased maximum force during each contraction
correlates with the decreased mean value of the
synchronized strain map. (¢) The decreased maximum force
during each contraction correlates with the decreased
maximum value of the synchronized strain map. (d) The
measured force (blue dashed lines) and the fitted force (solid
red lines) using the processed strain images via the proposed
PCR-based methodology. The results include the transient
period during each contraction when the muscle contracts
from the relaxed status to the fully activated status. The time
axis records the duration of each contraction. The breaks in
the axis indicate an omitted time period for presentation
purposes. Details of the fitting results in (a)—(d) can be found
in Tables 1 and 2.

where the response variable, F, is the instantaneous
force produced by the stimulated muscle contraction.
s(x, y), after thresholding the negative values to be
zero, is the positive axial strain of a pixel at a position
of (x, y) mm from the image frame that is synchronized
with F. In Eq. (1), (mm?/pixel) is the area of a single
pixel, bg v 1s the intercept and kyy(x, ) is the unknown
spatially dependent function. by \ and ky(x, y) need to
be identified via the regression. In this study, a 2-di-
mensional (2D) bilinear interpolation was used to
estimate the ky(x, y) based on a pre-defined rectan-
gular mesh, M, as illustrated in Fig. 2b. The values of
the interpolant at the mesh grids are the regression
coefficients of the multi-variate linear regression that
adopts PCR. For each human participant, a total of 40
muscle contractions was divided into 3 groups
according to the maximum axial strain of each con-
traction that was normalized to the overall maximum,
Smax, among all the 40 contractions. A muscle con-
traction, of which the normalized maximum axial
strain falls in the ranges of [70.0, 100] %, [40.0, 70.0] %
and [0, 40.0] %, respectively, belongs to the group, G1,
G2 and G3, respectively. In each group, the PCR
regression was performed to identify b v and km(x, »)
of this group. Figs. 3d, 4d, and 5d of P1, P2, and P3,
respectively, show the fitting results during all the
activation periods of the stimulated muscle contrac-
tions. The presented results of PI1, P2, and P3,
respectively, are based on a mesh M =9, M =7,
M = 7, respectively. The dashed blue lines refer to the
force measurement from the experiments while the
solid red line depicts the force calculated from Eq. (1)
by using the fitted parameters, by and ky(x, »). The p
value of the intercept was calculated using an F test by
comparing the derived intercept with 0. The p value of
a specific regression coefficient, associated with a
principal component (PC), was calculated by an F test
that compared the fitted model using all the PCs with
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the fitted model using the remaining PCs after
excluding that specific PC. Any principal component
with p > 0.05 was considered non-significant and was
excluded from the regression process. Details of the
implementation of the PCR can be found in the sup-
plementary information.

RESULTS

Validation of the Fatigue Protocol

For each human participant (P1, P2, and P3), the
exponential curve, y = aje™ 4 a3, was fitted between
the maximum force data and the number of muscle
contractions. The results were shown in Figs. 3a, 4a,
and Sa, respectively, as R>=10.82, R*=095 and
R? = 0.98, respectively. More details of the fitting re-
sults are provided in Table 1. Because a reduction in
the maximum force is commonly noted as a fatigue
indicator,®® the significant negative values of o,
(» < 0.05) validates the effectiveness of the applied
fatigue protocol of each human participant.

Quantification of the Muscle Contractility Via the Axial
Strain Map

The accumulated axial strain maps, s(x,y) were
processed from ultrasound images (See the method
section for a detailed description.) in a 16 mm by 16
mm region of interest (ROI) of the stimulated
quadriceps muscle. Supplementary Videos S1, S2, ...,
S10 online show the processed results during each of
the ith muscle contraction, C; (i = 1, 5, 9, ..., 37), over
the time course of the fatigue protocol. Fig. 2a presents
the frames of the strain maps that are synchronized
with the maximum force measured in each contraction.
Therefore, these strain maps quantify the accumulated
deformation of the fully activated muscle with respect
to the initial relaxed status. At a local position, the
positive (red) strain indicates an extension, while the
negative (blue) strain indicates a compression along the
axial direction of the ultrasound beam. As it can be
observed from the strain maps of the 1st and 5th
contractions, C1 and CS5, relatively large positive strain
areas are initially distributed inside the ROI. There are
also negative strain values mainly located at a deeper
axial position (x > 35 mm), which is the boundary of
the vastus intermedius (VI) and closer to the femur. In
subsequent contractions, both the positive and nega-
tive axial strain gradually decrease, as shown by C9,
C13, and C17. The strain maps become almost uni-
form zero after C21. This implies that even though the
same NMES input is maintained, there is no longer a
noticeable muscle contraction detected by ultrasound
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images inside the chosen ROI. This observation is
consistent with the force measurement that is below 30
% of the initial level and indicates an overall degraded
muscle contractility. The observations are consistent
among the participants.

Correlation Between the Axial Strain and the Maximum
Force

To quantitatively stage the muscle contractility
change via the axial strain map, the mean and the
maximum value of the positive axial strain were inves-
tigated. After thresholding all the negative s(x, y) to be
zero, linear regressions between the maximum force and
the mean of the strain map was performed, as shown by
Figs. 3b, 4b and 5b of human participants P1, P2 and
P3, respectively. Fitting results; i.e., R> =0.93,
R?> = 0.65 and R> = 0.89 were obtained for P1, P2 and
P3, respectively. The results indicate a strong to very
strong correlation. Figs. 3c, 4c and 5¢ of P1, P2 and P3,
respectively, shows the linear regression results between
the maximum force and the maximum of the strain
map. The goodness of fitting, that is, R> = 0.96,
R>=0.66, and R* = 0.93 of P1, P2 and P3, respec-
tively, indicates a strong to very strong correlation.
Details of the fitting results are provided by Table 1.

Correlation Between the Axial Strain and the Force
Response to NMES During the Transient Period

During the transient period when the muscle con-
tracts from a relaxed position to its maximum capacity,
multiple strain—force measurements are available due
to a very high sampling rate (2 kHz). Therefore, an
improved strain—force correlation result can be
achieved by fitting Eq. (1) using PCR. Figs. 3d, 4d and
5d of P1, P2 and P3, respectively, shows the fitting
results during all the transient periods. The presented
results of P1, P2 and P3, respectively, are based on a
mesh M =9, M =7, M = 7, respectively. The dashed
blue lines refer to the force measurement from the
experiments while the solid red line depicts the force
calculated from Eq. (1) by using the fitted parameters,
bom and ky(x,y). The goodness of fitting is summa-
rized in Table 2. Complete information of the PCR
results can be found in the Supplementary Table S1, S2
and S3.

DISCUSSION

The positive axial strain located inside the ROI, as
shown in Fig. 2, was chosen to quantify the resultant
contractile deformation of the entire stimulated
quadriceps muscle without precisely distinguishing the
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contributions from rectus femoris, vastus lateralis,
vastus medialis and vastus intermedius. This is due to
the fact that the local axial extensions in this ROI were
observed as the most noticeable and robust signals
during each muscle contraction and were also shown,
in our previous study,?” to have a significant reduction
when the muscle is completely fatigued. In addition, by
observing Fig. 2a, though the negative strain (local
compression) also had a substation reduction during
the fatigue protocol, it is more likely a passive defor-
mation due to the interaction with the neighboring
tissues. This occurred especially at locations with more
constrained boundary conditions, e.g., the boundaries
between different muscle layers, shallower locations
close to the skin or deeper locations closer to the bone.
Therefore, these areas were considered of zero strain
when calculating the mean of the positive axial strain
over the ROI. Consequently, Figs. 3a, 3b, 4a, 4b, Sa,
5b, and Table 1 indicate that during the validated fa-
tigue protocol, when the contraction of the quadriceps
muscle was fully activated, both the mean and maxi-
mum of the positive axial strain had a strong correla-
tion with the maximum force. The maximum reflects
the overall magnitude of the contractile deformation.
The mean is calculated by a weighted sum of the strain
values at every pixel location. The weight is determined
by the area fraction that a particular strain value
occupies with respect to the total area of the ROL
Therefore, the mean accounts for the spatial distribu-
tion of the local muscle deformation (extensions). The
results suggest that the positive axial strain map can be
a potential marker to monitor the degraded muscle
contractility during NMES applications.

The rationale of applying Eq. (1) with the PCR to
investigate the strain—force correlation during the
transient muscle activation period is explained as fol-
lows. During each muscle contraction, we observed
that, inside the ROI, the muscle deformation is
monotonically increasing until a steady state. The
observed increase in the deformation is likely an out-
come of the increasingly generated internal forces in
the muscle fibers that belong to activated MUs. An
activated MU refers to the MU that is recruited by the
NMES and incrementally releases impulsive mechani-
cal energy from the contractile elements®” to produce
the force. It is, therefore, reasonable to use the defor-
mation to quantify the increasing force that is con-
tributed from the muscle during the activation period
towards the maximum capacity of all the activated
MUs. The maximum capacity is then affected under a
long period of stimulation because, over more and
more contractions under constant stimulation, MUs
have a decreasing capability of delivering mechanical
energy due to a combination of multiple physiological
factors® known as the fatigue effects. As a result, the
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instantaneous force response to NMES during each
contraction is expected to correlate with the axial
strain map that reflects the observed contractile
deformation as,

F= a/k(x,y)s(x,y)dA + b, (2)
A

which is exactly same as, but a continuous version of
Eq. (1). d4 is a small area around a local position (x,
¥). k(x, y) is a weight function to be applied when the
strain field is integrated to estimate the overall con-
tributions to produce the force. The spatial depen-
dency of k(x, y) provides the flexibility for considering
the inhomogeneous factors, for example, the possibil-
ity that similar values of local deformation might be a
result of different internal forces in different regions
due to inhomogeneous tissue properties, and thus
represent for different contributions to the total force
produced by the contraction. This usually leads to a
higher correlation than simply using the average strain
because the spatial flexibility increases the degree-of-
freedom of the regression model. A higher correlation
is useful in this study because it better relates the
change in force to the change in muscle contractility. «,
which can be lumped into k(x, y), and b are scale and
offset factors, respectively, which accounts for the
limited ROI where the strain map is processed.

The advantage of employing the PCR is that the
covariates are transformed along PC axes that are
uncorrelated with each other. Therefore, non-signifi-
cant PCs, compared with the full model fitted using all
the PCs, can be removed, and consequently, the order
of the fitted model can be reduced. In addition, in this
study, all the covariates are in the same unit. There-
fore, before the regression procedure, removing PCs
with extremely small eigenvalues of the covariance
matrix (with the remaining PCs representing more than
90% of the sum of all the eigenvalues) can avoid fitting
a data component with non-dominant variance, which
is more likely noise from signal processing.

Performing the PCR in separate groups, G1, G2,
and G3 assumes different k(x, y) values in different
stages of the stimulation protocol, which are reflected
by the discrepancy in the maximum axial strain.
Though the described concept of k(x, y) is different
from the elasticity in continuum mechanics, it can still
be affected by varying tissue properties. For example,
in a stiffer muscle, the local extensions are likely of
smaller magnitude even though there is a large amount
of activated MUs so that a large force is generated. To
the best of our knowledge, there is no solid consensus
among literature showing that tissue properties are
time-invariant as muscle performs more and more
contractions under NMES. In fact, results from several

SWE studies*’> indicate a possible change in the
shear elastic modulus. Therefore, to account for a
potential change in tissue properties, an ad hoc strat-
egy was applied to use variant values of k(x, y) from
group to group. Currently, the simple criterion for
grouping the data is to evenly divide the overall 0-
100% maximum axial strain into 3 intervals that cor-
respond to 3 contractility stages indicated by the force-
maximum strain correlation. The first interval is a little
larger by considering the relatively low sensitivity of
the signal processing at low strain values. More data
groups are not desired because this will further reduce
the sample size of the regression inside each group and
will likely degrade the overall robustness of the PCR
results. Future studies may introduce a time-dependent
k(x, y, t) to better facilitate the continuous time-variant
feature. For the purpose of comparison, a time-in-
variant k(x, y) among all the 40 muscle contractions
during the fatigue protocol yields a reduced (but still
strong) correlation results reported as R> = 0.98
(n=2088), R*=0.83 (n=2949) and R>=0.70
(n = 2860) of P1, P2 and P3, respectively, after
removing all the non-significant PCs (p > 0.05).

For P1, P2 and P3, the values of overall R*> obtained
under either condition, (when k(x, y) is assumed time
invariant or when the regression is performed in sep-
arate groups), indicate strong to very strong correla-
tions between the axial strain map and the
instantaneous force. According to Table 2, there was a
relatively large negative intercept in G1 of P3, and the
fitted curve among those data points underestimated
the force measured from the experiment, as shown by
Fig. 5d. We speculate that approximating the muscle
contraction outside the ROI by scaling and offsetting
with @ and b in Eq. (2) might not work perfectly when
the contractile response to the NMES is not homoge-
nous in the entire stimulated muscle volume. Especially
when the scale of both the deformation and force were
relatively large due to a strong muscle response during
G1 of P3, the error caused by spatial extrapolation
outside the ROI using a linear relationship with a and
b was likely to increase. In future studies, this suggests
a new experiment design that synchronously uses
multiple ultrasound transducers to cover an extended
ROI of the targeted muscle. Nonetheless, the overall
quality of the correlation result was not undermined.
The proposed methodology demonstrates the feasibil-
ity of using Eq. (1) to explain the degraded muscle
response to NMES during the fatigue protocol.

Different choices of the mesh, M can result in
slightly different fitting results of Eq. (1). As shown in
Fig. 2b, an increased M overall improved the goodness
of fitting (R?). A large M does not artificially enrich the
information extracted from the axial strain map. In-
stead, it allows more spatial flexibility of estimating
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k(x, ), and later the PCR will eliminate the non-sig-
nificant PCs if such increased flexibility is found
unnecessary by F tests. Particularly, M =1 yields a
constant k(x, y) and is equivalent to correlate the mean
of the strain map to the force response. R curves in
Fig. 2b provides a guideline of selecting M. Also, the
choice of M =9, M =7 and M = 7 of the presented
results P1, P2 and P3, respectively, was also based on
the criteria that a single element enclosed by 4 grid
points should be greater than 2 by 2 mm. This poten-
tially increases the robustness of the results by reducing
the sensitivity of the fitting to an occasional potential
noise distributed on the strain map.

The obtained correlation results are from data
analysis on each human participant. The results indi-
cate that, during NMES applications, especially those
used for generating functional movements, the ultra-
high-frame-rate ultrasound imaging can be developed
into a technology that continuously monitors users’
muscle contractility change compared to their initial
muscle capability under a certain stimulation input.
Further studies, such as investigating and comparing
the correlation across different subjects (of different
gait abilities due to age, disease, efc.), tissue mechani-
cal property assessment, and repeated experiments
under different NMES protocols are required. This
will lead to establishing a general strain—force model
(in the form of Eq. (1)) that can describe the underlying
physiology and biomechanics of the NMES-induced
muscle fatigue. For the cross-subject comparison, the
experiments need to be performed in an extended
sample size, and the NMES parameters need to be
tailored for each human participant to create a fixed
portion of each one’s maximum voluntary contraction.
For assessing tissue mechanical properties, SWE is a
potential image modality that can be implemented to
the current ultrasound imaging set-up.

Overall, the experimental results in this study sug-
gest that the proposed novel ultrasound imaging-based
approach is promising to estimate the instantaneous
contractile force, which is a commonly used indicator®
to assess the effect of NMES-induced muscle fatigue.
In future studies, this methodology will be imple-
mented in real-time and applied to improve the control
performance of an NMES-based neuroprosthe-
sigh13:14.17:20.37 41y 4 way that the assessed degree of
contractility is used as feedback information to mod-
ulate the delivered NMES dosage.

ELECTRONIC SUPPLEMENTARY MATERIAL
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