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Introduction: Playing badminton has been reported with extensive health
benefits, while main injuries were documented in the lower extremity. This
study was aimed to investigate and predict the knee- and ankle-joint loadings
of athletes who play badminton, with “gold standard” facilities. The axial impact
acceleration fromwearables would be used to predict joint moments and contact
forces during sub-maximal and maximal lunge footwork.

Methods: A total of 25 badminton athletes participated in this study, following a
previously established protocol of motion capture andmusculoskeletal modelling
techniques with the integration of a wearable inertial magnetic unit (IMU). We
developed a principal component analysis (PCA) statistical model to extract
features in the loading parameters and a multivariate partial least square
regression (PLSR) machine learning model to correlate easily collected
variables, such as the stance time, approaching velocity, and peak
accelerations, with knee and ankle loading parameters (moments and contact
forces).

Results: The key variances of joint loadings were observed from statistical
principal component analysis modelling. The promising accuracy of the partial
least square regression model using input parameters was observed with a
prediction accuracy of 94.52%, while further sensitivity analysis found a single
variable from the ankle inertial magnetic unit that could predict an acceptable
range (93%) of patterns and magnitudes of the knee and ankle loadings.

Conclusion: The attachment of this single inertial magnetic unit sensor could be
used to record and predict loading accumulation and distribution, and placement
would exhibit less influence on the motions of the lower extremity. The intelligent
prediction of loading patterns and accumulation could be integrated to design
training and competition schemes in badminton or other court sports in a
scientific manner, thus preventing fatigue, reducing loading-accumulation-
related injury, and maximizing athletic performance.
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lunging step, court sports, wearables, machine learning, knee, ankle
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Key points:

• We developed principal component analysis (PCA) and
partial least square regression (PLSR) statistical models to
predict the knee- and ankle-joint loadings during badminton
footwork from wearables.

• Flexion moment, AP, and axial contact forces in the knee were
significantly higher during maximal lunges.

• During maximal lunges, dorsiflexion moment, AP, and axial
contact forces in the ankle were significantly higher than those
during sub-maximal lunges.

• Key variances (over 73%) between the vertical GRF of sub-
maximal and maximal lunges were located in the initial and
secondary impact peaks.

• Inertial magnetic unit (IMU) attached to the ankle showed
promise (93%) to predict biomechanical loadings in the knee
and ankle joints.

1 Introduction

Badminton lunges typically manifest as unilateral movements
with the upper and lower extremities on the same side (depending
on the right- or left-limb dominant) (Yu et al., 2021a). The current
study followed up our previous study on the investigation of knee-
joint loadings during directional badminton lunges using
musculoskeletal-driven finite element modelling, which was
supported by the Badminton World Federation (BWF) research
project, reporting that the left-side (forecourt and backcourt)
backhand lunges exhibited larger knee loadings (i.e., joint
moments and contact forces) compared to the right-side
(forecourt and backcourt) forehand lunges (Yu et al., 2021a). It
was further proposed that the next-step research will focus on the
dynamic monitoring of lower extremity loadings from the lab-
simulated court toward on-court intelligent monitoring. A key
issue observed in the previous studies was that the lab-simulated
studies strictly controlled variables, which is not the case during real
on-court training and competition.

Considering the high ratio of injuries in the lower extremity,
particularly the injuries in the knee and ankle joints have been
commonly reported and documented in previous studies, such as
ankle sprains (fractures), knee pains, and Achilles tendon ruptures,
among others (Chard and Lachmann, 1987; Jérgensen and Winge,
1987; Kroner et al., 1990; Fahlström et al., 1998; Fong et al., 2007).
Lab-simulated experiments were conducted to reveal and
understand the potential injury mechanism (Lee and Loh, 2019;
Lam et al., 2020; Phomsoupha and Laffaye, 2020). However, it was
also acknowledged that the biomechanical experiments conducted
in the lab environment are different from “real” on-court training
and competition.

The prevention of injuries in badminton has been an area of avid
interest for sports scientist, biomechanist, physical therapist, and
sport medicine clinician. Based on the contributing mechanism, the
injuries have been classified as chronic injury due to the reason of
repetitive loading accumulation and acute injury from unexpected
incursion (Goh et al., 2013; Reeves et al., 2015). Our recent study has
revealed the loading patterns of the knee joint from directional
lunges in a lab-simulated court and reported a higher loading in the

backhand side (Yu et al., 2021a). The challenge of discrepancy
between lab tests and on-court situation was further reported and
highlighted, and a badminton-specific task with wearable and
adjustable loads was proposed to improve training specificity (Yu
and Mohamad, 2022). Recently, the rapidly emerging wearable
technology in the biomechanics research community provided
plausible and accessible approaches to solving this challenging
issue, with the integration of machine learning and artificial
intelligence techniques. These have been implemented in the
measurement of gait patterns (Shahabpoor and Pavic, 2017) and
monitoring of running load accumulation (Ueberschär et al., 2019;
Van Hooren et al., 2020).

The purpose of the current study was to conduct a perspective
study toward the monitoring of loads in the knee and ankle joints
using wearable technology and machine learning estimation. Thus,
this study first correlated the data from wearables using the ground-
truth lab test to develop and validate intelligent machine learning
models. In particular, a PCA model was developed for feature
extraction and dimensionality reduction, thus correlating data in
wearables using the “ground-truth” lab test, and a PLSR machine
learning model was used for multivariate correlation and prediction
to estimate the loads in the “real” on-court badminton training and
competition.

2 Methodology

2.1 Participants

A total of 25 experienced male badminton athletes (age: 24.3 ±
4.5 years; height: 175 ± 3.6 cm; weight: 71 ± 4.2 kg; years of
badminton playing: 7.1 ± 3.2 years; all were right-hand
dominant) participated in the lab test, and the synchronized
collection of motion data and IMU data (fist session) was
performed. This study was approved by the Ethical Committee of
the Research Institute in Ningbo University (RAGH20190901). All
athletes were informed of the requirements, objectives, and
procedures of the lab and on-court tests, and written consent was
obtained.

2.2 Protocol

The first session of the lab test synchronized the 3D motion
capture and wearable sensors. The test involved a 12-camera Vicon
system and Vicon IMU wearable sensors (Vicon Metrics Ltd.,
Oxford, United Kingdom) and an AMTI 3D force plate (AMTI,
Watertown, MA, United States) (Figure 1). The collection frequency
of the Vicon camera system was set at 200 Hz, and the IMU and
force plate were set at 1000 Hz.

In order to mimic the real movements, we employed an
established full-body marker-set model during motion capture
(Rajagopal et al., 2016). The IMU sensors for the ankle and knee
joints are illustrated in Figure 1B. In particular, the knee IMU was
placed 2 cm below the medial condyle of the proximal tibia, and the
ankle IMU was placed 3 cm above the medial malleolus of the distal
tibia (Sheerin et al., 2020). The vertical axis of the IMU sensor was
axially aligned with the midpoint of the ankle and knee joints in the

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Yu et al. 10.3389/fbioe.2023.1229574

6

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1229574


tibia, which was validated in a clinical protocol of our previous study
(Yeung et al., 2022). To follow up on our previous studies (Mei et al.,
2017; Yu et al., 2021a), the four directional sub-maximal and
maximal lunges were performed with a synchronous collection of

motion, ground reaction force, and IMU data for further processing
and analysis. Particularly, the sub- and maximal-right-forward
forehand lunges (Sub-RF and Max-RF), sub- and maximal-left-
forward backhand lunges (Sub-LF and Max-LF), right-backward

FIGURE 1
Illustration of the experimental setup (A) and IMU placement (B).

FIGURE 2
Illustration of the musculoskeletal modelling pipeline.
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backhand sub-maximal andmaximal lunges (Sub-RB andMax-RB),
and left-backward backhand sub-maximal and maximal lunges
(Sub-LB and Max-RB) were performed with 80% (for sub-
maximal) and 100% (for maximal) efforts, following the previous
protocol (Lam et al., 2017; Lam et al., 2018; Yu et al., 2021a).

2.3 Data processing

The joint kinematics, kinetics, and contact forces were
calculated, following the previously established protocols of
musculoskeletal OpenSim modelling. Machine learning models
were also developed and tested using motion capture data against
the acceleration and angular velocity data from wearable sensors.

First, the static marker positions and body mass were used to
“scale” the generic model to match subject-specific musculoskeletal
models (Figure 2), as per the standardized workflow (Delp et al.,
2007), which was validated in our recent studies (Mei et al., 2019; Yu
et al., 2021a). The “inverse kinematics” (IK) algorithm, which
minimized errors between virtual markers in the model and
experimental marker trajectories, was applied to compute joint
angles. Then, the “inverse dynamics” (ID) algorithm was
performed to calculate joint moments, and the “static
optimization” (SO) algorithm was applied to compute muscle

activation and forces. The estimated muscle activation was
compared with the measured surface EMG signals to validate the
model (Yu et al., 2021a). Lastly, the contact forces towards the knee
and ankle joints in the anterior/posterior (x), superior/inferior (y),
and medial/lateral (z) directions were computed using “joint
reaction” (JR) analysis.

In addition to the biomechanical variables, we also calculated the
parameters of contact time, approaching velocity, and peak IMU
accelerations (G) in the knee and ankle joints, as shown in Figure 3.
The loading rate was calculated following the previous established
protocol (Mei et al., 2019; Yu et al., 2021b). The axial (y-axis)
acceleration of particular interest was taken for analysis to quantify
the accumulation of impact in the lower extremity (tibia) (Rice et al.,
2019; Tenforde et al., 2020), which was normalized by gravitational
acceleration (G = 9.8 m/s2).

The processed time-varying moment and contact force
parameters during the lunging stance (Figure 4) were
interpolated (normalized) into a 101 datapoint for statistical
modelling (Yu et al., 2021b; Mei et al., 2021). Particularly, the
biomechanical parameters included the knee flexion/extension
moment, knee varus/valgus moment, knee int/ext rotation
moment, ankle dorsi/plantar flexion moment, ankle inversion/
eversion moment, knee ant-post/med-lat/vertical contact forces,
and ankle ant-post/med-lat/vertical contact forces. The joint

FIGURE 3
Illustration of synchronized ground reaction forces with IMU acceleration signals of the knee and ankle in the axial direction.
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moment was normalized to body mass in kg (unit: Nm/kg), and the
joint force was normalized to body weight (unit: times Newton
in BW).

2.4 Statistical analysis and modelling

The discrete values of approaching velocity, stance time, knee
and ankle acceleration, peak knee and ankle moments, and peak
knee and ankle joint contact forces were first checked for the
normality distribution and were compared using the paired
sample t-test with a significance level at 0.05. The time-varying
joint moment and force over stance were then modelled with the
multivariate statistical models. In the current study, the statistical
models were developed and validated, as described in our previous
studies, using MATLAB software (R2019a, MathWorks Inc., MA,
United States of America), specifically PCA (Yu et al., 2021b) and
PLSR modelling (Mei et al., 2020).

In this study, the PCA multivariate technique (Wold et al., 1987;
Lever et al., 2017; Yu et al., 2021b) was used to reduce the high-
dimensional data matrices into orthogonal principal components
(PCs), which explained major variations within the dataset (Deluzio
et al., 1997; Lever et al., 2017). Each variation reported in the PCA
modelling was a feature extraction applied in the machine learning
(PLSR) technique (Phinyomark et al., 2018).

As presented in Eq. 1, the original matrices (X = x1, x2, x3, . . ., x99,
x100, x101) *m were orthogonally transformed into uncorrelated
principal components (Z = z1, z2, z3, . . . , zp) (p < 101),
corresponding loading vectors (T2 = T1, T2, T3, . . ., Tm), and
residuals (Q), which was defined as Z = X*T2 (Deluzio et al., 1997).

x1
1 x2

1 / x100
1 x101

1

..

. ..
.
1 ..

.

x1
m x2

m / x100
m x101

m

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �
z11 z21 z31
..
. ..

. ..
.

z1m z2m z3m

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
T2
1

..

.

T2
m

Q1

..

.

Qm

. (1)

The m equals 200 (4*2*101 matrices) for PCA modelling of the
four lunges (RF, LF, RB, and LB) with sub-maximal and maximal
performance. This study mainly considered the main variations in
the first three PCs (z1, z2, and z3), which accounted for
approximately 85–90% of the variation (Yu et al., 2021b). The
variations in the vertical ground reaction force, knee and ankle
moments, and contact forces of the first three PCs were then plotted
against the mean for the visualization of the key features of
variances, with “+” and “▽” representing the upper and lower
limits, respectively.

In terms of PLSR statistical modelling (Wold et al., 1984; Mei
et al., 2020), the two fundamental equations are the predictor matrix
(XNM) and the response matrix (YNP), which are expressed as
follows:

XNM � TNL P
T
ML + ENM, (2)

YNP � UNL Q
T
PL + FNP. (3)

The subscriptN represents the number of datasets (25*4 training
samples in this study). The subscript M represents the number of
predictor variables (four metrics, namely, contact times, velocity,
peak knee G, and peak ankle G). The subscript P represents the
number of response variables (12 loading variables, such as loading
rate, knee flex-extension/varus-valgus/int-ext rotation moments,
ankle dorsi-plantar flexion/inversion-eversion moments, knee
ant-post/med-lat/vertical contact forces, and ankle ant-post/med-

FIGURE 4
Illustration of the knee and ankle loading parameters.
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lat/vertical contact forces), and the subscript L represents the
number of components.

T and U are the projection matrices (also called the scores); P
and Q are the transposed orthogonal loading matrices (where the
rows are created from eigenvectors or principal components); and E
and F are the error or residual terms. The score vectors are related
using a linear function, U = f(T) + H, where H is the vector of
residuals.

3 Results

3.1 PCA

The vertical ground reaction force (Figure 5A) was classified into
four key phases: initial impact peak (I), secondary impact peak (II),
weight acceptance (III), and drive-off (IV) phases (Figure 5B).
Following the PCA modelling of the vertical GRF, the first mode

(PC1, Figure 5C) showed the main variations (percentage of
variation explained: 31.67%) from landing to the initial impact
peak (Phase-I), where the loading rate (LR) was calculated as a
key impact parameter. The second mode (PC2, Figure 5D) occurred
in the secondary impact peak (Phase-II) (27.58%), and the third
mode (PC3, Figure 5E) was the combination of variations (14.1%) in
both the initial and secondary impact peaks (Phase-I and Phase-II),
which was the impact transient.

Consistent with the variations in vertical GRF, the knee flexion/
extension, varus/valgus and int/ext rotation moments showed great
variances mainly during the landing (impact absorption) phase. As a
particular interest to illustrate key variations, the PC1 of knee
flexion/extension (31.45%, impact phase), varus/valgus (32.25%,
landing and drive-off phases), and int/ext rotation (52.91%, over
the stance) moments is presented in Figure 6, with highlighted
regions.

As shown in Figure 7, the key variations in the knee contact
forces were observed over the stance with PC1 of ant-post (48.82%)

FIGURE 5
Illustration of data collection (A), classification of four phased in the vertical ground reaction force during lunging (B) and three principal modes of
variance (C–E).
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and med-lat (48.36%) forces, while the axial contact force was
mainly observed during the mid-stance (39.91%), especially the
weight acceptance phase showing the difference between sub-
maximal and maximal lunging steps.

The ankle dorsi/plantar flexion and inversion–eversion
moments had a principal variance over the stance, especially PC1
(59.86% and 35.03%, respectively) during impact absorption and
drive-off phases (Figure 8). It is worth noting the secondary

FIGURE 6
Kneemoments (mean), PC scores, and key modes of variations (PC1, PC2, and PC3) against the mean with the illustration of the upper (+) and lower
(▼) limits.
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variation in the dorsi/plantar flexion moment during the drive-off
phase (PC2: 17.38%), which may explain the difference in ankle
contributions during the push-off phase to the return phase. The
inversion–eversion moments mainly varied during mid-stance (PC:
24.02%), which was another difference between sub-maximal and
maximal lunges.

Similarly for the ankle contact forces, great variations (PC1) in the
impact peaks (initial and secondary) and drive-off phases were observed
in the ant-post (38.37%), axial (49.45%), and med-lat (49.64%) vectors
(Figure 9). Secondary (PC2) variations in the impact peaks were found
in the ant-post (29.13%) and axial (20.86%) forces, while the med-lat
forces varied across the stance (24.86%).

FIGURE 7
Knee forces (mean), PC scores, and keymodes of variations (PC1, PC2, and PC3) against themean with the illustration of the upper (+) and lower (▼)
limits.
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FIGURE 8
Ankle moments (mean), PC scores, and keymodes of variations (PC1, PC2, and PC3) against themeanwith the illustration of the upper (+) and lower
(▼) limits.
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3.2 PLSR

Following PCA modelling, statistical comparisons of contact times,
approaching velocities, peak acceleration (knee), and peak acceleration
(ankle) were conducted, as presented in Table 1, which were then input

as predictors in the PLSRmachine learningmodel. Sub-maximal lunges
showed shorter contact times, smaller approaching velocity, and smaller
ankle impact than those in maximal lunges in four directions.

LR, peak knee flexion/extension, varus/valgus, and int/ext rotation
moments, peak ankle dorsi/plantar flexion and inver/eversion

FIGURE 9
Ankle forces (mean), PC scores, and keymodes of variations (PC1, PC2, and PC3) against themeanwith the illustration of the upper (+) and lower (▼)
limits.
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moments, peak knee ant-post/med-lat/axial (vertical) contact forces,
and peak ankle ant-post/med-lat/axial (vertical) contact forces were
analyzed, as shown in Table 2. Themaximal lunges had greater LR, joint
moments, and contact forces overall than those in submaximal lunges.
These discrete parameters were then used as response metrics to train
the PLSR machine learning model.

Together with the four predictors, a prediction accuracy of
94.52% was observed for the moments and contact forces in the
knee and ankle joints (Figure 10). To test the sensitivity of the knee
and ankle peak acceleration, we performed a “leave-one-out” cross
validation and found that both knee and ankle peak acceleration
could predict 93.72% of the loadings. In particular, the knee peak
acceleration had an 88.76% prediction accuracy and the ankle peak
acceleration had a 93% prediction accuracy.

4 Discussion

This study integrated the wearable sensors with the in-lab motion
capture analysis to correlate the wearable signals with biomechanical

loading metrics and successfully implement machine learning
predictive models (PCA and PLSR). The peak acceleration from
wearable sensors attached to the lower limb of the badminton
athletes could predict knee and ankle joint loadings with excellent
accuracy (94.52%). The key findings of PCA modelling indicated that
the variances between the vertical GRF of sub-maximal and maximal
lunges are located in the initial and secondary impact peaks (including
the loading rate region). Similar variances in the knee flexion/extension
and varus/valgus moments were found within the timeframes, in
addition to the axial knee contact force that mainly varied in the
mid-stance. The ankle dorsi/plantar flexion and inversion/eversion
moments and axial contact force showed greater variances during
the initial landing (impact absorption) and push-off phases between
sub-maximal and maximal lunges.

During the lab-simulated biomechanical test, we applied the well-
established protocols (Kuntze et al., 2010; Huang et al., 2014; Lin et al.,
2015; Lam et al., 2017; Mei et al., 2017) for motion capture and
synchronously integrated the IMU sensors to set up the ground
truth “gold standard” facilities. The wearable technologies have been
implemented for the recognition of badminton-relevantmovements for

TABLE 1 Statistics of predictor metrics (time, velocity, knee impact, and ankle impact).

Sub Max p

Mean ± SD 95%CI Mean ± SD 95%CI

Time (s) 0.64 ± 0.06 0.59–0.68 0.71 ± 0.04 0.67–0.75 0.02

Velocity (m/s) 2.1 ± 0.15 1.96–2.21 2.7 ± 0.18 2.58–2.83 <0.00

Knee impact (G) 7.9 ± 2.44 5.72–10.24 7.6 ± 3.4 5.38–9.9 0.82

Ankle impact (G) 8.96 1.88 7.82–10.09 11.1 0.98 9.97–12.24 0.01

Bold values indicates significance.

TABLE 2 Statistics of response metrics (loading rate and knee and ankle moments and forces).

Sub Max p

Mean ± SD 95%CI Mean ± SD 95%CI

LR (BW/s) 80.6 ± 16.4 60.92–100.29 133.4 ± 32.8 113.7–153.1 0.001

Knee (Nm/kg) (*BW) Flexion moment 2.1 ± 0.15 1.96–2.21 2.7 ± 0.18 2.58–2.83 <0.000

VV moment 7.9 ± 2.44 5.72–10.24 7.6 ± 3.4 5.38–9.9 0.82

Int/ext rot moment 8.96 ± 1.88 7.82–10.09 11.1 ± 0.98 9.97–12.24 0.01

AP force 1.35 ± 0.19 1.19–1.51 1.92 ± 0.22 1.76–2.08 <0.000

Axial force 9.4 ± 0.82 8.19–10.61 11.37 ± 2.1 10.16–12.58 0.026

ML force 1.84 ± 0.17 1.61–2.07 2.37 ± 0.4 2.15–2.61 0.003

Ankle (Nm/kg) (*BW) Dorsi/plantar-
flexion moment

1.22 ± 0.08 0.97–1.48 1.79 ± 0.47 1.54–2.05 0.0043

Inv/eve moment 0.74 ± 0.27 0.2–1.48 1.73 ± 1.34 0.99–2.46 0.061

AP force 1.04 ± 0.12 0.88–1.2 1.5 ± 0.27 1.34–1.66 0.0006

Axial force 3.41 ± 0.23 3.03–3.79 4.59 ± 0.67 4.21–4.97 0.0004

ML force 0.29 ± 0.05 0.24–0.35 0.47 ± 0.09 0.41–0.53 0.4

Bold values indicates significance.
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game analysis, showing promising accuracy (Steels et al., 2020). Results
of stance time, approaching velocity, and joint biomechanical loadings
are consistent with those of the recent studies on badminton lunge
footwork (Kuntze et al., 2010; Hong et al., 2014; Huang et al., 2014; Lam
et al., 2017; 2018; Chen et al., 2022). Considering the validated results,
the primary applications of this study were to monitor and predict the
loadings (jointmoments and contact forces) in the knee and ankle joints
with machine learning models.

Understanding the loading distribution and accumulation would
assist the investigation of the injuries in the lower extremity of
badminton players. Several recent review studies on badminton
injuries and lunges (Lee and Loh, 2019; Lam et al., 2020;
Phomsoupha and Laffaye, 2020) reported that fatigue of the
musculature system was a key factor which contributed to reduced
performance and loading accumulation (increased injury risks).
Dynamic loading accumulation and distribution data in the “real-
world” scenario collected from wearables during training and
competition were monitored and reported based on the correlative
prediction machine learning model. Typically, the results demonstrated
that a combined physics-based and machine learning model offered
promising solutions to tibia loading accumulation (Matijevich et al.,
2020).

The main feature extracted from PCA modelling in the vertical
GRF and knee and ankle moments and contact forces was the
magnitude difference, considering different timeframes during
stance. In particular, during the initial and secondary impact peak
phases, the variances in the knee and ankle moments were observed,
which may be explained by different approaching speeds between sub-
maximal (~2.5 m/s) and maximal (~3.5 m/s) lunges, which are
consistent with recent studies (Lam et al., 2018; Chen et al., 2022).
The axial knee contact force varied between sub-maximal and maximal
lunges during the mid-stance of the weight acceptance phase, which

may be attributed to higher impact and highly activated muscular
contractions (Fu et al., 2017). The difference between directional lunges
was not reported as it was observed in our previous project that left-side
(backhand) forward and backward lunges showed higher knee loadings
than the right-side lunges (Yu et al., 2021a). This aimed to mimic the
real on-court situation where shuttles were not returned in an
anticipated manner from the opponent, and athletes could perform
any directional lunges from unexpected scenarios.

In terms of the difference during the drive-off phase in the ankle
plantar flexion moment and axial contact forces, these may show
different multi-joint coordination patterns, as higher motion
acceleration and deceleration could be observed in the sub-maximal
andmaximal lunges (Lee and Loh, 2019). Thus, the different acceleration
and deceleration strategies or coordination exerted a greater impact on
the ankle, which functioned as the primary interface with the court (Wei
et al., 2015; Fong et al., 2021). In terms of the significant difference
between the ankle and knee impact acceleration, a possible explanation
could be that the tibia (shank) absorbed most of the impact at initial
contact, which is considered tomonitor the impact loading accumulation
so as to reduce shank pain (Verrelst et al., 2014). The postural position,
such as trunk bending and lumbar ratios,may also affect knee loadings, as
reported in recent studies (Huang et al., 2014; Lin et al., 2015;Wang et al.,
2023).

The multivariate machine learning (PLSR) model we developed
showed promising performance (~94.52% accuracy) while inputting the
contact times, approaching velocity, and ankle and knee peak
acceleration to predict knee and ankle loadings. These input
parameters could easily be measured or calculated from IMU
sensors. In order to simplify the machine learning prediction model,
we trained the PLSR model with ankle and knee peak acceleration,
showing similar accuracy (~93.72%). Considering that the attachment
of two belts with IMU to the proximal and distal tibiae may limit the

FIGURE 10
Performance and validation of the PLSR machine learning model.
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movement of badminton athletes, we used the single knee or ankle IMU
each as a predictor in the PLSR model, and the knee IMU and ankle
IMU showed an accuracy of 88.76% and 93%, respectively. From the
sensitivity analysis of the PLSRmodel we developed, it was learned that
a single IMU sensor attached to the anterior distal tibia above themedial
malleoli could predict approximately 93% of loadings in the ankle and
knee joints, which was consistent with our clinical study (Yeung et al.,
2022). Meanwhile, over 20% of total footwork measured during one
single match could be used to estimate the loading accumulation in the
knee and ankle joints (Valldecabres et al., 2020).

There are several limitations that should be considered before
acknowledging the findings from the current study. First, the
“ground-truth” synchronized data were collected in a lab-simulated
court, which might not mimic the real match (or training) scenarios
considering the fatigue and varied conditions. Future study shall
consider a well-designed experimental setup that match the real
badminton court under training and match conditions. Second, only
the discrete and key datapoints were applied to train and test the
intelligent statistical models, without considering the time-varying
features; thus, other machine learning algorithms, deep learning
algorithms, and convolutional neural networks (such as long short-
term memory, LSTM) may be utilized for the monitoring and
prediction of loading accumulation (Shao et al., 2022; Liew et al., 2023).

5 Conclusion

In summary, this study successfully utilized the wearable
technology and machine learning models to predict the joint
loadings in a lab-simulated badminton court test, showing
promise and feasibility of application into the “real-world”
scenario. The intelligent and dynamic framework developed in
the current study provided a perspective to address the gap
between lab and on-court analyses, taking the badminton lunge
footwork as a proof-of-concept example. The intelligent monitoring
and feedback of loading patterns or accumulation could be
integrated to design the training and competition schemes in
badminton or other court sports in a scientific manner, thus
preventing fatigue, reducing potential loading-accumulation-
related injury, and maximizing athletic performance.
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Effects of different habitual foot
strike patterns on in vivo
kinematics of the first
metatarsophalangeal joint during
shod running—a statistical
parametric mapping study
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Existing studies on the biomechanical characteristics of the first
metatarsophalangeal joint (1st MTPJ) during shod running are limited to sagittal
plane assessment and rely on skin marker motion capture, which can be affected
by shoes wrapping around the 1st MTPJ and may lead to inaccurate results. This
study aims to investigate the in vivo effects of different habitual foot strike patterns
(FSP) on the six degrees of freedom (6DOF) values of the 1st MTPJ under shod
condition by utilizing a dual-fluoroscopic imaging system (DFIS). Long-distance
male runners with habitual forefoot strike (FFS group, n = 15) and rearfoot strike
(RFS group, n = 15) patterns were recruited. All participants underwent foot
computed tomography (CT) scan to generate 3D models of their foot. The
6DOF kinematics of the 1st MTPJ were collected using a DFIS at 100 Hz when
participants performed their habitual FSP under shod conditions. Independent
t-tests and one-dimensional statistical parametric mapping (1-d SPM) were
employed to analyze the differences between the FFS and RFS groups’ 1st
MTPJ 6DOF kinematic values during the stance phase. FFS exhibited greater
superior translation (3.5–4.9 mm, p = 0.07) during 51%–82% of the stance and
higher extension angle (8.4°–10.1°, p = 0.031) during 65%–75% of the stance in the
1st MTPJ than RFS. Meanwhile, FFS exhibited greater maximum superior
translation (+3.2 mm, p = 0.022), maximum valgus angle (+6.1°, p = 0.048) and
varus–valgus range of motion (ROM) (+6.5°, p = 0.005) in the 1st MTPJ during
stance. The greater extension angle of the 1st MTPJ in the late stance suggested
that running with FFS may enhance the propulsive effect. However, the higher
maximum valgus angle and the ROMof varus–valgus in FFSmay potentially lead to
the development of hallux valgus.

KEYWORDS

rearfoot strike, forefoot strike, shod running, 1st metatarsophalangeal joint, in vivo
kinematics
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1 Introduction

The first metatarsophalangeal joint (1st MTPJ), referred to as the
terminal joint of the foot, is a crucial contributor to running,
particularly during the propulsion phase (Goldmann et al., 2011;
Cigoja et al., 2022; Smith et al., 2022). It is an ellipsoidal synovial
joint that connects the metatarsal bones to the proximal phalanges,
permitting various movements, such as flexion, extension, varus,
valgus, circumduction (pronation and supination) and translation
(Stephen et al., 2010). During the gait cycle, the movement of the 1st
MTPJ plays a vital role in propulsion. On the one hand, the
extension of the 1st MTPJ can stretch the plantar fascia and lift
the arch. This, in turn, increases the stiffness of the arch through a
windlass mechanism, thereby aiding in the transmission of force to
the ground (Hicks, 1954; Welte et al., 2021). On the other hand, the
transverse plane movement of the 1st MTPJ influences the
alignment and stability of the foot, ensuring the proper
distribution of plantpressure and aiding in maintaining the
balance during walking or running (Menz and Lord, 2005; Koller
et al., 2014; Xiang et al., 2022). The rotational motion of the 1st
MTPJ in sagittal plane has received significant research attention
(Bruening et al., 2018; Chen et al., 2019). However, during the stance
phase of running, the 1st MTPJ not only undergoes flexion and
extension motion but also experiences passive movements of
circumduction and varus and valgus motion (Shereff et al., 1986;
Zhang et al., 2022).

Foot strike pattern (FSP) can alter the movement characteristics
of the 1st MTPJ during running, thereby influencing the windlass
mechanism. By utilizing a marker-based motion capture system,
Bruening et al. observed that the 1st MTPJ transitioned into
extension earlier during the late stance in forefoot strike pattern
(FFS) compared to the rearfoot strike pattern (RFS) (Bruening et al.,
2018). Furthermore, the angle of the MTPJ extension was greater in
the FFS than in the RFS. The increased excursion of the MTPJ
during late stance has the potential to enhance the structural rigidity
of the medial longitudinal arch and improve the push-off. However,
the presence of relative motion between the outer skin and
underlying bone causes inaccuracies when using marker-based
methods (Reinschmidt et al., 1997; Shultz et al., 2011).
Additionally, there is also relative movement between the foot
and the shoe under shod conditions, which further contributes to
potential inaccuracies in the outcomes (Roach et al., 2021).
Furthermore, the 1st MTPJ is relatively smaller when compared
to the hip, knee and ankle joints. Therefore it may require higher
precision in motion capture during in vivo kinematic analysis.

Recently, the dual-fluoroscopic imaging system (DFIS) has
gradually been applied in the fields of sports analysis and injury
prevention (Cao et al., 2019; Zhang et al., 2022; Ye et al., 2023). DFIS
has the advantages of non-invasiveness, highly accurate testing, high
repeatability and ability to dynamically capture skeletal in vivo
movement; it is not affected by skin and soft tissue movement.
The accuracy of DFIS in assessing joint translation and rotation
reaches sub-millimetre (<0.1 mm) and sub-degree (<0.1°) levels,
respectively (Cross et al., 2017), which break through the limitations
of current traditional measurement methods in imaging technology
and measurement accuracy.

This study aims to investigate the in vivo effects of different
habitual FSP on the six degrees of freedom (6DOF) kinematic data of

the 1st MTPJ under shod condition by utilizing DFIS. We
hypothesized that habitual FFS runners will exhibit a greater
extension angle and superior displacement in push-off phase
compared with habitual RFS runners.

2 Materials and methods

2.1 Participants

Thirty recreational long-distance male runners were recruited in
this study, including 15 habitual FFS runners (age: 32.6 ± 8.5 years,
height: 171.8 ± 4.7 cm, body mass: 65.0 ± 8.0 kg) and 15 comparable
habitual RFS runners (age: 31.8 ± 6.8 years, height: 173.2 ± 4.3 cm,
body mass: 71.6 ± 6.8 kg). FSP was determined using DFIS while the
participants were running on an elevated platform (Figure 1). A
posthoc power analysis was conducted in G*Power (v3.1.9.6, Univ.
Kiel, Kiel, Schleswig-Holstein, Germany) and indicated that n = 15
(per group) would provide a statistical power of up to 90% with the
sample size of the ROM of the 1st MTPJ for pronation and
supination (effect size d = 1.104) and a type I error probability
of 0.05. The following criteria were used for participant selection: i)
habitual distance runners with RFS and FFS; ii) weekly running
distance of at least 20 km; iii) no lower limb injuries or neurological
disorders over the previous 6 months; iv) no vigorous activities
within 24 h prior to the test. This study obtained ethical approval
from the institutional review board of Shanghai University of Sport
(No. 102772021RT034). The informed consent was obtained from
all participants prior to the commencement of the official
experiment.

2.2 Instrumentation

2.2.1 CT
The participants’ feet were scanned using a 64-row 128-layer

spiral CT scanner (Siemens AS+ 128, Somatom, Berlin, Germany) in
the neutral position. The CT scan was performed with a slice
thickness and interval of 0.6 mm. The voltage applied during the

FIGURE 1
The setup of DFIS.
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scan was 120 kV, and the current was set at 140 mA. The voxel size
was configured to be 0.488 mm in length and width, and 0.625 mm
in height. The resulting images had a resolution of 512 × 512 ×
256 dots per inch (dpi).

2.2.2 DFIS
The DFIS utilized in this study comprised two sets of

fluoroscopic imaging systems (Figure 1). Each set consisted of an
X-ray source responsible for generating X-rays, and a scintillator
screen to receive and enhance the X-ray images. Two digital cameras
(Phantom V5.1, Vision Research, New Jersey, United States) were
equipped with built-in synchronization control devices, ensuring the
synchronization of the imaging process. These cameras were
configured to consistently operate with a shutter speed of 1/
1,000 s. A specific scintillator screen with a diameter of 431.8 mm
was selected. The spacing between the initial X-ray source and the
scintillator screen was established at 132.2 cm, while the second
X-ray source was positioned at a distance of 128.6 cm from the
scintillator screen. Additionally, an angle of 120° was selected
between the scintillator screens. The imaging parameters were
configured as follows: the X-ray voltage used was 60 kV, with a
current of 63 mA. The system operated at a capture frequency of
100 Hz. The resulting image resolution was 1,024 × 1,024 dpi.

2.3 Procedures

2.3.1 CT scans of the foot
During the CT scan, the participant was in a supine posture,

and a rigid immobilization device was adopted to secure the right
foot with the shank perpendicular and the ankle angle at 90°

(Zhang et al., 2022). The scanning range encompassed a region
starting above the ankle joint and extending to the bottom of the
calcaneus (Sun et al., 2022; Zhang et al., 2022). The acquired
images were saved in DICOM format for subsequent three-
dimensional (3D) model reconstruction of the first metatarsal
and first phalangeal bones.

2.3.2 Calibration of DFIS
The alignment of the centers of the scintillator screen and

the X-ray source was adjusted. Images of a calibration cube and
a grid plate were acquired, ensuring that at least 80% of the steel
ball calibration points within the cube and four specific
calibration points were captured. XMAlab software (v 1.5.4,
Brown, United States) was employed to calculate the spatial
relationship between the X-ray source and the image receiver.

2.3.3 Running tests
The participants were instructed to change into shorts and

traditional running shoes (6 mm heel-to-toe drop; TPU and EVA
midsole; textile fabric upper; no arch support) and underwent a
5-min running session on a treadmill with a constant speed of
3 m/s. After that, the participants were instructed to complete the
running task by using their habitual FSP. The participants ran at a
speed of 2.85–3.15 m/s (3 m/s ± 5%) on the elevated platform
while under the supervision of the experimenter to ensure they
maintained straight eye-gaze and that their right foot landed in
the acquisition area. If the landing position did not meet the

requirements, the experimenter made adjustments to the
participant’s starting line until they successfully completed at
least two consecutive runs, thereby avoiding “targeting”. During
the testing, the blocking grating sensor was obstructed by the
participants to initiate the data collection process. Subsequently,
X-ray images of the foot bones were captured by DFIS during the
participants’ stance phase. The collected images were used to
assess if the dominant foot of the participant was within the
acquisition area (Zhang et al., 2022). A whole image of the foot
during the stance phase was regarded as valid data if the right foot
entered the acquisition area and the entire stance phase was
captured. One valid data set was selected for each trial for analysis
(Campbell et al., 2016; Welte et al., 2021; Zhang et al., 2022; Ye
et al., 2023).

2.4 Data processing

2.4.1 Creation of 3D bone models
The foot CT scan images were processed using Mimics software

(version: 21.0, Materialise, Belgium). Subsequently, by
reconstructing the CT images, the operator used Mimics software
to generate 3D bone models of the 1st MTPJ (first phalanx and first
metatarsal). The joint surface underwent smoothing and noise
reduction techniques, with an iteration of 2 and a smoothing
factor of 0.4 (Figure 2).

2.4.2 Coordinate system
Based on the anatomical inertial coordinate system, a local

coordinate system for the first metatarsal bone and the first
proximal phalanx was established (Sun et al., 2022; Zhang et al.,
2022). The origin of the coordinate system was set at the centre of
the bone mass, while the three coordinate axes were in accordance
the principal axes of the bone’s inertia tensor (Zhang et al., 2022).
Within this coordinate system, the X-axis corresponded to the
direction of medial-lateral; the Y-axis indicated the direction of
anterior-posterior; and the Z-axis represented the direction of
superior-inferior.

2.4.3 3D–2D registration
The environment calibration file generated by XMAlab was

loaded into the modeling Rhinoceros software (Rhinoceros: 6.0,
Robert, United States). The shooting space was reconstructed in the
virtual space by the modeling module, and the relative positions of
the two sets of X-ray sources and the scintillator screen were
restored. The images of the grid plate were captured and
subsequently utilized by a circular aluminum plate featuring
406 perforations, securely affixed to the input side of the
scintillator screen. This arrangement was employed to address
pincushion distortion and magnetic lens distortion. Following
this, the imaged locations of these perforations underwent
processing via a thin plate spline algorithm subsequent to
imaging with two X-ray sources (Fantozzi et al., 2003). After
distortion correction, Adobe Photoshop CC 2018 (Adobe
Systems, San Jose, CA, United States) was utilized for image
enhancement, aiming to enhance the clarity of the bone outline.
After that, the 3D bone models of the first metatarsal as well as the
first proximal phalanx were generated, and the corresponding
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distortion-corrected fluorescent images of the foot were
obtained. The bone models were adjusted through translation
and rotation to achieve alignment with the bone contour observed in
the fluorescent images (Cao et al., 2019) (Figure 3). Both our prior
study and Cross et al.’s demonstrated a strong correlation (r >
0.917) between 6DOF joint kinematics obtained through DFIS
and the gold standard results from bone pins (Cross et al., 2017;
Zhang, 2020).

2.4.4 Variables
The 6DOF data of the 1st MTPJ were calculated using a plugin in

Rhinoceros software. The data included information in three
translational directions (medial–lateral, anterior–posterior,
superior–inferior) and three rotational directions (extension–flexion,
varus–valgus, pronation–supination) (Figure 4). The parameters
included the 6DOF motion of the 1st MTPJ, the maximum and
minimum translation, the maximum displacement (difference
between maximum and minimum translation), the maximum
rotation angles and minimum rotation angles, and the joint
ROM (difference between maximum and minimum angles).
Positive values indicated lateral translation, anterior translation,
superior translation, extension, varus, and pronation of the
positioning of the first proximal phalanx in relation to the first
metatarsal. Conversely, negative values denoted the opposite
direction of motion for each parameter. The entire 6DOF data
of the 1st MTPJ during the stance phase were subjected to time
normalization and filtered using MATLAB software (R2020a) with
a cut-off frequency of 20 Hz (Welte et al., 2021).

2.5 Statistical analysis

The normal distribution was assessed using the Shapiro-
Wilk test. The kinematic characteristics of the 6DOF motion of

FIGURE 2
1st MTPJ reconstruction.

FIGURE 3
3D–2D registration.

FIGURE 4
First proximal phalanx (A) and the first metatarsal (B) 6DOF motion diagram.
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the 1st MTPJ were presented as mean ± standard deviation.
One-dimensional statistical parametric mapping (1-d SPM) was
employed to conduct a two-tailed, two-sample t-test (α = 0.05)
for the 6DOF data of the 1st MTPJ between habitual FFS and
habitual RFS (Yu et al., 2021; Deschamps et al., 2022). The
outputs of SPM included a time series of t values, allowing to
analyse differences across the whole stance phase (Pataky et al.,
2015; Pataky et al., 2016). Independent t-tests were employed to
analyze the differences in peak biomechanical variables across
different FSP (α = 0.05).

3 Results

3.1 Translational movement of the 1st MTPJ

Regardless of FSP, during the early stance phase, the 1st MTPJ
moved medially, anteriorly and inferiorly and reached its maximum
value during the mid-stance phase; it then began to move laterally,
posteriorly and superiorly (Figure 5).

The 1st MTPJ showed significantly greater superior
translation (3.5–4.9 mm, 51%–82% of stance phase, p = 0.07,

FIGURE 5
1st MTPJ in vivo kinematics for translation during running stance between FFS and RFS. Note: FFS, forefoot strike; RFS, rearfoot strike; the grey
shaded areas represents the significant difference between two strike patterns, and the top and bottom black dashed line on the SPM figure represents
p = 0.05.

FIGURE 6
1st MTPJ translation characteristic values during running stance between FFS and RFS. Note: FFS, forefoot strike; RFS, rearfoot strike; Max,
maximum; Min, minimum; Displacement, maximum displacement; *significant difference, p < 0.05.
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Figure 5) and maximum superior translation (3.2 mm, p = 0.022,
Figure 6) in FFS than in RFS. No statistical significance was
detected in other translational DOF of the 1st MTPJ.

3.2 Rotational movement of the 1st MTPJ

Regardless of FSP, during the early stance phase, the 1st MTPJ
flexed and rotated in the varus direction and reached its maximum
value during the mid-stance phase; it then began extending and
rotating in the valgus direction.

The FFS group had a significantly greater extension angle
(8.4°–10.1°, 65%–75% of stance phase, p = 0.031, Figure 7) of the

1st MTPJ, maximum valgus angle (6.1°, p = 0.048, Figure 8) and
highest ROM from varus–valgus (6.5°, p = 0.005, Figure 8) than the
RFS group. No statistical significance was detected in the other
rotational DOF of the 1st MTPJ.

4 Discussion

To the best of our knowledge, this is the first study to utilize
DFIS to investigate differences in the 6DOF kinematics of the 1st
MTPJ between habitual runners with RFS and FFS patterns. During
51%–82% of the stance phase, the 1st MTPJ translation in FFS was
significantly greater in the superior direction (3.5–4.9 mm)

FIGURE 7
1st MTPJ in vivo kinematics for rotation during running stance between FFS and RFS. Note: FFS, forefoot strike; RFS, rearfoot strike; the grey shaded
areas represents the significant difference between two strike patterns, and the top and bottom black dashed line on the SPM figure represents p = 0.05.

FIGURE 8
1st MTPJ rotation characteristic values during running stance between FFS and RFS. Note: FFS, forefoot strike; RFS, rearfoot strike; Max, maximum;
Min, minimum; ROM, range of motion; *significant difference, p < 0.05.
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compared to that in RFS. The maximum superior translation in FFS
was significantly larger than that in RFS. The extension of the 1st
MTPJ in FFS showed a significantly higher magnitude (8.4°–10.1°)
during 65%–75% of the stance phase, and the maximum valgus also
varus–valgus ROM were significantly higher in FFS than in RFS.
These outcomes partly align with our initial hypothesis.

In this study, during the stance phase of 0%–40% and 85%–

100%, the flexion of the 1st MTPJ occurred while moving inferior;
during the stance phase of 40%–85%, the extension of the 1st MTPJ
occurred while moving superior. These findings provide support for
previous research that the inferior translation of the first metatarsal
maximises the extension of the 1st MTPJ during the stance phase
(Michaud, 1993). In addition, the increased translation of the 1st
MTPJ in superior direction during the 40%–85% of the stance phase
was observed in this study. This finding might be associated with the
skeletal structure of the 1st MTPJ. Specifically, the dorsal articular
surface of the metatarsal is inclined towards the dorsal side of the
foot and has a relatively wide surface area, allowing for the sliding of
the base of the first metatarsal on its articular surface, thereby
increasing the ROM of the 1st MTPJ extension (Fernández et al.,
2016; Sichting et al., 2020; Zhang et al., 2022). The 1st MTPJ of FFS
exhibited greater superior translation during the stance phase of
51%–82% than that of RFS, and the first metatarsal slid inferiorly
relative to the first proximal phalanx during the extension process of
the 1st MTPJ. This phenomenon may contribute to the larger
extension angle of the 1st MTPJ during the 65%–75% of the
stance phase in FFS compared with that in RFS. Accordingly, the
present study found the 1st MTPJ extension angle was significantly
greater (8.4°–10.1°) during the late stance (65%–75%) in FFS,
consistent with the findings of the prior investigation. Bruening
et al. (2018) found an increased MTPJ extension angle in FFS during
the late stance compared with that in RFS. According to the windlass
mechanism, as the 1st MTPJ extends, the plantar fascia is stretched,
resulting in a decrease in the distance between the metatarsals and
the calcaneus and an elevation of the medial longitudinal arch
(Hicks, 1954), which is thought to further facilitating the transfer
of the forces during late stance (Carlson et al., 2000). The greater
extension angle of the FFS during push-off phase indicated that the
plantar fascia experienced greater tension, resulting in increased
arch height and stiffness and enhanced transmission of the
propulsive effect (Goldmann and Brüggemann, 2012). By
contrast, Chen et al. (2019) found that FFS resulted in greater
compression of the medial longitudinal arch during mid and late
stance phases, which led to a reduction of plantarflexion in the first
metatarsal, thereby decreasing the dorsiflexion angle of the first
phalanx. However, this controversy could be due to the fact that the
study mentioned above only investigated the MTPJ motion of a
single participant under barefoot conditions, while our study
conducted an examination under shod conditions. Therefore, the
greater superior translation and extension angle of the 1st MTPJ in
FFS than in RFS during the late stance may enhance the propulsive
effect.

Regardless of FSP, the 1st MTPJ consistently remained
extension throughout the entire stance phase. This observation
aligns with the findings of Bruening et al. (2018), who employed a
marker-based infrared capture system to assess the sagittal plane
motions of the 1st MTPJ during running at a velocity of 3.7 m/s.
However, in their study, the minimal extension angles of the 1st

MTPJ for FFS and RFS were confined between 5°–10°, with the
maximal extension angles of the 1st MTPJ within 40°–45° for FFS
and 35°–40° for RFS. These values were lower than the
corresponding minimum (FFS: 17.4° ± 6.0°; RFS: 16.2° ± 7.3°)
and maximum (FFS: 54.3° ± 7.0°; RFS: 50.7° ± 11.3°) extension
angles of the 1st MTPJ in our investigation. Zhang et al. (2022)
used DFIS and found the larger minimum and maximum angles
of the 1st MTPJ compared to studies utilizing infrared motion
capture systems during the stance phase of running. Therefore,
previous research might underestimate the sagittal plane
movements of the 1st MTPJ. The disparity in findings may be
attributed to the differences in measurement instruments,
specifically the use of marker-based motion capture systems
versus the application of DFIS.

In the present study, the valgus angle of the 1st MTPJ between
FFS (9.3° ± 10.6°) and RFS (7.5° ± 7.0°) was similar in the static CT
model, and both angles were consistent with the clinical standard for
the normal angle of the hallux (Menz and Munteanu, 2005).
However, 4 out of 15 FFS runners exhibited greater than 20° of
hallux valgus in the static CT model, whereas only one individual in
RFS exhibited such a deviation, which corresponded to the clinical
criteria for moderate hallux valgus (Iliou et al., 2016). In addition, we
observed greater maximum valgus angle and ROM of varus to valgus
in FFS compared with those in RFS. These findings might contribute
to the higher incidence of moderate hallux valgus among FFS
runners. Yu et al. (2020) used finite element simulation and
discovered larger valgus angle of the 1st MTPJ results in
increased stress exerted on the medial joint capsule. For runners
with hallux valgus, running can contribute to the progression of this
deformity (Heckman, 2000; Nagy, 2017). The larger maximum
valgus angle in FFS during running may increase the risk of
hallux valgus to some extent, especially for runners who already
have symptoms of deformity.

This study has certain limitations. Firstly, the recruitment was
limited to male runners. Secondly, the research was conducted
under shod conditions, and the influence of footwear on the
kinematic value of the 1st MTPJ was not investigated.
Additionally, only one valid data set was selected for each trial
for analysis. Future studies should consider these limitations and
further examine the kinetics of the 1st MTPJ to gain a
comprehensive understanding of its function during running.

5 Conclusion

DFIS was utilized to investigate the in vivo kinematic differences of
the 1st MTPJ between habitual RFS and habitual FFS in shod running.
The superior translation and extension angle of the 1st MTPJ were
significantly greater in FFS than in RFS during the late stance, which
may enhance the propulsive effect. However, the greater maximum
valgus angle and the ROM of varus–valgus in FFS might potentially
contribute to an increased risk of hallux valgus.
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Effect of isokinetic muscle
strength training on knee muscle
strength, proprioception, and
balance ability in athletes with
anterior cruciate ligament
reconstruction: a randomised
control trial

Kun Wang1,2, Liang Cheng2*, Bingcheng Wang3 and
Benxiang He4*
1Post-Doctoral Scientific Research Workstation of Affiliated Sport Hospital, Chengdu Sport University,
Chengdu, China, 2School of Sports Medicine and Health, Chengdu Sport University, Chengdu, China,
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Traditional Chinese Medicine, Chengdu, China

Objective: This study aimed to investigate the effects of regular isokinetic muscle
strength training on knee muscle strength, proprioception, and balance ability in
athletes after anterior cruciate ligament (ACL) reconstruction.

Methods: Forty-one athletes who underwent ACL reconstruction were randomly
divided into the experimental (n = 21) and control (n = 20) groups. The
experimental group used an isokinetic muscle strength tester for 4 weeks (five
times/ week) of knee flexion and extension isokineticmuscle strength training. The
control group used the knee joint trainer (pneumatic resistance) for the same
exercise regimen as the experimental group.

Results: 1) Four weeks when comparedwith the baseline. Experimental group: the
knee flexion and extension PT (60°/s and 240°/s) increased by 31.7%, 40.3%, 23.4%,
and 42.9% (p < 0.01), and the flexion muscular endurance increased by 21.4% and
19.7% (p < 0.01). The flexion and extension kinaesthesia and the 30° and 60°

position sense decreased by 36.2%, 32.3%, 40.0%, and 18.9% (p < 0.05). The
anterior–posterior and medial–lateral displacement and speed decreased by
30.2%, 44.2%, 38.4%, and 24.0% (p < 0.05). Control group: the knee peak
torque (60°/s) increased by 18.8% (p < 0.01). The anterior–posterior and
medial–lateral displacement and speed decreased by 14.9%, 40.0%, 26.8%, and
19.5% (p < 0.01). 2) After 4 weeks, compared with the control group, the knee
flexion and extension peak torque (60°/s), extension, peak torque (240°/s), and
extension muscular endurance of the treatment group increased to varying
degrees (p < 0.05). However, the kinaesthesia, 30° position sense, and
anterior–posterior displacement decreased to varying degrees (p < 0.05).

Conclusion: Adding regular isokinetic muscle strength training to rehabilitation
training further improved the knee flexion and extensor strength and extensor
endurance of athletes with ACL reconstruction, as well as enhanced the
kinaesthesia and 30° position sense and the balance between the anterior and
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posterior directions. However, the treatment had limited effects on knee flexion
kinaesthesia and muscle endurance.

KEYWORDS

elite athletes, anterior cruciate ligament, equivalent speed training, postural control
ability, muscle strength

Introduction

Athletes increase their risk of knee injury during starting
acceleration, emergency stop and deceleration, rotation, or
ground kick practices (Barber-Westin and Noyes, 2016; Bram
et al., 2021). Anterior cruciate ligament (ACL) fracture is a
common knee injury in athletes (Larwa et al., 2021; Kotsifaki
et al., 2023). It causes tibial advancement and internal rotation,
which cause knee instability and further damage to themeniscus and
articular surface (Kittl et al., 2016; Sonnery-Cottet et al., 2017). ACL
fracture leads to the destruction of the mechanical structure of the
knee (Blaker et al., 2021; Tayfur et al., 2021). Knee-joint static
stability can be restored by bone–patellar tendon–bone
reconstruction, but the decline in postoperative joint muscle
strength can cause dynamic knee joint instability (Brophy et al.,
2022; Takagi et al., 2022). Restoring the stability and mechanical
structure of the knee is the main purpose of ACL reconstruction (Lin
et al., 2020). Previous studies have shown that the proportion of ACL
injuries in female athletes is 2.1–2.4 times higher than that in male
athletes (Kaeding et al., 2017). Female athletes still exhibit loss of
knee extensor strength 2 years after ACL reconstruction
(Buckthorpe et al., 2019). A single-centre database includes
1,362 athletes with ACL reconstruction, and approximately 83.7%
athletes returned to sports within 2 years of reconstruction (Toale
et al., 2021). Therefore, the motor function of the knee joint must be
restored early after surgery.

ACL is rich in proprioception (muscles, tendons, and joints
generated during movement or rest, which play an important role in
maintaining joint stability) (Cheng et al., 2017). The afferent device
can provide static mechanical stability for the knee joint and
maintain the stability of the knee joint with the help of nerve
reflex (Lee et al., 2009). The absence of proprioception after ACL
reconstruction in athletes is detrimental to the recovery of motor
function, and the recovery of proprioception delays the
improvement in muscle strength (Laboute et al., 2019; Ghaderi
et al., 2020). In addition, ACL reconstruction in athletes is
accompanied with a decline in balance ability (Güzel et al., 2022;
Rahova et al., 2022), and a good balance is important to return to
competitions.

Isokinetic muscle strength training produces maximum output
at any angle within the joint range of motion; it is safer and more
effective than conventional muscle strength training (e.g., using
fixed resistance) (Cheng et al., 2019; Cheng and Jiang, 2020).
Isokinetic muscle strength training is widely used in the
rehabilitation training of athletes (Vidmar et al., 2020a; Saral
et al., 2022). Thus, ACL reconstruction with isokinetic training of
athletes has also been reported. Previous studies have shown that
isokinetic muscle strength training promotes the recovery of knee
flexor and extensor muscle strength (60°/s) in athletes with ACL
reconstruction (Zhang et al., 2016). Previous studies found that

rehabilitation with additional isokinetic training improves muscle
strength at 4 weeks after ACL reconstruction in adult athletes
(Tsaklis and Abatzides, 2002). Two weeks of isokinetic muscle
strength training for the ACL reconstruction in young athletes
can improve the quality and strength of quadriceps (Vidmar
et al., 2020b). Unfortunately, these studies did not report changes
in the knee explosive force (e.g., knee tested at 240°/s) and muscle
endurance, and changes in proprioception and balance ability were
not analysed. Good explosive power and muscular endurance,
proprioception, and balance ability in athletes are important to
maintain a high level of competitive ability (Gidu et al., 2022).

To clarify the effects of isokinetic muscle strength training in
athletes after ACL reconstruction, we subjected athletes with ACL
reconstruction to regular isokinetic muscle strength training,
analysed changes in human posture control ability (joint muscle
strength, proprioception, and balance), and determined the
influence of scientific rehabilitation training to restore the
competitive ability in athletes so that they may return to
competitions as soon as possible. Study hypothesis: We
hypothesised that adding isokinetic muscle strength training to
rehabilitation training can improve the knee muscle strength,
proprioception, and balance ability of athletes with ACL
reconstruction.

Materials and methods

Participants

This study was approved by the Ethics Committee of Chengdu
Sport University (No: 201702). From June 2017 to December 2022,
athletes with ACL reconstruction from Sichuan Province, China,
were recruited. The inclusion criteria were as follows: unilateral
autologous bone–patellar tendon–bone reconstruction; national
athlete (sports performance: individual or team events, ranked
top 8 in China, i.e., domestic championship); and early full-angle
knee extension, early weight bearing, and progressive closed chain
training. The study was compliant with the Declaration of Helsinki,
and signed informed consent was obtained. The exclusion criteria
were as follows: meniscectomy, fracture, previous history of surgery
on other parts of the knee, and other forms of muscle or bone injury
in the lower limb.

During this period, 42 subjects were recruited (judo: male/
female, 3/5; wrestling: male/female, 2/4; kung fu: male/female: 1/
2; football: male/female, 3/6; volleyball: male/female, 1/3; basketball:
male/female, 1/2; weightlifting: male/female, 1/0; hockey: male/
female, 1/3; tennis: male/female, 1/2; and taekwondo: male/
female, 0/1). They were divided into the experimental group (n =
21, male/female: 7/14) and the control group (n = 21, male/female:
7/14). Throughout the 4-week experimental intervention, one
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sample in the control group dropped out for personal reasons.
Finally, 21 cases in the experimental group and 20 cases in the
control group completed the whole experimental process (Table 1).
The differences in the mean values of age, height, weight, and years
of training between the experimental and control groups were not
statistically significant (p > 0.05).

First, all subjects underwent the same intensity of rehabilitation
trainingwith the same dose of ultrasound and other treatments (Table 1).
After 4 weeks of ACL reconstruction, the experimental group was
subjected to isometric knee flexion and extension muscle training for
4 weeks using a German IsoMed-2000 isokinetic muscle tester. The
control groupwas trainedwith the same exercise dose of knee flexion and
extension using the Finnish HUR knee pneumatic trainer as the
experimental group (50%–70% RM resistance was used for training).

Isokinetic muscle strength training and joint
muscle strength tests

The IsoMed-2000 isokinetic testing apparatus (IsoMed-
2000 dynamometer; D & R Ferstl GmbH, Hemau, Germany) was
used to perform the isokinetic training of flexion and extension at
60°/s and 240°/s (five sets of 12 repetitions/set with 1 min rest
between sets and 5 min between angles) for 4 weeks (five
repetitions/week) on the reconstructed knee of the ACL side (80°

joint mobility) of the subjects in the experimental group. All subjects
were tested before and after 4 weeks of ACL reconstruction (60°/s,
five repetitions; 240°/s, 25 repetitions). In the 240°/s test, the ratio of
the 21st to 25th total work (knee flexion or extension) to the 1st to
5th total work (knee flexion or extension) was measured. This ratio
was used to reflect the muscle endurance of the subject’s knee joint in
the flexion or extensor muscle group. The closer this ratio is to 1, the
better the endurance level of the knee flexion or extensor muscle
group in the subjects (Cheng et al., 2019; Cheng and Jiang, 2020).

Proprioception test

The proprioceptive tests included kinaesthetic and positional
tests (Cheng et al., 2017). For kinaesthetic tests, a custom-made

knee kinaesthetic device with a reliability of 0.93 for the knee test
was used with good repeatability and reliability (Cheng et al.,
2017). The device was equipped with a pedal that could be rotated
around a single axis at an angular velocity of 0.3°/s. During the
test, the subject was in a seated position with the dominant leg flat
on the pedal, keeping the hip, knee, and ankle at 90°. By
increasing the weight of the counterbalance, its weight could
be matched with the weight of the leg (dominant leg) being tested
in the subjects. This step helped compensate for the gravity of the
dominant leg (eliminating the weight of the subject’s leg).
Subjects wore headphones and eye protection (to exclude
external sound and visual influences). The pedal randomly
rotated in a certain direction (up or down) to flex or extend
the knee joint; as soon as the subject perceived the movement of
the foot and the direction of movement, he/she pressed the hand-
held button to stop the rotating pedal. The smaller the angle of
rotation of the pedal, the better the kinaesthetic perception. In
the position perception test, we used an IsoMed-2000 isokinetic
testing apparatus (IsoMed-2000 dynamometer; D & R Ferstl
GmbH, Hemau, Germany) (Liu et al., 2019). The subject wore
headphones and an eye mask (to exclude external sound and
visual influences) and maintained the knee joint in the testing
position and allowed the isometric instrument power head
(angular velocity of 1°/s) to automatically flex and extend to
the pre-set angles of 30° and 60°. When the angle returned to 0,
the subject was allowed to move to the specified position (after
the button movement automatically stopped). The difference
between the actual angle and the pre-set angle was recorded,
and each angle test was performed three times to determine the
average value. The smaller the angle, the better the
proprioception.

Balance ability test

On the ACL reconstruction side, one foot (bare foot) stood on a
3D measuring bench (Kistler, Switzerland) for 10 s; this step was
repeated three times (1 interval = 1 min) (Rogind et al., 2003). The
test indicators were the maximum displacement, average speed of
the pressure centre in the anterior–posterior (AP) direction, and

TABLE 1 Basic information and rehabilitation training and treatment.

Essential information Experimental group (n = 21) Control group (n = 20)

Age (y) 21.6 ± 3.2 22.2 ± 2.8

Height (cm) 176.0 ± 8.2 175.6 ± 7.6

Body mass (kg) 69.5 ± 11.3 70.0 ± 12.5

Years of training period (y) 10.3 ± 2.6 9.7 ± 3.1

Treatment (weeks 1–2) Ultrasound therapy, half-squat practice, gait training, MRS and other long-range training and proprioception practice,
KAT balance training, and ice compress

Treatment (weeks 3–4) On the basis of the week 1–2 treatment, KAT dynamic balance exercises and weight loss running–walking training were
added

Treatment (weeks 5–6) On the basis of the treatment in weeks 3–4

Treatment (weeks 7–8) On the basis of the treatment in weeks 5–6, special movement training such as balance plate and cardiopulmonary
function should be added
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average speed of the pressure centre in the medial–lateral (ML)
direction. Large values indicated poor balance ability.

Statistical analysis

Using SPSS 20, the data were treated with mean value ± standard
deviation. The 2 (group) × 2 (time) design was considered (Cheng
et al., 2021). The normality of the data was first measured using the
Shapiro–Wilk test, using two-way ANOVA for group and time
interaction. If an interaction was observed, we then determined
whether a separate effect of time or group exists. Otherwise, we
determined whether a main effect exists. Multiple comparisons were
performed using the Bonferroni adjustment (significance level of
α = 0.05).

Results

With an additional 4 weeks of isokinetic muscle strength
training to rehabilitation training, the knee muscle strength test
results of athletes with ACL reconstruction are shown in Figure 1.
The proprioception and balance ability results are shown in Figure 2.
The normality of the data was first measured using the
Shapiro–Wilk test, showing that all the measurements exhibited
normal distribution. No significant difference was observed between
the baseline experimental and control data (p > 0.05).

In two-way ANOVA, group and time interactions were
observed for knee flexion (F = 5.149, p = 0.026) and extension
(F = 5.554, p = 0.021) PT (60°/s), extension (F = 7.728, p = 0.007)
PT (240°/s), knee flexion kinaesthesia (F = 4.157, p = 0.045), 30°

position sense (F = 5.085, p = 0.027), and AP displacement (F =
8.637, p = 0.004). Thus, we further determined whether a separate
effect of group or time exists. Knee flexion (F = 1.767, p = 0.188)
with PT (240°/s), knee flexion (F = 2.642, p = 0.108), and extension
(F = 2.803, p = 0.098) interacted with muscular endurance. By
contrast, extension kinaesthesia (F = 2.507, p = 0.117), 60° position
sense (F = 0.583, p = 0.447), ML displacement (F = 1.046, p =
0.309), AP (F = 2.321, p = 0.132), and ML (F = 0.930, p = 0.338)
interacted with mean speed. No interaction between group and
time was observed.

At 4 weeks, compared with the baseline, the knee flexion (p <
0.001, η2 = 0.384) and extension (p< 0.001, η2 = 0.475) with PT (60°/s),
knee flexion (p = 0.004, η2 = 0.194) and extension (p < 0.001, η2 =
0.462) with PT (240°/s), flexion (p = 0.001, η2 = 0.239), and extension
muscular endurance (p = 0.006, η2 = 0.174) in the experimental group
increased by 31.7%, 40.3%, 23.4%, 42.9%, 21.4%, and 19.7%,
respectively, showing a statistically significant difference. The knee
flexion (p = 0.001, η2 = 0.253) and extension kinaesthesia (p = 0.002,
η2 = 0.212), 30° (p < 0.001, η2 = 0.408) and 60° position senses (p =
0.033, η2 = 0.109), AP (p < 0.001, η2 = 0.611) and ML displacement
(p < 0.001, η2 = 0.849), and AP (p < 0.001, η2 = 0.558) and ML speed
(p < 0.001, η2 = 0.502) decreased by 36.2%, 32.3%, 40.0%, 18.9%,
30.2%, 44.2%, 38.4%, and 24.0%, respectively, indicating a statistically
significant difference. In the control group, the knee extension (p =
0.004, η2 = 0.201) with PT (60°/s) increased by 18.8%, showing a
statistically significant difference. The AP (p < 0.001, η2 = 0.332) and
ML displacement (p < 0.001, η2 = 0.779) and the AP (p < 0.001, η2 =

0.565) and ML speed (p = 0.002, η2 = 0.221) decreased by 14.9%,
40.0%, 26.8%, and 19.5%, respectively, showing a statistically
significant difference.

A comparison between the groups was performed after 4 weeks.
The experimental group exhibited the following improvements
compared with the control group: the knee flexion (p = 0.011,
η2 = 0.081) and extension (p = 0.014, η2 = 0.076) with PT (60°/s),
extension (p = 0.026, η2 = 0.062) with PT (240°/s), and extension PT
(p = 0.036, η2 = 0.055) increased, and the differences were
statistically significant. However, the knee extension kinaesthesia
(p = 0.048, η2 = 0.049), 30° position sense (p = 0.015, η2 = 0.074), and
AP displacement (p = 0.001, η2 = 0.123) significantly decreased.

Discussion

This study explored the effects of regular isokinetic muscle
strength training on the injured knee joint, muscle strength,
proprioception, and balance ability of athletes with ACL
reconstruction. We tested whether adding regular isokinetic
muscle strength training to rehabilitation training can further
improve the knee flexion, extensor strength, and extensor
endurance in athletes with ACL reconstruction and improve the
balance of kinaesthesia, 30° position sense, and front and rear

FIGURE 1
Knee muscle strength test results. EG, experimental group; CG,
control group. *p < 0.05 and **p < 0.01 (after 4 weeks of intervention,
between-group comparisons at the baseline and 4 weeks); ##p < 0.01
(within-group comparisons at the baseline and 4 weeks).
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directions compared with aerodynamic resistance training.
However, the proposed treatment had limited effects on knee
flexion kinaesthesia and muscle endurance.

Muscle strength

After 4 weeks, the knee flexion and extension torque (60°/s and
240°/s) and the flexion and extension muscular endurance increased
by 31.7%, 40.3%, 23.4%, 42.9%, 21.4%, and 19.7%, and the control
knee extension torque (60°/s) increased by 18.8%. Compared with
the control group, the knee flexion and extension torque (60°/s),
extension torque (240°/s), and extension muscular endurance
increased to varying degrees. These results showed that isokinetic

muscle strength training could improve the knee flexion, extensor
strength, and extensor endurance of athletes with ACL
reconstruction more than aerodynamic resistance training.
Insufficient knee flexion and extensor strength in athletes with
ACL reconstruction increases the risk of sports injury, such as
ligament tear or joint pain (Buckthorpe et al., 2019). Thus, knee
flexion and extensor group strength recovery is important in
rehabilitation. Knee muscle strength was tested in 17 football
players with ACL reconstruction, and the results showed that
rapid strength recovery is important to return to play (Jacopetti
et al., 2016). In another study, 15 athletes with ACL reconstruction
were subjected to 24 weeks of isokinetic muscle strength training, and
the results showed that their extensor muscle had a 60°/s peak
moment, and the elevation was greater than that of the flexor
muscle (Zhang et al., 2016). This study further validated and
expanded the results of previous studies (Jacopetti et al., 2016;
Zhang et al., 2016), which reported that the knee flexion and
extension torque (60°/s and 240°/s) exceeded that of the flexor
muscles in both the experimental and control groups. No scholar
has reported on the change in the muscle endurance of athletes with
ACL reconstruction. Thus, this study used the isokinetic muscle
strength test system for analyzing muscle endurance knee flexion
and extension. Compared with the pneumatic training group (control
group), rehabilitation with increased isokinetic muscle strength
training improved knee extension muscle endurance but did not
add to knee flexion muscle endurance. The analysis showed that the
intervention time was insufficient, and the knee flexion muscle
endurance change delayed the extensor muscle endurance. Athletes
have high requirements for muscle endurance, so the training of
muscle endurance cannot be ignored in the rehabilitation process of
athletes with ACL reconstruction. Improving the muscle endurance
level plays an important role in the recovery of the competitive ability
of athletes with ACL reconstruction.

Proprioception

After 4 weeks, the knee flexion and extension kinaesthesia decreased
by 30°, 36.2%, 32.3%, 40.0%, and 18.9%. Compared with the control
group, the kinaesthesia and 30° position sense of the knee extension
decreased in the experimental group. These results showed that isokinetic
muscle strength training could further promote the recovery of
kinaesthesia and 30° position sense in athletes with ACL
reconstruction. The knee proprioceptors are divided into the Pacini
and Lafini bodies, which are distributed in the joint capsule, cruciate
ligament, collateral ligament, meniscus, and tendon. They can feel the
deformation and pressure of tissues and perceive the process of
accelerated initiation and deceleration of joint movements (Cheng
et al., 2017). Studies confirmed the presence of mechanical
stimulation receptors in ACL as important proprioceptive carriers
(Larwa et al., 2021; Kotsifaki et al., 2023). Consequently, ACL
reconstruction impairs proprioception in athletes. No uniform
method exists for proprioception training in patients with ACL
reconstruction, and this study showed that isokinetic muscle strength
training improved the proprioception of athletes after ACL
reconstruction. A previous study (Jerosch and Prymka, 1996)
explained that the 30° position sense leads to more significant changes
than the 60° position sense, and kinaesthesia significantly improves

FIGURE 2
Results of proprioceptive and balance ability tests. EG,
experimental group; CG, control group. *p < 0.05 and **p < 0.01 (after
4 weeks of intervention, between-group comparisons at the baseline
and 4 weeks); #p < 0.05 and ##p < 0.01 (within-group
comparisons at the baseline and 4 weeks).
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compared with flexion. In addition, the 30° position sense may be related
to the design of isokinetic muscle strength training, during which the
subjects are required to recruit more muscle fibres to achieve the training
effect at the beginning of the exercise. In this study, the peak muscle
strength moment appeared at approximately 30°. The mechanism by
which isokinetic muscle strength training improves subjects’
proprioception was analysed through neuromuscular strengthening
and promotion of cognitive level processes (Khademi et al., 2022). In
addition, isokinetic muscle strength training is a periodic and stable
exercise (Cheng and Jiang, 2020), which can release the elastic energy
stored in the subject’s tendon structure, strengthen the muscle tactile
reflex, and promote the recovery of proprioception by improving the
central nervous system.

Balance ability

After 4 weeks, the experimental group’s displacement and speed of
the knee joint decreased by 30.2%, 44.2%, 38.4%, and 24.0%. The control
group’s AP and ML displacement and speed decreased by 14.9%, 40.0%,
26.8%, and 19.5%. AP displacement was reduced in the experimental
group compared with that in the control group, indicating that isokinetic
muscle strength training further promoted the recovery of balance ability
in athletes with ACL reconstruction. Arockiaraj et al. (2013) believed that
the altered signal afferents of the injured limb of the ACL will affect the
muscle spindle function of the healthy limb and cause impairment in the
healthy limb’s proprioception function, thereby affecting the balance
ability of the human body. Previous studies have shown that patients with
ACL reconstruction have the highest fall risk at 4 weeks, which gradually
decreases at 8–12 weeks after surgery (Gokalp et al., 2016). The present
study found that isokinetic muscle strength training further improved the
AP direction balance compared with changes in the left–right direction
balance. This finding may be attributed to the knee flexor and extensor
muscle group exercise. Given that the left and right directions of the
human body do not often exercise, no additional improvement effect in
the left and right directions may be observed. This study examined
regular isokinetic muscle strength training in athletes after ACL
reconstruction for changes in maintaining human postural control
(knee muscle strength, proprioception, and balance). The results
provided a quantitative basis for scientific rehabilitation training.
Athletes with ACL reconstruction should add regular isokinetic
muscle strength training to rehabilitation training, which is an
effective rehabilitation strategy.

This study had some limitations, including limited samples to
explore gender differences and insufficient neuromuscular response
and gait testing. The influence of distinct exercise habits amongst
athletes from different sports disciplines must be eliminated.
Athletes from the same sports discipline were not selected as a
group. In addition, we did not use long intervention times and long-
term follow-up evaluations, which will be addressed in future work.

Conclusion

This study showed that adding regular isokinetic muscle
strength training to rehabilitation training could improve the

knee flexion, extensor strength, extensor endurance, kinaesthesia,
30° position sense, and balance compared with aerodynamic
resistance training. However, insignificant effects on knee flexion
kinaesthesia and muscular endurance were observed.
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Effects of high-definition
transcranial direct current
stimulation on the
cortical−muscular functional
coupling and muscular activities
of ankle dorsi−plantarflexion
under running-induced fatigue

Jianglong Zhan1, Changxiao Yu1, Songlin Xiao1, Bin Shen1,
Chuyi Zhang1, Junhong Zhou2,3* and Weijie Fu1*
1Key Laboratory of Exercise and Health Sciences of Ministry of Education, School of Exercise and Health,
Shanghai University of Sport, Shanghai, China, 2The Hinda and Arthur Marcus Institute for Aging Research,
Hebrew SeniorLife, Boston, MA, United States, 3Harvard Medical School, Boston, MA, United States

Transcranial direct current stimulation (tDCS) can improve motor control
performance under fatigue. However, the influences of tDCS on factors
contributing to motor control (e.g., cortical−muscular functional coupling,
CMFC) are unclear. This double-blinded and randomized study examined the
effects of high-definition tDCS (HD-tDCS) on muscular activities of dorsiflexors
and plantarflexors and CMFC when performing ankle dorsi–plantarflexion under
fatigue. Twenty-four male adults were randomly assigned to receive five sessions
of 20-min HD-tDCS targeting primary motor cortex (M1) or sham stimulation.
Three days before and 1 day after the intervention, participants completed ankle
dorsi–plantarflexion under fatigue induced by prolonged running exercise. During
the task, electroencephalography (EEG) of M1 (e.g., C1, Cz) and surface
electromyography (sEMG) of several muscles (e.g., tibialis anterior [TA]) were
recorded synchronously. The corticomuscular coherence (CMC), root mean
square (RMS) of sEMG, blood lactate, and maximal voluntary isometric
contraction (MVC) of ankle dorsiflexors and plantarflexors were obtained.
Before stimulation, greater beta- and gamma-band CMC between M1 and TA
were significantly associated with greater RMS of TA (r = 0.460–0.619, p =
0.001–0.024). The beta- and gamma-band CMC of C1-TA and Cz-TA, and
RMS of TA and MVC torque of dorsiflexors were significantly higher after HD-
tDCS than those at pre-intervention in the HD-tDCS group and post-intervention
in the control group (p= 0.002–0.046). However, the HD-tDCS-induced changes
in CMC and muscle activities were not significantly associated (r = 0.050–0.128,
p = 0.693–0.878). HD-tDCS applied over M1 can enhance the muscular activities
of ankle dorsiflexion under fatigue and related CMFC.

KEYWORDS

exercise-induced fatigue, corticomuscular coherence, corticospinal pathway,
transcranial electrical stimulation, muscle activation
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1 Introduction

Long-term and high-intensity running can induce
neuromuscular fatigue of lower extremities (e.g., ankle joint)
(Kulmala et al., 2016), leading to task failure and sports injuries
(Millet and Lepers, 2004; Giandolini et al., 2016). The decreased
motor control performance under running-induced fatigue is
closely associated with a decrease in neural drive that the motor
cortex of the brain sends to muscles (Millet and Lepers, 2004;
Girard et al., 2012), reducing the functional connectivity between
the supraspinal networks and muscles, which can be captured by
diminished cortical–muscular functional coupling (CMFC)
(Kilner et al., 2000; Marsden et al., 2000; Liu J. et al., 2019).
Previous studies showed that the decrease of CMFC, which is
oftentimes assessed by corticomuscular coherence (CMC)
(Grosse et al., 2002), was associated with the deepening of
fatigue (Yang et al., 2009; Siemionow et al., 2010; Tuncel
et al., 2010), leading to the decline in neural transmission
efficiency and increased instability of neuromuscular
connections, affecting motor control performance (Gandevia,
2001; Hug et al., 2015). Therefore, strategies with the goal to
enhance CMFC may help improve motor control performance
under fatigue and ultimately prevent fatigue-related injuries in
exercise.

High-definition transcranial direct current stimulation (HD-
tDCS) is one such kind of strategy that can safely increase cortical
excitability (Amann et al., 2022) and neural drive to target
muscles (Etemadi et al., 2023). TDCS have been used as a
non-invasive brain stimulation technique to enhance cognitive
functions, improve motor performance, and alleviate fatigue in
humans (Amann et al., 2022). It modulates the excitability of
target brain regions through the application of low-intensity
electrical currents via the anode and cathode electrodes placed
on the scalp. HD-tDCS can reduce current diffusion that is
oftentimes observed in traditional large sponge-based tDCS,
providing more focused and longer-lasting modulation of
brain activity (Minhas et al., 2010; Kuo et al., 2013). A
previous study, for example, observed that tDCS applied over
the primary motor cortex (M1) could extend the time to
exhaustion and improve the maximum torque during an
isometric fatiguing elbow flexion task by enhancing neural
drive to muscles (Wang et al., 2022). Moreover, tDCS over
M1 could enhance the endurance performance in multi-joint
coordination tasks (Liu X. et al., 2019) and reduce the
perception of fatigue (Angius et al., 2018; Angius et al., 2019)
by increasing the regional or whole-brain functional connectivity.
However, the effects of tDCS on CMFC have not been explicitly
examined. Further exploration in this subject may help better
elucidate the mechanisms of the benefits of tDCS for motor
control under fatigue and its related consequences.

In this study, we explored the effects of five sessions of HD-tDCS
on CMFC and muscular activities of dorsiflexors and plantarflexors
during ankle dorsi–plantarflexion under fatigue induced by
prolonged running. We hypothesized that in a group of
recreational younger adults, HD-tDCS would enhance CMFC
and increase the muscular activities of dorsiflexors and
plantarflexors under fatigue compared with the control
(i.e., sham stimulation).

2 Materials and methods

2.1 Participants

The sample size for this study was estimated based on a previous
study that utilized HD-tDCS on chronic stroke participants with the
same outcome variable (i.e., CMC) (Bao et al., 2019). The value of
the effect size (η2p � 0.191) was observed in the previous study,
which is equal to the effect size value of f (f = 0.56). Considering the
differences between healthy and stroke participants (i.e., the
modulatory effect of tDCS may be weaker in healthy
participants) (Hendy and Kidgell, 2013), there is a conservative
reduction in effect size in the current study. Thus, the sample size
was calculated using G*Power 3.1.9.7 software (Franz Faul,
University of Kiel, Kiel, Germany) with a statistical power of
0.95, a probability level of 0.05, and an effect size of 0.4. The
result showed that 16 participants were needed. By considering
potential dropout rates (with an attrition rate of 40%), we recruited
24 participants. The inclusion criteria were as follows: 1) age
between 18 and 30 years, and 2) a habit of regular exercise
(i.e., aerobic exercise for 30 min once or twice a week). The
exclusion criteria were as follows: 1) a history of lower extremity
injuries in the preceding 6 months, 2) currently using
neuropsychiatric medication, 3) diagnosis of overt neurological
diseases, and 4) any contraindications to the use of HD-tDCS
(e.g., metal-implanted devices in the brain). Written informed
consent was obtained from each participant prior to their
participation. The study protocol was approved by the
Institutional Review Board of the Shanghai University of Sport
(No. 102772022RT050) and conducted according to the
Declaration of Helsinki.

2.2 Study design

In this randomized, double-blinded, and sham-controlled
parallel study, 24 participants were randomly assigned to HD-
tDCS and control groups (n = 12 in each group) using
computer-generated random numbers. The randomization was
conducted by an independent researcher who was not involved
in the data collection or analysis. Participants underwent five
consecutive days of intervention, in which the participants in the
HD-tDCS group received HD-tDCS, and those in the control group
received sham stimulation. Multiple-sessions of tDCS induce
cumulative and longer-term effects on the functions [e.g., cortical
neural plasticity changes (Talsma et al., 2017)]. Previous study
showed that five consecutive days of tDCS can induce significant
effects on CMFC (Padalino et al., 2021), one of the primary
outcomes of our study. We thus designed the protocol here by
using five consecutive sessions of tDCS. Three days before and
within 1 day after the intervention, the participants completed a
prolonged running exercise program (Figure 1). Post-fatigue
assessments were completed within 5 min after running to avoid
rapid elimination of fatigue. The participants were required to
maintain their daily lifestyles throughout the study, avoid
vigorous activities for 24 h prior to each exercise session, and
abstain from caffeine intake 12 h before each exercise session.
Participants were allowed to maintain their regular running
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habits but were instructed to reduce the intensity and duration of
their exercise to avoid inducing fatigue. The running velocity and
duration were kept consistent for both the two exercises (i.e., the
same fatigue degree across two visits).

2.3 Protocol of running-induced fatigue

The participants were instructed to complete a running test on a
treadmill (Gymrol S2500, HEF Techmachine, Andrézieux-
Bouthéon, France) with a 1% slope to determine individualized
constant velocity in prolonged running (Racinais et al., 2007). The
velocity was set at 8 km/h for the initial 3 min and then increased
with 0.5 km/h per minute until the first ventilatory threshold
occurred (Racinais et al., 2007), as measured by gases expired via
a wearable metabolic system (K4b2, Cosmed, Rome, Italy) and
determined by following an established reference (Davis, 1985).
Running velocity corresponding to the occurrence of the first
ventilation threshold was then used as individualized constant
velocity in prolonged running exercise.

Then, each participant completed one prolonged running exercise
on a treadmill at their own constant running velocity before and after
the intervention. Heart rate (HR) and rating of perceived exertion
(RPE) were recorded every 4 min. Fatigue condition was determined
when participants met all of the following criteria: 1) participants
cannot maintain the constant running velocity despite strong verbal
encouragement, 2) the RPE rating was at least 19, and 3) their HR
reached 90% of their maximum HR (i.e., 220 minus age) (Ramos-
Campo et al., 2017; Wang et al., 2021). Blood lactate and maximal
voluntary isometric contraction (MVC) of ankle dorsiflexors and
plantarflexors were measured before and after running-induced
fatigue. No significant differences were observed in the

individualized constant running velocity (HD-tDCS group vs.
control group: 10.7 ± 1.0 km/h vs. 10.5 ± 1.0 km/h, p = 0.532) and
duration time (HD-tDCS group vs. control group: 34.8 ± 5.6 min vs.
36.1 ± 8.6 min, p = 0.678) between the HD-tDCS and control groups.

2.4 HD-tDCS protocol

HD-tDCS was administered by a multichannel NeuroConn® DC-
stimulator system (DC-stimulator MC, Neurocare group, Munich,
Germany) connected to five ring-type electrodes (3.5 cm2): one placed
on the primary motor cortex (M1) as an anode electrode (i.e., Cz) and
the remaining four placed around it as return electrodes (i.e., C3, C4,
Fz, and Pz) based on the international standard 10/20 system
(Figure 2) (Xiao et al., 2022). The Cz region usually covers
bilateral lower-limb area of M1 (Mizuno and Aramaki, 2017).
Studies have shown that tDCS targeting the Cz region can
modulate the activity of M1, thereby influencing motor control
and coordination (Park et al., 2019; Hou et al., 2022). The HD-
tDCS consisted of 20-min stimulation of current intensity of 2 mA
(Workman et al., 2020a; Workman et al., 2020b). The current ramped
up tomaximum intensity in the first 30 s and ramped down to 0 in the
last 30 s of the stimulation. The sham stimulation consisted of 60-s
current delivery only (ramping up and down 30 s each at the
beginning without supplying current in the remaining period (Xiao
et al., 2022). The current intensity and duration length of one
stimulation session was determined by considering both safety and
maximizing the effects of stimulation. Previous studies showed that
2 mA was the maximum current intensity of one electrode that can
safely stimulate the brain without causing serious adverse event
(Bikson et al., 2016; Buchanan et al., 2023). Another study showed
that the effects of tDCS on neural plasticity reached maximum when

FIGURE 1
Study design. Participants underwent 5 consecutive days of intervention, in which the participants in the HD-tDCS group received HD-tDCS, and
those in the control group received sham stimulation. Three days before and within 1 day after the intervention, the participants completed a prolonged
running exercise program. Post-fatigue assessments were completed within 5 min after running to avoid rapid elimination of fatigue.
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stimulating for 20 min, and increasing the duration length of one
stimulation session beyond 20 min cannot induce greater effects
(Mosayebi Samani et al., 2019). Therefore, almost all the studies
using tDCS used this kind of design and we here also followed this
design. We here used traditional in-active sham that was believed to
not induce potential significant effects on the excitability of targeting
regions. The device was operated by a trained research assistant who
did not participate in any other procedures of the study. The
participants and researchers were unaware of the stimulation
condition. Blinding efficacy and adverse effects were assessed at
the last stimulation by asking the participants to complete
questionnaires to subjectively judge the type of stimulation and
report if any side effects or uncomfortable feelings were
experienced, respectively (Valiengo et al., 2020).

2.5 Data collection

2.5.1 Torque measurement
The definition of the dominant foot is determined by the answer

of participants to “which leg they prefer to use for kicking a ball” (Fu

et al., 2017). MVC torques of the dominant ankle dorsiflexors and
plantarflexors were measured with a dynamometer (Con-Trex,
Physiomed, Freistaat Bayern, Germany). The participants were
placed in prone position with pelvis, knee, and ankle angulations
at anatomical zero position and their foot strapped by Velcro straps.
The participants were strongly inspired and asked to avoid
compensation from other joints during the measurement. MVC
torque was determined as the maximal force across three trials,
which were separated by a 1 min interval (Spedden et al., 2018).
Higher MVC can reflect the muscle’s ability to generate greater force
at its maximum, which is beneficial to improve motor control
performance (Østerås et al., 2002).

2.5.2 Electrophysiological recordings
Electroencephalography (EEG) and surface electromyography

(sEMG) signals were recorded synchronously during the maximal
isokinetic (60°/s) task of dominant ankle dorsi–plantarflexion (15° of
dorsiflexion and 30° of plantarflexion) at pre- and post-intervention
under fatigue. The position of the participants was the same as that
in the torque measurement. Four EEG channels (i.e., C1, C2, Cz, and
FCz) were selected because of their association with ankle movement

FIGURE 2
Target region (M1) in red (A) andmontages of HD-tDCS and simulated electric field distribution (B–D). Warmer colors reflect higher current intensity,
while cooler colors indicate lower current intensity.
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(Perez et al., 2006; Spedden et al., 2018). The EEG signal of each
channel was recorded using a wireless EEG cap (Nsw364, Neuracle,
Changzhou, China) with a sampling rate of 1,000 Hz. The
impedance of each EEG electrode was maintained below 4 kΩ.
The sEMG signals of the tibialis anterior (TA), medial
gastrocnemius (MG), and lateral gastrocnemius (LG) muscles
were recorded using a wireless sEMG acquisition system
(Noraxon Myomuscle, Noraxon Inc., Arizona, the United States)
with a sampling rate of 2,000 Hz. The bipolar electrodes were
longitudinally placed in the central part of the muscle with an
electrode spacing of 2 cm. Prior to electrode placement, the skin was
shaved and cleaned with alcohol to minimize impedance as much as
possible. The torque curves during the task were also recorded. A
custom hardware device (i.e., a trigger signal generator) and a
synchronization cable were used to ensure synchronous
acquisition of the torque curves, EEG and sEMG data that were
recorded by different computers.

2.6 Data processing

EEG and sEMG data were pre-processed and calculated using
MATLAB R2018b (MathWorks, Inc., Natick, MA, United States).
Channels with data of obvious artifacts were rejected by visual
inspection. The outliers were interpolated, and the data were re-
referenced to an average reference (Forman et al., 2022). Band-pass
filter was applied within the frequency range of 0.5–60 Hz (Lu and
Sorooshyari, 2023), and independent component analysis was run to
remove noises from the eyes, muscles, and heart.

sEMG data were bandpass filtered within the frequency range of
10–500 Hz. The root mean square (RMS) of each muscle was
calculated based on the envelope of sEMG signals (Wang et al.,
2022). Higher RMS values represent a higher level of muscle
activation. The RMS of each muscle was normalized using the
peak RMS amplitude of the respective sEMG signals recorded
during the ankle dorsi-plantarflexion after the first prolonged
running exercise.

The epochs of dorsiflexion and plantarflexion were separated
according to the torque curves collected during the ankle
dorsi–plantarflexion task.

The linear coupling between synchronously recorded EEG
and sEMG signals was analyzed using CMC (Yang et al., 2009;
Siemionow et al., 2010; Tuncel et al., 2010; Xu et al., 2023). We
here focused on the coupling in the beta (16–30 Hz) and gamma
(31–50 Hz) bands as evidence has shown strong coherence
between the EEG and sEMG signals within these bands and
were associated with motor control (Chakarov et al., 2009;
Yang et al., 2009). Pre-processed EEG and sEMG data from
the two epochs of dorsiflexion and plantarflexion movements
were used to obtain signals in the beta and gamma bands. Then,
the CMC of the EEG data of each channel (C1, C2, Cz, FCz) and
the sEMG data of dorsiflexor (i.e., TA) and plantarflexors
(i.e., MG and LG) in these two bands were calculated as
follows (Mima and Hallett, 1999):

Cxy � S| xy f( )∣∣∣∣2
Sxx f( ) × Syy f( )

Sxy f( ) � 1
n
∑n
i�1
xi f( ) × yi f( )*

where x and y represent two types of signals, Sxx(f) and Syy(f)
represent the auto-spectra of the signals x and y at frequency f,
respectively, and Sxy(f) represents the cross-spectrum of the signal x
and y at frequency f. The CMC value is denoted by [0,1], where
0 represents the lack of coherence between the two signals; values
closer to 1 indicate a higher degree of synchronization between the
signals. CMC was considered significant if it is above the confidence
level (CL), which was calculated as follows (Halliday et al., 1995):

CL � 1 − 1 − α( ) 1
N−1

where N represents the number of data segments, and α is the
significance level. In this study, the number of data segments was
512, and the significance level was 0.95.

2.7 Statistical analysis

Continuous data were presented as mean ± standard deviation
(SD). Shapiro–Wilk test was used to test the normality of all
continuous data. When the data were normally distributed, one-
way ANOVA models were used to assess significant differences in
running performance (i.e., individualized constant running velocity
and duration time), physiological metrics (i.e., blood lactate, HR),
MVC torques, CMC, and RMS between groups (i.e., HD-tDCS and
sham) before the intervention. When the data were not normally
distributed, non-parametric Friedman test was used. Wilcoxon
signed-rank test was performed to assess significant differences in
RPE (non-continuous data) between the two groups before the
intervention.

To examine the effects of fatigue on the physiological metrics
and MVC torques within the first prolonged running exercise, one-
way ANOVA models were used when the data were normally
distributed. Otherwise, non-parametric Friedman test was
implemented. The dependent variables were blood lactate, HR,
and MVC torque for each model, and the factor was time (pre-,
post-fatigue). Wilcoxon signed-rank test was performed to
determine the effects of fatigue on RPE in the first prolonged
running exercise.

To examine the effects of HD-tDCS on CMC and muscular
activities of dorsiflexors and plantarflexors under fatigue, two-way
repeated-measures ANOVA models adjusted for age, height, and
weight were used when the data were normally distributed. To note,
if there is a significant difference in any outcomes before the
intervention between the two groups, we included the pre-
intervention outcomes into the model. The dependent variables
were CMC, RMS, and MVC torque for each model. Model factors
were stimulation condition (HD-tDCS, sham), time (pre-, post-
intervention), and their interaction. Bonferroni’s test was used for
post hoc analysis to determine where the significance was in the
ANOVA models. Partial eta-square (η2p) and Cohen’s d were
reported to the ANOVA models and post hoc analyses as effect
size values, respectively. When the data were not normally
distributed, non-parametric Friedman test was used.
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We further explored the relationship between CMC and
muscular activities of dorsiflexors and plantarflexors by using
Pearson’s correlation analyses. The association between these
outcomes before the intervention, as well as between the percent
changes of those with significant changes induced by HD-tDCS, was
examined.

All statistical analyses were performed using SPSS 21.0 Software
(SPSS Inc., Chicago, IL, the United States). The significance level was
set at p < 0.05.

3 Results

All participants successfully completed the assessments. No
significant differences were observed in age, height, and weight
between the two groups (p > 0.492, Table 1). No side effects of HD-
tDCS were reported. For blinding efficacy, a 52.7% error rate in
guessing the stimulation condition was observed, suggesting
successful blinding. All the continuous data were normally
distributed. No significant differences were observed between the
two groups at baseline (p > 0.103). Pearson’s correlation analyses
revealed positive correlations between the RMS of TA muscle and

the CMC between M1 and TA muscle in both the beta (C1-TA: r =
0.579, p = 0.003; Cz-TA: r = 0.573, p = 0.003; C2-TA: r = 0.619, p =
0.001; FCz-TA: r = 0.597, p = 0.002) and gamma (C1-TA: r = 0.460,
p = 0.024; Cz-TA: r = 0.542, p = 0.006; C2-TA: r = 0.479, p = 0.018;
FCz-TA: r = 0.583, p = 0.003) bands at baseline across all
participants. No other correlations between CMC and muscular
activities of dorsiflexors and plantarflexors were observed (p >
0.163).

3.1 Effects of running-induced fatigue on
MVC torque and physiological metrics

The one-way ANOVA models showed that the MVC torques of
dorsiflexors (p < 0.001) and plantarflexors (p < 0.001) significantly
decreased and the blood lactate (p < 0.001), HR (p < 0.001), and RPE
(p < 0.001) significantly increased after fatigue compared with those
before fatigue. This finding suggests that the prolonged running
exercise successfully caused fatigue (Figure 3).

3.2 Effect of HD-tDCS on CMC

In the beta band (Table 2), two-way repeated-measures ANOVA
models indicated significant interactions between stimulation
condition and time on C1-TA (F[1, 22] = 6.943, p = 0.015,
η2p � 0.240) and Cz-TA (F[1, 22] = 6.301, p = 0.020, η2p � 0.223).
Post-hoc analyses revealed that the CMC values between the EEG
signals of C1 and Cz and the sEMG signal of TA significantly

TABLE 1 Demographic information of participants.

Groups Age (years) Height (cm) Weight (kg)

HD-tDCS group (n = 12) 21.5 ± 2.2 176.3 ± 5.0 69.3 ± 7.0

Control group (n = 12) 21.7 ± 2.3 175.0 ± 7.4 68.8 ± 8.3

FIGURE 3
Changes in MVC torques and physiological metrics before and after the first prolonged running exercise. PF: plantarflexors; DF: dorsiflexors; *:
p < 0.05.
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increased after the HD-tDCS intervention compared with those at
pre-intervention (C1-TA: p = 0.011, Cohen’s d = 0.911, Figure 4A;
Cz-TA: p = 0.032, Cohen’s d = 0.767; Figure 4B) in the HD-tDCS
group and post-intervention (C1-TA: p = 0.038, Cohen’s d = 0.901;
Cz-TA: p = 0.045, Cohen’s d = 0.866) in the control group.

In the gamma band (Table 2), the ANOVA models revealed
significant interactions between stimulation condition and time on
C1-TA (F[1, 22] = 7.067, p = 0.014, η2p � 0.243) and Cz-TA (F[1, 22] =
6.103, p = 0.022, η2p � 0.217). Post-hoc analyses revealed that the
CMC values between the EEG signals of C1 and Cz and the sEMG
signal of TA significantly increased after the HD-tDCS intervention
compared with those at pre-intervention (C1-TA: p = 0.023, Cohen’s
d = 0.700, Figure 4A; Cz-TA: p = 0.022, Cohen’s d = 0.938;
Figure 4B) in the HD-tDCS group and post-intervention (C1-TA:
p = 0.046, Cohen’s d = 0.863; Cz-TA: p = 0.045, Cohen’s d = 0.866) in

the control group. Additionally, significant main effects of time were
observed on Cz-MG (F[1, 22] = 5.867, p = 0.024, η2p � 0.211), C1-LG
(F[1, 22] = 5.565, p = 0.028, η2p � 0.202), and Cz-LG (F[1, 22] = 7.654,
p = 0.011, η2p � 0.258). This finding indicates a significant decrease
from the pre- to the post-intervention values regardless of the
group. The other metrics tested had no significant differences
(p > 0.055).

3.3 Effects of HD-tDCS on RMS and MVC
torque

The two-way repeated-measures ANOVA models indicated a
significant interaction between stimulation condition and time on the
RMS value of TA (F[1, 22] = 9.820, p = 0.005, η2p � 0.309, Table 3).

TABLE 2 CMC of EEG-sEMG in the beta and gamma bands under fatigue.

Beta band (16–30 Hz) Gamma band (31–50 Hz)

(Mean ± SD) HD-tDCS group Control group p-value HD-tDCS group Control group p-value

EEG sEMG Pre Post Pre Post Pre Post Pre Post

C1

— TA 0.206 ±
0.029A

0.236 ±
0.035B

0.216 ±
0.027AB

0.206 ±
0.032A

0.015 0.206 ±
0.030A

0.230 ±
0.038B

0.211 ±
0.028AB

0.199 ±
0.034A

0.014

— MG 0.218 ±
0.028

0.213 ±
0.028

0.231 ± 0.029 0.221 ±
0.034

0.605 0.228 ±
0.039

0.216 ±
0.029

0.228 ± 0.027 0.212 ±
0.034

0.683

— LG 0.220 ±
0.031

0.216 ±
0.031

0.232 ± 0.035 0.225 ±
0.038

0.746 0.227 ±
0.028

0.222 ±
0.032

0.232 ± 0.033 0.216 ±
0.032

0.212

C2

— TA 0.208 ±
0.027

0.226 ±
0.033

0.219 ± 0.028 0.210 ±
0.036

0.121 0.205 ±
0.021

0.220 ±
0.030

0.212 ± 0.027 0.204 ±
0.030

0.104

— MG 0.218 ±
0.028

0.217 ±
0.028

0.233 ± 0.028 0.218 ±
0.035

0.259 0.221 ±
0.033

0.219 ±
0.037

0.226 ± 0.026 0.216 ±
0.033

0.520

— LG 0.220 ±
0.030

0.215 ±
0.028

0.226 ± 0.028 0.217 ±
0.033

0.769 0.219 ±
0.032

0.215 ±
0.033

0.226 ± 0.031 0.217 ±
0.030

0.573

Cz

— TA 0.207 ±
0.030A

0.233 ±
0.037B

0.218 ±
0.028AB

0.204 ±
0.029A

0.020 0.200 ±
0.024A

0.226 ±
0.030B

0.211 ±
0.028AB

0.201 ±
0.029A

0.022

— MG 0.219 ±
0.034

0.213 ±
0.031

0.230 ± 0.030 0.218 ±
0.030

0.645 0.227 ±
0.038

0.217 ±
0.033

0.228 ± 0.026 0.214 ±
0.031

0.706

— LG 0.220 ±
0.034

0.212 ±
0.032

0.227 ± 0.031 0.217 ±
0.030

0.834 0.226 ±
0.035

0.216 ±
0.032

0.232 ± 0.031 0.215 ±
0.032

0.498

FCz

— TA 0.206 ±
0.026

0.227 ±
0.037

0.218 ± 0.034 0.203 ±
0.037

0.055 0.204 ±
0.026

0.222 ±
0.035

0.215 ± 0.027 0.202 ±
0.034

0.077

— MG 0.218 ±
0.034

0.216 ±
0.035

0.228 ± 0.032 0.218 ±
0.032

0.385 0.222 ±
0.036

0.223 ±
0.038

0.225 ± 0.031 0.215 ±
0.036

0.345

— LG 0.218 ±
0.029

0.214 ±
0.036

0.225 ± 0.031 0.221 ±
0.035

0.963 0.223 ±
0.031

0.220 ±
0.027

0.228 ± 0.033 0.215 ±
0.032

0.305

Notes: p-value: stimulation condition and time interaction effect; different superscript letters (A and B) in each row denote which specific groups or times are significantly different from one

another as determined by post hoc analyses of ANOVA, models with a significant interaction term between stimulation condition and time. However, as long as the same superscript letter exists,

it indicates that there is no significant difference.

The bold values represent the presence of a significant interaction effect between stimulation condition and time.
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Post-hoc analysis indicated that the RMS value of TA significantly
increased after the HD-tDCS intervention compared with that at pre-
intervention (p = 0.022, Cohen’s d = 0.757) in the HD-tDCS group
and post-intervention (p = 0.042, Cohen’s d = 0.880) in the control
group. Additionally, significant main effects of time were observed on
the RMS values of LG (F[1, 22] = 16.377, p = 0.001, η2p � 0.427) and
MG (F[1, 22] = 4.619, p = 0.043, η2p � 0.174), reflecting a significant
decrease from the pre- to the post-intervention values regardless of
the group.

The ANOVAmodels revealed a significant interaction (F[1, 22] =
7.169, p = 0.014, η2p � 0.246) between stimulation condition and
time on the MVC torque of dorsiflexors (Table 3). Post-hoc analysis
revealed that the MVC torque of dorsiflexors significantly increased
after the HD-tDCS intervention compared with that at pre-
intervention (p = 0.018, Cohen’s d = 0.522) in the HD-tDCS
group and post-intervention (p = 0.002, Cohen’s d = 1.395) in
the control group. A main effect (F[1, 22] = 8.314, p = 0.009,
η2p � 0.274) of stimulation condition was also observed.
Additionally, within the HD-tDCS group, no significant
correlation appeared between the percent changes in CMFC and
muscular activities of dorsiflexors and plantarflexors after the
intervention (p > 0.308).

4 Discussion

To the best of our knowledge, this study is the first to demonstrate
the evidence that HD-tDCS can significantly increase the CMC
between TA and the motor cortex in the beta and gamma bands
under running-induced fatigue, and the higher CMC values occurred
in the midline and contralateral brain areas of TA, suggesting that
HD-tDCS targetingM1 improvedCMFC. These results suggested that
HD-tDCS applied over M1 holds great promise to enhance the motor
control performance of lower extremities and enhance the CMFC
under fatigue, providing critical knowledge for the design of future
studies and rehabilitative programs to alleviate the influences of
exercise-induced fatigue on motor control.

HD-tDCS significantly improved the beta- and gamma-band
CMC between the EEG signals of C1 and Cz and the sEMG signal of
TA. This finding is consistent with previous reports on the effect of
HD-tDCS on CMC under non-fatigue conditions (Bao et al., 2019;
Chen et al., 2019). For example, Bao et al. (Bao et al., 2019) observed
that anodal HD-tDCS significantly facilitated CMFC compared with
cathode and sham stimulation, as assessed by increased CMC, in
medium-level isometric wrist extension tasks. TA is the muscle
maintaining high-level activation during running, making it more

FIGURE 4
The curves of mean CMC in the beta (16–30 Hz) and gamma (31–50 Hz) bands between the EEG signals of C1 (A) and Cz (B) and the sEMG signal of
TA under fatigue in HD-tDCS and control groups at pre- and post-intervention.

TABLE 3 MVC torque and RMS under fatigue at pre- and post-intervention.

(Mean ± SD) HD-tDCS group Control group

Pre Post Pre Post p-value

RMS, % TA 69.34 ± 4.51A 73.51 ± 6.36B 71.12 ± 3.87AB 67.77 ± 6.71A 0.005

LG 69.16 ± 4.81 61.48 ± 6.89 66.71 ± 5.63 62.69 ± 6.75 0.218

MG 69.25 ± 7.13 64.90 ± 4.11 67.70 ± 5.21 65.65 ± 5.71 0.450

MVC, Nm Dorsiflexors 41.48 ± 5.57A 45.07 ± 7.96B 38.14 ± 4.42AB 36.40 ± 3.72A 0.014

Plantarflexors 82.11 ± 12.76 82.28 ± 15.79 88.11 ± 13.39 82.63 ± 21.42 0.560

Notes: p-value: stimulation condition and time interaction effect; different superscript letters (A and B) in each row denote which specific groups or times are significantly different from one

another as determined by post hoc analyses of ANOVA, models with a significant interaction term between stimulation condition and time. However, as long as the same superscript letter exists,

it indicates that there is no significant difference.

The bold values represent the presence of a significant interaction effect between stimulation condition and time.
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susceptible to fatigue than other lower extremity muscles (Reber
et al., 1993). Afferent feedback from fatigued muscles can inhibit
neural drives at the spinal and supraspinal levels through afferent
fibers in typesⅢ andⅣ (Millet and Lepers, 2004; Taylor et al., 2006),
potentially altering the top–down (i.e., from central to peripheral)
regulation of motor control under fatigue (Nicol et al., 2006; Millet
et al., 2018). The observed improvement in functional coupling
between TA and motor cortex induced by tDCS may arise from the
increased excitability of M1, thereby increasing the neural drive in
the descending corticospinal pathway (Dutta and Chugh, 2011).
Additionally, previous studies showed that dynamic exercise-
induced fatigue (e.g., running) can significantly change CMC in
the beta and gamma bands (Yang et al., 2009; Tuncel et al., 2010; Xu
et al., 2023). These bands are closely associated with the
maintenance of static muscle power output (Conway et al., 1995)
and help integrate visual and proprioceptive information for
appropriate command of motor control (Omlor et al., 2007).
Therefore, the significant improvement in CMC in the beta and
gamma bands induced by HD-tDCS may be beneficial for the static
motor control of TA in the coronal plane (i.e., inversion) of ankle
joint and for the maintenance of dorsiflexion angle during running
to prevent ankle sprain caused by over-inversion under fatigue.

We observed that HD-tDCS can significantly increase the
muscular activities of dorsiflexors (i.e., MVC torque and RMS of
TA) under running-induced fatigue. These observations are in line
with the findings that tDCS targeting M1 improved muscular
endurance performance (Tanaka et al., 2009; Lu et al., 2021; Wang
et al., 2022). Still, the effects of tDCS onmuscle activity during fatiguing
exercise are a topic of controversy, particularly among young and
healthy participants. For example, Workman et al., (Workman et al.,
2020b), observed that single-session of tDCS targeting the dominant
M1 increased the fatigability in the knee extensor of young healthy
participants, adversely affecting fatigue performance. One potential
reason for the inconsistent observations for the effects of tDCS on
fatigue may be due to the different types of exercises inducing fatigue.
Compared to single-joint movement tasks, whole-body exercise tasks
(e.g., running exercise we used here) may require more neural
activation and coordination, making it more likely to induce fatigue
in supraspinal level (Jubeau et al., 2014). Therefore, tDCS targeting the
supraspinal regions may induce greater effects on fatigue related to this
type of exercise. Fatigue can disturb the balance between the excitation
and inhibition of the motoneuron pool (Racinais et al., 2007; Girard
et al., 2011), inhibit the response of spinal motoneurons (Andersen
et al., 2003), and affect communication at the neuromuscular junction,
resulting in decreased muscle force output (Millet and Lepers, 2004).
One of the potential underlying mechanisms through which tDCS
enhances muscular activity may be the increased excitability of
M1 induced by tDCS because it can improve the efficiency of
cortical processing (Wang et al., 2022) and the recruitment of
motor units (Lu et al., 2021). The increased motor unit recruitment
is directly related to increased motoneuron pool excitability, and thus
the enhanced CMFC (Abdelmoula et al., 2016). Additionally, the rate
of force loss can be reduced by increasing the cortical excitability
(Cogiamanian et al., 2007). Hence, improved muscle activation and
increased muscle strength induced by HD-tDCS may be related to the
increased excitability of M1 and enhanced CMFC, which potentially
helps improve the excitability of the spinal motoneuron pool and
reduce the loss of force.We did not observe any significant associations

between the percent change in CMFC and the muscular activities of
ankle dorsi–plantarflexion after HD-tDCS intervention, which could
be due to the small sample size. The association between theHD-tDCS-
induced changes in CMFC and that in muscular activities is thus
highly-demanded to bemore explicitly examined in future studies with
larger sample sizes.

We acknowledge that there may be potential placebo effects of
sham stimulation as induced by subjective confidence on the
stimulation. Therefore, it is worthwhile to more explicitly assess
the subjective confidence of participants on the stimulation type,
enabling the examination of such potential placebo effects.
Additionally, in the current literature, the neurobiological effects
of sham stimulation remain incompletely elucidated. Future studies
should also focus on optimizing sham stimulation protocols to
mitigate their potential placebo effects.

Fatigue is somehow a protective mechanism in the human body.
However, we believe the effects of tDCS on fatigue do not arise from
the inhibition of the detection of fatigue of the underlying
neurophysiological procedure, which may be harmful to humans,
but instead, by enhancing the endurance capacity, alertness, and
attention (Hanken et al., 2016). We thus believe this kind of
improvement may not be harmful to individuals. Still, we agree
that studies examining those underlying elements related to fatigue
is highly-demanded to advance our understanding of such tDCS-
induced benefits for fatigue.

Several limitations in this study should be noted. First, a small
sample size of male recreational young adults was recruited, and
only short-term effects of HD-tDCS were examined. Future studies
with larger sample sizes, matched numbers of men and women, and
longer periods of follow-up assessments are thus needed to confirm
the observations here. Second, we used group-based HD-tDCS
montage. The differences in the brain anatomy and brain
connectivity patterns among individuals may interfere with the
effects of HD-tDCS. Individualized HD-tDCS montage should be
implemented in future studies to maximize its effects.

5 Conclusion

This study demonstrates that HD-tDCS can significantly
increase the corticomuscular coherence between TA and the
motor cortex and the muscle activation of dorsiflexors under
running-induced fatigue, suggesting that HD-tDCS targeting
M1 improved cortical–muscular functional coupling and
muscular activities of ankle dorsiflexion under the influence of
running-induced fatigue.
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A portable AFO solution for
pneumatic actuator with cable
tendon mechanism to assist ankle
dorsiflexion

Junming Wang1†, Jing Shu1†, Yujie Su1, Chengpeng Hu1,
Ling-Fung Yeung1, Zheng Li2* and Raymond Kai-Yu Tong1*
1Department of Biomedical Engineering, The Chinese University of Hong Kong, Shatin, Hong Kong SAR,
China, 2Department of Surgery, The Chinese University of Hong Kong, Shatin, Hong Kong SAR, China

The limited portability of pneumatic pumps presents a challenge for ankle-foot
orthosis actuated by pneumatic actuators. The high-pressure requirements and
time delay responses of pneumatic actuators necessitate a powerful and large
pump, which renders the entire device heavy and inconvenient to carry. In this
paper, we propose and validate a concept that enhances portability by employing
a slack cable tendon mechanism. By managing slack tension properly, the time
delay response problem of pneumatic actuators is eliminated through early
triggering, and the system can be effectively controlled to generate the desired
force for dorsiflexion assistance. The current portable integration of the system
weighs approximately 1.6 kg, with distribution of 0.5 kg actuation part on the
shank and 1.1 kg power system on the waist, excluding the battery. Amathematical
model is developed to determine the proper triggering time and volumetric flow
rate requirements for pump selection. To evaluate the performance of this
actuation system and mathematical model, the artificial muscle’s response
time and real volumetric flow rate were preliminarily tested with different
portable pumps on a healthy participant during treadmill walking at various
speeds ranging from 0.5 m/s to 1.75 m/s. Two small pumps, specifically VN-C1
(5.36 L/min, 300 g) and VN-C4 (9.71L/min, 550 g), meet our design criteria, and
then tested on three healthy subjects walking at normal speeds of 1 m/s and 1.5 m/
s. The kinematic and electromyographic results demonstrate that the device can
facilitate ankle dorsiflexion with a portable pump (300–500 g), generating
sufficient force to lift up the foot segment, and reducing muscle activity
responsible for ankle dorsiflexion during the swing phase by 8% and 10% at
normal speeds of 1 m/s and 1.5 m/s respectively. This portable ankle robot,
equipped with a compact pump weighing approximately 1.6 kg, holds
significant potential for assisting individuals with lower limb weakness in
walking, both within their homes and in clinical settings.

KEYWORDS

ankle-foot orthosis, pneumatic actuator, stroke rehabilitation, wearable robots, assistive
robots
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1 Introduction

After the stroke, the push-off and swing phases of the gait cycle
are influenced by impaired paretic ankle function, resulting in
reduced forward propulsion symmetry in impaired paretic ankle
plantarflexion (PF), poor ground clearance during the swing phase,
and uncontrolled landing during weight acceptance in impaired
paretic ankle dorsiflexion (DF) (Hall et al., 2011). Foot drop, a
common symptom of paretic ankle DF impairment, increases the
risk of tripping and falling (de Niet MSc et al., 2008), while foot slap
diminishes the desired shock absorption and adds instability to body
balance. Ankle-foot orthoses (AFOs) are effective tools for treating
ankle paresis caused by muscle weakness, as demonstrated in clinical
studies (Takahashi et al., 2015; Zhou et al., 2016; Yeung et al., 2018).
Currently, the dominant active AFOs for correcting gait patterns are
driven by either electrical motors or pneumatic artificial muscles/
fabrics (Awad et al., 2017; Bae et al., 2018; Hong et al., 2018; Yeung
et al., 2018; Thalman et al., 2019). Active AFOs with electronic
motors have become a popular solution due to their ability to
provide sufficient torque for ankle plantarflexion and dorsiflexion
assistance. However, conventional rigid electronic AFOs are often
designed with rigid structures or components, which add significant
inertia to limb movement and may result in misalignment issues
(Schiele, 2009; Bae et al., 2015). Moreover, a common issue with
electronic motors is their lack of back-drivability, which can make it
more challenging for users to perform natural movements (Hussain
et al., 2016).

Recent advancements in soft materials and fabrics have led to
the development of flexible, lightweight, and ergonomic AFOs in the
latest research. Two solutions have been investigated: cable-driven
tethered soft AFOs and soft AFOs with fabrics/pneumatic artificial
muscles. Bae et al. developed a portable ankle-assisting robot with
two electrical motors, which use two Bowden cables to transmit
force to the anchor points on the foot to assist plantarflexion and
dorsiflexion motion (Awad et al., 2017; Bae et al., 2018; Awad et al.,
2020). By aligning with textile suits, the cable-based transmission
method resolves the weight problem by tethering Bowden cable
from the center trunk to anchoring points at the calf. Other soft
AFOs have been developed by utilizing fabrics or pneumatic
artificial muscles to decrease mass in the lower limb while
providing a large assistance force. For example, Thalman et al.
applied a lightweight pneumatic pouch-motor type flat soft actuator
on the instep to prevent foot-drop (Thalman et al., 2019).
Additionally, Hong et al. utilized a McKibben-type artificial
muscle to support swing phase dorsiflexion and a tension spring
to support heel rocker function (Hong et al., 2018).

Despite the effectiveness of pneumatic systems in AFOs, their
portability is often limited by the high-pressure requirements and
time delay responses of pneumatic actuators, which necessitate
the use of a powerful and bulky pump, making the entire device
inconvenient and heavy to carry. While portable pumps could
potentially be installed in a wheeled carrier that automatically
follows a walker, the mobility of such a system would still be
limited to level ground. In this paper, we propose and validate a
concept that enhances portability by employing a slack cable
tendon mechanism. By managing slack tension properly, the time
delay response problem of pneumatic actuators is eliminated
through early triggering, and the system can be effectively

controlled to generate the desired force for dorsiflexion
assistance.

As shown in Figure 1, the actuation strategy of this AFO can
be simplified to on/off control while providing consistent
assistance force that intuitively adjusts with the ankle angles
in different gait cycles. With proper slack tension management,
the AFO induces minimal hindrance to the movement of the
ankle, even when triggered during the stance phase, as shown in
Figure 2. This minimizes the charge time delay effect of the
pneumatic actuator, adding to the potential for a portable
solution with a small pump.

This paper presents a portable ankle-foot orthosis (AFO)
solution for pneumatic actuators that utilizes slack cable tendon
to allow for early triggering of actuation, mitigating the long-time
delay effect of pneumatic actuators while causing no hindrance
during stance and delivering ankle dorsiflexion assistance during
swing and heel landing. To validate its feasibility, a preliminary test
was initially carried out on three healthy participants walking on a
treadmill. Altogether, this paper contributes:

FIGURE 1
The force-displacement characteristics of the pneumatic
actuator (A) and the force-angle relationship of the ankle-foot
orthosis (AFO) with a pneumatic actuator (B). By adjusting the cable
tendon, the onset ankle angles for force initiation can be tuned
through the proper tendon length, and the AFO can be operated
within the desired angle-force region.
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1. This paper presents the design and characterization of a
lightweight and portable ankle-foot orthosis (AFO) solution
and cable tendon mechanism that can be adapted to different
actuators and adjust to fit the desired ankle angles-force
relationship.

2. The proposed solution utilizes a simple on/off actuation strategy
that leverages the characteristics of the pneumatic actuator and
proper slack tension management to eliminate the charge time
delay effect of the pneumatic actuator. This mitigation of the
pneumatic time delay effect enables the potential for a portable
solution with a small pump.

3. A mathematical model to determine the proper triggering time
and volumetric flow rate requirements for pump selection.

We hypothesize that the utilization of a cable tendon mechanism
integrated with a pneumatic actuator in an ankle-foot orthosis (AFO)
design could compensate for pneumatic time-delay effects, and produce
a consistent assistive force that intuitively adjusts with ankle angles in
different gait cycles. Additionally, we expect that the integration of this
slack cable tendon mechanism with the actuator system requires only a
portable small pump to deliver consistent assistive force with improved
response to assist ankle dorsiflexion. The subject would require less
muscle force from the Tibialis Anterior muscle during walking, and this
could be reflected in the EMG signal analysis.

For the following parts of the paper, Section 2 demonstrates the
fabrication of the actuator, system overview of AFOwith detailed design
parameters, and control algorithm. Section 3 presents the necessary
experiment setup for determining properties of pneumatic artificial
muscle and preliminary walking test. In Section 4, the results of
experiments and tests are analyzed and evaluated, while a summary
of the current design and future works is discussed in Section 5.

2 Design overview and rationale

2.1 Design considerations

The design of this AFO aims to provide a lightweight and
portable solution that assists ankle DF motion during the swing
phase and weight acceptance, with sufficient force for stroke
survivors to prevent foot drop and foot slap. Similar to other
AFO treadmill walking test (Bae et al., 2015; Awad et al., 2017;
Thalman et al., 2019), the subject is asked to walk at the controlled
treadmill speed. The AFO was tested on a treadmill with speeds
ranging from 0.5 m/s to 1.75 m/s (0.5 m/s, 0.75 m/s, 1.0 m/s, 1.25 m/
s, 1.5 m/s, and 1.75 m/s), encompassing the average walking speed of
stroke survivors (0.58 m/s; (Wing et al., 2012)) and the average
comfortable walking speed for a healthy individual (1.3 m/s;
(Bohannon, 1997)). As an essential requirement, the system
needs to have a wide range of motion, typically with 20 degrees
in dorsiflexion (DF) motion and 30 degrees in plantarflexion (PF)
motion (Yeung et al., 2017). Otherwise, it could cause hindrance to
the wearer’s normal gait.

In Section 2.2, a 3D-printed vacuum-powered artificial muscle
was selected as the pneumatic actuator. In Section 2.3, the structure
of AFO and the overall system would be introduced. The control
algorithm would be illustrated in Section 2.4.

2.2 Design and fabrication of 3D printed
vacuum powered artificial muscle

As shown in Figure 3, a bellow-shaped artificial muscle was
designed, consisting of two main parts: 1) an active contraction
actuator in the middle and 2) a non-stretchable tendon at the
end of the contraction actuator. The active contraction actuator
was 3D printed using TPU filaments with 85A shore hardness
(TPU85A, CC3D, China) on a customized FDM 3D printer.
Carbon fiber rings with a thickness of 2 mm were CNC-
machined and attached to the ridges of the bellow outer shell
to increase the artificial muscle stiffness in the radial direction
(Figure 3A). With the carbon fiber rings, the actuator wall angle
γ could be increased to achieve a larger contraction ratio. In this
design, the actuator wall angle was set to 45 degrees, which is a
balancing point between contraction ratio and contraction
resistance force. Two rigid PLA 3D-printed caps were used to
seal the artificial muscle with silicon adhesive (Sil-Poxy,
Smooth-On, USA). A PU air tube with a 5 mm inner
diameter (TU0805, SMC, Japan) was inserted into the
actuator through the top cap to extract the air, as illustrated
in Figure 3A. A non-stretchable nylon tendon was used to
transfer tensile force.

For the contraction ratio bellow-shaped actuator, two units are
extracted from Figure 3A, and the sketch diagram of section view is
drawn (Figure 3B). Refer to Figure 3B, the length of one unit Lunit in
a natural state could be calculated as

Lunit � 2Lwall · sin γ + tcf (1)
Where Lwall is the length of bellow walls in cross-section view, γ
is bellow wall angle, tcf is the thickness of carbon-fiber rings.

FIGURE 2
A portable pneumatic AFO with a cable tendon and working
mechanism per gait cycle with actuator states. This arrangement
allows the system to operate in a simple on/off control manner while
compensating for the pneumatic time delay effect. The shadow
region represents the 95% confidence intervals.
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When the actuator is fully contracted, since the neighbor bellow
walls are closely attached, the unit length Lunit′ could be
calculated as

Lunit′ � 2twall + tcf (2)
where twall is the wall thickness of the bellow-shaped actuator.
Therefore, for the maximum contraction ratio η, we have

η � Δx
Lunit

� Lunit − Lunit′
Lunit

� 2 Lwall · sin γ − twall( )
2Lwall · sin γ + tcf

(3)

Where Δx is the contraction length of one unit. With our design
parameters, the bellow-shaped actuator we employed would have a
maximum contraction ratio of 60.7%.

2.3 Structure of AFO and servo system

This part will illustrate the structure of AFO and its servo
system. As shown in Figure 3C, the whole AFO system was
combined with 1) a carbon fiber AFO with a rotary shift, 2) a
3D printed pneumatic actuator, and 3) a shoe mounting block. The
carbon fiber AFO was similar to the walking robot in (Yeung et al.,
2021). Electric servo motors and transmission gears in (Yeung et al.,
2021) were replaced with 3D-printed nylon boards to balance the
mechanical strength and weight requirements. An L-shaped 3D
printed nylon base connected carbon fiber (CF) AFO and artificial
muscle. The lower end of the pneumatic actuator was connected to a
3D-printed shoe base with a nylon tendon.With such a design, users
can avoid drilling holes in shoes or wearing special shoes.

For the servo system, A vacuum pump with a 50L gas tank
(1550D, FUJIWARA, China) was employed for the pneumatic
circuit to generate negative pressure for controlled volumetric
flow rate test, and six types of small size vacuum pumps were

FIGURE 3
Bellow-shaped artificial muscle. (A) Artificial muscle with tendon and foot mounting block. Nine units are contained in the actuator. (B) Is the sketch
diagram of the cross-section view of two units extracted from (A). In (B), the left figure represents the natural state, and the right represents the
compressed state. Lunit and Lunit′ are the length of units in the natural state and compressed state, respectively. Lwall is the length of the bellowwall. twall and
tcf are the thickness of the bellow wall and carbon-fiber ring, respectively. Δx is the contraction length of one unit. D and d are the outer and inner
diameters of the bellow actuator, respectively. (C) Structure of Ankle Foot Orthosis for the experiment. The AFOwas combined with a carbon fiber brace
and a bellow-shaped artificial muscle. Two FSR sensors are embedded in the bottom of the carbon fiber foot brace. Two IMUs near the rotational joint
were employed to monitor the ankle angle. A load cell mounted on the actuator base was used to detect the force generated by artificial muscles during
walking. (D) Kinematic description of the AFO.
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selected for portable solution as detailed in Table1. To minimize the
response time of the pneumatic actuator, a high flow-rate 3/2-way
pneumatic solenoid valve (VT317V, SMC, Japan) was employed to
activate the actuator. A valve driver module (L298N,
STMicroelectronics, Switzerland) was used to trigger the solenoid
valve. The air pressure inside the actuator chamber was measured by
a pressure sensor (XGZP6847A, CFsensors, China). Besides, The
AFO is controlled by the Mega 2,560 Pro MCU with the
ATmega2560 chip (Arduino, Italy), connected to a PC to
transmit data. IMUs (BNO055, Adfruit, USA) located on shank
brace and foot brace are used to detect ankle angle. Two insole FSR
sensors (MD30-60, K-CUT, China), which can collect dynamic or
static force changes in the insole, are located on the bottom of the
foot brace to detect human intention during walking. A load cell
(SBT671, Simbatouch Electronics, China) was placed on the top of
the pneumatic actuator to evaluate the assistance force generated by
the artificial muscle during walking.

The weight of the pneumatic actuator is 29.7 grams, while the total
weight of the actuation system, inclusive of a 0.1 kg load cell, is 0.6 kg
when worn at the shank. The weight of the actuation system excluding
pump and battery is 750 g. To optimize the weight distribution of the
portable version, the heaviest components, including the battery, pump,
and valve, are integrated into a base that is capable of wearing on a waist
belt as shown in Figure 4.

2.4 Control algorithm

The control algorithm for the AFO system can be broadly
categorized into three main types: (a) position control, (b) Assist-as-
Needed (ANN) control, and (c) force control (Al-Rahmani et al., 2022).
In position control, a trajectory generator is used in conjunction with a
modern controller to enable the AFO to track the generated trajectory.
Conversely, the goal of force control is to maintain a desired constant
force output. The ANN control method employs an adaptive
impedance control algorithm to modify the assistant force, thereby
allowing it to adapt to different levels of disability. This approach is
primarily used in robot-aided rehabilitation or training. However, due
to the significant time delay required for the pneumatic actuator to
attain the desired pressure level, it can only achieve simple on/off
control. Additionally, this method is computationally intensive and
necessitates repeated fine-tuning of multiple control parameters.

To mitigate these effects, we propose a concise and efficient
actuation strategy that delivers consistent force throughout gait
cycles that are naturally influenced by ankle angles, by leveraging

the actuator’s response and force characteristics and adopting
appropriate slack tendon management. The slack tendon
management approach enables the actuator to be pre-charged,
thereby eliminating the time delay effect, while simultaneously
allowing for unrestricted ankle moments during instances where
assistance is not required.

According to descriptions in (Perry and Burnfield, 2010;
Safaeepour et al., 2014; Van Der Wilk et al., 2018), the gait cycle
can be divided into two distinct phases: the stance phase (from heel
strike to toe-off) and the swing phase (Figure 5A). As illustrated in the
working mechanism of the AFO and actuator states per gait cycle
(Figures 1, 2), the actuator is triggered and contracted upon landing,
while no force is delivered to the ankle due to the slack tendon. As the
ankle transitions into the swing phase, the tendon becomes taut as the
foot drops, and the actuator begins providing assistance force to lift
the ankle, thus overcoming foot slap. At the heel strike, the assistance
force gradually increases at the end of the swing to counteract the
deceleration of the foot, and the actuator is gradually released to
enable smooth foot landing in the stance phase. By maintaining
proper slack tension, the actuator can assist ankle dorsiflexion

TABLE 1 Technical specification of the portable pump.

Pump model Operation voltage(V) Power(W) Flow Rate(L/min) Max Pressure(KPa) Weight(g)

G60-70 24 40 60 −70 550

VN-C4 12 42 40 −85 550

VN-C1 12 10 15 −80 300

HLVP15-C124 24 10 11 −82 360

VN-T1 12 10 10 −81 310

KVP8 PLUSKDS 12 9 6.6 −90 270

FIGURE 4
Integration base for the power system. The power system base is
worn on the waist belt and houses the pump, valve, controller, and
pressure sensor, which are integrated into the front side of the base. The
battery and valve driver module are located at the back of the base.
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during the swing phase and foot landing, thereby delivering consistent
force assistance at the appropriate time.

In our control algorithm, we incorporate the delay time tdelay
(i.e., the time taken for the triggering signal to generate the desired
force) as a design parameter. Assuming that the target time step is
Ttarget, the triggering time step Tactivation can be calculated using the
following equation:

Tactivation � Ttarget − tdelay (4)

In our system, the AFO is designed to provide sufficient assistance
force during the swing phase, which is equivalent to 85%of the gait cycle
for the latest target time Ttarget for the actuator to reach −30KPa, based
on the experiment results outlined in Section 4 (details are provided in
Section 4.2). After determining the delay time required to reach the
desired pressure level (tdelay), the corresponding triggering time step

Tactivation can be computed. To evaluate the feasibility of early triggering
times for our AFO, we set Tactivation to be 15%. By combining this with
the determined Ttarget (85%), the precise time for tdelay at different
walking speeds can be calculated using Equation 4 and presented in
Table 2. To buffer the foot landing after the heel strike, the actuator’s
force cannot be released immediately, and therefore an off-timing of 5%
of the gait cycle, marked as Toff in Figures 5B, C, was set.

In addition, a relevant parameter that can aid in the selection of the
appropriate pump is the average volumetric flow rate (Qaverage), which is
a key performance factor of the pneumatic pump that influences the
response time of the actuator. The necessary parameter can be
determined by the changing volume of the actuator (Vchange) and
the delay time required to reach the desired pressure level (tdelay)

Vchange

tdelay
� Qaverage (5)

Subsequently, the corresponding requirement for the average
volumetric flow rate (Qaverage) can be calculated for different walking
speeds using Equation 5, as summarized in Table 2.

3 Experiment setup

3.1 Benchtop experiment setup

The characteristics of the pneumatic actuator were determined
through benchtop experiments. Given the presence of a flexible TPU
material and bellow-shaped structure, the force output of this type of
actuator depends on the internal pressure and contraction ratio (Chen
et al., 2018), which can be characterized by the force-length relationship
that is similar to that of skeletal muscles (Kotak et al., 2022). The two
ends of the artificial muscle were fixed onto a customized universal
tensile test machine. To measure the generated force and displacement
of the artificial muscle, a load cell (SBT671, Simbatouch, China) and a
rope encoder (MPS-XS-1000, Miran, China) were utilized, respectively.
Data was recorded and transmitted to a computer using a DAQ card
(USB6212, NI, USA), with the collected data being analyzed using
Matlab software (R2020b, The Mathworks, USA).

To determine the relationship between output force and
displacement of the bellow-shaped actuator, the lower end of the
artificial muscle was fixed and connected to the load cell. The upper
end of the artificial muscle was driven up and down by a vertically
moving slide with a constant moving speed (1.63 mm/s, quasi-static
motion). A proportional valve (ITV 2090, SMC, Japan) was employed to

FIGURE 5
Ankle angle during the gait cycle and FSR sensor readings per gait
phase (walking speed: 1.0 m/s). (A) Ankle angle of healthy individual.
Different shaded colors represent different gait phases. CPF =
controlled plantarflexion, CDF = controlled dorsiflexion, PPF =
powered plantarflexion, HS = heel strike. (B) Shows the reading from
the frontal FSR sensor and the rear FSR sensor of healthy subject
(Tactivation and Toff represent when the actuator was triggered ON and
triggered Off, respectively).

TABLE 2 Least delay time and required average volumetric flowrate under
different walking speeds.

Walking Speed[m/s] tdelay [s] Required Qaverage [L/min]

0.50 1.40 3.51

0.75 0.93 5.27

1.00 0.70 7.02

1.25 0.56 8.78

1.50 0.47 10.53

1.75 0.40 12.29
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maintain the pressure inside the artificial muscle chamber at a constant
pressure setting value (−30, −40, −50, −60 kPa). The displacement of the
upper end of the actuator was measured using a rope encoder.

To determine the artificial muscle’s response time and real
volumetric flow rate using a small portable pump, only one end of
the artificial muscle was fixed. The chamber of the artificial muscle was
connected to the vacuum pump via a solenoid valve, and the length of
the PU tube was set to 0.6 m, which is the same as the setting in the
walking test. At the start of the experiment, the solenoid valve would be
triggered onwhen t = 0.5 s and triggered off when t = 4.0 s. The pressure
value inside the chamber and volumetric flow rate in the first 5 s were
recorded by the DAQ device, as mentioned above. The actual
volumetric flow rate was measured using a digital flow switch
(PFM711-02-C, SMC, Japan). To test the feasibility of the portable
solution, six small pumps were selected and tested to determine the
corresponding response time and real volumetric flow rate. Details of
the device are provided in Table 1.

3.2 Walking test setup

To verify the feasibility of the system, a preliminary test was
conducted on a healthy male participant (Subject 1, age: 27, height:
1.76 m, weight: 60 kg) who walked on a treadmill (iRun 4.0, Reebok,
UK). Surface electromyography (sEMG) sensors (Delsys Trigno, Delsys,
Natick, MA) were utilized to monitor the muscle activity of the
participant’s tibialis anterior muscle. The participant was instructed to
walk on the treadmill at five different speeds (0.5 m/s, 0.75 m/s, 1.0 m/s,
1.25 m/s, 1.50 m/s, and 1.75 m/s). The AFO was considered to be
working effectively if the participant’s muscle effort of tibialis anterior
during the swing phase and loading response phase was reduced. The
maximum voluntary contraction (MVC) of the tibialis anterior muscle
was recorded before the start of testing, with the participant exerting
maximum dorsiflexion effort against a fixed surface while sitting in a
chair. The muscle activity of the tibialis anterior muscle at rest was
measured as well, prior toMVC test. The human subject experiment was
approved by the Joint ChineseUniversity ofHongKong-NewTerritories
East Cluster Clinical Research Ethics Committee (2018.493), and the
trials were registered at ClinicalTrials.gov with registration number
NCT02471248.

3.2.1 Preliminary tests with controlled flowrate via
big pump
3.2.1.1 Test #1: preliminary test without AFO

Prior to wearing the AFO, the healthy subject was required to
walk on the treadmill without wearing it. To assess the subject’s
muscle effort at different walking speeds, the treadmill speed was
gradually increased to the desired testing speed, with an adaptation

time of 1 min, and a total walking time of 4 min was set, which is
similar as settings in (Thalman et al., 2021). The healthy subject was
given an 8-min rest period between each test. Previous studies of
AFO on treadmill walking tests have shown that the resting period
ranges from 5 to 10 min (Kim et al., 2017; Kim et al., 2020). The 8-
min rest period provides sufficient time for the muscles to recover
without significantly increasing the overall duration of the testing
session. The muscle effort was recorded using sEMG sensors.

3.2.1.2 Test #2: FSR sensor triggering threshold value
determination

To determine the threshold value of FSR sensor triggering, the
participant was asked to wear the AFO and walk on the treadmill
(without actuator activation) at a controlled speed of 1.0 m/s. The
ankle angle was recorded using IMUs on the AFO, and the threshold
value for FSR sensor triggering was subsequently identified.

3.2.1.3 Test #3: AFO performance evaluation with
controlled pressure and volumetric flow rate

To evaluate the performance of the AFO, the participants were
required to wear it and walk on a treadmill with actuator activation at
different speeds. To initially verify the feasibility of the portable solution,
the output pressure from the large vacuum pump was restricted
to −60 kPa. Additionally, the volumetric flow rate was controlled to
mimic the real parameter of a small-sized portable pump, ranging from
16 L/min to 7 L/min when opening to air, as detailed in Table 3. The air
tube length from the solenoid valve to the actuator was 0.6 m. The force
generated by the artificial muscle was recorded by the load cell with a
frequency of 20 Hz, while the frequency of IMU recording was 100 Hz.

3.2.2 Preliminary tests with portable pump
The participant also walked on the treadmill, with the setup

being identical to the test in Section 3.2.1.3, except for the use of
selected portable pumps and the corresponding supported treadmill
speed. And another two healthymale participants (Subject 2, age: 26,
height: 1.80 m, weight: 90 kg, and Subject 3, age: 23, height: 1.85 m,
weight: 64 kg) were also invited to validate the portable solutions.

4 Experiment results

4.1 Characteristics of 3D printed vacuum
powered artificial muscle

4.1.1 Actuator force generation versus
displacement

Figure 6 illustrates the relationship between generated force and
displacement of the bellow-shaped actuator, with the inside pressure

TABLE 3 Setting of volumetric flow rate under pressure of −60 kPa with big pump.

Open volumetric flow Rate[L/min] Connected volumetric flow Rate[L/min]

16 13

13 10.8

10 8.85

7 6.53
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varying between −30,−40,−50, and−60 kPa. The solid lines and dashed
lines represent when the bellowwas shortened (displacement increased)
and elongated (displacement decreased), respectively. Generally, the
force output positively increased with the supplying pressure.

The force output of the actuator could be categorized into three
stages, as determined by the slope of the curves. In stage I, the output
dropped linearly as the displacement ΔL increased until 20%. Then,
the output force reached a plateau stage (stage II in Figure 6), with
ΔL increasing until 55%. Therefore, when the pressure inside the
actuator chamber is constant, there is a ‘quasi-constant’ region in
force output when ΔL ∈ {20%,55%}. In stage III, the generated force
dropped linearly (from 50% of the maximum block force to zero)
with a rapid slope until the bellow-shaped actuator was fully
contracted, while the displacement was only 5%.

A proper slack tendon mechanism enables a simple and compact
actuation strategy (on/off control). By adjusting the length of the nylon
tendon, the actuator can operate in stage I and stage II during ankle
dorsiflexion (as shown in Figure 1), generating assistance force that

intuitively adjusts with ankle angles. This method ensures the
consistency of assistance force in different gait cycles, while the slack
tension before the swing motion allows no hindrance to be delivered to
the ankle, evenwhen the actuator is triggered. Thus, the time delay effect
of the pneumatic actuator can be mitigated by early triggering.

4.1.2 Step response of bellow-shaped actuator
As illustrated in Figure 1, the slack tension before the swing

motion allows for more charge time to compensate for the long time
delay effect of the pneumatic actuators, which has the potential for a
portable solution using a small pump. The response time for using
small pumps is listed in Table 4. According to the estimated
allowable delay time in Table 2, powerful pumps such as the
G6070 or VN-C4 could have a high volumetric flow rate and low
response time that could potentially support high walking speeds up
to 1.75 m/s. However, small pump like KVP8 PLUSKDS with low
volumetric flow rate of 3.18 L/min could not meet the requirement
for the lowest walking speed (3.53 L/min for 0.5 m/s). Nonetheless,
the VN-C1 pump could support walking speeds up to 1 m/s due to
its low response time, even though its average volumetric flow rate is
lower than the corresponding required volumetric flow rate (7.02 L/
min for 1 m/s in Table 2).

Within this estimated allowable delay time, a small portable
pumpwith a high flow rate such as pumpmodels G60-70, VN-C1, or
VN-C4 is preferred. We used the VN-C1 or VN-C4 pump for the
feasibility test of a portable AFO. Within this portable solution, the
wearable weight at the trunk (waist) would be 1.06 kg, and the
overall weight could be controlled within 1.6 kg excluding the
battery. Kim et al. (2017) developed a portable pneumatic AFO
using a miniature custom compressor for drop foot correction,
which weighed 3.6 kg excluding the battery. Our method reduces
the requirement for a pump, thereby greatly reducing the total mass
of the portable system.

4.2 Walking test results

4.2.1 FSR reading
The reading of FSR sensors in the gait cycle of the assisted side of

the participant is shown in Figure 5B. As shown in Figure 5A, the
stance phase represents the period when there is contact between
foot and ground (i.e., from heal strike state to toe-off state). The
stance phase could be further divided into three sub-phases based on
the ankle angle changes: 1) controlled plantarflexion (CPF) phase:
from heel strike to maximum plantarflexion. 2) controlled

TABLE 4 The step response of the actuator with small pumps.

Pump model tdelay −30 KPa[s] tdelay −40 KPa[s] tdelay −50 KPa[s] Average Q to VChange[L/min] Open Q[L/min]

G6070 0.162 0.381 0.455 14.19 19.79

VNC4 0.241 0.467 0.555 9.71 20.12

VNC1 0.716 0.862 1.029 5.36 10.20

HLVP15C124 1.381 1.653 1.894 4.14 7.27

VNT1 1.407 1.681 1.972 4.03 7.34

KVP8 PLUSKDS 1.660 1.951 2.190 3.18 5.02

FIGURE 6
Force-displacement test. The line with different colors illustrates
the relationship of the actuator under different pressure, ranging
from −30 kPa, −40 kPa, −50 kPa, and −60 kPa, respectively. Solid lines
and dashed lines represent when displacement increased and
decreased, respectively. The output force of the actuator could be
divided into three stages based on the slope of the curves.
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FIGURE 7
Status of the AFO during the gait cycle, including sEMG data normalized over MVC for the tibialis anterior muscle, ankle trajectories (ankle joint
angle), and sensor measurements (pressure inside actuator chamber and assistive force generated by the pneumatic actuator) at different treadmill
speeds: 0.5 m/s (A), 0.75 m/s (B), 1 m/s (C), 1.25 m/s (D), 1.5 m/s (E), and 1.75 m/s (F). The red curve represents reference data without the AFO, while the
curves with other colors illustrate data with the AFO in different pre-set volumetric flow rates. The shadow region represents the 95% confidence
intervals.
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FIGURE 8
The sensor measurements of three subjects wearing the portable ankle-foot orthosis (AFO) with two portable pumps operating at treadmill speeds
of 1.0 m/s (A–C)with the VNC1 pump, and 1.5 m/s (D–F)with the VNC4 pump, respectively. In the sEMGmeasurement profile, the red curve represents
reference data without the AFO. The shadow region represents the 95% confidence intervals.
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dorsiflexion (CDF) phase: from maximum plantarflexion to
maximum dorsiflexion. 3) powered plantarflexion (PPF) phase:
from maximum dorsiflexion to toe-off state. In the CDF phase
(from maximum plantarflexion to maximum dorsiflexion), the FSR
reading from the frontal insole increased rapidly, while the FSR
reading from the rear insole gradually dropped to zero. Such
periodic changes in insole dynamic force can help determine the
necessary parameters in our control algorithm.

By fine-tuning the length of the nylon tendon, the triggering
time step can be advanced to the CDF phase region, thanks to the
slack tendon. At the start of this gait cycle phase, the FSR reading
from the rear insole gradually reduced from its peak, while the
frontal FSR reading started to increase, as shown in Figure 5B.
Therefore, a threshold triggering value can be set to balance the
assisting effects of the AFO and the reliability of the actuator
triggering mechanism. To test the feasibility of our AFO on early
triggering time, we set Tactivation to 15% of the gait cycle. To buffer
the foot landing after the heel strike, the force of the actuator cannot
be released immediately. Thus, the off timing is set to 5% of the gait
cycle, marked as Toff in Figure 5B.

4.2.2 AFO performance evaluation with controlled
volumetric flow rate

The status of the system, which includes the participant’s sEMG
data and sensor measurements of the AFO during walking on a
treadmill at speeds ranging from 0.5 m/s to 1.75 m/s, is shown in
Figures 7A–F. Seven continuous gait cycles were chosen after the
adaptation time to reflect the real walking condition and the status of
the actuator. This number of cycles allowed us to capture sufficient
data to evaluate the performance of the AFO while minimizing the
burden on the participants. The results in Figure 7 showed reduced
muscle effort with the assistance of the powered ankle-foot orthosis.
The muscle effort without the AFO (red curve) was presented as a
reference. The AFO with a higher flow rate generated more
assistance force and, therefore, reduced more muscle effort,
especially at fast treadmill walking speeds (reduced up to 9% of
muscle effort at 1.75 m/s). However, the AFO with a lower flow rate
than the requirement under a specific walking speed had less or no
assistance effect, as predicted in Table 2. For example, the muscle
effort of the AFO with a flow rate of 7 L/min under 1.0 m/s was only
reduced by 3% since it could not generate enough assistance force.
Due to the time delay response, a similar situation occurred at the
same treadmill walking speed but with the highest flow rate and
triggering at 60%. The results generally corresponded to the
estimated average volumetric flow rate (from Table.2) determined
from mathematical model.

The pressure and force plots in Figure 7 show that the assistive
force is appropriately delivered to the patients at the right time, as
DF assistance is effective during the swing and weight acceptance
stages, even when triggered early. The assistance force level depends
on the pressure inside the actuator. Due to the slack tension, force is
not delivered to the ankle even when the inside pressure reaches its
maximum. Additionally, the slack tendon allows the AFO to
minimize the impedance to natural movement when no
assistance is needed at the stance phase, as seen from the
minimal force before the swing phase. There is a slight peak
force after toe-off, resulting from the angular acceleration of foot
in dorsiflexion direction along ankle joint generated by tensioned

slacked cable tendon. The assistance force kept increasing at the end
of the swing to compensate for the deceleration of the foot after the
heel strike, and the actuator released gradually to land the foot
smoothly in the stance phase.

4.2.3 AFO performance evaluation with portable
pump

Based on the previous step response results and the AFO
performance evaluation with controlled flow rate, it is evident
that the slack tendon mechanism allows the AFO with controlled
flow rate to assist ankle dorsiflexion. In this study, we
demonstrate the portable version of the AFO solution using
two selected small pumps: VN-C1 and VN-C4. The previous
step response results in Table 4 show that the VN-C1 and VN-C4
are capable of supporting walking speeds up to 1 m/s and 1.5 m/s,
respectively, according to the estimated least response time and
flow rate requirement in Table 2. The sEMG data in Figure 8
shows that both AFOs function well in all three subjects with
different walking speeds, as the muscle effort decreased by about
8%, 8% and 9% with VN-C1 in 1 m/s treadmill walking speed,
and 9%, 11%, and 12% with VN-C4 in 1.5 m/s treadmill walking
speed, respectively. All the ankle angles of three subjects
remained above 0 degrees in the swing phase, and a consistent
assistance force was delivered to help ankle dorsiflexion and foot
landing. And the level of assistance force was adjusted with the
ankle angles following the force-angle relationship in Figure 1.

5 Conclusion and future work

This paper presents the design, characterization, and evaluation
of an ankle-foot orthosis actuated by a pneumatic actuator with a
cable tendon mechanism. By utilizing proper tendon slack, the
actuation strategy could be simplified to on/off control with
compensation for the pneumatic time delay effect while
producing consistent assistive force that intuitively adjusts with
ankle angles in different gait cycles. The integration of the slack
cable tendon mechanism with the actuator system necessitates only
a portable small pump for the delivery of reliable assistive force with
prompt response, specifically targeting ankle dorsiflexion. The
outcomes of pilot human trials demonstrate that the developed
system effectively reduces muscle activity responsible for ankle
dorsiflexion during normal walking speed, thus providing
assistive force. This portable ankle robot with a small pump
weighted approximately 1.6 kg. Clinicians have the potential to
prescribe this ankle device to assist people with weakness on
lower limb for walking at home or in centre. In future
investigations, it is intended to conduct additional tests on
impaired individuals exhibiting various degrees of dropped foot,
aiming to enhance their ankle dorsiflexion through the utilization of
the proposed system.
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Background: Push-up (PU) is widely considered an effective exercise to stabilize
the scapular, especially if performed on unstable surfaces. However, available
studies cover a wide range of exercise variations and differ according to exercise
prescription, muscle selection and study design. Therefore, findings are
contradictory, and conclusions for a proper application of the PU are difficult
to draw.

Objective: To synthesize the available literature on the changes in the activity of
the periscapular muscles in individuals without scapular dyskinesis while
performing different types of PU on unstable surfaces.

Search procedure: Four online databases were searched from the earliest
publications to 9 August 2023, using predefined keywords. Out of the
2,850 potential references identified in the primary search, 92 studies were
reviewed in detail, of which 38 met the inclusion criteria and were included.
Methodological quality was evaluated using a standardized form based on the
Newcastle‒Ottawa scale for observational studies. Data combination was
performed using CMA (v3), and the random-effects model was used to calculate
the standardized mean difference (SMD) with a 95% confidence interval (CI).

Results: The use of unstable surfaces in people without scapular dyskinesis led to
increased activity of the upper trapezius during the PU (p = 0.017; I2 = 84.95%;
SMD = 0.425 [95% CI 0.077, 0.773]) and knee PU (p = 0.023; I2 = 70.23%; SMD =
0.474 [95% CI 0.066, 0.882]) exercises and increased activity of the middle
trapezius (MT) (p = 0.003; I2 = 64.50%; SMD = 0.672 [95% CI 0.225, 1.119]) and
serratus anterior (SA) (p = 0.039; I2 = 4.25%; SMD = 0.216 [95% CI 0.011, 0.420])
muscles during the push-up plus (PUP) exercise.

Conclusion: Using an unstable support base during PU does not necessarily
increase the activity of all scapular stabilizers. The amount of muscle activity
depends on the type of PU other than the type of support base. If an unstable
surface is used, PUP exercise appears to be themost effectivemodality to increase
the quality of training, improve performance, and prevent the occurrence of
scapular dyskinesis due to the increase in the activity of the MT and SA muscles.
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Systematic Review Registration: http://www.crd.york.ac.uk/PROSPERO,
CRD42021268465.
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1 Introduction

The optimal function of the scapular is a key component for the
appropriate function of the shoulder complex and the proper
alignment of the glenohumeral and acromioclavicular joints
(Kibler et al., 2012). Mainly, the coordinated activation of the
trapezius and serratus anterior (SA) muscles plays an essential
role in the motion and stability of the scapular during upper
limb movements to support the tightening of the scapular on the
thorax as well as the rotations in all three degrees of freedom
(Ludewig et al., 2004; Park and Yoo, 2011).

The SA is associated with the normal scapulohumeral rhythm
and scapular alignment, and as one of the main upward rotators of
the scapular, it enables posterior tilt and scapular protraction
(Hwang et al., 2017; Shin et al., 2018). Weakness of this muscle
is one of the main reasons for scapular winging, impingement
syndrome and shoulder pain (Weon et al., 2011). Additionally,
excessive activity of the upper trapezius (UT) or decreased
activity of the lower trapezius (LT) and SA may potentially lead
to pain, scapular dysfunction, and abnormal scapular movement
(Kim et al., 2017). This imbalance of UT and SA muscles in force
production can lead to shoulder shrugging due to excessive upward
displacement along with inefficient upward rotation and reduction
of posterior scapular tilt (Ludewig et al., 2004). Therefore, corrective
exercises that intend to restore the function of scapular stabilizer
muscles are an important part of rehabilitation programs (Kim et al.,
2017).

To identify the most suitable exercises, recruitment patterns
of the girdle shoulder muscle during open and closed kinetic
chain exercises were studied (Karandikar and Vargas, 2011).
Given that open chain exercises cause significant stress on the
shoulder joint (Kolber et al., 2010; De Mey et al., 2014), closed
chain exercises have become very popular among trainers and
therapists and are often included in upper limb rehabilitation (de
Araújo et al., 2009). They stimulate proprioception receptors,
increase joint congruence, and improve joint dynamic stability
through muscle coactivation (Martins et al., 2008). Further, these
exercises improve the balance and function of the upper body
during daily life and ultimately lead to an increase in self-
confidence before return to work or sport (Tucker, 2008;
Gioftsos et al., 2016).

The push-up (PU) exercise is one of the preferred closed
chain exercises to strengthen scapular stabilizers. It is suggested
to perform this exercise on unstable surfaces to increase the
involvement of the neuromuscular system and muscle demand
needed to maintain postural stability (Ludewig et al., 2004; de
Oliveira et al., 2008; Lehman et al., 2008; Andrade et al., 2011; de
Araújo et al., 2011; Park and Yoo, 2011). In people with an
imbalance of the UT in relation to the SA, the application of
exercises aiming to distinctly activate the SA muscle and

minimize the activity of the UT (reducing the ratio of the
activity of the UT to the SA) simultaneously has been more
beneficial than exercises that globally activate several
scapulothoracic muscles (Ludewig et al., 2004). For example,
the push-up plus (PUP) exercise is one of these exercises that
includes full scapular protraction and is usually prescribed to
activate and target the scapular stabilizer muscles (Ludewig et al.,
2004; Park and Yoo, 2011; San Juan et al., 2015; Torres et al.,
2017). Additionally, modifications to the standard PUP, such as
PUPs on knees, elbows, walls, and benches, have also been
considered mainly in early rehabilitation programs since many
people may not be able to perform the standard PUP repeatedly
in the initial phases (Ludewig et al., 2004; Park et al., 2014).

The available literature reveals that the rehabilitation of scapular
stabilizer muscles is a process that requires the fundamental progress
of exercises with an emphasis on increasing the activity of the SA
and LT muscles and reducing the activity of the UT muscle
simultaneously (Kibler and Sciascia, 2010). Typically, individuals
start to train on stable surfaces and then proceed with unstable
surfaces induced, e.g., by wobble boards or Swiss balls, in later phases
of rehabilitation to increase difficulty and intensity (Lehman et al.,
2006). Kang et al. (2019) reviewed the electromyography (EMG)
activity of SA and UTmuscles during PUP and found that adding an
unstable surface increases the activity of the UT but does not affect
the activity of the SA (Kang et al., 2019). However, this analysis was
limited to one part of the trapezius muscle (upper) and only to one
type of exercise (PUP). De Araújo et al. (2021), in another systematic
review and meta-analysis, investigated the effect of using unstable
exercises on the activity of the periscapular muscles and observed
that the EMG activity of the UT and SA increased and decreased,
respectively, by adding unstable surfaces. Interestingly, no
significant effect was observed on the activity of the middle
trapezius (MT) and LT muscles (de Araújo et al., 2021).

De Araújo et al., comprehensively assessed muscle activity
during various shoulder girdle and upper limb exercises,
including different types of PU and PUP, one-arm and two-arm
isometric exercises, shoulder press, inverted row, wall press, bench
press, fly, isometric wall press, and isometric bench press. It is
important to note that the results presented encompass the entirety
of these exercises, and therefore, cannot be solely attributed to PU
and PUP exercises.

In a study by Mendez-Rebolledo et al. (2022), muscle activity in
the UT and SA muscles was examined during closed kinetic chain
exercises on various unstable surfaces (Bosu ball, wobble board,
therapeutic ball, and sling). The findings revealed an increasing
trend in UT muscle activity on the wobble board, therapeutic ball,
and sling compared to stable surfaces. However, none of the unstable
tools significantly affected SA activity (Mendez-Rebolledo et al.,
2022). Notably, this analysis was limited to the upper part of the
trapezius and SAmuscles during PU, and the muscle activity in PUP
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exercises and its variants was not evaluated. Additionally, the study
grouped unstable surfaces, exploring their collective impact on the
EMG activity of scapular muscles.

To address the gaps in existing literature and considering the
significance of all three parts of the trapezius muscle in scapular
stabilization and precise movement, we conducted a systematic
review and meta-analysis focused exclusively on PU and PUP
exercises. Our investigation specifically delves into the effects of
using unstable surfaces while performing these exercises on the
EMG activity of the trapezius (all three parts) and SA muscles in
individuals without scapular dyskinesis. This targeted approach
aims to provide a more nuanced understanding of the
neuromuscular demands associated with PU and PUP exercises,
particularly when performed on unstable surfaces.

2 Methods

This study followed the guidelines of the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) and
the Cochrane research network (Higgins, 2008; Liberati et al.,
2009). The search protocol was preregistered and published in
PROSPERO (http://www.crd.york.ac.uk/PROSPERO) with ID
code CRD42021268465.

2.1 Search strategy

Two blinded members of the research group systematically and
independently searched the Web of Science (WOS), PubMed,
Scopus, and Google Scholar databases based on the following
three main keyword categories described in detail below, without
a time limit to start and until 9 August 2023. A crossover search of
the eligible references was then performed to ensure a complete
census of literature. In addition, the list of references of the final
articles included in the research were thoroughly and accurately
examined to obtain more information.

1. Scapul* OR shoulder OR glenohumeral OR scapulothoracic OR
orientation OR protraction OR malposition OR rhythm OR
dysrhythmia OR dyskines* OR dysfunction OR “sick scapul*”
OR wing* OR floating OR tipp* OR tilt* OR “scapul* downward
rotation syndrome” OR muscle OR muscular

2. Electromyograph* OR “EMG” OR electromyogram OR “root
mean square” OR “root-mean-square” OR “RMS” OR pattern
OR recruitment OR activ* OR coactiv* OR co-activ* OR
cocontract* OR co-contract* OR timing OR onset OR offset

3. Push*-up* OR “push*up*” OR “Push* up*” OR press*-up* OR
“press*up*” OR “press* up*” OR “Close* kinetic chain” OR
“close* kinematic chain” OR “Close* chain”

2.2 Study criteria

Full-text English articles were included if they were published in
peer-reviewed journals, reported themean and standard deviation of
the EMG activity of the SA and trapezius muscles or had sufficient
indicators to calculate the effect size. Each type of PU had to be

performed bilaterally, with the subjects keeping their hands and feet
in contact with the support surface during the whole movement.

All review and meta-analysis articles, case reports, and
conference articles, which were presented only as abstracts, were
excluded from the research.

In addition to the research inclusion criteria, the PICO model
was applied to formulate the research question (Eriksen and
Frandsen, 2018):

1. Population: Participants who did not have a history of trauma,
fracture, surgery, pain or movement limitation in the shoulder
joint.

2. Interventions: Different types of PU and PUP exercises on an
unstable surface;

3. Comparators: Different types of PU and PUP exercises on a stable
surface;

4. Outcomes: EMG activity of the SA and trapezius muscles.

Two independent researchers reviewed all obtained articles. In
the first step, after removing duplicates, each of the researchers
screened the titles and abstracts separately and retained the articles
based on the study criteria. In the second step, each researcher
evaluated the eligibility of each article by carefully reading the full
texts. Any conflict or difference of opinion regarding the exclusion
or inclusion of articles between the two researchers was resolved
through discussion and exchange of opinions, or if necessary, by
asking the third researcher.

2.3 Data extraction

Two researchers independently conducted a detailed and
comprehensive review of the preserved articles based on the
research inclusion criteria and extracted the following data using
a predetermined Excel sheet: 1) name of the first author and year of
publication, 2) sex, sample size, and age, 3) type of PU exercise, 4)
evaluated muscles, and 5) main findings. It should be noted that if
there were unclear data or the published articles were not available,
the corresponding author or the first author of the article was
contacted through email to receive the missing information or
additional explanations.

2.4 Methodological quality assessment

The methodological quality of the studies was independently
assessed by two researchers using the modified version of the
standardized quality assessment form proposed by Siegfried et al.
based on the Newcastle‒Ottawa scale (NOS) for observational
studies (Siegfried et al., 2005). This tool is recommended in the
Cochrane Handbook for systematic review studies and evaluation of
various aspects related to internal and external validity of studies
(Higgins et al., 2019). The main reason for choosing Siegfried et al.’s
form was that instead of presenting a summarized and final score, it
provides the possibility of evaluating each of the validity aspects of
observational studies separately. In this study, modified versions
used in recent systematic reviews on EMG activity of shoulder and
scapular muscles during rehabilitation exercises were considered
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(Ganderton et al., 2013; Schory et al., 2016; Edwards et al., 2017;
Kinsella et al., 2017; Karabay et al., 2019; de Araújo et al., 2021).

2.5 Statistical analysis

The EMG activity of the scapular stabilizer muscles (mean ±
standard deviation) was compared on stable and unstable surfaces.
In the studies that reported the standard error of the mean, the
standard deviation was calculated using the following formula
(Altman and Bland, 2005):

SE = SD/√N (SE = standard error, SD = standard deviation, N =
sample size).

For the meta-analysis, the standardized mean difference (SMD)
with a 95% confidence interval was calculated (Borenstein et al.,
2021). In addition, the random-effects model was used to derive
general estimates in all meta-analyses to account for potential
heterogeneity among studies. The heterogeneity between studies
was calculated using Cochrane’s Q test and I2 statistics (Cochran,
1954). The heterogeneity between studies based on the I2 statistics
was divided as follows by Higgins and Green: low (0%–30%),

medium (31%–50%), high (51%–75%), and very high (76%–
100%) (Deeks et al., 2019). Furthermore, Begg’s funnel plot,
asymmetry test (Egger’s test), and trim-and-fill method were used
to evaluate the publication bias of the studies (Egger et al., 1997; Shi
and Lin, 2019; Egger et al., 2022). All analyses were performed using
CMA software version 3. A p-value less than 0.05 was considered
statistically significant.

3 Results

3.1 Study selection

Out of the 2,850 records identified in the primary search, 92 full
text articles were reviewed in detail to check the eligibility. Thirty-
eight studies met the inclusion criteria (Figure 1) and were included
in the qualitative analysis (Lear and Gross, 1998; Lehman et al., 2008;
Sandhu et al., 2008; Tucker et al., 2008; Maenhout et al., 2010; Park
and Yoo, 2011; Tucker et al., 2011; Kim et al., 2012; Park et al., 2013a;
Park et al., 2013b; Park et al., 2013c; Lee et al., 2013; Seo et al., 2013;
Yoo, 2013; Yoon and Lee, 2013; Calatayud et al., 2014a; Calatayud

FIGURE 1
Study flowchart.
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TABLE 1 Characteristics of the included studies.

Author Participants
(male/Female)

Age (years) Intervention(s) (type of PU) Muscles
assessed

Main outcomes

Ratanapinunchai and
Madeeyoh (2022)

Healthy = 15 (all male) 21.2 ± 1.01 PUP on stable (bench) and unstable MSA and LSA No differences between stable and
unstable surfaces

De Faria et al. (2021) CG = 14 (all male) CG =
24.57 ± 4.30

PU on stable and unstable (HI, HFI) SA, UT, MT,
and LT

MT activity (CG): unstable >
stable

DG = 13 (all male) DG =
24.53 ± 2.43

MT activity (unstable): CG > DG

Patselas et al. (2021) Healthy = 13 (all male) 21.1 ± 1.8 PU and PUP on stable and unstable
(compared to elevation exercises)

MSA, LSA, UT,
and LT

MSA and LSA activities: PUP
(unstable) and PUP (IRP) >
elevation exercises

UT/MSA and UT/LSA ratios:
elevation exercises > PU
variations

Ferreira et al. (2020) Healthy = 20 (all male) 22.8 ± 2.5 PUP on stable and unstable (HFI) MSA, LSA, UT,
MT, and LT

LSA activity: unstable > stable

MSA activity: unstable < stable

De Araújo et al. (2020) Healthy = 23 (all male) 21.74 ± 3 PUP on stable and unstable (HFI) MSA, LSA, UT,
MT, and LT

MT and LSA activities: unstable >
stable

MSA activity: unstable < stable

Youdas et al. (2020) Healthy = 32 (22/10) Male =
24.6 ± 3.2

PU on stable and unstable (HI, FI, HFI) SA SA activity: FI >HI, FI > HFI, and
stable > HI

Female =
23.6 ± 1.4

Kim and Yoo (2019) Healthy = 11 (all male) 22 ± 1.9 PU and PUP on stable and
unstable (NSW)

LT LT activity (both surfaces): PU
phase > PUP phase

De Araújo et al. (2018) CG = 18 (all male) CG =
21.50 ± 2.60

PU on stable and unstable (HI) MSA, LSA, UT,
and LT

UT and LSA activities (CG):
unstable > stable

DG = 18 (all male) DG =
21.89 ± 2.95

MSA and LSA activities (DG):
unstable < stable

Harris et al. (2017) Healthy = 25 (16/9) 27.24 ± 4.02 PU on stable and unstable (sling) SA and MT MT activity: unstable > stable

Torres et al. (2017) Healthy = 20 (all male) 20.9 ± 1.8 PUP on stable and unstable (HFI) SA, UT, MT,
and LT

SA, MT, LT, SA-MT, and UT-LT
pairs activities: unstable > stable

Horsak et al. (2017) Healthy = 19 (all
female)

23 ± 3 KPUP and knee plus on stable (bar) and
unstable (foam mat, sling)

SA, UT, and LT activity of all muscles: no
differences between stable and
unstable surfaces

UT and LT activities: KPUP >
knee-plus

Gioftsos et al. (2016) Healthy = 13 (all male) 20.5 ± 1.0 PU and PUP on stable and unstable UT, LT, and SA UT and LT activities: PU phase >
plus phase

SA activity and UT/LT ratio: PU
phase < plus phase

SA activity: unstable < stable

Kim et al. (2016) Healthy = 15 (all male) 24.14 ± 0.53 PU on stable and unstable (FI) [FH = 25,
55 cm]

SA SA activity: no differences
between stable and unstable
surfaces

Lee et al. (2015) Healthy = 20 (all male) 24.05 ± 2.21 KPU and KPUP on stable and unstable UT and SA UT activity (KPU): Condition 3 >
Condition 2 > Condition 1

Conditions SA activity (KPUP): Condition 3 >
Condition 2 > Condition 1

1. FH = 0 cm (ground)

(Continued on following page)
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TABLE 1 (Continued) Characteristics of the included studies.

Author Participants
(male/Female)

Age (years) Intervention(s) (type of PU) Muscles
assessed

Main outcomes

2. FH = 25 cm

3. FH = 30 cm, and HI

Herrington et al. (2015) Healthy = 21 (10/11) 22.8 ± 1.4 KPU on stable SA SA activity: unstable < stable

SPU (static) on stable and unstable

Borreani et al. (2015a) Healthy = 30 (all male) 23 ± 1.13 PU on stable and unstable (four devices) SA SA activity: all unstable surfaces >
stable

Borreani et al. (2015b) Healthy = 29 (all male) 23.5 ± 3.1 PU on stable (HH = 10 and 65 cm) and
unstable (HH = 10 and 65 cm)

UT UT activity: unstable > stable

De Mey et al. (2014) Healthy = 47 (26/21) 22 ± 4.31 HPU and KPU on stable (bar) and unstable
(sling)

SA, UT, MT,
and LT

UT and LT activities (HPU):
unstable > stable

SA activity (KPU): unstable <
stable

Calatayud et al. (2014a) Healthy = 29 (all male) 23.5 ± 3.1 PU on stable (HH = 10 and 65 cm) and
unstable (HH = 10 and 65 cm)

UT UT activity: unstable > stable

Calatayud et al. (2014b) Healthy = 29 (all male) 23.5 ± 3.1 PU on stable and unstable (four types of
sling)

UT UT activity: pulley system > all
other types

Calatayud et al. (2014c) Healthy = 29 (all male) 22.6 ± 2.6 PU on stable and unstable (two types of
slings)

SA and UT SA activity: unstable (both
types) < stable

McGill et al. (2014) Healthy = 14 (all male) 21.1 ± 2.0 PU on stable and unstable (sling) SA and UT SA activity: unstable < stable

Kim et al. (2014) Healthy = 15 (all male) 23.27 ± 1.28 KPUP on stable and unstable (static,
oscillating)

SA unstable (oscillating) > unstable
(static) and stable

Yoo (2013) Healthy = 16 (all male) 26 ± 4.0 WPUP on stable (SFA: 90°, 120°) and
unstable (SFA: 90°)

MSA and LSA MSA activity (SFA: 90°):
unstable > stable

LSA activity: stable (SFA: 120°) >
stable (SFA: 90°)

Park et al. (2013a) Healthy = 12 (all male) 23.7 ± 2.3 PU on stable (with and without hand
grips) and unstable (with and without
hand grips)

UT and SA UT activity (with and without
hand grips): unstable > stable

SA activity (without hand grips):
unstable > stable

Park et al. (2013b) Healthy = 16 (all male) 24–26 PU on stable and unstable UT, LT, and SA activity of all muscles: unstable >
stable

Yoon and Lee (2013) Healthy = 15 (all male) 22.5 ± 2.16 PUP on stable and unstable (FI) UT and SA UT activity: unstable < stable

SA activity: unstable > stable

Seo et al. (2013) Healthy = 10 (all male) 24.6 SPUP and KPUP on stable (bench) and
unstable (HI)

SA, UT, MT,
and LT

MT and LT activities (SPUP):
unstable (up phase) > stable

UT and MT activities (SPUP):
unstable (down phase) > stable

MT activity (KPUP): unstable (up
phase) > stable

SA activity (KPUP): unstable
(down phase) > stable

Lee et al. (2013) Healthy = 20 (all male) SSG =
23.3 ± 1.45

KPUP on stable (bar) and unstable (sling) UT, LT, and SA SA activity: USG (ERP) > SSG

SSG = 10 USG =
23.7 ± 1.21

Hand position: NP, IRP, and ERP

USG = 10

Park and Yoo (2013C) Healthy = 14 (all male) 22 ± 2 PU on stable and unstable UT, LT, MSA,
and LSA

UT, LT, and LSA activities:
unstable > stable

(Continued on following page)
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TABLE 1 (Continued) Characteristics of the included studies.

Author Participants
(male/Female)

Age (years) Intervention(s) (type of PU) Muscles
assessed

Main outcomes

MSA and LSA activities: up
phase > down phase

Kim et al. (2012) Healthy = 33 (NR) 21.61 ± 1.32 PU on stable and unstable (FH = 65 cm) SA SA activity: foot ball > knee ball,
foot ball > knee table

Conditions

1. Foot table

2. Knee table

3. Foot ball

4. Knee ball

Park and Yoo (2011) Healthy = 12 (all male) 24.6 ± 2.4 PU and PUP on stable and unstable MSA, LSA, UT,
and LT

MSA and LSA activities (both
surfaces): PUP > PU (up phase)

LSA activity (PUP): unstable >
stable

UT activity (stable): PU (up
phase) > PUP

LT activity and UT/MSA ratio
(both surfaces): PU (up
phase) > PUP

UT/LSA ratio (unstable): PU (up
phase) > PUP

Tucker et al. (2011) Healthy = 30 (10/20) Overhead PU on stable and unstable (Cuff Link) SA, UT, MT,
and LT

UT, MT, and LT activities:
unstable < stable

Overhead = 15 (5/10) Male =
21.2 ± 1.3

Nonoverhead = 15
(5/10)

Female =
19.5 ± 1.4

Nonoverhead

Male =
20.2 ± 1.3

Female =
19.5 ± 1.2

Maenhout et al. (2010) Healthy = 32 (16/16) 22.88 ± 2.43 KPUP on stable and unstable SA, UT, MT,
and LT

SA activity: unstable < stable

UT/SA ratio: unstable > stable

Sandhu et al. (2008) Healthy = 30 (all male) 20–30 SPU, KPU, WPU, and EPU on stable and
unstable

UT and SA UT and SA activities: no
differences between stable and
unstable surfaces

Lehman et al. (2008) Healthy = 10 (all male) 26.3 ± 1.1 PU and PUP on stable (bench) and
unstable (HI, FI)

UT, LT, and SA activity of all muscles: no
differences between stable and
unstable surfaces

Tucker et al. (2008) Healthy = 28 (15/13) Male =
22.00 ± 3.91

PU on stable and unstable (Cuff Link) SA, MT, and LT MT and LT activities: unstable <
stable

Female =
19.69 ± 1.55

(Continued on following page)
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et al., 2014b; Calatayud et al., 2014c; De Mey et al., 2014; Kim et al.,
2014; McGill et al., 2014; Borreani et al., 2015a; Borreani et al.,
2015b; Herrington et al., 2015; Lee et al., 2015; Gioftsos et al., 2016;
Kim et al., 2016; Harris et al., 2017; Horsak et al., 2017; Torres et al.,
2017; de Araújo et al., 2018; Kim and Yoo, 2019; de Araújo et al.,
2020; Ferreira et al., 2020; Youdas et al., 2020; De Faria et al., 2021;
Patselas et al., 2021; Ratanapinunchai and Madeeyoh, 2022). For the
quantitative analysis, 7 studies had to be excluded (Lear and Gross,
1998; Kim et al., 2012; Lee et al., 2013; Yoo, 2013; Yoon and Lee,
2013; Borreani et al., 2015b; Kim et al., 2016).

3.2 Characteristics of studies

All the studies included in the research were observational
studies that analyzed the EMG activity of the scapular stabilizer
muscles in a stable surface compared to an unstable surface. Two of
the 38 included studies included two groups (control and scapular
dyskinesis) (de Araújo et al., 2018; De Faria et al., 2021), and the
other 36 included only healthy subjects. Twenty-eight out of
38 selected studies were conducted with male subjects (Lehman
et al., 2008; Sandhu et al., 2008; Park and Yoo, 2011; Park et al.,
2013a; Park et al., 2013b; Park et al., 2013c; Lee et al., 2013; Seo et al.,
2013; Yoo, 2013; Yoon and Lee, 2013; Calatayud et al., 2014a;
Calatayud et al., 2014b; Calatayud et al., 2014c; Kim et al., 2014;
McGill et al., 2014; Borreani et al., 2015a; Borreani et al., 2015b; Lee
et al., 2015; Gioftsos et al., 2016; Kim et al., 2016; Torres et al., 2017;
de Araújo et al., 2018; Kim and Yoo, 2019; de Araújo et al., 2020;
Ferreira et al., 2020; De Faria et al., 2021; Patselas et al., 2021;
Ratanapinunchai and Madeeyoh, 2022), 8 studies were conducted
with mixed samples (Lear and Gross, 1998; Tucker et al., 2008;
Maenhout et al., 2010; Tucker et al., 2011; De Mey et al., 2014;
Herrington et al., 2015; Harris et al., 2017; Youdas et al., 2020), and
one study was conducted with female subjects (Horsak et al., 2017).
Gender was not reported in one study (Kim et al., 2012). The
characteristics andmain findings of each study are shown in Table 1.

The variety of exercises used in the eligible studies included
standard, knee, wall, elbow, and half PUs and standard, knee, wall,
and bench PUPs. In addition, various unstable tools, such as
oscillating unstable surface, balance board, wobble board,
proprioceptive board, balance cushion, balance pads, Airex pad,
fitness dome, balance discs, sling, training balls (Bosu ball, Swiss ball,

Gym ball, rubber ball, dynamic cushion ball), inflated platforms,
foammat, cuff link, andmini trampoline were used during exercises.
According to EMG analysis, the normalization process was
performed based on the maximum voluntary isometric
contraction (MVIC) (27 studies) (Lear and Gross, 1998; Sandhu
et al., 2008; Tucker et al., 2008; Maenhout et al., 2010; Tucker et al.,
2011; Lee et al., 2013; Seo et al., 2013; Yoo, 2013; Yoon and Lee, 2013;
Calatayud et al., 2014a; Calatayud et al., 2014b; Calatayud et al.,
2014c; De Mey et al., 2014; Borreani et al., 2015a; Borreani et al.,
2015b; Herrington et al., 2015; Lee et al., 2015; Gioftsos et al., 2016;
Kim et al., 2016; Horsak et al., 2017; de Araújo et al., 2018; de Araújo
et al., 2020; Ferreira et al., 2020; Youdas et al., 2020; De Faria et al.,
2021; Patselas et al., 2021; Ratanapinunchai and Madeeyoh, 2022),
the maximal voluntary contraction (MVC) (7 studies) (Lehman
et al., 2008; Park et al., 2013a; Park et al., 2013b; Park et al., 2013c;
Kim et al., 2014; McGill et al., 2014; Kim and Yoo, 2019), the
reference voluntary isometric contraction (RVIC) (1 study) (Torres
et al., 2017), the reference voluntary contraction (RVC) (2 studies)
(Park and Yoo, 2011; Kim et al., 2012) and the reference isometric
contraction (RIC) (1 study) (Harris et al., 2017).

3.3 Quality assessment

The quality of the studies was evaluated using the quality
assessment form provided by Siegfried et al. based on the NOS
(Siegfried et al., 2005). According to the characteristics of the
research samples, it may reduce the external validity by reducing
the ability to generalize to the general population. Blinding of the
examiners while measuring and recording the EMG activity of the
muscles was not performed in any of the studies, which increases the
risk of bias. However, due to the observational nature of EMG
activity analysis, it was not possible to blind the examiners. Since
only 7 studies (Seo et al., 2013; Kim et al., 2014; de Araújo et al., 2018;
de Araújo et al., 2020; Ferreira et al., 2020; Youdas et al., 2020; De
Faria et al., 2021) included a physical examination by one or two
clinical experts to evaluate scapular dyskinesis or ensure normal
scapulohumeral rhythm and verify the upper limb structures,
internal validity in other studies may have been compromised.
Six studies (Park et al., 2013a; Yoo, 2013; Yoon and Lee, 2013;
Herrington et al., 2015; de Araújo et al., 2020; Ferreira et al., 2020)
did not randomize the order of exercises, which increases the risk of

TABLE 1 (Continued) Characteristics of the included studies.

Author Participants
(male/Female)

Age (years) Intervention(s) (type of PU) Muscles
assessed

Main outcomes

Lear and Gross (1998) Healthy = 16 (9/7) Male =
26.9 ± 3.59

PUP on stable and unstable UT, LT, and SA SA activity: Conditions 2 or 3 >
Condition 1

Female =
23.9 ± 3.24

Conditions UT activity: Condition 2 >
Condition 1

1. PUP

2. PUP (FH = 45.7 cm)

3. PUP (FH = 45.7 cm and HI)

Abbreviations: NR: not reported, CG: control group, DG: dyskinesis group, SSG: stable surface group, USG: unstable surface group, (S, K, E, W, H) PU: (standard, knee, elbow, wall, half) Push-

up, (S, K,W) PUP: (standard, knee, wall) push-up plus, HI: hand instability, FI: feet instability, HFI: hand and feet instability, SFA: shoulder flexion angle, FH: feet height, HH: hands height, NP:

neutral position, IRP: internal rotation position, ERP: external rotation position, NSW: narrow shoulder width, (M, L) SA: (Middle, Lower) serratus anterior, UT: upper trapezius, MT: middle

trapezius, LT: lower trapezius.
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selection bias related to potential fatigue. Fourteen studies (Lehman
et al., 2008; Maenhout et al., 2010; Kim et al., 2012; Park et al., 2013a;
Park et al., 2013b; Yoo, 2013; Herrington et al., 2015; Lee et al., 2015;
Kim et al., 2016; Harris et al., 2017; Kim and Yoo, 2019; De Faria
et al., 2021; Patselas et al., 2021; Ratanapinunchai and Madeeyoh,
2022) did not include training sessions to familiarize the participants
with PU exercises, stable and unstable surfaces, range of motion,
body position, and rhythm of PU movements. Moreover, in all
studies, except for 14 studies (Lear and Gross, 1998; Lehman et al.,
2008; Sandhu et al., 2008; Kim et al., 2012; Lee et al., 2013; Seo et al.,
2013; Yoo, 2013; Yoon and Lee, 2013; Kim et al., 2014; Herrington
et al., 2015; Lee et al., 2015; Kim et al., 2016; Harris et al., 2017;
Ratanapinunchai and Madeeyoh, 2022), exercise techniques were
standardized, using the participant’s height to determine the
placement of hands and feet or a metronome to control the
movement speed of PUs. In all included studies, proper
normalization of raw EMG data was performed. However, in
only six studies, muscles were randomly selected to record the
reference contraction (Harris et al., 2017; Horsak et al., 2017; de
Araújo et al., 2018; de Araújo et al., 2020; De Faria et al., 2021;
Patselas et al., 2021), which may affect the internal validity of the
results (Supplementary Appendix S1).

3.4 Qualitative analysis

The total sample included in the review was 826 (126 women,
667men and 33 people of unknown sex), of whom 31 were men with
scapular dyskinesis and the rest were healthy humans. Closed chain
exercises cover standard, knee, wall, elbow, and half PUs as well as
standard, knee, wall, and bench PUPs. Activities of UT (27 studies)
(Lear and Gross, 1998; Lehman et al., 2008; Sandhu et al., 2008;
Maenhout et al., 2010; Park and Yoo, 2011; Tucker et al., 2011; Park
et al., 2013a; Park et al., 2013b; Park et al., 2013c; Lee et al., 2013; Seo
et al., 2013; Yoon and Lee, 2013; Calatayud et al., 2014a; Calatayud
et al., 2014b; Calatayud et al., 2014c; De Mey et al., 2014; McGill
et al., 2014; Borreani et al., 2015b; Lee et al., 2015; Gioftsos et al.,
2016; Horsak et al., 2017; Torres et al., 2017; de Araújo et al., 2018; de
Araújo et al., 2020; Ferreira et al., 2020; De Faria et al., 2021; Patselas
et al., 2021), MT (10 studies) (Tucker et al., 2008; Maenhout et al.,
2010; Tucker et al., 2011; Seo et al., 2013; De Mey et al., 2014; Harris
et al., 2017; Torres et al., 2017; de Araújo et al., 2020; Ferreira et al.,
2020; De Faria et al., 2021), LT (20 studies) (Lear and Gross, 1998;
Lehman et al., 2008; Tucker et al., 2008; Maenhout et al., 2010; Park
and Yoo, 2011; Tucker et al., 2011; Park et al., 2013b; Park et al.,
2013c; Lee et al., 2013; Seo et al., 2013; De Mey et al., 2014; Gioftsos
et al., 2016; Horsak et al., 2017; Torres et al., 2017; de Araújo et al.,
2018; Kim and Yoo, 2019; de Araújo et al., 2020; Ferreira et al., 2020;
De Faria et al., 2021; Patselas et al., 2021) and SA (34 studies) (Lear
and Gross, 1998; Lehman et al., 2008; Sandhu et al., 2008; Tucker
et al., 2008; Maenhout et al., 2010; Park and Yoo, 2011; Tucker et al.,
2011; Kim et al., 2012; Park et al., 2013a; Park et al., 2013b; Park
et al., 2013c; Lee et al., 2013; Seo et al., 2013; Yoo, 2013; Yoon and
Lee, 2013; Calatayud et al., 2014b; De Mey et al., 2014; Kim et al.,
2014; McGill et al., 2014; Borreani et al., 2015a; Herrington et al.,
2015; Lee et al., 2015; Gioftsos et al., 2016; Kim et al., 2016; Harris
et al., 2017; Horsak et al., 2017; Torres et al., 2017; de Araújo et al.,
2018; de Araújo et al., 2020; Ferreira et al., 2020; Youdas et al., 2020;

De Faria et al., 2021; Patselas et al., 2021; Ratanapinunchai and
Madeeyoh, 2022) were evaluated.

3.5 Quantitative analysis

To determine the effect of unstable surfaces on the activity of
scapular stabilizer muscles, studies were grouped based on exercises
andmuscles. A random-effects model was used in all meta-analyses to
reduce the possible effect of data heterogeneity on the research results.

Figures 2–5 show the results of the activity of the trapezius (three
parts) and SA muscles in different types of PU. Meta-analysis of
exercise subgroups showed that there was no significant difference
between stable and unstable surfaces during PUP (p = 0.281; I2 = 0%)
and knee PUP (p = 0.825; I2 = 7.60%) for the UT; PU (p = 0.689; I2 =
94.56%) and knee PUP (p = 0.599; I2 = 44.62%) for the MT; PU (p =
0.813; I2 = 80.75%), PUP (p = 0.240; I2 = 48.37%), and knee PUP (p =
0.749; I2 = 60.44%) for the LT; or PU (p = 0.730; I2 = 80.50%), knee
PU (p = 0.754; I2 = 91.45%), knee PUP (p = 0.326; I2 = 88.85%), and
bench PUP (p = 0.868; I2 = 78.12%) for the SA. On the other hand,
adding an unstable surface led to an increase in the activity of the UT
during PU (p = 0.017; I2 = 84.95%; SMD = 0.425 [95% CI 0.077,
0.773]) and knee PU (p = 0.023; I2 = 70.23%; SMD = 0.474 [95% CI
0.066, 0.882]); the MT during PUP (p = 0.003; I2 = 64.50%; SMD =
0.672 [95% CI 0.225, 1.119]); and the SA during PUP (p = 0.039; I2 =
4.25%; SMD = 0.216 [95% CI 0.011, 0.420]).

The absence of publication bias was confirmed using Egger’s test
for the UT in PU (p = 0.665), knee PU (p = 0.215), and knee PUP
(p = 0.973) studies; for the MT in PU (p = 0.565) and PUP (p =
0.342) studies; for the LT in PUP (p = 0.565) studies; and for the SA
in PU (p = 0.615), PUP (p = 0.909), knee PU (p = 0.333), and bench
PUP (p = 0.099) studies. However, according to the significance level
of Egger’s test for the UT in PUP (p = 0.027) studies, for the LT in PU
(p = 0.029) studies, and for the SA in knee PUP (p = 0.046) studies,
publication bias was observed, as shown in Figures 6–8.

4 Discussion

The aim of the current systematic review was to analyze the
effects of using unstable surfaces during PU and PUP exercises on
the EMG activity of the scapular stabilizer muscles in people without
scapular dyskinesis. The findings demonstrate that using an unstable
support base does not necessarily increase the activity of all scapular
stabilizer muscles. In detail, the amount of muscle activity depends
on both the type of support base and the type of PU exercise. Given
the extent of the research findings, the EMG activity of each muscle
during different types of PU and PUP exercises is discussed
separately.

4.1 Trapezius muscle

An increase in the activity of the UTmuscle during PU and knee
PU as well as an increase in the activity of the MT muscle during
PUP on unstable surfaces compared to stable surfaces in subjects
without scapular dyskinesis was observed. However, performing on
unstable surfaces did not show a significant effect on the EMG
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activity of the middle and lower parts of the trapezius muscle during
the PU exercise, the upper and lower parts of the trapezius muscle
during the PUP exercise, or all three parts of the trapezius muscle
during the knee PUP exercise. Such conflicting results might be
explained by different methodological approaches among the
studies.

The increase in the activity of the UT muscle during the PU and
knee PU exercise on the unstable surface is probably due to the
synergistic role of this muscle in neutralizing unnecessary
movements needed to stabilize the scapular (Lear and Gross,
1998; Calatayud et al., 2014a; Calatayud et al., 2014c). In other
words, placing the hands on unstable surfaces during PU causes
excessive disturbances, vibrations, and shoulder elevation. As a
result, increased activity of the UT neutralizes such unconscious
movements. Furthermore, the inefficacy of unstable surfaces on the
activity of the UT muscle during PUP and knee PUP exercises may
be due to the compensatory neuromuscular control mechanisms of
other shoulder muscles (Sandhu et al., 2008). However, the addition
of the “plus phase” to different types of PU exercises appears to be
themain reason for the differences between the studies. In fact, it can
be concluded that adding a “plus phase” when using unstable
surfaces may be a suitable solution to prevent an increase in UT
muscle activity (Lehman et al., 2008; Horsak et al., 2017; Torres et al.,
2017; de Araújo et al., 2020; Ferreira et al., 2020). Horsak et al. (2017)
emphasized that compared to the knee plus, the knee PUP activates
the upper and lower parts of the trapezius muscle (Horsak et al.,
2017). The additional flexion and extension of the elbow and the
subsequent increase in physical demands to stabilize the shoulder

complex may be the reason for the slight increase in the activity of
the upper and lower parts of the trapezius muscle during knee PUP
compared to knee plus (Horsak et al., 2017). Hence, it appears that
the emphasis is placed on the knee plus exercise as a priority over
both the standard PUP and knee PUP exercises. This approach aims
to reduce UT muscle activity among individuals engaged in
overhead sports, with the goal of mitigating scapular dyskinesis.
Additionally, this exercise may be suitable for correcting scapular
dyskinesis related to muscle imbalance, especially in the initial
phases of rehabilitation programs.

Our findings align with the outcomes of systematic reviews
conducted by De Araújo et al. (2021) and Mendez-Rebolledo
et al. (2022), indicating an overall increase in UT muscle activity
(de Araújo et al., 2021; Mendez-Rebolledo et al., 2022). However,
our results concerning the “plus” phase of PUP and knee PUP
exercises, specifically the absence of a significant effect of the
unstable surface on UT activity, differ from the conclusions
drawn in the systematic review by Kang et al. (2019) (Kang
et al., 2019).

Kang et al. (2019) reported a 2.85% MVIC increase in UT
activity when an unstable surface was introduced during PUP
exercises. It is noteworthy that this increase in activity can be
attributed to the inclusion of subjects with scapular dyskinesis in
the studies analyzed by Kang et al. (2019). In contrast, our study
exclusively focused on healthy subjects without scapular dyskinesis.
This divergence in subject characteristics may contribute to the
variance in outcomes between our study and that of Kang et al.
(2019).

FIGURE 2
Forest plot of the UT muscle EMG activity.
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Of particular interest is the meta-analysis conducted by Kang
et al. (2019), where the most substantial mean difference for the UT
muscle was observed in the study by Pirauá et al. (2014). Notably,
Pirauá et al. (2014) included subjects with scapular dyskinesis,
further highlighting the potential impact of differing subject
populations on UT muscle activity outcomes during PUP exercises.

Regarding the middle and lower parts of the trapezius, the use of
an unstable surface in any of the PU types (except for the increase in
the MT activity during the PUP) showed no significant effect on the
EMG activity. Maeo et al. (2014) studied muscular activities during
PU exercise in static and dynamic conditions on unstable (sling) and
stable (ground) surfaces and observed that in the static condition on
the sling, the percentage of maximum EMG values of the biceps
brachii and triceps brachii muscles is significantly higher than that
on the ground. Under dynamic conditions, such a difference was
also significant in the pectoralis major muscle in addition to the
biceps brachii and triceps brachii muscles (Maeo et al., 2014). In a
similar study, De Mey et al. (2014) evaluated the activity levels of
shoulder muscles during knee PU and half PU exercises on stable
and unstable (sling) surfaces and found a decrease in the activity of
the scapular muscles and an increase in the activity of the
glenohumeral muscles during sling exercises (De Mey et al.,
2014). These findings support the argument recently raised by
Horsak et al. (2017) that the global stabilizers of the shoulder
girdle play an important role in stabilizing the glenohumeral
joint on unstable surfaces; therefore, there is no need to
significantly increase the activity of the periscapular muscles
(Horsak et al., 2017). Hence, it seems that unstable surfaces do

not induce significant disturbances in the scapular that require
higher neuromuscular demands of these muscles during PUs.

The increase in the activity of the MT muscle during the PUP
exercise on unstable surfaces might be explained by external
factors such as the location and the type of the unstable
surface. De Araújo et al. (2020) and Torres et al. (2017), for
example, placed unstable surfaces under the hands and feet
(double instability) (Torres et al., 2017; de Araújo et al., 2020).
Therefore, the degree of instability applied to the entire kinetic
chain probably not only generates a greater need for
neuromuscular control and balance in the upper limbs but may
also involve the anterior trunk muscles (abdominal muscles). In
other words, the increase in the activity of the anterior trunk
muscles may occur due to the need for greater stability of the trunk
due to double instability, leading to stronger muscle contractions
in the abdominal area due to the prone position of the body during
the PUP exercise (Vera-Garcia et al., 2000; Behm and Anderson,
2006; Maeo et al., 2014; de Souza Bezerra et al., 2020).

As the location of the unstable surface and the type of unstable
surface in the study of Ferreira et al. (2020) were similar to those in
De Araújo et al. (2020) and Torres et al. (2017), an increase in the
activity of the MT muscle was expected. However, the use of
unstable surfaces in this study had no effect on the EMG activity
of the trapezius muscle (Ferreira et al., 2020). The main difference
between this study and the other two studies is the way the PUP
exercise is performed. PUP was performed isometrically in the study
of Ferreira et al. (2020) and dynamically in the studies of De Araújo
et al. (2020) and Torres et al. (2017). Thus, it seems that the position

FIGURE 3
Forest plot of the MT muscle EMG activity.
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adopted during isometric exercises puts the scapular in a position
where there is no need for significant activity of the trapezius muscle.

Unlike the aforementioned studies, Seo et al. (2013) reported
superior activity of the MT muscle, although the unstable surface
was placed only under the hands (single instability). The increase in
the activity of the MT muscle was probably due to the type of stable
and unstable surface used in this study (Seo et al., 2013). The three
studies mentioned above used the ground and the Bosu ball as stable
and unstable surfaces, respectively, while Seo et al. (2013) applied a
chair and a Swiss ball as stable and unstable surfaces, respectively.

The overall result of our meta-analysis for the MT muscle
(increased activity) is inconsistent with the result of a recent
review published by De Araújo et al. (2021) (no significant effect
of the unstable surface on the MT activity) (de Araújo et al., 2021).
The main reason for the inconsistent results can be found in the
“two-arm isometric” exercise subgroup in the review by De Araújo
et al. (2021). This subgroup includes studies that have either not
been published in English (Batista et al., 2013) or have evaluated the
effect of unstable surfaces on the MT activity in the plank exercise
(Biscarini et al., 2019). Interestingly, the result of the meta-analysis
of this subgroup showed that there is no significant difference
between stable and unstable surfaces (p = 0.38). In fact, the
meta-analysis result of the “two-arm isometric” exercise subgroup
has influenced the final meta-analysis result of the MT muscle (p =
0.10) in this study. It is important to note that our review includes

studies that focused only on different types of PU and PUP exercises
and were published in English.

4.2 SA muscle

For the SA muscle, the PUP exercise on unstable surfaces leads
to an increase in muscle activity in people without scapular
dyskinesis. However, there was no significant effect on the EMG
activity of the SA during the PU, knee PU, knee PUP, and bench
PUP exercises. The location of the electrodes, the location of the
unstable surfaces, the feet height, the type of unstable surfaces,
variations in exercise performance, and the normalizationmethod of
the EMG signals are factors that might help explain heterogeneity of
the literature.

In the studies where no significant differences were observed, the
electrodes were placed on the SA-fifth fibers (middle SA) (Lehman
et al., 2008; Park et al., 2013c; de Araújo et al., 2018;
Ratanapinunchai and Madeeyoh, 2022). Conversely, in studies
that reported increased EMG activity on an unstable surface, the
electrodes were positioned on the SA-seventh fibers (lower SA)
(Park and Yoo, 2011; Park et al., 2013a; Park et al., 2013b; Park et al.,
2013c; Seo et al., 2013; Kim et al., 2014; Borreani et al., 2015a; Lee
et al., 2015; de Araújo et al., 2018; de Araújo et al., 2020; Ferreira
et al., 2020). Notably, while Yoo (2013), Ferreira et al. (2020), and De

FIGURE 4
Forest plot of the LT muscle EMG activity.
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Araújo et al. (2020) evaluated the activity of the middle SA, Yoo’s
study (2013) showed increased activity during the wall PUP exercise
(Yoo, 2013). On the other hand, Ferreira et al. (2020) and De Araújo
et al. (2020) found a decrease in middle SA muscle activity due to

excessive instability (hands and feet) when exposed to an unstable
surface (Ferreira et al., 2020, De Araújo et al., 2020).

Some researchers believe that high levels of instability may cause
problems in muscle recruitment and thus reduce EMG activity

FIGURE 5
Forest plot of the SA muscle EMG activity.

FIGURE 6
Funnel plot of the UT muscle (Push-up Plus).
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(Calatayud et al., 2014b; De Mey et al., 2014; Behm et al., 2015). The
literature findings show that increasing instability during a task or
exercise has a negative effect on the EMG amplitude and force
output (Anderson and Behm, 2005). On the other hand,
Ratanapinunchai and Madeeyoh (2022) and Herrington et al.
(2015) observed no difference and decreased activity of the SA
muscle when using unstable surfaces, respectively, despite
measuring the activity of SA-seventh fibers. The different EMG
responses of the lower SA muscle to the addition of an unstable
surface in these two studies may be due to the bench PUP in the
study of Ratanapinunchai and Madeeyoh (2022) and the static
nature of the PU in the study of Herrington et al. (2015)

(Herrington et al., 2015; Ratanapinunchai and Madeeyoh, 2022).
The meta-analysis results of our research strengthen the theoretical
hypothesis first proposed by Park and Yoo (2011). They evaluated
the activity of different parts of the SA during PUs on stable and
unstable surfaces and suggested that the lower SA plays a more
important role than the middle SA in maintaining the scapular
position under unstable conditions; thus, the neuromuscular
demand of this part is higher (Park and Yoo, 2011). Additionally,
some studies have shown that performing PU with an unstable tool
(under the hands or under the legs) can increase the EMG activity of
the abdominal muscles (Freeman et al., 2006; Lehman et al., 2006;
Beach et al., 2008; Calatayud et al., 2014c; Maeo et al., 2014; de Souza

FIGURE 7
Funnel plot of the LT muscle (Push-up).

FIGURE 8
Funnel plot of the SA muscle (Knee Push-up Plus).

Frontiers in Physiology frontiersin.org14

Arghadeh et al. 10.3389/fphys.2023.1296279

71

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1296279


Bezerra et al., 2020). These findings are also confirmed by Behm and
Colado (2012), who indicated the existence of a consensus regarding
the positive effect of unstable surfaces in increasing the
neuromuscular demand of the axial muscles (Behm and Colado,
2012). Therefore, due to the existence of an anatomical-functional
relationship between the abdominal oblique muscles (especially the
external oblique) and the SA (especially the lower part), the use of
two strategies of conscious contraction of abdominal muscles and an
unstable surface at the same time during PU might lead to an
increase in the lower SA (Myers, 2013; Toro et al., 2016; de Araújo
et al., 2020; Ferreira et al., 2020). Indeed, a combination of strategies
may be useful when the clinical goal is to improve scapular stability.
These findings provide new evidence and strengthen the theories of
force transmission along the kinetic chain and anatomical pathways
(McMullen and Uhl, 2000; Maenhout et al., 2010). Therefore, it can
be concluded that people participating in overhead sports are
exposed to scapular dyskinesis over time due to the repetitive
nature of their movements (kinesiopathological model)
(Sahrmann et al., 2017), and there may be a disturbance in the
transmission of force between the trunk and the scapular and
possibly the upper limb due to inappropriate activation or
strength weakness of the external oblique muscle. Hence, muscle
activity and function of the SA might also be affected negatively.
Such a functional relationship between the SA and external oblique
muscles supports the theoretical arguments presented about the
correction of scapular dyskinesis related to muscle imbalance,
whereby core exercises are recommended.

One of the important factors in the studies that reported the
decrease in the activity of the SA muscle on the unstable surface
might be an insufficient adjustment of the leg height after the
addition of the unstable surface to maintain the alignment of the
trunk (Maenhout et al., 2010; De Mey et al., 2014; McGill et al.,
2014; Herrington et al., 2015; Youdas et al., 2020). The decrease in
the activity of the SAmuscle on the unstable surface in this type of study
is probably due to the higher position of the hands that places more or
less weight on the lower limb and the upper limb, respectively. Similarly,
Lehman et al. (2006) showed that by raising the legs during the standard
PUP,more weight is placed on the upper limb, and SA activity increases
(Lehman et al., 2006). McGill et al. (2014) also revealed that the surface
on which the PU is performed may have less effect than differences in
exercise performance and suggested that the SAmuscle is preferentially
activated by exercises in which the line of action is in the same direction
as gravity. In other words, straight pushing from the chest activates the
SA more than angular pushing (McGill et al., 2014).

The type of unstable surface, the method of performing the
exercise and the method of normalizing the EMG signals seem to be
the confounding factors in studies that did not report any difference
in the activity of the SA muscle on the unstable surface. The tool
used to create instability in the study of De Faria et al. (2021)
exclusively caused internal-external instability, which may not have
created enough challenge for the neuromuscular system to increase
SA activity (De Faria et al., 2021). Horsak et al. (2017) and Kim et al.
(2014) used foam mats and dynamic cushion balls as unstable
surfaces, respectively. Since the unstable surfaces used in these
studies might not induce enough instability, there was no need
for maximum contraction of SA (Kim et al., 2014; Horsak et al.,
2017). Tucker et al. (2008) also used the cuff link device, which is a
tool used in rehabilitation to stimulate the closed kinetic chain of the

upper limb. Although the activity of the SA was slightly higher when
using the cuff link, the activity levels of this muscle during the
standard PU and cuff link were similar. Therefore, if the goal is to
activate the SA and the person does not have enough upper body
strength to perform a standard PU, a cuff link seems to be a suitable
alternative. Nonetheless, if there is a need for higher levels of activity
of the MT and LT muscles and SA, the standard PU is a more
appropriate exercise (Tucker et al., 2008). Additionally, in some
studies that did not report any difference in the activity of the SA
muscle on the unstable surface, the exercise was performed
isometrically (de Oliveira et al., 2008; Sandhu et al., 2008; de
Araújo et al., 2011). Harris et al. (2017) used RIC instead of
MVIC to normalize the signals (Harris et al., 2017). The different
normalization process of the signals in this study compared to other
studies might be the reason for the inefficacy of the unstable surface
on the activity of the SA muscle.

Considering the results of the meta-analysis concerning the SA
muscle in the context of the PUP exercise, it becomes evident that
distinct exercise phases necessitate the engagement of various muscles
exhibiting varying degrees of activity. These variations arise from
differing movements and ranges of motion (Park and Yoo, 2011). The
PU phase mainly includes arm elevation along with scapular
movement due to the activity of the UT and LT muscles. In
contrast, the plus phase only involves scapular movement, which
mainly leads to SA activity. Therefore, the PUP exercise has been the
most preferred to increase the activity of the SA muscle. However, it
should be noted that PUP is a difficult exercise that requires the
activity of the whole body; it is difficult to monitor and, consequently,
perform it correctly (Gioftsos et al., 2016). To solve this problem,
modified PUP exercises such as knee PUP and bench PUP are
recommended (Ludewig et al., 2004; Lehman et al., 2008; Park
et al., 2014; Ratanapinunchai and Madeeyoh, 2022). However, the
results of the meta-analysis showed that the use of an unstable surface
during knee PUP and bench PUP does not have a significant effect on
the activity of the SA. The lack of influence of the unstable surface on
the activity of this muscle during modified PUP exercises can be
attributed to the body position. Considering the starting position of
the knee PUP (distal point of the knee on the ground) compared to
common exercises performed on the hands and feet, as well as
applying more load to the lower limb due to the body slope
caused by placing the hands on the bench in the bench PUP, less
load is imposed on the scapulothoracic joint (Lehman et al., 2008; Kim
et al., 2014). Therefore, the maximum contraction of the SA was not
needed. Although PUP is considered a more effective form of exercise
to activate SA than standard PU, caution should be exercised when
using this exercise in sports or clinical settings. Lunden et al. (2010)
reported that scapulothoracic and glenohumeral movement in PUP
may reduce the subacromial space and lead to impingement of the
arm rotator muscles (Lunden et al., 2010).

The overall impact of introducing an unstable surface on the
EMG activity of the SA muscle in our study, denoted by the absence
of a significant effect, aligns with recent reviews by Kang et al. (2019)
and Mendez-Rebolledo et al. (2022), yet contrasts with the findings
of the systematic review by De Araújo et al. (2021) (Kang et al., 2019;
de Araújo et al., 2021; Mendez-Rebolledo et al., 2022).

The discrepancy in results with De Araújo et al. (2021) can be
attributed to the “one-arm isometric” exercise subgroup within their
study, which primarily contributes to the observed difference. This
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subgroup includes studies assessing the impact of unstable surfaces on
SA activity during unilateral exercises. Specifically, the reduction in SA
activity induced by axial load exercises in this subgroup (p = 0.010)
significantly influenced the final meta-analysis result for SA activity,
indicating a decrease (p = 0.008).

It is crucial to note that our study exclusively incorporates
investigations where each type of PU was executed bilaterally,
providing a more focused examination of the effects of unstable
surfaces on SA muscle activity during PU and PUP exercises.

4.3 Practical relevance

Our study elucidates the biomechanical demands associated
with various PU and PUP exercises performed on unstable
surfaces, specifically concerning the activity levels of scapular
stabilizer muscles. This information holds practical significance
for athletes, coaches, and therapists, enabling them to make
informed decisions when selecting the most appropriate type
of PU or PUP based on their training objectives.

By tailoring PU variations according to the reported muscle
activity in different parts of the trapezius and the SA, individuals can
progressively enhance upper limb control, mitigating the risk of
scapular dyskinesis stemming from muscle imbalances over the
long term.

5 Conclusion

Using an unstable support base does not necessarily increase
the activity of all scapular stabilizer muscles. The amount of
muscle activity depends on both the type of support base and
the type of PU exercise. Therefore, the results of this review
provide a basis for the guidance and selection of appropriate
exercise programs for therapists and other sports professionals. It
allows us to prescribe how different types of PUs stimulate specific
muscles to prevent muscle imbalance and finally the occurrence of
scapular dyskinesis, especially in people participating in overhead
sports.

6 Limitations

Although the quality of the analyzed studies was high, our study
has the following limitations: our results are limited to healthy and
asymptomatic scapulars. Therefore, the obtained results cannot be

generalized for people with shoulder or scapular dysfunction with
pain, such as subacromial impingement syndrome. The PU phase, in
which the EMG activity was recorded, was either not the same in all
studies or was not reported at all, which could affect the results of the
study.
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This study proposes a novel gait rehabilitation method that uses a hybrid system
comprising a powered ankle–foot orthosis (PAFO) and FES, and presents its
coordination control. The developed systemprovides assistance to the ankle joint
in accordance with the degree of volitional participation of patients with post-
stroke hemiplegia. The PAFO adopts the desired joint angle and impedance
profile obtained from biomechanical simulation. The FES patterns of the tibialis
anterior and soleus muscles are derived from predetermined electromyogram
patterns of healthy individuals during gait and personalized stimulation
parameters. The CNN-based estimation model predicts the volitional joint
torque from the electromyogram of the patient, which is used to coordinate
the contributions of the PAFO and FES. The effectiveness of the developed hybrid
system was tested on healthy individuals during treadmill walking with and
without considering the volitional muscle activity of the individual. The results
showed that consideration of the volitionalmuscle activity significantly lowers the
energy consumption by the PAFO and FES while providing adaptively assisted
ankle motion depending on the volitional muscle activities of the individual. The
proposed system has potential use as an assist-as-needed rehabilitation system,
where it can improve the outcome of gait rehabilitation by inducing active patient
participation depending on the stage of rehabilitation.
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powered ankle-foot orthosis (PAFO), functional electrical stimulation (FES), gait
rehabilitation, machine learning, volitional electromyography (EMG)
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1 Introduction

Stroke is a common geriatric disease caused by an
interruption in the blood supply to the brain. It is usually
accompanied by physical, neurological, and emotional
dysfunctions, which greatly degrade the patient’s quality of
life. The most common symptom of stroke is foot drop. It is a
secondary hemiplegic and foot-dragging condition attributed to
the abnormal dorsiflexion of the ankle. Rehabilitation of stroke
patients should include treatment for foot drop to improve their
gait ability in daily life (Fernandes et al., 2006; Kottink et al.,
2010). Traditional treatments for foot drop are characterized by
passive joint movements assisted by multiple therapists.
Treatment efficiency is heavily dependent on the skill and
experience of the therapist. As there is a critical time window
for the rehabilitation of post-stroke patients, the shortage of
experienced therapists with traditional rehabilitation treatments
makes it difficult for them to receive proper and timely treatment
(Leach et al., 2010; Song et al., 2016).

Functional electrical stimulation (FES) generates active joint
movements by stimulating the nerves or muscles through a series of
low-energy electrical impulses. FES has been used in the
rehabilitation of the upper (Chadwick et al., 2011; Cooman and
Kirsch, 2012) and lower limbs (Downey et al., 2013; Chen et al.,
2014; Aksöz et al., 2016), where it can be easily applied to produce
movement. However, its therapeutic effects remain controversial
(Hardin et al., 2007). Liberson (1961) first applied FES to assist the
gait of patients with hemiplegia. Subsequent studies investigated the
possibility of producing natural gait patterns using FES (O’Keeffe
et al., 2003; Sabut et al., 2010). O’Keeffe et al. demonstrated that the
dorsiflexion angle could be increased with less energy consumption
by applying FES patterns that resemble normal electromyography
(EMG) patterns during gait (O’Keeffe et al., 2003). In their study, the
FES patterns were simply mapped from the EMG profile during
normal gait, without considering the underlying mechanism that
relates FES to EMG.

Although a few attempts have been made to determine the direct
relationship between FES and EMG, it can be modeled indirectly
based on the results of other studies. Several studies have
investigated the relationship between EMG and joint torque
using musculoskeletal models and machine-learning techniques
(Shin et al., 2009; Gui et al., 2019; Kim et al., 2020). Ito et al.
(2007) proposed a linear model for FES and joint torques. In a
previous study, we developed a model associating EMG and FES by
combining the relationships between EMG and joint torque and
between joint torque and FES (Jung et al., 2021).

Recently, machine-learning techniques have been used in
various fields to make predictions and decisions based on
training data. Among these, deep neural networks (DNNs) have
demonstrated their effectiveness in handling highly nonlinear
problems. Several studies have applied DNN to develop
nonlinear models for estimating and predicting EMG signals
(Hahn, 2007; Kordjazi and Rahati, 2012; Li et al., 2016). Among
the various types of DNN structures, a one-dimensional
convolutional neural network (1D CNN) is known to exhibit
superior performance in capturing the features of dynamic time-
series data, such as EMG (Ordóñez and Roggen, 2016; Yang et al.,
2019; Jung et al., 2021).

Exoskeleton-type assistive devices have been widely used in gait
rehabilitation of post-stroke patients (Gordon and Ferris, 2007;
Shorter et al., 2011; Lv et al., 2016; Gil et al., 2018; Koller et al.,
2018). A powered ankle–foot orthosis (PAFO) is a wearable
exoskeleton that assists in the dorsiflexion and plantar flexion of
the ankle joint (Gordon and Ferris, 2007; Lv et al., 2016; Koller et al.,
2018). To ensure safety and backdrivability, many PAFO systems
use impedance control to modulate the joint stiffness while tracking
the desired joint motion (Emmens et al., 2018; Moltedo et al., 2018).
Impedance control allows the actuator to react adaptively to the
patient motion. The EMG signal of the patient can be used as an
input to the impedance controller to detect the motion intention and
state of the patient (Karavas et al., 2015; Huo et al., 2016; Alouane
et al., 2019).

Recent studies have begun to investigate combined systems of
FES and exoskeleton, which have both advantages and
disadvantages as actuation systems. FES devices are lightweight
and operate with a low power supply. However, the muscle force
generated by FES is highly variable and difficult to control because it
depends on the muscle condition. Although joint torque and motion
can be precisely controlled with actuators equipped in an exoskeletal
system, the heavy weight of the system makes it difficult for patients
to wear and operate it for a long time. Researchers have investigated
various control methods for hybrid systems of FES and exoskeletons
to track the desired joint movements (Durfee, 2006; Quintero et al.,
2010; Farris et al., 2011; Sharma et al., 2013; Ha et al., 2015; Chang
et al., 2017). Ha et al. (2015) proposed to control the profile for
muscle stimulation based on the difference between motor torque
andmuscle torque estimation tominimize the contribution of motor
in joint trajectory tracking. Chang et al. (2017) developed a hybrid
system for paraplegic patients utilizing a sensor-driven finite state
machine to determine gait phases for stepping. Sharma et al. (2013)
developed a gait simulation model of a hybrid system of FES and
knee-ankle foot orthosis (KAFO), and by using the simulation
model they proposed control parameters to optimize the gait
rehabilitation system.

A challenging issue in controlling hybrid systems is the
redundancy of actuation. Hybrid systems of the FES and
exoskeleton inevitably have more actuators (biological muscles
and artificial motors) than the degrees of freedom of the system.
Studies have attempted to resolve the redundancy problem by using
optimization methods to minimize the energy consumption of the
actuators (Alibeji et al., 2017; Kirsch et al., 2017). Other approaches
have utilized muscle synergy to reduce the dimensionality of
actuation control (Alibeji et al., 2015; Li et al., 2019). However,
these studies did not consider the volitional muscle activity of the
patient, which adds complexity to the actuation control.

EMG is conventionally used to measure the muscle activity.
Many studies have employed EMG to trigger and control the motion
of exoskeletons (Frigo et al., 2000; Del-Ama et al., 2014; Bong et al.,
2020; Yin et al., 2020). Del-Ama et al. (2014) proposed an EMG-
based control system that is capable of maintaining motion-tracking
performance by compensating for muscle fatigue. Yin et al. (2020)
proposed to control the gait speed of the exoskeleton based on gait
cycle duration extracted from surface EMG. When FES is applied in
conjunction with EMG measurements, its electrical signals induce
artifacts in the EMG signal. To extract the motion intention of the
patient, the volitional EMG signal must be acquired from the raw
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EMG data by using artifact removal filters (Frigo et al., 2000; Bong
et al., 2020). Recently, machine-learning techniques have been
introduced to estimate the volitional EMG and predict the
volitional joint torques generated by patients (Langzam et al.,
2006; Zhou et al., 2020). Because volitional EMG signals indicate
the patient’s involvement in joint motions, they can be used to
coordinate the amplitude of the FES without excessive electrical
stimulation of the muscles.

In this study, we developed a novel hybrid system of PAFO and
FES along with its coordination control for gait rehabilitation
according to the degree of volitional participation and stage of
motor recovery of patients with post-stroke hemiplegia. The
reference inputs supplied to the PAFO and FES were
predetermined based on the gait data of healthy individuals. The
PAFO was controlled to follow the reference joint angle and
impedance trajectories, which were determined from
biomechanical simulations. The reference input to the FES was
derived from the EMG data of multiple individuals walking on
a treadmill.

The CNN-based controller developed in this study coordinates
the contributions of the PAFO and FES to generate the joint torque,
which complements the torque generated by the volitional muscle
activity of the patient. The effectiveness of the system was evaluated
by using the data collected from individuals walking on a treadmill.
The results showed that the system has the potential to improve the
outcome of the rehabilitation program by inducing the active
participation of the individual and providing assist-as-needed
rehabilitation. By using the proposed system, the patient can be
actively involved in the rehabilitation exercises, which can be
conducted in an effective and timely manner depending on the
recovery phase.

The remainder of this paper is organized as follows. Section
2 introduces the PAFO and FES of the hybrid system and its control
methods. Section 3 presents a method for coordinating the
contributions of the PAFO and FES based on the volitional EMG
of the patient. Section 4 describes the experimental setup and results,

followed by a discussion of the results. Finally, Section 5 presents the
concluding remarks.

2 Hybrid system of PAFO and FES

FES and electrical motors provide effective assistance and
rehabilitation for stroke survivors. Recent studies have attempted
to integrate FES and motor-based orthoses to improve walking
owing to the synergy of the two systems. In this study, we developed
a hybrid PAFO and FES system for patients with hemiplegia, along
with its control algorithm. Figure 1 presents an overview of the
hybrid system. The developed system is composed of a PAFO
equipped with a motor and foot switches in addition to
electrodes for EMG and FES. An onboard controller was
implemented in the PAFO to coordinate the contributions of the
PAFO and FES in generating the joint torque.

2.1 PAFO control system based on
impedance control

Figure 2 illustrates the PAFO developed in this study. As shown
in the figure, it is composed of four parts: Part 1 is the upper part of
the system, which is fastened tightly to the shank and equipped with
a load cell. Part 2, the lower part of the system, has a rigid structure
that transmits the motor torque to the ankle. Part 3 contains a
brushless direct current (BLDC) motor (EC-max 40, Maxon Motor,
Switzerland) and is connected to Part 2. Part 4 has a ball nut and is
connected to Part 1. Parts 3 and 4 are connected with a ball screw.
The PAFO has three revolute joints (R1-3) and one prismatic joint
(P1), which allow ankle motion with one degree of freedom (DOF).
To actuate the ankle joint, the BLDCmotor generates a translational
force through the ball screw with a diameter of 10 mm and lead of
2 mm. This mechanism enables the maximum torque of 0.4 Nm/kg,
which can complement the joint torque generated by the muscles. A

FIGURE 1
System overview of the hybrid gait rehabilitation system. The intensity of FES and desired trajectories of PAFO are determined based on the real-time
estimation of the gait status and volitional torque.
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rotary encoder (AMT102-V, CUI Devices, United States) is placed
on the shaft of the motor to measure the prismatic displacement of
the ball screw. The interaction force between the shank and PAFO
was measured using a load cell (CBFS-30, BONGSHIN LOADCELL
Co., Ltd., Korea) embedded in Part 1. Four force-sensitive resistors
(FSRs) were placed on the shoe soles to detect the contact between
the heel, toe, and ground. The gait phase was estimated using
threshold-based detection of the contact information from the
FSRs. We modified an off-the-shelf ankle orthosis (Pacific
Supply, Japan) for use as the frame of the PAFO.

The 1-DOF joint motion of the PAFO was controlled based on
the kinematics and dynamics models illustrated in Figures 2C,D.
The angle θ at the ankle joint (R1) can be expressed as the following
kinematic equation using the parameters shown in Figure 2C.

θ � cos−1
l1
2 + l2

2 − l3
2

2l1l2
( ) + θP1

� cos−1
l1
2 + l2

2 − lscrew
2 − lR3

2

2l1l2
( ) + θP1 (1)

Here, l1, l2, and l3 denote the distances between joints R1-R2,
R1-R3, and R2-R3, respectively. l3 can be calculated from the
moment arm of the joint R3 (lR3) and the distance between the
ball nut and joint R2 (lscrew). θP1 is a fixed angle determined by the
structure of Part 1.

The dynamics model of the PAFO is described as follows:

I€θ � τA + τext + τg. (2)

Here, I denotes the moment of inertia of the PAFO, and τA, τext,
and τg denote the torques generated by the actuator, external force,
and gravity, respectively. The external torque τext is calculated by
using the interaction force between the shank and PAFO that is
measured by the load cell as follows:

τext � Fsensor · l1
· sin cos−1

l2
2 + l3

2 − l1
2

2l2l3
( ) + tan−1

lScrew
lR3

( ) − θP1( )
· cos cos−1

l1
2 + l3

2 − l2
2

2l1l3
( ) + tan−1

lR3
lScrew

( ) − π

2
( ) (3)

where Fsensor is the force measured by the load cell.

The control law to generate the actuator torque is as follows:

τA: � τc − τ̂g. (4)

where τc and τ̂g denote the torque generated by impedance control
and the torque compensation for gravity, respectively.

Figure 2D shows the desired stiffness kd and damping cd of the
impedance control to ensure soft contact of the PAFO with the rigid
ground. An impedance controller was implemented to generate the
torque as follows:

τc � − kde + cd _e( ) (5)
where e denotes the error between the measured joint angle θ and
reference joint angle θRef (e � θ − θRef). The reference joint
trajectory (θref(t)) and desired impedance (kd and cd) were
predetermined using the methods described in Sections 3.1 and
3.3, respectively.

2.2 FES control system based on 1D CNN
estimation model

The FES was controlled using an algorithm developed in our
previous study (Jung et al., 2021). A two-channel FES system
stimulates the tibialis anterior (TA) and soleus muscles for ankle
dorsiflexion and plantar flexion during walking. Figure 3 shows the
configuration of the control system. The control algorithm
computes the FES stimulation patterns corresponding to various
gait speeds. The gait phase and speed were derived from the contact
information of the FSRs attached to the heels and toes of the shoe
soles to determine the parameters for one gait cycle.

In this study, we followed four steps to reconstruct the EMG
profiles of the TA and soleus muscles adaptive to the walking speed:
1) acquisition of EMG data on the treadmill at walking speed
ranging from 1 to 5 km/h with six healthy individuals, 2)
construction of normalized profiles for five representative
walking speeds (1,2,3,4 and 5 km/h) during one gait cycle, 3)
formulation of equations via curve fitting of the five profiles
composed of trigonometric functions, 4) modulation of the
parameters (phase shift, period, and amplitude) of the
trigonometric function depending on the walking speed. Based

FIGURE 2
Schematic of 1-DOF PAFO. (A) 3D CAD model; (B) A person wearing the PAFO; (C) Kinematic diagram; (D) Dynamic modeling of ankle joint.
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on the gait speed, the resulting function produces reference EMG
patterns for the TA and soleus of one gait cycle in real-time.

A regression model based on a one-dimensional convolution
neural network (1D CNN) is used to obtain the reference ankle
torque from the two-channel reference EMG patterns as shown in
Figure 3. The architecture of the suggested model includes three
convolution layers, each followed by a pooling layer. The
convolution layers had a filter size of 128, while the pooling
layers had sizes of 6, 4, and 2. Each kernel in the CNN layer has
sizes of 13, 9, and 6, and processes the data with a stride of 1 using
rectified linear unit (ReLU) as the activation function. The output
data from the CNN layers is then resized by a flattened layer, and
transmitted to the MLP. A series of five MLPs is connected with
layer sizes of 129, 128, 128, 64, and 1. For the activation functions for
the first four MLPs, rectified linear unit (ReLU) are used, and for the
last MLP, hyperbolic tangent function (Tanh) is to reflect the data’s
nonlinearity. The regression model was trained using the Adam
optimizer, and the loss was calculated through mean squared error
(MSE). By monitoring the validation loss, the training was finished
after reaching a certain level of accuracy to avoid overfitting of
the model.

The neural network model was trained by using experimental
data acquired from isometric contraction tests of the ankle. From
six healthy subjects, EMG data from the TA and soleus along with
the ankle joint torque was measured, when external force was
applied in the plantar flexion (positive torque) and isometric
dorsiflexion (negative torque) directions. The collected data was
converted into time series data with two channels of EMG data
and one channel of joint torque data. The data was divided into
training, evaluation, and test datasets with a ratio of 6:2:2. The
trained 1D CNN model showed the root mean square error
(RMSE) of 4.97 and the peak accuracy of 91.17% by using the
test dataset. By giving the reference patterns as the input to the
1D CNN model, the corresponding ankle joint torque is
estimated to generate the gait motion in accordance with the
speed and phase of the gait. The intensity and duration of the FES
are then modulated based on the estimated joint torque and

personalized parameters of the patient, as described
in Section 3.3.

3 Coordination control of PAFO
and FES

This section presents a control method for coordinating the
contributions of the PAFO and FES to produce the ankle joint
torque. Figure 4 illustrates the control scheme for the PAFO and FES
hybrid system. Based on the gait phase and speed estimated from the
ground contact events, reference inputs acquired from
biomechanical model simulations were supplied to the PAFO and
FES controllers. The reference inputs to the FES control were
obtained from the EMG data recorded from healthy individuals
walking on a treadmill. To coordinate the contributions of the PAFO
and FES, the torque generated by the volitional muscle activity needs
to be considered. The volitional joint torque is estimated from the
volitional component of the EMG using a 1D CNN model (Jung
et al., 2021). The joint torque produced by the PAFO and FES
complements the torque generated by the volitional muscle activity.
Feedback control is used to correct the position error between the
actual joint angle and desired joint angle estimated from the
dynamics model of the PAFO described in Eq. 2.

3.1 Preparation of reference inputs to PAFO
and FES

A biomechanical simulation was performed to obtain the
reference inputs for the PAFO. The ankle movement during gait
was analyzed using a musculoskeletal model in the OpenSim
software (SimTK, Stanford, CA) (Delp et al., 2007). This software
was used to simulate the gait motion of a human model reflecting
increased weight and inertia by a PAFO (Jung et al., 2021). The
human musculoskeletal model was based on the 23-DOF Gait
2,354 model composed of the lower extremities and torso. To

FIGURE 3
Schematic view of FES control algorithm.
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account for the coupled dynamics with the human musculoskeletal
model, a multi-body dynamics model of the PAFO was added. By
kinematic and dynamic simulations, the reference joint angle and
torque were obtained to be used as control inputs to PAFO.

Figure 5 shows the simulation results for the human model
wearing the PAFO. Figures 5A,B show the reference angles (θref)
and torque at the R1 joint of the PAFO, respectively. The reference
joint stiffness kref is estimated by determining the slope of the
moment-angle curve constructed from Figures 5A,B (Kern et al.,
2019). As shown in Figure 5C, the stiffness curve exhibited two peaks

during the gait cycle. The peak at around 30% gait cycle indicates the
strong support of the ankle joint in the loading response, whereas the
other at around 50% gait cycle indicates the powerful propulsion of
the ankle joint.

The reference input to the FES was created based on the EMG
data collected from healthy individuals walking on a treadmill.
After averaging and normalizing the EMG data from the TA and
soleus, the envelopes of the EMG patterns were functionalized
using the parameters for various gait speeds. Figures 6A,B show
the reference inputs used to stimulate the TA and soleus,
respectively. Figure 6A shows the muscle activity in the soleus
for generating propulsion in the stance phase (20%–60% gait

FIGURE 4
Control scheme of hybrid system of PAFO and FES. Themain loop initializes the reference inputs using the gait phase and speed calculated from the
ground contact event. The FES, PAFO, and volitional torque generated by each sub-system are used to calculate the ratio of each sub-system. Finally, a
reduced output of PAFO and FES is generated depending on the volitional torque value.

FIGURE 5
Control inputs for PAFO. (A)Reference ankle angle; (B)Reference
joint torque; (C) Reference joint stiffness.

FIGURE 6
Control inputs to FES. (A) FES amplitude for TA; (B) FES amplitude
for soleus.

Frontiers in Bioengineering and Biotechnology frontiersin.org06

Jung et al. 10.3389/fbioe.2023.1272693

81

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1272693


cycle). Figure 6B shows the required muscle activities in the TA
from the swing phase (60%–100% gait cycle) to the heel strike
(0%–20% gait cycle).

3.2 Consideration of volitional
muscle activity

In FES control, the volitional muscle activity of the patient
should be considered to apply the correct amount of stimulation to
the muscle to generate the desired movement. The rehabilitation of
post-stroke hemiplegic lower limbs aims to improve the volitional
ability to activate the leg muscles. However, the active participation
of the patient in the rehabilitation is essential. Depending on the
patient’s stage of motor recovery, the amount of FES should be
controlled to complement the volitional muscle activity in
generating the desired movement. This prevents excessive muscle
stimulation and fatigue.

Volitional muscle activity can be measured using EMG by
filtering out artifacts that appear when FES and EMG are applied
to the same muscle. Several studies have suggested the use of
calculation-based filters to remove artifacts (Langzam et al., 2006;
Erez et al., 2010; Bong et al., 2020). These studies investigated
methods for suppressing large artifacts induced by FES. After
filtering out large FES artifacts, the M-waves are filtered to obtain
a pure volitional EMG.

In this study, we selected a series of filters to rectify the raw EMG
data because of its simplicity and effectiveness in real-time applications.
Figure 7 shows the three steps used to obtain the volitional EMG. First,
the blanking window removes the artifacts in each pulse of the FES,
which may overwhelm the M-wave. By eliminating the FES artifacts
using a blanking window, a mixture of volitional EMG and M-wave
EMG can be observed. Second, the comb filter computes the volitional
EMG using the following equation:

y ti( ) � (x ti( ) − x ti−1( ))/ �
2

√
, (6)

where x(ti) and x(ti−1) denote the M-waves from the current and
one-step previous FES pulses, respectively, and y(ti) denotes the
current volitional EMG. The final step yields the reconstructed
volitional EMG using a low-pass filter with a cut-off frequency of
2Hz to compensate for the discontinuity caused by the blanking
window used in the first step.

The extracted volitional EMG is then converted into volitional
joint torque using the EMG torque estimation model described
in Section 2.2.

Figure 8 shows the volitional EMG and volitional joint torque
estimated from the voluntary contraction of the TA and soleus
during dorsiflexion and plantarflexion. The ratio of the

FIGURE7
Filtering process to obtain volitional EMG.

FIGURE 8
Volitional EMG and torque obtained from the filtering process. (A)
Extracted volitional EMG; (B) Estimated volitional torque from
the EMG.
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contributions of the PAFO and FES is determined based on the
volitional joint torque.

3.3 Coordination of PAFO and FES

Figure 9 illustrates the control scheme used to coordinate the
contributions of the PAFO and FES in generating the joint torque. As
described in Section 3.1, the reference inputs to the PAFO and FESwere
the reference joint angle, stiffness, damping (θref, kref, cref), and
reference EMG pattern (EMGref). With the reference EMG input
EMGref, the reference joint torque τref was computed using the EMG
torque estimation model described in Section 2.2.

The relationship between the FES intensity and the
corresponding torque was assumed to be linear, as in the study
by Ito et al. (2007). Personalized parameters for the linear
relationships were determined using a simple FES sensitivity test
to determine the onset point and pain threshold of the TA and soleus
in each participant (Jung et al., 2021). The TA and soleus were
assumed to be activated without co-contraction during gait, and the
amplitudes of the FES supplied to the TA and soleus were
proportional to the negative and positive reference joint torques,
respectively (Ito et al., 2007).

After estimating the volitional torque τv from the extracted
volitional EMG, as described in Section 3.2, the FES intensities for
the TA and soleus (ATA, ASol) were determined as follows:

ATA � ATA,max − ATA,min( ) · τref − τv
τref,max

( )
−
+ ATA,min, (7)

ASol � ASol, max − Asol,min( ) · τref − τv
τref,max

( )
+
+ Asol, min, (8)

where the FES intensities ATA and ASol were controlled within the
personalized range betweenATA,max andATA,min and betweenASol, max

and Asol, min for the TA and soleus, respectively, to prevent excessive
application of stimulation. The term (τref − τv)/τref,max reflects the
ratio between the joint torques produced by the FES-induced and
volitional muscle activities. If the volitional torque exceeds the reference
torque (τv > τref), the FES controller generates the minimum required
amplitudes to generate the torque (ATA,min,ASol, min). If no volitional
torque is estimated (τv � 0), the FES controller generates amplitudes

that follow the same profile as the reference torque (τref). The negative
and positive signs in Eqs 7, 8 indicate that the torques generated by the
TA and soleus contribute to dorsiflexion (negative torque) and plantar
flexion (positive torque), respectively.

Using the reference torque τref and volitional torque τv, the
activation ratio rv between the volitional muscle activity and
reference muscle activation is determined as follows:

rv � max τref, τv( )
τv, max

, (9)

where τv,max is the maximum torque generated by the volitional muscle
activation. The ratio rv has a value between 0 and 1, where rv � 0
indicates that the PAFO solely contributes to the joint torque, and rv �
1 indicates the maximum contribution of the volitional muscle activity
to the joint torque. Equation 9 indicates the contribution of volitional
muscle activities for most healthy individuals and chronic patients for
whom volitional torque τv is greater than reference torque τref. For the
patient who is unable to produce muscle contraction on their own (τref
is greater than τv), however, rv is set to 0 so that the gait can be fully
assisted by PAFO and FES.

Using the activation ratio rv, the desired joint stiffness kd of the
PAFO is determined as follows:

kd � kmax · kref − rv × kref,max( )/kref,max + kmin . (10)

Here, kref,max denotes the maximum value of the reference
stiffness. The reference stiffness kref was predetermined as described
in Section 3.1. The minimum andmaximum stiffness values were set
between kmax and kmin to avoid excessive movement of the PAFO.
The desired damping cd is set by using the following equation:

cd � 2ζ
��
kd

√
, (11)

where ζ is the damping ratio.
As can be seen in Figure 4, the desired joint angle θd of the PAFO is

determined by using dynamics model described in Eqs 1––5, and its
parameters described in Eqs 10 and 11.

I€θd � − kde + cd _e( ) − τ̂g + τext + τg ≈ − kde + cd _e( ) + τext (12)

To follow the desired joint angle θd, a proportional derivative
controller is used as follows:

FIGURE 9
Sub-system for coordination control of ratio between torques generated by PAFO and FES.
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u � KPed +KD _ed, (13)
where ed denotes the error between the measured and desired angles
(ed � θ − θd), and u, KP, and KD represent the control signal,
proportional gain, and derivative gains, respectively. The
controller gains were empirically determined.

4 Experimental setups and results

4.1 Experimental devices and protocol

Experiments were conducted with healthy participants
walking on a treadmill to test the performance of the
developed system. Figure 10A shows the experimental setup
used to validate the developed hybrid system. Three healthy
males in their twenties and thirties participated in this study.
Prior to starting the experiment, the participants were fully
informed about the experimental procedure and informed
consent was obtained. All the experimental equipment and
procedures were approved by the Deliberation Committee
(KUIRB-2020-0277-01). The participants performed treadmill
gait in two experimental modes: the PF mode (PAFO and FES
without considering the volitional muscle activity of the patient)
and PFV mode (PAFO and FES considering the volitional muscle
activity of the patient). The participants were notified that they
could terminate the stimulation at any time through an
emergency switch if they experienced discomfort or any other
abnormality. The experiment was limited to 1 hour, and the three
participants began the experiments after they had sufficiently
adapted to treadmill walking at a speed of 1.8 km/h.

Before the experiments, the FES pain threshold and maximum
ankle torque of each participant were measured using simple
isometric contraction tests. Based on these personalized
parameters, the intensity of the FES and stiffness of the PAFO
were tuned according to the gait phase. Figure 10B shows the
placement of the EMG sensors and FES electrodes on a
participant. Two wireless EMG sensors and two FES electrodes
were attached to the shank skin. The EMG sensor for the TA was
placed on the belly of the muscle and the sensor for the soleus was
placed at the center of the muscle length located below the medial
gastrocnemius to avoid unwanted involvement of the calcaneal
tendon. After placement of the EMG and FES electrodes, the
participant wore the PAFO, which was set to the neutral position
of the ankle, and then put on the experimental shoes. For safety and
guidance for gait motion, the participant was secured with a harness
installed on the treadmill (Figure 10A). Considering safety during
the experiment, the participants were instructed to hold the
emergency stop switch to stop the test if needed.

After finishing the experiment, the participants were asked to
respond to 3-item Likert questions regarding naturalness of gait
motion, comfortableness of FES, and ease of muscle fatigue with the
PF and PFV modes (Q1) The gait motion felt natural. (Q2) The
electrical stimulation of FES felt comfortable without causing much
pain (Q3) The gait experiment did not cause much muscle fatigue. A
5-point Likert scale was used in the questionnaire: (1) strongly
disagree, (2) disagree, (3) neither agree or disagree, (4) agree, and (5)
strongly agree.

4.2 Experimental results

During the gait cycle, the ankle angle was measured to compare the
performances of the PF and PFVmodes of the hybrid system. The ankle
angle was calculated from the motor encoder data using the PAFO
kinematics. Figure 11 shows the angle trajectories of the three
participants during one gait cycle along with the error graphs. The
range ofmotion (ROM) varied between−10° and 15° for all participants,
with distinct patterns for the two modes. At approximately 15% gait
cycle, the negative peaks in the direction of the plantar flexion were
limited for both modes by providing sufficient dorsiflexion torque to
avoid foot-slap caused by premature contact of the sole of the foot with
the ground. For all participants, the maximum dorsiflexion at
approximately 45% gait cycle during the midstance was smaller in
the PFVmode than in the PFmode. In the PFVmode, dorsiflexion due
to excessive FES was avoided during midstance. At toe-off (65% gait
cycle), the PFV mode showed larger peaks in the direction of plantar
flexion, generating more powerful propulsion than the PF mode.
During the swing phase (80%–90% gait cycle), the PFV mode
showed larger dorsiflexion than the PF mode. Increased dorsiflexion
is advantageous in preventing foot drop and securing toe clearance
during the swing phase.

Figure 12 compares the four featured peaks of the ankle angle
trajectories at 15%, 45%, 65%, and 90% gait cycles, where the positive
and negative values indicate dorsiflexion and plantar flexion of the
ankle, respectively. As can be seen in the figure, there were statistically
significant differences between the two modes at 45% and 65% gait
cycles for all participants. However, at 15% and 90% gait cycles, the two
modes appeared to show no distinct differences.

To evaluate the effectiveness of gait assistance in the two modes,
the ankle joint power generated by the PAFO and FES was computed
by multiplying the torque and angular velocity at the ankle joint. The

FIGURE 10
Experimental setup for treadmill walking. (A) Participant in
position on the treadmill; (B) Placement of EMG sensors and FES
electrodes.
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joint torque generated by the PAFO was computed based on its
kinematics and control output, as described in Section 2.1, and the
volitional and FES-induced joint torques were estimated using the
1D CNN model described in Section 2.2. Figures 13A–E depict the
joint torque and power generated by the hybrid system, plotted
using the ensemble averages of the gait cycles. By considering
volitional muscle activities, the torque generated by motor and
FES (shown as (A), (B) in Figure 13), is lower with the PFV
mode than with the PF mode. In the PFV mode, the amplitude

of FES is significantly suppressed to its minimum during the stance
phase as the volitional muscle contraction becomes
dominant (Figure 13B).

In the PF mode, the total power is the sum of the powers
generated by the PAFO and FES. In the PFVmode, the total power is
the sum of the power generated by the PAFO, FES, and voluntary
muscle activities. The ankle joint powers in the PF and PFV modes
are plotted as dashed and solid lines, respectively. As shown in
Figure 13C, the total power generated in the PFV mode was higher

FIGURE 11
Ankle angle during treadmill gait. Black line and red line denote the PF and PFV modes, respectively.

FIGURE 12
Four featured peaks of the ankle angle trajectories (* denotes p-value under 0.05).
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than that in the PF mode for all participants. This is because the
power generated by the volitional muscle activity is included in the
total power generation in the PFV mode. However, the difference
between the PF and PFV modes was small. Figure 13D shows that
the PAFO generated less power in the PFV mode than in the PF
mode for all participants. Figure 13E shows that the FES generates

significantly lower power in the PFV mode than in the PF mode.
Figures 13D,E show that the differences between the two modes are
remarkable, particularly in the midstance phase (30%–60%
gait cycle).

Figure 14 shows a comparison of the ankle joint energy per gait
cycle for the two modes. The ankle joint energy was computed using

FIGURE 13
Ankle joint power of PF and PFV modes. (A) Torque generated by the PAFO; (B) Torque generated by the FES; (C) Total power generated by the
hybrid system; (D) Power generated by PAFO; (E) Power generated by FES (solid line: PFV mode, dash-dotted line: PF mode).
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the time integral of the ankle joint power during one gait cycle. As
shown in the figure, the total joint energy is higher in the PFV mode
than in the PF mode, whereas the difference between the two modes
is not statistically significant. The joint energies generated by the
PAFO and FES were significantly higher in the PF mode than in the
PFV mode. These results demonstrate that power consumption can
be greatly reduced using the PFV mode when compared with the PF
mode by taking advantage of the power generation by volitional
muscle activities.

Figure 15 compares the Likert responses of the participants
between the PF and PFV modes. The figure shows that there is no
difference between the PF and PFVmodes in terms of naturalness of
gait motion (Q1), with the exception of Participant 3. In terms of
comfortableness (Q2) and ease of muscle fatigue (Q3), however, the

score with the PFVmode is higher than that with the PFmode for all
the participants.

5 Concluding remarks

To validate the effectiveness of the developed system, we
compared the joint angles and power generation at the ankle
joint in two modes: PF mode (PAFO and FES without
considering the volitional muscle activity of the patient) and PFV
mode (PAFO and FES considering the volitional muscle activity of
the patient). Figure 11 and Figure 12 demonstrate the effectiveness
of the PFV mode in generating the ankle joint motion. Compared
with the PF mode, the PFV mode is capable of generating a more

FIGURE 14
Ankle joint energy of PF and PFV modes. (* denotes p-value under 0.05).

FIGURE 15
Comparison of Likert Scale Responses. (Q1) The gait motion felt natural. (Q2) The electrical stimulation of FES felt comfortable without causing
much pain. (Q3) The gait experiment did not cause much muscle fatigue.
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powerful thrust at toe-off and ensures better foot-to-ground
clearance during the swing phase. With the PFV mode, the range
of motion (ROM) in plantar flexion is improved to allow post-stroke
hemiplegic patients to stably control the walking speed by providing
sufficient forward propulsion at the final stage of stance phase. Also,
the PFV mode provides higher dorsiflexion during swing phase to
help avoid foot drop that is very common after stroke.

Figure 13 and Figure 14 show the advantages of the PFVmode in
generating torque and power at the ankle joint. The results
demonstrate that, in the PFV mode, the power generated by the
PAFO and FES can be significantly reduced while maintaining a
sufficient level of total power generation. The experimental results
show that in the PFV mode, the energy consumption by the PAFO
and FES can be significantly reduced while adaptively assisting ankle
motion depending on the volitional muscle activities of the patient.
The developed system has the potential to improve the outcome of
gait rehabilitation by inducing active patient participation
depending on the stage of rehabilitation.

The results of subjective evaluation between the PF and PFV
modes are demonstrated in Figure 15. While there is no significant
difference in terms of naturalness of gait motion, the PFV mode
received better rating than the PF mode in terms of comfortableness
and ease of muscle fatigue.

In this study, we developed a novel hybrid system of PAFO and FES
and proposed a coordination control method for the rehabilitation of
patients with chronic hemiplegia. The PAFO assists the ankle joint
motion based on the reference joint angle and impedance obtained
from the biomechanical simulation. Unlike previous studies on motion
optimization based on simulations of dynamic models of an
exoskeleton robot and FES (Sharma et al., 2013; Chen et al., 2014),
this study proposes the reference data obtained from the kinematic and
dynamic simulations of the rectified biomechanicalmodel. In this study,
EMG data from healthy human participants was used to produce a
natural simulation profile of FES. Based on the gait phase-based FSM
algorithms (Quintero et al., 2010; Chang et al., 2017), continuous FES
profiles can be provided for every step of the gait cycle. Also, the
amplitude and duration of the FES profile are adaptively adjusted
depending on the gait speed ranging from 1 to 5 km/h. A CNN-based
estimation model predicts the joint torque and volitional torque for the
coordination of the contributions of the PAFO and FES.

This study demonstrated the feasibility of the assist-as-needed
rehabilitation system. The experimental results show that the
coordination algorithm reduces energy consumption while
maintaining the assistive effects as in previous studies (Del-Ama
et al., 2014; Ha et al., 2015; Karavas et al., 2015). The results of this
study suggest the potential for patient-driven gait rehabilitation of
the developed system by considering the volitional movement and
avoiding inefficient motor and FES activation.

The developed system can be clinically applied depending on
the recovery stages of the post-stroke patient. In case the patient
can barely generate voluntary contractions (before the late
subacute phase, within 3 months of rehabilitation), the ankle
movement is generated only by PAFO and FES as in the PF mode.
In case the patient can generate sufficient volitional joint torque
above a certain threshold level (rehabilitation in late subacute
and chronic phase), the voluntary activity of the patient is
considered in controlling PAFO and FES as in the PFV mode.
This feature can encourage active participation of the patient in

the rehabilitation process, which is essential for stroke
rehabilitation.

Although this study focused on the assistance of anklemotion using
a hybrid rehabilitation system for treadmill gait, further research is
required to assist multi-DOF gait motion under various gait conditions.
We are currently developing a modified version of this hybrid system
using a knee-ankle-foot orthosis. In this study, we computed the
reference gait pattern by using biomechanical simulation-based
kinematic data, and we believe that the performance of the hybrid
system can be further improved by using synchronized kinematic and
EMG data collected from a large number of human subjects. In future
studies, we plan to investigate the long-term therapeutic effects of the
developed system on patients.
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Increased lateral femoral condyle
ratio measured by MRI is
associated with higher risk of
solitary meniscus injury
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Background: Past studies found that an increased lateral femoral condyle ratio is
associated with anterior cruciate ligament injuries, but it is not clear if there is a
link between MRI-measured lateral femoral condyle ratios and meniscal injuries.
MRI provides a more accurate selection of measurement planes. Compared to
X-rays, it further reduces data errors due to non-standard positions.

Objective: To study the relationship between knee bonemorphology and Solitary
meniscal injuries by MRI.

Methods: A total of 175 patients were included in this retrospective case-control
study, including 54 cases of pure medial meniscus injury, 44 cases of pure lateral
meniscus injury as the experimental group, and 77 control subjects. MRI images
were used to measure the femoral notch width, femoral condylar width, femoral
notch width index, lateral femoral condylar ratio (LFCR), posterior tibial slope,
medial tibial plateau depth, and meniscus slope. In addition, carefully check for
the presence of specific signs such as bone contusions and meniscal extrusions.
Comparing the anatomical differences in multiple bone morphologies between
the two groups, a stepwise forward multifactorial logistic analysis was used to
identify the risk factors for Solitary meniscal injuries. Finally, ROC curves were
used to determine the critical values and best predictors of risk factors.

Results: MTS, LTS, and LFCR ended up as independent risk factors for meniscus
injury. Among all risk factors, LFCR had the largest AUC of 0.781 (0.714–0.848)
with a threshold of 72.75%. When combined with MTS (>3.63°), diagnostic
performance improved with an AUC of 0.833 (0.774–0.892).

Conclusion: Steep medial tibial plateau slope, steep lateral tibial plateau slope
angle, and deep posterior lateral femoral condyles on MRI are independent risk
factors for meniscal injuries. In patients with knee discomfort with the above
imaging findings (X-ray, MRI), we should suspect and carefully evaluate the
occurrence of meniscal injuries. It not only provides a theoretical basis to
understand the mechanism of meniscus injury but also provides theoretical
guidance for the prevention of meniscus injury and the development of
intervention measures. Level of evidence III.
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Introduction

Currently, meniscus injuries are one of the most common sports
injuries of the knee joint, resulting in poor late healing due to the
specificity of its blood supply (Adams et al., 2021). The injury results
in biomechanical disruption of the knee and worse long-term
clinical outcomes (Zhou, 2018; Li et al., 2020a; Bradley et al.,
2023). Therefore, more and more scholars have begun to pay
more attention to the prevention and treatment of meniscal
injuries and to understand the risk factors for meniscal injuries
(Snoeker et al., 2013; Wu et al., 2022). Early assessment and
identification are necessary to reduce the incidence of injury and
the cartilage wear and early osteoarthritis of the knee caused by long-
term injury.

With a deeper understanding of the role of knee joint bone
morphology in the biomechanics of knee motion, the study of the
correlation between tibiofemoral joint bone morphology and knee
athletic injuries has received extensive attention. Recently, some
knee anatomical morphologies such as posterior tibial slope (PTS),
medial tibial plateau depth, and femoral condyle morphology have
been recognized as potential risk factors for meniscal injuries and
anterior cruciate ligament (ACL) injuries or graft failure (Li et al.,
2021a; Jiang et al., 2022; Kim et al., 2022; Wang et al., 2022; Kodama
et al., 2023). Increased tibial slope may result in increased anterior
knee displacement and altered meniscal stress distribution (Kodama
et al., 2023). The shallow depth of the medial tibial plateau results in
less resistance to the femur sliding backward during flexion, thereby
predisposing to increased relative motion of the tibiofemoral joint
(Okazaki et al., 2021). The intercondylar fossa of the femur, as a
conduit for the ACL, and the lateral femoral condyle (LFC), as a
stopping point of the ACL, have been found in more studies to play
important roles in ACL injuries (Shen et al., 2018; Li et al., 2020b).
Asymmetry of the medial and lateral compartments of the knee
increases knee rotational activity, and past studies have reported that
posterior femoral condylar offset affects changes in knee kinematic
range and carrier mechanics. Pfeiffer reported that the mechanism
of the influence of lateral femoral condyle shape on knee rotation
stability was an increase in the depth of the lateral femoral posterior
condyle, and that the posterior condylar depth of the lateral femoral
condyle was measured quantitatively (quantified as the lateral
femoral condyle ratio) on a standardized lateral radiograph
(Malviya et al., 2009; Pfeiffer et al., 2018; Hodel et al., 2019). In
recent years, studies have investigated the relationship between x-ray
measured lateral femoral condyle ratio (LFCR) and meniscal
injuries, and found that deep posterior lateral femoral condyles
(i.e., a larger lateral femoral condyle ratio) are an important risk
factor for ramp lesions (Kim et al., 2021). However, whether the
LFCR measured by MRI is a potential risk factor for meniscus is not
clear. MRI provides a more accurate selection of measurement
planes. Compared to X-rays, it further reduces data errors due to
non-standard positions.

In addition, ACL injuries are often accompanied by meniscal
injuries, so previous researchers often chose patients with ACL
combined with meniscal injuries as the study subjects to explore
the relationship between knee joint bone morphology and meniscal
injuries (Kodama et al., 2023). The ACL has a function in the knee
joint of limiting forward over shift and internal rotation of the tibia,
and ACL injury can lead to instability in the knee joint (Shen et al.,

2018). Therefore, the relationship between knee bone morphology
and meniscus injury is not reflected in such conditions. Therefore,
patients with solitary meniscus injuries were selected in this study to
determine whether the ratio of the lateral femoral condyle and other
knee imaging parameters in the MRI condition are associated with
meniscus injuries. We hypothesized that solitary meniscal injuries
are associated with knee bone morphology including LFCR and
tibial slope. This study can help us understand the potential risk
factors for meniscal injuries and help in the early assessment and
implementation of prevention strategies.

Materials and methods

This is a retrospective case-control study that included patients
who had visited our hospital for knee pain from January 2022 to
June 2023, all of whom underwent a 3.0 T (“T” stands for Tesla, a
unit of magnetic field strength) MRI of the knee. All patients were
diagnosed by MRI imaging and the diagnosis was confirmed by an
orthopedically experienced joint surgeon. Inclusion criteria included
1) high signal (at least grade II injury) in themeniscus onMRI; 2) No
manifestation of ACL or other peripheral ligament injury on MRI.
Exclusion criteria included 1) age <18 years or >50 years; 2) the
presence of periprosthetic ligament and bony structure injuries of
the knee; 3) the presence of patients with gouty arthritis, rheumatoid
arthritis, and osteoarthritis of the knee; 4) the presence of a history of
knee surgery, history of violent traumatic injuries; and 5) the
presence of substandard MRI imaging scans. The clinical study
was conducted by the Declaration of Helsinki and the relevant
ethical requirements of the Fifth People’s Hospital of Chengdu. All
patients gave fully informed consent for imaging examinations and
data collection.

MRI measurement

All patients were scanned with 3.0 T MRI, with the patients in a
supine position with the knee naturally straightened and the toes
pointing upward, and the scans included axial, sagittal, and coronal
positions, respectively. The scanning parameters were 1) axial:
repetition time (TR) 2,577 ms, echo time (TE) 45 ms, field of
view (FOV) 16 × 16 mm, thickness of slice 3–4 mm; 2) sagittal:
repetition time (TR) 584 ms, echo time (TE) 20 ms, field of view
(FOV) 16 × 16 mm, thickness of slice 3–4 mm; 3) coronal: repetition
time (TR) 2,345 ms, echo time (TE) 45 ms, field of view (FOV) 16 ×
16 mm, thickness of slice 3–4 mm.

Knee MRI data were collected from all included cases and
DICOM images were opened and measured using Mimics
21.0 software. Meniscal injuries were independently judged by
two experienced orthopedic surgeons and classified using the
three-tiered staging system on the T2 signal mentioned by
Fischer et al. (1991): I. Presence of a punctate confined high
signal shadow; II. Presence of a linear high signal shadow
without involvement of the articular surface; III. High-signal
shadow involving at least one articular surface. Knee anatomical
morphologies such as femoral notch width, femoral condylar width,
femoral notch width index, tibial slope, medial tibial plateau depth,
meniscus slope, and LFCR were measured by two experienced
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orthopedic surgeons(X.S.X., Y.L.) on MRI images. To assess the
reliability of the measurements, 30 patients were randomly selected
and the measurements were repeated 3 weeks later by a physician
(Y.L). All cases were measured without knowledge of the

measurement and the intragroup correlation coefficient (ICC)
was calculated to evaluate the reliability of the measurement. The
ICC values < 0.8 were considered poor, between 0.8 and 0.9 were
considered good, and ICC values > 0.9 were considered excellent
(Song et al., 2018).

LFCR is referenced to the measurements of Kim et al. (2021), He
and Li (2022) (Figure 1). First, a central sagittal plane containing the
posterior cruciate ligament terminus, intercondylar spine, and anterior
and posterior tibial cortical depressions on MRI of the knee was
selected. To determine the anatomical axis of the distal femur, two
circles are drawn on the distal femur, with the most distal end placed
near the femoral condyles, passing through the centers of the two circles
is the anatomical axis of the distal femur. In the central sagittal plane of
the T1MRI of the lateral femoral condyle, the anatomical axis of the
distal femur was replicated and a line was drawn through the lateral
femoral condyle between the most anterior point and the last point for
the axis of the lateral femoral condyle, and the distance from the
intersection point of the two lines to the posterior condyle was
calculated as the LFCR by dividing it by the total length.

In this study, other knee bone morphology was measured in
previous studies. Femoral notch width, femoral condylar width, and
femoral notch width index were measured using the method described
by Domzalski et al. (2010), Wang et al. (2022) (Figure 2). The tibial
slope, medial tibial plateau depth, and meniscus slope were used by
Hudek et al. (2009), Li et al. (2021b) (Figure 3). Bone contusion and
meniscus extrusion were judged by Beel et al. (2022), Kim et al. (2022).
Bone contusion is a contusion of the medial and lateral tibia and femur
that appears as a bright edematous shadow on the MRI T2 image.
Meniscus extrusion is when the edge of the meniscus exceeds the edge
of the medial or lateral tibia, and in this study, bone contusion and
meniscus extrusion were recorded positively in agreement with the side
of the meniscus injury.

FIGURE 1
Measurement of LFCR: (A) In the sagittal T1 center of the kneeMRI, 2 circles were drawn in the center of the femoral axis to determine the long axis of
the distal femur. Themore distant circle was placed at the nearest end of the tackle. The line passing through the center of the two circles was considered
to be the long axis of the distal shaft of the femur (line A). (B) In the sagittal T1MRI center of the lateral condyle of the femur, the long axis of the distal femur
was replicated (line A). The axis of the femoral condyle was then determined by drawing a line (line B) between the last point of the lateral condyle
and themost anterior point. The distance from the intersection of the two lines (point B) to the last point of the condyle was divided by the total length of
the condyle (BC/AC). This ratio was defined as the lateral femoral condyle ratio.

FIGURE 2
Measurement of femoral condylar parameters. “a” line was then
drawn through the medial and lateral lowermost margins of the
femoral condyles and a parallel line (b) was drawn at the level of the
popliteal groove. (A,D) and (B,C) in Figure 1 are FCW and NW
widths, NWI = NW/FCW.
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Statistical analysis

Statistical analysis was performed using IBM SPSS 27.0 with a
significance level of 0.05. For continuous quantitative data, normal
distribution was tested using the Kolmogorov-Smirnov test, and if
conforming to the normal distribution data were expressed using the
mean ± standard deviation, and independent samples t-tests were
used to test the differences in each anatomical feature between the

injury group and the normal group. Those that did not fit the normal
distribution were expressed as median and interquartile spacing and
analyzed using the Wilcoxon rank sum test. For qualitative data, the
relationship between meniscus injury and bone contusion, and
meniscus extrusion was analyzed using the chi-square test.
Anatomical measurements with significant differences were
selected for stepwise forward multifactorial logistic regression
analysis, and ultimately MTS, LTS, and LFCR were identified as

FIGURE 3
Measurement techniques of determining the posterior tibial slope in the MRI according to themethod described by Hudek et al. (A)Determination of
the proximal anatomical axis of the tibia. Localization of the central sagittal plane is performed in the sagittal position. The plane includes the posterior
cruciate ligament termination point, the intercondylar eminence, and the anterior and posterior tibial cortical concave. Two circles are drawn on the
proximal tibia, the proximal circle is tangent to the anterior and posterior tibial cortex and tibial plateau, and the distal circle is tangent to the anterior
and posterior tibial cortex, and the center of the circle is on the proximal circle center. The center of the circle connecting the two circles is the anatomical
axis of the proximal tibia (line A). (B)Measurement of the posterior slope angle of the tibial plateau: determine the middle sagittal plane of the medial tibial
plateau (the midpoint from the intercondylar spine to the edge of the medial tibia), connect the anterior and posterior margins of the uppermost tibia with
the cortex, and draw a tangent line to the medial plateau (line B). Duplicate the proximal tibial anatomical axis in this plane (line A), and measure the angle
between the vertical line of the proximal tibial anatomical axis and the medial tibial plateau tangent as the medial tibial plateau posterior tilt angle (90°-α).
Similarly, the posterior inclination of the lateral tibial plateau was measured in the same way. (C) Depth of the medial tibial plateau: in the middle sagittal
plane of the medial tibial plateau, connecting the uppermost anterior and posterior margins of the tibial plateau with the cortex, draw a tangent line of the
medial plateau (Line C), and then at the lowest point of the concave surface of the tibial plateau draw a tangent line parallel to this line (Line D), which
represents the lowest boundary of the subchondral bone, and measure the perpendicular distance between the 2 lines as the depth of the medial tibial
plateau (“D” in Figure 3c). (D) Measurement of posterior slope of the meniscus: in the sagittal plane in the middle of the medial tibial plateau mentioned
above, connect the anterior and posterior corners of the meniscus (Line E), copy the anatomical axis of the proximal tibia in this plane, and measure the
angle between the plumb line of the proximal tibial anatomical axis and the tangent line of the meniscus, i.e., the posterior inclination of the medial
meniscus (90°-β). Similarly, the posterior inclination of the lateral meniscus was measured in the same way.
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independent risk factors for solitary meniscus injury. Risk factors for
medial and lateral meniscus injury were also analyzed separately.
Screening for combinations of anatomical features that are good
predictors of meniscal injuries was based on SPSS binary logistic
results Omnibus test, -2-fold log-likelihood. The receiver operating
characteristic curve (ROC) and area under the curve (AUC) were
calculated to compare the predictive efficacy of each risk factor, and
the optimal cutoff value was determined at the maximum
Jordon index.

Results

Finally, 175 patients were included (98 in the injury group and
77 in the normal control group). The injury group included 47males
and 51 females, and the control group included 33 males and
44 females. The injury group had a mean age of 32.90 ±
9.72 and a mean BMI of 23.08 ± 2.27; the control group had a
mean age of 29.16 ± 7.98 and a mean BMI of 22.83 ± 2.70. Screening
part of the indicators (MTS, LTS, MTD, LFCR) in 30 randomized
patients were re-measured, and the inter-observer/intra-observer
ICC was calculated to be 0.83/0.85, 0.82/0.87, 0.84/0.85, 0.84/0.90,
respectively, and the ICC of all measurements was >0.8, which
proved that the data were reliable.

All anatomical features were analyzed by comparing the two
groups, and the differences in MTS, LTS, LFCR, and meniscus

extrusion were statistically different (p < 0.001). There was no
statistically significant difference between the two groups for NW,
FCW, NWI, MTD, and bone contusion. Demographic data and
data on anatomical characteristics of the two groups are shown in
Table 1. All indicators were analyzed in a binary logistic regression
model, and three variables were found to be associated with
meniscal injuries: the MTS [odds ratio (OR) 2.36, 95% CI
(1.44–3.87)], the LTS [OR 1.76,95% CI (1.05–2.94)], and the
LFCR [OR 1.25, 95% CI (1.07–1.46)], therefore three variables
were all risk factors for meniscal injury. The results of the
univariate and multivariate analysis of the anatomical
characteristics of the knee joints of the two groups are shown
in Table 2. Analysis of the ROC curve showed that the area under
the curve (AUC) was 0.746 (0.674–0.819) for MTS, 0.675
(0.595–0.756) for LTS, 0.781 (0.714–0.848) for LFCR, and 0.833
(0.774–0.892) for MTS + LFCR. The cutoff values for MTS, LTS,
and LFCR were 3.63° (sensitivity 76% and specificity 62%), 3.84°

(sensitivity 66% and specificity 62%), and 72.75% (sensitivity 60%
and specificity 81%), respectively (Figure 4). Multifactorial Logistic
alone analyzed the independent risk factors for meniscal injuries in
different locations. MTS and LFCR were risk factors for medial
meniscus injuries with OR values of 4.99 (1.96–12.70) and 1.43
(1.13–1.80) respectively. LTS was a risk factor for lateral meniscus
injuries with OR value of 2.43 (1.29–4.59). The results of risk
factors for injuries at different locations of the meniscus are shown
in Table 3.

TABLE 1 Demographic data and data on anatomical characteristics of the two groups.

Variable Injury group (n = 98) Control group (n = 77) p-value

Age (years) 32.90 ± 9.72 29.16 ± 7.98 <0.001

BMI((kg/m2) 23.08 ± 2.27 22.83 ± 2.70 0.72

sex

man 47 33 0.5

woman 51 44

NW(mm) 19.77 ± 2.50 19.34 ± 2.57 0.27

FCW(mm) 69.05 ± 5.29 67.98 ± 5.93 0.21

NWI 0.29 ± 0.02 0.28 ± 0.03 0.56

MTS (°) 4.96 ± 1.40 3.67 ± 1.30 <0.001

LTS (°) 4.53 ± 1.42 3.65 ± 1.37 <0.001

MTD (mm) 1.48 ± 0.55 1.60 ± 0.59 0.17

LFCR(%) 73.60 ± 0.83 69.26 ± 4.19 <0.001

Bone bruise

+ 6 6 p = 0.68

− 91 71

meniscus extrusion

+ 56 23 p < 0.001

− 41 54

Note: NW, notch width; FCW, femoral condylar width; NWI, notch width index; LFCR, lateral femoral condylar ratio;MTS, medial posterior tibial slope; MTD, medial tibial plateau depth; LTS,

lateral posterior tibial slope; MMS, medial posterior meniscus slope.
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TABLE 2 The results of the univariate and multivariate analysis of the anatomical characteristics of the knee joints of the two groups.

Variable Univariate analysis p-value Multivariate analysis

β Z.E p-Value OR 95%CI

Age (years) 0.001 0.08 0.06 0.142 1.09 0.97–1.22

MTS (°) <.001 0.94 0.43 0.029 2.36 1.44–3.87

LTS (°) <.001 0.56 0.26 0.031 1.76 1.05–2.94

LFCR(%) <.001 0.22 0.08 0.005 1.25 1.07–1.46

Bone bruise 0.68 0.19 0.12 0.121 1.21 0.95–1.54

meniscus extrusion <0.001 0.22 1.03 0.831 1.25 0.16–1.47

BMI((kg/m2) 0.72

NW(mm) 0.27

FCW(mm) 0.21

NWI 0.56

MTD (mm) 0.17

FIGURE 4
Receiver operating characteristic curves for MTS, LTS, LFCR, and MTS + LFCR. Reference line: AUC = 0.5. AUC is the area under the curve.

TABLE 3 The results of risk factors for injuries at different locations of meniscus.

Medial meniscus injury Lateral meniscus injury

Variable OR 95%CI p-Value Variable OR 95%CI p-Value

MTS 4.99 (1.96–12.70) <0.001 LTS 2.43 (1.29–4.59) 0.006

LFCR 1.43 (1.13–1.80) 0.002
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Discussion

The most important finding of this study was that the
anatomical morphology of the knee was significantly associated
with solitary meniscal injuries. Specifically, increasedMTS, LTS, and
LFCR were associated with solitary meniscal injuries compared with
healthy controls, and MTS and LFCR were medial meniscus risk
factors; LTS was a lateral meniscus risk factor. The ability to predict
solely meniscal injuries was highest with LFCR (LFCR >72.75%)
with an AUC of 0.781 (0.714–0.848), and the combination of LFCR
+ MTS (LFCR >72.75% and MTS >3.63) improved the predictive
diagnostic performance for meniscal injuries with an AUC of 0.833
(0.774–0.892). Understanding These parameters can help clinicians
more effectively identify patients who are at risk for
meniscal injuries.

Previous studies have used different measurement tools and
measurements to describe knee bone morphology parameters and
further explored the association with anterior cruciate ligament or
meniscus injuries (Kim et al., 2021; He and Li, 2022). X-rays have
been used in previous studies to quantify bone morphology in the
knee and are simple and easy to perform. X-rays require a
standardized position for radiographs; otherwise, the selection
and exclusion of study subjects are often affected by factors such
as overlap and poor rotation, further affecting the conclusions
(Voleti et al., 2014). Pfeiffer (Pfeiffer et al., 2019) quantified the
lateral posterior femoral condylar depth (quantified as the lateral
femoral condyle ratio) on standard lateral radiographs and
demonstrated an association with ACL injuries or meniscus
injuries as reported by investigators such as Li et al. (2021a) and
Kim et al. (2021). Voleti et al. (2014) demonstrated that even though
the trend of conclusions was consistent, X-rays underestimate LFCR
measurements compared toMRI. MRI allows for more precise plane
selection and accurate quantification of the depth of the posterior
condyle of the lateral femoral condyle, assesses their influence on the
risk of ACL injury, and reduces measurement imprecision and
patient exclusion because of malrotation radiographs (Voleti
et al., 2014; Hodel et al., 2019). Lateral femoral condyle
morphology includes anteroposterior diameter, curvature, etc.
Hodel et al. (2019) quantified the lateral femoral condyle
morphology on MRI using the lateral femoral condyle index
(LFCI), which is a flexion circle and an extension circle drawn
anteroposteriorly and posteriorly to the lateral condyle of the femur,
and the ratio of the radius of the two circles is considered to be the
LFCI. It was found that LFCI is a risk factor for non-contact ACL
injuries, but in Nowak et al. (2022) study such a relationship was not
found to be valid, and the results were analyzed and found that this
seems to be mainly due to methodological differences, as Li et al.
(2020c) pointed out in his study that the determination of the two
circles is highly influenced by the subjectivity of the person who
takes the measurements, and it has a high degree of uncertainty and
randomness. Therefore, it is particularly important to quantify the
lateral femoral condyle morphology using an accurate and stable
measurement method.

Many studies have shown that the lateral femoral condyle
morphology exerts a significant influence on the rotational
stability of the knee (Kujala et al., 1992; Fernandes et al., 2017).
Pfeiffer et al. (2019) reported that the mechanism by which lateral
femoral condyle morphology affects rotational stability of the knee

may be that an increase in the lateral femoral posterior condyle
results in a more elliptical and inequidistant lateral femoral condyle,
which may alter tibiofemoral relative motion and result in altered
knee kinematics and loading mechanics. The tibial stop of the
anterolateral ligament is relatively fixed and the femoral stop is
still controversial. It has been found that its stop is located on the
convexity of the lateral epicondyle and is connected anteriorly to the
lateral collateral ligament stop (Vincent et al., 2012; Kraeutler et al.,
2018). Thus, deep posterior lateral femoral condyles may increase
the length of the anterolateral complex, which may increase the
rotational laxity of the knee. Kim et al. (2021) measured LFCR in a
standard lateral X-ray of the knee and determined that a higher
LFCR was a significant risk factor for Ramp lesions. Although there
was a difference in the critical values obtained by MRI and X-ray
(72.75% vs 71%), the correlation between the two was similar for
meniscal injuries.

In knees with meniscal injuries, a steep tibial slope leads to
increased forward translation of the tibia, resulting in abnormal
stress distribution in the meniscus. As well, the meniscus serves as a
secondary adjunct to knee stability and will be exposed to higher
axial loads in an unstable knee (Beel et al., 2022; Kim et al., 2022;
Cristiani et al., 2023; Kodama et al., 2023). Li et al. (2021b) reported
that medial tibial slope and lateral tibial slope were risk factors for
isolated medial meniscus injury (OR = 2.979) and lateral meniscus
injury (OR = 2.391), respectively. Similarly, Okazaki et al. (2021)
demonstrated that MTS (OR = 2.76) was a risk factor for medial
meniscus posterior root tears. Wong et al. (2022) utilized the fact
that increased LTS leads to worse clinical outcomes (IKDC) in
patients after lateral meniscus repair, which seems to indirectly
demonstrate that steep LTS is a risk factor for meniscal injury. Deng
et al. (2021) used X-rays to measure tibial plateau slope and their
results identified steep tibial plateau slope as a risk factor for
meniscus injury. However, there have also been reports of no
association between steep PTS and meniscal injuries (Beel et al.,
2022). In this study, we found that the combination of two factors
(LFCR + MTS) was more predictive of meniscal injury. This
confirms the above findings that tibiofemoral joint bone
morphology such as deep posterior lateral femoral condyles and
steeper tibial slope increases alters knee biomechanics, resulting in
greater stress on the meniscus and increased risk of injury.

Other knee bone morphology such as intercondylar fossa width
and intercondylar fossa width index, although important anatomical
parameters of the knee joint, were not found to be significantly
associated with meniscal injuries in this study. This may be related to
multiple factors: inconsistent selection of study participants,
inconsistent measurement methods, etc. Patients with ACL
accompanied by meniscus injuries are often selected as subjects
in previous studies, which may generate false positive results (Li
et al., 2021a). In this study, Solitary meniscus injury patients were
selected for the study subjects and the incidence of bone contusion
was only 6.8% Comparison of 82.1% incidence of bone contusion in
the study by Beel et al. (2022) can further demonstrate the impact of
ACL injury.

With this study, we made some meaningful findings. First, this
study provides a theoretical basis for understanding the risk factors for
meniscal injuries, assists clinicians in effectively identifying patients
with risk factors, and contributes to the prevention and diagnosis of
meniscal injuries, such as in this study MTS + LFCR may assist in
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identifying meniscal injuries. In addition, a comparative analysis of
the present results with those under previous x-ray measurements
revealed that the simplicity of the measurement tool may have led to
some bias in the results, but the trend of correlation with meniscus
injuries was approximately the same. Clinically, there is an increasing
number of young patients with knee pain as their main symptom, but
no obvious knee sports injury. These patients are characterized by
long-term disease duration and untimely treatment, an MRI or
arthroscopy of the knee joint reveals different degrees of damage
to the patient’s articular cartilage, which affects the long-term
prognosis of the patients (Le et al., 2023). The corresponding
symptoms and signs combined with the variation of anatomical
morphology on X-rays should attract our attention, and we should
actively complete the MRI examination for early and specific
diagnosis and further treatment. Finally, knee bone morphology as
a non-modifiable factor guides the implementation of late
rehabilitation programs for knee sports injuries such as ACL
injuries, meniscus injuries, and other ligamentous muscle injuries
by delaying the onset of weight-bearing and strengthening the
quadriceps muscles in the expectation of a better prognosis.

There are some limitations in this study. First, all included cases
in this study were diagnosed by MRI, and limited mucoid
degeneration of the meniscus was difficult to differentiate from
injury in grades I and II. Second, age was controlled below 50 years
based on previous systematic reviews to limit the impact of
osteoarthritis of the knee, but there was still an age mismatch
between the two groups that may have influenced the results.
Third, previous studies (Li et al., 2021b) have indicated that there
are gender differences in knee bone morphology parameters, and
further subgroup analyses by gender were not performed in this
study, which may have had some impact on the results. Fourth, the
knee MRI slice thickness in this study was 4 mm, which is less
accurate for the required plane than a slice thickness of 2–3 mm
(Amerinatanzi et al., 2017). Finally, this study still used a
retrospective case-control study, and the correlation between the
two still needs to be further verified, more prospective cohort studies
and so on are needed at a later stage to confirm it. In recent years,
some researchers have shown the relationship between multiple
anatomical changes in the knee joint andmeniscal injuries, but it has
not been verified by biomechanical changes in the knee joint. This
study also suffers from this shortcoming, therefore, we would like to
use a finite element analysis model to explore the force distribution
and force magnitude changes of the meniscus after different
anatomical morphology changes in the subsequent work.

Conclusion

Steep medial tibial plateau slope, steep lateral tibial plateau slope
angle, and deep posterior lateral femoral condyles on MRI are
independent risk factors for meniscal injuries. In patients with knee
discomfort with the above imaging findings (X-ray, MRI), we should
suspect and carefully evaluate the occurrence of meniscal injuries. It not
only provides a theoretical basis to understand the mechanism of
meniscus injury but also provides theoretical guidance for the

prevention of meniscus injury and the development of
intervention measures.
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Gait rehabilitation using auditory cues can help older adults and people with
Parkinson’s improve walking performance. While auditory cues are convenient
and can reliably modify gait cadence, it is not clear if auditory cues can
reliably modify stride length (SL), another key gait performance metric. Existing
algorithms also do not address habituation or fluctuation inmotor capability, and
have not been evaluated with target populations or under dual-task conditions.
In this study, we develop an adaptive auditory cueing framework that aims to
modulate SL and cadence. The framework monitors the gait parameters and
learns a personalized cue-response model to relate the gait parameters to
the input cues. The cue-response model is represented using a multi-output
Gaussian Process (MOGP) and is used during optimization to select the cue
to provide. The adaptive cueing approach is benchmarked against the fixed
approach, where cues are provided at a fixed cadence. The two approaches are
tested under single and dual-task conditions with 13 older adults (OA) and 8
people with Parkinson’s (PwP). The results show that more than half of the OA
and PwP in the study can change both SL and cadence using auditory cues.
The fixed approach is best at changing people’s gait without secondary task,
however, the addition of the secondary task significantly degrades effectiveness
at changing SL. The adaptive approach can maintain the same level of SL
change regardless of the presence of the secondary task. A separate analysis
is conducted to identify factors that influence the performance of the adaptive
framework. Gait information from the previous time step, alongwith the previous
input cue, can improve its prediction accuracy. More diversity in the initialization
data can also improve the GPmodel. Finally, we did not find a strong correlation
between stride length and cadence when the parameters are contingent upon
input cues.

KEYWORDS

adaptive auditory cueing, rhythmic auditory stimulation, gait rehabilitation, Parkinson’s
disease, aging gait

1 Introduction

Gait rehabilitation is an important physical therapy that helps preserve or improve
walking performance and counteract the symptoms of neurological disorders and aging.
Gait rehabilitation can be administered through rhythmic auditory stimulation (RAS).
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The stimulation utilizes a phenomenon known as entrainment
(Thaut et al., 2015), the coupling of a sensory system with the motor
system through the use of auditory cues, such as using metronome
beats or music with a strong rhythm (Thaut et al., 2015).

RAS is an attractive solution to gait rehabilitation due to its
low cost and ease of use even in unsupervised home training
(Ghai et al., 2018a). For neurological disorders like Parkinson’s
Disease (PD), the symptoms of gait impairment can become
resistant to pharmaceutical treatments over time (Cilia et al., 2015)
and therefore physical therapy is essential to the treatment
paradigm. RAS is commonly evaluated using spatial-temporal gait
parameters, such as cadence, stride length, and gait speed. Previous
literature has shown that RAS can influence cadence in both
older adults (OA) and people with Parkinson’s (PwP) (Ghai et al.,
2018b; Ghai et al., 2018a). However, the effect of RAS on stride
length can be mixed. While systematic reviews indicate auditory
cues can positively influence stride length (e.g., (Ghai et al., 2018b;
Ghai et al., 2018a; Spaulding et al., 2013)), individual experiments
have suggested the cues either have no effect on stride length or the
effect depends on the pace of the cues (i.e., cues faster than baseline
can negatively impact stride length) (Suteerawattananon et al., 2004;
Willems et al., 2006; del Olmo and Cudeiro, 2005).

In addition to the mixed results of RAS on stride length,
there are other challenges associated with existing approaches to
cue generation, which typically provide cues at a fixed frequency
(Ginis et al., 2018; Sweeney et al., 2019). The lack of cue adaptation
means the approach cannot handle habituation and change inmotor
performance (Ginis et al., 2018; Sweeney et al., 2019). Habituation
can affect both OA and PwP, as cues at a fixed pace can become
less salient over long-term use. People’s motor performance can
also change due to age or fluctuate due to medication cycle,
where the same static cue may not be as effective. Recently,
researchers have proposed adaptive cue generation to address these
challenges, e.g., (Zhang et al., 2022; Zhang et al., 2020). However,
studies to date are mostly conducted with healthy adults instead
of the target populations. In addition, these studies often focus
on using RAS to increase gait speed without considering the
coupling between stride length and cadence, known as the stride
length cadence relationship (SLCrel). Different individuals may
exhibit different SLCrels; common SLCrels include positive linear,
negative quadratic, and negative linear relationships (Egerton et al.,
2011). Gait impairment in PD, known as freezing of gait, is
often preceded by a breakdown of the normal SLCrel, where an
increase in cadence is followed by an abnormal decrease in stride
length (Sweeney et al., 2019). RAS that only consider gait speed
can potentially be detrimental in PD, as a faster gait speed can be
achieved by increasing cadence without increasing stride length,
which may lead to freezing. Finally, adaptive RAS has not been
studied under the dual-task scenario, where participants need to
walk while performing a secondary task. The capacity to perform
a secondary task during gait is essential for daily activities and can
be impaired due to age or disease, which can increase the risk of falls
(O’Shea et al., 2002; Beurskens and Bocks, 2012).

There are two aims in this exploratory study. The first aim is to
compare the performance of the adaptive cue provision framework
first proposed in (Wu et al., 2023b) to the state-of-the-art fixed
cue approach. Toward the first aim, we conduct an exploratory
study with OA and PwP under two task conditions: with and

without secondary task. The second aim is to explore how the
adaptive framework’s performance is impacted by the experiment
procedure and the model parameters. The performance of the
adaptive framework is evaluated after the first 12 participants (11
OA and 1 PwP) and changes to the model parameters and study
procedure are instituted for the remaining participants (1 OA and
7 PwP). Based on the two aims, the contribution of the study
is two-fold. First, we study the effect of RAS with respect to the
cueing approaches, participant group, and task conditions, using a
representative population. Overall, the OA and PwP respond to the
fixed/adaptive RAS in a similar capacity. Adding a secondary task
decreases gait performance in both groups. The fixed approach is
best at changing stride length in the condition without secondary
task. The adaptive approach can encourage the same level of stride
length change regardless of the presence of a secondary task. The
second contribution identifies key factors that improve adaptive
framework performance, which includes augmenting the input with
information from the previous gait state and adding more diversity
to the initialization data.

2 Methods

2.1 Proposed approach

The proposed framework adapted from (Wu et al., 2023b) is
summarized in the following section and illustrated in Figure 1. The
framework has three primary functions: estimate gait parameters,
model cue influence on gait, and select the next cue. We use a
Gaussian Process (GP) to relate the input cue and the resultant
gait parameters.

2.1.1 Estimate gait parameters
To estimate stride length and cadence in an unconstrained

walking environment, an IMU-based (inertial measurement unit)
algorithm is implemented, where the sensor is fixed onto the foot. To
estimate stride length, the Madgwick filter (Madgwick et al., 2010)
is first used to estimate IMU orientation. The accelerometer data
from the IMU is then transformed to the world coordinate, as the
stride length is equal to the horizontal distance traveled in the
world coordinate. Prior to integrating the accelerometer signals, the
zero velocity update (ZVU) method is applied to correct gyroscope
drift during the stance phase of the gait cycle (Skog et al., 2010).
ZVU requires distinguishing between the swing and stance phases,
which is based on the modified version of (Van Nguyen and La,
2016) described in our previous work (Wu et al., 2023b) to improve
robustness across participants. The gait estimation algorithm has
an estimation error and standard deviation of −0.09 ± 0.03 m
during straight-line walking and the error for circle-walking is
−0.024 ± 0.19 m compared to measurements obtained using Vicon
motion capture.

2.1.2 Model cue-influence on gait
A sparse multi-output Gaussian Process (MOGP) is used to

model the gait parameters (i.e., stride length and cadence) as a
function of the input(s). The model is as follows:

Y = f (x) + ϵ =Wg (x) + ϵ, where (1)
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FIGURE 1
The adaptive framework consists of three main functionalities: estimating gait performance, modeling cue influence on gait, and selecting new cues.

g (x) = {gq (x)}
Q
q=1
, gq (⋅) ∼ GP (0,kq (⋅, ⋅

′))

ϵ =N (0, σ2) (2)

where x is the input. g(x) is a collection ofQ independent latent GPs.
The outputs, Y, are assumed to be linearly correlated through the
weighting matrix, W, with added noise, ϵ (van der Wilk et al., 2020).
The data used to train GP is described as the following:

Y =

[[[[[[[

[

f̂1, ̂ℓ1
f̂2, ̂ℓ2
⋮

f̂N, ̂ℓN

]]]]]]]

]

xs =

[[[[[[[

[

0

c1
⋮

cN−1

]]]]]]]

]

xm =

[[[[[[[

[

0,0,0

c1, f̂1, ̂ℓ1
⋮

cN−1, f̂N−1, ̂ℓN−1

]]]]]]]

]

We explored two different input configurations in the study (see
Section 3.3.1 for discussion). The first single input configuration, xs,
consists of the specified cues at the preceding time step. The second
configuration, xm, extends the inputs to include the preceding
cadence and stride length. The subscript “s” or “m” indicates single
or multi-input configuration. The second configuration aims to
improve the model’s prediction performance by conditioning the
prediction of the response to cues based on the preceding gait state.
The output Y consists of f̂n, the estimated cadence, and ̂ℓn, the
estimated stride length, at the nth step from the gait measurement
sub-system. cn−1 is the cue given at the previous step that results
in the nth cadence/stride length. n is incremented at every footstep
and n = [1,2,… ,N]. n = 1 represents the baseline cadence and stride
length when no cue is given. Sparsity is introduced to the MOGP
through inducing points, Z = {[z1,z2,…zM]}

D
d=1 along each input

dimension D. Then, the MOGP prior, p0, can be written in terms
of Z, where

p0 (gq) =N (mq (Z) ,kq (Z,Z
′)) (3)

The model is used at run time to predict the resultant stride
length and cadence at the n+ 1 step as a function of the input(s)
using Eq 1. As the model is trained online during the experiment,
a two-phase behaviour emerges that we call the exploration and
the converged phase as explored in previous work (Wu et al., 2021).
During the exploration phase, which is set to be the first 2 minutes of

the experiment, the GP contains more unexplored regions, resulting
in higher model uncertainty. In the converged phase, GP prediction
performance and model uncertainty stabilize. The behaviour is
further discussed in Section 3.3.3.

2.1.3 Optimize cue provision
Weutilize theMOGPmodel to compute ametronome frequency

to minimize the squared difference between the predicted gait state
and the desired gait state while suppressing rapid cue changes. The
desired gait state consists of a cadence target and a stride length
target, which are selected using the process described in Section 2.3.
The cost function is defined as the following:

copt = arg min
c⋆n

J, subjectedtocmin ≤ c
⋆
n ≤ cmax

J(c⋆n) = α f( ftarget − f̂
⋆
n+1)

2 + αl(ℓtarget − ̂ℓ
⋆
n+1)

2

+ αe(c
⋆
n − cn−1)

2 (4)

where copt is the optimal metronome frequency subject to the
constraints. ftarget and ℓtarget are the cadence and stride length targets
respectively. αf,αl,andαe are three scaling factors that weigh the
relative importance of each cost term. f̂⋆n+1 is the predicted cadence
and ̂ℓ⋆n+1 is the predicted stride length estimated from the MOGP at
n+ 1, given the current cue, c⋆n , or current cadence/SL using Eq. 1.
Compared to our previous work in (Wu et al., 2023a) where rapid
cue changes are suppressed by changing the constraints based on the
current cadence (i.e., cmin/cmax = ±20%f n), the difference between
the selected cue and the previous cue is added to the cost function.
The change aims to address the local minima created due to the
algorithm encountering constraints when perhaps providing more
extreme cues can lead to greater benefit. The cost term does not
prohibit themore extreme cues from being reached like the previous
framework but moves gradually toward the desired cue.

2.2 Adaptive framework parameters

There are no parameters to tune in the gait estimation algorithm.
For the MOGP, the key model parameters are selected to be Q = 2,
M = 20 when D = 1 for xs, and M = 10 when D = 3 for xm. In the
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study, Q is selected to be 2 as it corresponds to the two output
dimensions, which remained constant throughout the experiment.
The input dimension D is dictated by the model input structure
(i.e., xs and xm). The number of inducing points, M, is selected
based on the time it takes to optimize parameters. M is decreased
as the dimension of the input increases in xm. The covariance,
kq (⋅, ⋅′), is chosen to be the sum of a squared exponential kernel
and a constant kernel. During cue selection, the constraints are
cmin = 0.65f baseline ≤ copt ≤ cmax = 1.35f baseline. For the majority
of the experiment, we selected αf = 1.5,αl = 10,andαe = 0.05. For
the last 4 PD participants, we tested αl = 20, then αl = 100 for
the last two. The effect of these parameter changes are discussed
in Section 3.3.2.

2.3 Target selection

Optimizing cue-provision requires setting ftarget and ℓtarget in
Eq 4, which are set based on the participant’s baseline cadence
(fbaseline) and initial SLCrel. The full procedure is described in
Section 2.5. Here, we describe constructing the initial SLCrel,
indicated in the experiment workflow diagram (Figure 2A). The
initial SLCrel is constructed by playing metronome beats at a fixed
pace at 70, 85, 95, 105, and 115 beats per minute (bpm) in random
order. 50 beats are provided for each frequency.The range is selected
based on Egerton et al. (2011), with the upper range reduced as we
intend to provide cues in the region where SLCrel holds. A quadratic
and a linear polynomial are fitted to the training data using NumPy
(Harris et al., 2020) and the polynomial with a lower residual
becomes the SLCrel. An example SLCrel is shown in Figure 2B ℓtarget
is selected to be a 0.1 m increase from the SLCrel, which is to ensure
that the change is large enough to be detected by the gait estimation
algorithm. Two candidate targets (labelled Target up/down in
Figure 2B) are evaluated by computing the y-values at ±10%fbaseline
on the SLCrel and adding a 0.1 offset. The up/down target is selected

based on the participant’s gait performance during the initial SLCrel
measurement. The lower target is chosen if the participant behaves
conservatively during training or is unable to follow the faster beats.
The lower target is used for 6 out of 13OA participants and 7 out of 8
PD participants.

2.4 Cueing conditions

The main experiment consists of testing two cueing approaches
(fixed and adaptive) under two task conditions (no secondary
task v. s with a secondary task), as shown in Figure 2C. The
cueing approaches are randomized within each task condition
and blinded from the participants. The fixed approach provides
cues directly at ftarget, whereas the adaptive cue computes cues
based on the framework described in Section 2.1. Both cueing
approaches provide cues when the participant’s stride is shorter
than the stride length target and provide 10 metronome beats
(5 steps per foot). In the adaptive approach, GP is updated after
every set of metronome beats and a new cue is computed. For
the condition without a secondary task, participants only need to
modulate their gait following the auditory cues (see Section 2.5 for
further instructions). In the secondary task condition, participants
have to recite as many words beginning with a randomly
selected letter as possible while walking, which has been used
in previous studies (e.g., Lohnes and Earhart, 2011; Beurskens
and Bock, 2012). For the experiment, the task is sufficiently
challenging, suitable for the experiment duration, and requires
no overhead setup.

2.5 Protocol

The experiment protocol is shown in Figure 2A. In the text
below, key steps that correspond with the workflow are in bold.

FIGURE 2
(A) The experiment workflow consists of 7 stages as described in Section 2.5. Note: the order of the step-length training and the initial SLCrel test is
switched for participants who received the second version of the SLCrel test described in Section 2.5. (B) A visualization of the two potential SL/CAD
targets derived from the initial SLCrel with respect to fbaseline computed during 6MWT. (C) The main experiment conditions consist of the combination
of the two cueing strategies (fixed v. s adaptive) over the two task conditions (no secondary task v. s. with secondary task). The order is
block-randomized and blinded from the participants.
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Participants first watched an introductory video and signed the
consent form after having a chance to ask questions. Two IMU
sensors were fastened onto the shoes at the crease created by
asking the participant to place the foot on the ground and lift
the heel, with the orientation shown in Figure 2. Participants went
through a metronome training session, where a metronome beat
was randomly selected and participants were instructed to sync their
walking to the beat naturally, one beat per step. Next, participants
were told to forget about the pace set during training and we
measured their baseline cadence (fbaseline) in a 6-min walk test
(6MWT). The Initial SLCrel of the participant is then measured
using the procedure described in Section 2.3. Two versions of the
SLCrel data collection procedure were administered. From OA#1-
11 and PD#1, participants were only asked to sync their walking
to the provided beats. Participants then went through step-length
training, where they were told to first sync naturally to the beat.
Keeping to the same beat, they were instructed to take bigger steps
and then smaller steps.Theywere told that the demonstration shows
the variety of step lengths one could associate with a beat and
their goal during the experiment was to interpret the goal set by
the metronome in terms of step length and cadence. They would
know if they have it right once the metronome turns off and the
goal is to keep the metronome off. The intention of the general
instruction is the ability to expand on the framework cost function
that may not have a clear physical interpretation (e.g., minimize
jerk, which is often seen in tremor suppression (Hu et al., 2019)).
In the second version of the SLCrel data collection, the researcher
first ran through the step-length training. Then, when the 5 sets
of fixed beats were provided, participants were instructed to take
20 natural steps, 20 big steps, and 10 small steps. The process
aims to provide a richer training dataset to initialize GP. As these
changes in the experimental procedure were made to the ongoing
sessions, we did not balance the number of participants in each
group. This is a limitation of the study, and is discussed further
in Section 4.

After the demonstration/SLCrel data collection, participants
went through a practice session, where the experimenter played
the role of the metronome system with the goal of decreasing the
participant’s stride length (i.e., opposite of the main experiment).
The participant was first told to walk naturally at the start of
the practice. After a few steps, the experimenter manually played
a metronome beat and the participant was guided to change
their step lengths. Once the experimenter saw the participant
taking smaller steps consistently, the beat was turned off. The
experimenter then reminded the participant to try and develop a
strategy to turn the metronome off and keep it off. Participants
then went through the first two cueing conditions where there
was no secondary task. Before commencing the conditions with
the secondary task, participants were reminded that they still had
to keep the metronome off while reciting words and the two
tasks were equally important. After each experiment condition,
participants answered a custom survey and a NASA-Task Load
Index (TLX). After completing all 4 experiment conditions,
participants repeated the SLCrel data collection (Post SLCrel). A
final survey was administered to collect information about the
participants’ overall experience. Participants were then given a
chance to review their data and be informed of the cueing conditions
they performed during the experiment. The project was approved

by Monash University Human Research Ethics Committee (ID
37639) and Monash Health Human Research Ethics Committee
(RES-22-0000-516A).

2.6 Materials

A Python program was developed for data collection and
runs on a Windows 10 Laptop (i5 core with no GPU). The
program interfaces with the wireless IMU sensors (WaveTrack
Inertial System, Cometa Systems, Milan, IT) and controls the
timing of the auditory cues. The cues are played from a Philips
speaker (BT50A), which is connected to the computer via a
3.5 mm audio cable. The GP model was implemented using
GPFlow 2.8 (van der Wilk et al., 2020) and the cost function
was solved using the Nelder Mead Method in Scipy 1.7.1
(Virtanen et al., 2020).

2.7 Participants

A total of 25 participants enrolled in the study. The two
recruitment channels of the study consisted of the City of
Monash volunteer group and the clinicians at Monash Health.
All the OA in the study were recruited from the volunteer
group; 7 PwP enrolled through clinician referral and one PwP
joined from the volunteer group. OA were eligible if they were
over 60 years old and had no issues with walking, balancing,
or hearing. PwP needed to have Hoehn and Yahr score ≤2
regardless of medication. The clinical scale is used to classify
the motor function of Parkinson’s Disease (Bhidayasiri and
Tarsy, 2012). Participants with a score of ≤2 can perform
their daily routine independently or with minimal assistance.
For potential PwP enrolling without clinician referral, we
developed a list of questions based on the Hoehn and Yahr
scale and asked the participant to self-assess their motor
performance. The participant had no issue with walking,
balancing, or performing their daily tasks and therefore was
enrolled in the study. All participants were tested during their
medication-ON state (if they were on medication). A few PD
participants took medicine during the experiment. We did
not collect data on the type/frequency of their medication.
While 25 participants took part in the study, data from 21
participants were used in the analysis. This is further discussed
in Section 3.1.

2.8 Analysis

Two separate analyses were conducted with respect to the two
aims of the study.

2.8.1 Evaluate overall performance: cueing
approach, participant group, task condition

First, we considered the following research questions.

• RQ1: Did the fixed and adaptive cueing strategies differ in their
effectiveness in modifying participants’ gait?

Frontiers in Physiology 05 frontiersin.org104

https://doi.org/10.3389/fphys.2024.1284236
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Wu et al. 10.3389/fphys.2024.1284236

• RQ2: Did the participant group impact responsiveness to cues?
• RQ3: How did secondary task affect cue responsiveness?

The research questions are examined in detail in Section 3.2
by computing the change in stride length from baseline,
change in cadence from baseline, cadence target error, and
the percentage of time cue is required. The TLX score
is also reported to capture the participants’ perceptions.
Finally, the pre and post-stride lengths from the SLCrel tests
were compared.

The gait performance metrics (i.e., change in SL and cadence)
were analyzed using t-tests and Linear Mixed Effect (LME) model.
t-test of each individual’s gait data for every cueing condition
is compared to the individual’s baseline data to determine the
effect size of the cueing condition. The test would show the
effect of the cueing condition on the individual level. As there is
limited space to display the sample mean for all 84 experiment
conditions, we reported the significance in terms of the number
of significant/non-significant instances and the population mean.
The number of samples included for each cueing condition
focused on the converged phase (i.e., the number of steps taken
in the last 2 min of the experiment). The number of samples
from the baseline condition matched the number of steps in
the converged phase (roughly matching the last 2 min during
baseline to the last 2 min during each experiment). The total
number of samples was different for each participant, ranging from
80 to 100+ samples per group.

After comparing the difference to baseline, LME models
were used to investigate the effect of the three independent
variables (i.e., cueing approach, participant group, and task
condition), which were included as the fixed effects. The LME
model is different from the t-test results as it shows the average
effect over the sample population. Specifically, the cueing
approach effect consists of fixed and adaptive approaches; the
participant group is the divide between OA and PD1; and
the task condition is walking with or without secondary task.
LME models can account for the between- and within-subject
variability introduced through repeated measures. Normality
and homoscedasticity assumptions were checked using Shapiro-
Wilk test and Levene test respectively. Since the order of the
experiment conditions was randomized, it was not included
as a fixed effect. The LME model that had all the fixed effects
and the three-way interaction was first built using lme4 and
lmerTest in R (Bates et al., 2015; Kuznetsova et al., 2017). The
model was subsequently modified by removing the combination
of interaction terms with no significance until the model only
contained fixed effects. Only significant results are shown in the
figures. Additional statistics are reported using marginal means
(μem), which is the mean of the group when averaging over the
fixed effect(s), or differences between marginal means (Δμem). We
also reported the intraclass correlation coefficient (ICC), which is
the percentage of the variance due to individuals over the total

1 Note that while participants may have been subjected to different experiment

procedures/changes in adaptive framework parameters, the only factor being

modeled is the OA/PwP divide when comparing the overall performance.

The rationale is further discussed in Section 3.3.2

variance of the random effect. The analysis of the gait metrics
focused on the converged phase (i.e., the last 2 minutes of each
experiment). Since the exploration phase is considered a transient
phase, the analysis examines the steady-state behaviour that is
the converged phase.

2.8.2 Evaluate adaptive framework performance:
input structure, training procedure, convergence,
and model structure

We conducted four separate analyses to study the behaviour
of the GP model. In the first analysis, we evaluated the GP model
performance with respect to the parameters, including the input
structure, training procedure, and model structure. For evaluating
the effect of model input (xs versus xm) and the effect of the training
procedure (Procedure 1 versus 2), we performed an analysis by
computing the mean squared error (MSE) and the standard error
(SE) for every participant for the adaptive experiment condition
with no secondary task and trained the GP models again with all
the data. In this exploratory study, the aforementioned analysis
was conducted after the first 12 participants (11 OA and 1 PwP),
which prompted the switch to xm and Procedure 2 for the remaining
8 participants (1 OA and 7 PwP). These changes were better
made during the study than post hoc because the outcome metrics
depend on the participants’ reactions and cannot be re-created after
the experiment.

In the second part of the analysis, we visualized all the
PwP performance metrics grouped by the parameter choices
was examined to determine whether the changes to the
experiment procedure/GP modeling choices correlate with
performance gain.

In the third part of the analysis, we evaluated the convergence
of the GP model using the Kullback-Leibler (KL) divergence. KL
divergence helped quantify the difference between the GP model at
each training iteration and the final model using the closed-form
solution from Robert (1996) summed over the input range. The
xm GP input structure was used for the analysis. The KL analysis
provided evidence of GP convergence to support using the halfway
point in the experiment (i.e. 2 min) to separate the exploration and
converged phases.

Finally, to evaluate the GP model structure, we computed
the Akaike information criterion (AIC) and Bayesian information
criterion (BIC) over three model variations. While both AIC and
BIC represent a tradeoff between model complexity and goodness
of fit, BIC penalizes the model complexity more heavily as it is
scaled by the number of data points. A model with the lowest AIC
and BIC would represent the best tradeoff between model accuracy
and complexity.

3 Results

The result section is split into three parts. Section 3.1 presents
the demographic of the participants. Section 3.2 answers the
research questions with respect to the independent variables.
Finally, Section 3.3 examines the impact of the changes in
the pre-experiment training procedure and the performance of
the GP model.
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3.1 Demographics

17 OA participated in the study (9M/8F, Mean ± Standard
Deviation: Age 72 ± 9 years old, Height 167.06 ± 10.82 [cm],
Weight 71.86 ± 12.77 [kg]). Four OA were excluded from the
analysis: 1 participant was used to refine the study protocol, 1
participant did not finish the study, the gait detection algorithm
did not work on 1 participant, and 1 did not meet the age
requirement. The gait detection algorithm did not function
properly as the participant had a “stiff” walking pattern (walking
without bending the knee) due to other lower leg injuries.
This caused a breakdown of the stance/swing phases detection
and the gait detection algorithm consistently underestimating
the footsteps.

Eight PwP joined the study (6M/2F, Age 70 ± 7, Height 173.98
± 11.60, 73 ± 15.85). The average time since the diagnosis is 6 ± 3.5
years. PwP reported the following lower leg symptoms (the number
of participants who reported in brackets): stiffness 1), slowed
movement 4), trouble balancing 5), freezing of gait 2), anddyskinesia
2). One participant did not have any symptoms. No PwP had prior
experience with cueing using wearable devices. One participant was
going through gait rehabilitation. Most participants performed their
daily tasks independently, with a few needing help sometimes when
dressing, walking, climbing stairs, and doing housework. Overall,
data from 21 participants (13 OA and 8 PwP) were included in the
following analysis.

3.2 Results of overall performance

3.2.1 Change in stride length (SL) from baseline
We computed the participants’ change in SL during the

experiments (i.e., the 4 cueing conditions in Figure 2C)
compared to their baseline SL measured in the 6MWT as
the primary outcome. The metric is in centimeters (cm) and
should be as large as possible as the cues aim to lengthen
participants’ strides.

The SL during the converged phase was compared to baseline
SL for each participant per condition using a t -test. The results
are summarized in Table 1. The results showed that the SL changed
significantly from the baseline for 81% of the participants using the
fixed condition for both task conditions. The adaptive approach also
changed the baseline significantly for 67% of the participants in the
condition without secondary task and 61% of the participants in
the condition with secondary task. These results indicate differences
from baseline on the individual level. The mean SL across all
participants at baseline is 115 cm, and the mean SL across all
participants and all cueing conditions is 121cm, which is an average
of 6 cm difference.

Next, an LME model was formulated considering the influence
of the cueing approach, participant group, and task condition. The
LME model residual of the 84 trials was first checked for the
normality and homoscedasticity assumptions. The model passed
both the Shiparo-Wilk test (p = 0.29>0.05) and Levene test (p
= 0.77>0.05). The LME model showed a significant interaction
effect between the cueing approach and the task condition (F
(1,60) = 4.090, p = 0.048, Value = 4.799, Standard Error (SE) =
2.373, 95% Confidence Interval (CI) = [0.190, 9.409]). This meant

TABLE 1 Number of Participants with Significant/Non-significant
Change in SL compared to Baseline.

Significant
(percentage)

Not significant
(#OA/#PwP)

Fixed-no task 17 (81%) 4 (2 OA/2 PwP))

Adap-no task 14 (67%) 7 (5/2)

Fixed-with task 17 (81%) 4 (2/2)

Adap-with task 13 (62%) 8 (5/3)

Fixed/Adap indicates the cueing conditions. No task/with task indicates the condition
without/with secondary task. The total number of participants across each row is 21
(13 OA/8PwP).

that the stride length change induced by the fixed approach was
significantly different between the condition with v. s without
secondary task. Specifically, themarginalmean of the fixed approach
with secondary task dropped by 5.61 cm compared to no secondary
task (Δμem = 5.61 cm). On the other hand, the performance of
the adaptive approach was not significantly different between
task conditions (Δμem = 0.82 cm). The ICC was 82%, indicating
large individual differences. The resulting marginal mean is
shown in Figure 3.

With respect to the three independent variables (cueing
approach, participant group, and task condition): 1) the fixed
approach was more effective than the adaptive approach without
secondary task. The adaptive approach maintained the same
level of performance regardless of the task condition; 2) the
secondary task shortened SL to a similar extent in both
OA and PwP (Δμem = 3.22 cm), and 3) PwP increased their
SL more than OA (Δμem = 9.75 cm), though the effect was
not significant.

3.2.2 Change in cadence from baseline and
cadence target root-mean-square-error (RMSE)

We first examined whether the cadence significantly changed
from the baseline. The result is shown in Table 2. Overall, the
mean cadence across the population is 0.873 Hz. The mean
cadence across all cueing conditions is 0.831 Hz, which is an
overall 0.042 Hz decrease from baseline. The fixed condition
without secondary task was able to induce a change in cadence
for all the participants; the effectiveness dropped slightly
in the presence of secondary task. The adaptive approach
induced a similar level of change in cadence across the two
task conditions.

Moreover, we examined the cadence target RMSE, which
measures how well the target was achieved. The cadence target
RMSE is a secondary performance measurement that examines how
well the target selected from the original SLCrel can be maintained
when stride lengthwas changing. A lowRMSE indicates participants
were able to modulate their SL without changing the cadence. The
LME model residual of the 84 data points passed the Shiparo test
(p = 0.85) and Levene test (p = 0.32). With respect to the three
independent variables: 1) the adaptive approach was significantly
worse than fixed (F (1, 61) = 4.791, p = 0.032, Value = 0.016, SE =
0.0074, CI = [0.002, 0.031]), illustrated in Figure 4. The “Value”
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FIGURE 3
The marginal means of the cueing approaches and 95% confidence interval (CI) in relation to the interaction. Within each cueing approach, the
decrease in SL in the fixed approach between the no secondary task (no task) v. s with secondary task (task) condition is significant. The adaptive
approach has similar performance across the task condition.

TABLE 2 Number of Participants with Significant/Non-significant
Change in Cadence compared to Baseline.

Significant
(percentage)

Not significant
(#OA/#PwP)

Fixed-no task 21 (100%) 0 (0 OA/0 PwP))

Adap-no task 18 (86%) 3 (2/1)

Fixed-with task 20 (95%) 1 (1/0)

Adap-with task 18 (86%) 3 (1/2)

Fixed/Adap indicates the cueing conditions. No task/with task indicates the condition
without/with secondary task. The total number of participants across each row is 21
(13 OA/8PwP).

number indicates the LME model predicts a 0.016 Hz increase in
RMSE when using the adaptive approach compared to the fixed.
The result was expected as the fixed approach provides cues directly
at the target cadence, which was not the case for the adaptive
approach; 2) The secondary task increased the target RMSE but was
not significant, and 3) PwP had a significantly lower cadence RMSE
compared to OA (F (1, 19) = 5.310, Value = −0.025, SE = 0.011,
CI = [-0.047, −0.004]), as shown in Figure 5. The ICC was 21%,
which means there is a lower individual difference compared to the
change in SL.

3.2.3 Percent on
The percent on metric computes the percentage of time the

cue was played during the experiment. A lower number indicates
better cueing efficiency, as fewer cues are needed to increase the

stride.Themodel residual of the 84 data points passed the normality
test (p = 0.30) and Levene test (p = 0.37). We observed with
respect to the three independent variables: 1) the adaptive approach
played cues 2.85% more than the fixed approach 2) the secondary
task also caused a 2.65% increase in cue-playing and 3) PwP
required 7% less cues than OA. These differences are not statistically
significant.

3.2.4 Task Load Index (TLX)
The raw TLX score was computed for each experiment

condition. The LME model residual of the 84 data points passed
the normality test (p = 0.79) and Levene test (p = 0.33). The results
with respect to the three independent variables are as follows: 1)
the secondary task significantly increased the mental workload and
had the biggest effect size among the three variables (F (1, 61) =
38.78, p ≪0.05, Value = 5.404, SE = 0.868, CI = [3.705, 7.105]);
2) the adaptive approach also significantly increased the mental
workload compared to the fixed approach (F (1, 61) = 4.70, p =
0.034, Value = 1.88, SE = 0.868, CI = [0.181, 3.581]); and 3) the
TLX score was not significantly different between PwP and OA. The
results are shown in Figures 6, 7. The ICC was 41%, indicating large
individual variation.

3.2.5 Pre/post stride length change
To evaluate whether the cueing conditions had prolonged

effects on participants’ gait, the pre-post SL performance was
compared using a paired t-test at each of the 5 beats provided.
The normality assumption was validated using the Shapiro-Wilk
test for each of the 5 beats and all beats passed the test (p =
0.57, 0.07, 0.99, 0.46, 0.47 from the slowest to the fastest beat
respectively). The pre/post group each contains 21 data points. No
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FIGURE 4
The cadence RMSE for each cueing approach and 95% confidence interval (CI). The fixed approach has a lower RMSE compared to adaptive, which is
expected since the fixed approach provides cues directly at the target.

FIGURE 5
The cadence RMSE across the two groups of participants and 95% confidence interval (CI). PD participants have a lower RMSE compared to OA.

statistical significance in SL change was found at the slowest and
fastest fixed metronome pace (70&115 bpm). An increase was seen
between the pre and post-SL measurements for all intermediate
beats (85, 95, 105 bpm). At 85 bpm, the mean SL increased by
6.61 cm (mean difference M) = 6.61, standard deviation (SD) =
10.64 cm, t-value t) = 2.847, p = 0.010). At 95 bpm, M = 6.05,
SD = 9.77, t = 2.837, p = 0.010. Finally, M = 4.77, SD = 6.97, t

= 3.138, p = 0.005 for 105 bpm. In the post-test measurement,
participants repeated the initial SLCrel data collection procedure
(i.e., sync naturally or natural syncing plus taking big/small
steps). The data from participants who were instructed to take
big/small steps were excluded (i.e., only including the natural steps).
An increase in SL in the intermediate beats demonstrated that
there was a carryover effect from the experiment, as participants
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FIGURE 6
The TLX score is significantly higher in the adaptive approach.

FIGURE 7
The secondary task increases the mental workload significantly.

continued to lengthen their strides despite being told to sync to the
beats naturally.

3.3 Results of adaptive framework
performance

The following section focuses on studying the performance
of the GP model in relation to the experiment procedure and
modeling choices.

3.3.1 Input data and training procedure
3.3.1.1 Input data

We first compared the performance between the input
formulations (xs and xm) discussed in Section 2.1.2. The MSE
is the average prediction error and the SE indicates whether
the prediction error is within the GP’s variance (SE < 1
indicates the error is within the GP variance). During the
experiment, the analysis was conducted after the first 12
participants (11 OA/1PwP), which prompted the change in
model structure for the remaining participants. In this post
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TABLE 3 Comparison between input data on GP Performance.

Input data Metric MSE SE

Training only
n = 21

CAD 0.0269 0.5045

SL 0.0973 0.8903

Testing only
n = 21

CAD 0.0053 0.4786

SL 0.0196 0.8733

Training + Testing
n = 21

CAD 0.0054 0.3618

SL 0.0205 0.6750

The unit of cadence mean squared error (MSE) is Hz2 and the stride length MSE, is m2.
The unit on cadence standard error (SE) is Hz2 and SL SE, is m. The number of participant
n) is indicated for each row.

hoc analysis, since information regarding the previous gait
state was recorded, data from all participants (number of
participants, n = 21) were used to compute the MSE/SE for
xs and xm. The MSE for xs was 0.007 Hz2 and 0.036 m2 for
cadence and SL respectively. The MSE was lowered to 0.005 Hz2

and 0.021 m2 using xm. This meant adding more information
about the previous gait state improves GP prediction. The
improvement was small for cadence as the cues could entrain
cadence. The benefit of extending the input states was seen
in the SL prediction, where the average error was reduced
by 0.015 m2.

3.3.1.2 Training data
The next analysis examined whether more training data

improves GP performance. The MSE and SE were computed to
evaluate the loss on the dataset under three scenarios: using the
initial SLCrel data only (referred to as training only), using data
collected during the experiment only (i.e., testing only), and using
both (training + testing). Data from the no-task condition was
used. We proceeded with using xm as the formulation. During
the experiment, all participants used both the training and testing
data. In this analysis, all participants were also used to compute
the MSE/SE (n = 21). The results are presented in Table 3, The
MSE and SE were the highest for both CAD and SL when GP
was presented with only the training data as shown in Table 3.
This demonstrated the importance of online learning as the new
data can help the model adapt to the varying gait performance.
Between using testing data (second row) versus training + testing
(third row), both SL and cadence (CAD) prediction MSE were
similar. However, the SE was smaller when using both training and
testing data. The use of the testing data provided more diverse
samples to the GP model, thereby reducing the variance in regions
where GP might not have explored during the regimented training
phase.

3.3.1.3 Training procedure
Finally, we examined the GP performance between the two

initialization procedures (i.e., the two different SLCrel collection
procedures described in Section 2.5). In the first procedure,
participants were told to sync to the beats normally. In the second
procedure, participants were told to take neutral, bigger, and

TABLE 4 Comparison between training procedure on GP Performance.

Input data Metric MSE SE

First procedure
n = 12 (11 OA/1 PwP)

CAD 0.005 0.381

SL 0.022 0.740

Second procedure
n = 9 (2 OA/1 PwP)

CAD 0.006 0.345

SL 0.019 0.590

The unit of cadence mean squared error (MSE) isHz2 and the stride length MSE, ism2. The
unit on cadence standard error (SE) is Hz2 and SL SE, is m. The total number of participant
for each group (n), along with the breakdown of participant is shown in each row.

smaller steps while syncing to the fixed beats. We compared the
difference when using the xm and using both training + testing
data. The result is presented in Table 4. The prediction MSE
did not change much between the two procedures, meaning the
training procedure did not affect the GP’s mean. However, the
second procedure, which was designed to mimic the experiment
condition, improved the GP performance as it reduced the standard
error, particularly for the SL prediction. During the experiment, it
was hypothesized that changing the experimental procedure can
improve the adaptive framework prediction, prompting the change
in the protocol after the initial 12 participants (11 OA/1PwP). As
post hoc analysis cannot make up for the missing big/small steps
recorded in Procedure 2, the analysis divided the result based on
the procedure.

3.3.2 Impact of post hoc choices on performance
metric

In this section, the effect of the parameter changes during the
study was visualized and examined. The analysis helped determine
whether the parameter changes introduced factors that may have
impacted the outcome. The changes include the choice of the cost
function weight (αl), as discussed in Section 2.2, and the model
structure selection (xs versus xm) and training procedure (Procedure
1 versus 2), discussed in Section 3.3.1. The participant grouping
for the corresponding parameter changes during the experiment is
shown in Figure 8. The change in SL grouped by parameter choices
for the PwP data is presented in Figure 9; cadence RMSE is in
Figure 10; percent on time is in Figure 11, and finally the TLX score
is in Figure 12.

Data from PwP were plotted for visualization as the group
experienced all the parameter changes. From the visualization, no
apparent link was identified between the changes in framework
parameters to the performance metric. Instead, other factors
that were identified to have a larger impact on the performance
metrics, including data availability (i.e., having sufficient data
and variability to cover the larger state space as discussed in
Section 3.3.1) and the stability of the cues (i.e., participants
found the target difficult to figure out as discussed later
in Section 4).

3.3.3 Exploration and converged phases
In this section, the assumption of using the halfway point in the

experiment (i.e. 2 min) to separate the exploration and converged
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FIGURE 8
Participant grouping with respect to changes to the model parameters/experiment procedure during the experiment.

FIGURE 9
Visualization of PwP SL change compared to baseline grouped by the parameter choices. xs indicates the group where the GP model structure where a
single input is used to predict the two outputs. xm is the GP formulation where three inputs are used to predict the two outputs. αl = 20 is the group
where the SL cost term is 20. αl = 100 is the group where the SL cost term is further increased to 100.

phases of GP is examined using KL divergence. KL divergence
represents the relative entropy between two distributions, meaning
themetric can be used to quantify the amount of information gained
from continuous learning. The result averaged over all participants
is shown in Figure 13. From the figure, the KL for cadence (purple)
and stride length (yellow) were high initially. This is because various
cues were provided during the experiment compared to training
where cues at fixed rates were provided, allowing GP to better
model the person’s response to cues through online learning. During
exploration, it was observed that the KL decreased faster, while
in the converged phase the learning rate plateaus. This means

the GP model converges to a steady state performance during
the experiment.

3.3.4 Model structure selection
In the experiment, we adopted the GP model with two

independent kernels and a correlation matrix as outlined in
Section 2.1.2. The section examines the choice of GP structure
by comparing the AIC and BIC of 3 model structures. Model 1
represents the most rudimentary version of the Sparse MOGP,
with a kernel shared between the two outputs (i.e., q = Q = 1)
and no correlation matrix W. Model 2 comprises independent
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FIGURE 10
Visualization of PwP’s cadence RMSE grouped by the parameter choices. xs indicates the group where the GP model structure where a single input is
used to predict the two outputs. xm is the GP formulation where three inputs are used to predict the two outputs. αl = 20 is the group where the SL cost
term is 20. αl = 100 is the group where the SL cost term is further increased to 100.

FIGURE 11
Visualization of PwP’s percent on time grouped by the parameter choices. xs indicates the group where the GP model structure where a single input is
used to predict the two outputs. xm is the GP formulation where three inputs are used to predict the two outputs. αl = 20 is the group where the SL cost
term is 20. αl = 100 is the group where the SL cost term is further increased to 100.

kernels (Q = 2) with no correlation matrix. Model 3 is the
full GP structure described in Section 2.1.2. The result is
summarized in Table 5 and examples of the model fit are shown
in Figure 14. The goal is to minimize both the AIC and BIC
scores. When looking at the visualization, all GP models had
a similar mean in the data-rich region, which explained the
similarity in the AIC/BIC scores in Table 5. A bigger difference
was seen towards the tail-ends of the model where there was
a lack of data.

Based on the metrics, Model 2 had the lowest AIC and
BIC, meaning the correlation matrix was not essential but
having the independent kernel helped. The two independent
kernels enabled the GP to capture differences in the variation

magnitude between the two outputs. Figure 14 illustrates the GP
models where the input dimension is collapsed into 1D over
the range of cues. We can see the data spread for cadence is
smaller than the spread for SL. The difference in data spread
is especially prominent for the PwP GP model. For instance,
at around 1.4 Hz, the cadence ranges from 0.65-0.85, but SL
varies from 0.8-1.8. Therefore, the different kernels along each
output dimension would better model this behaviour. The larger
spread in SL aligned with the training procedure during the
experiment, as the instruction specifically requested participants
to try various stride lengths at the same cadence. Finally, the
correlation matrix W was not shown to be necessary based on the
AIC/BIC scores.
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FIGURE 12
TLX Score of PwP grouped by the parameter choices. xs indicates the group where the GP model structure where a single input is used to predict the
two outputs. xm is the GP formulation where three inputs are used to predict the two outputs. αl = 20 is the group where the SL cost term is 20. αl = 100
is the group where the SL cost term is further increased to 100.

FIGURE 13
The KL divergence for the GP model at each training iteration (every 5 steps) compared to the final GP model. The mean for each output is plotted as a
solid line and the standard deviation is plotted as the shaded area. The vertical line separates the exploration and converged phases.

4 Discussion

In this study, we showed that RAS can be used to change both the
cadence and the SL of themajority of the OA and PwP in the current
experiment under single and dual-task conditions. The discussion is
structured with respect to the three independent variables, starting
with the participant group. We also provided a summary of the GP
model findings.

Older Adults compared to PwP: For the PwP considered in
this study, there was no statistical difference between OA and PwP
in terms of their ability to modify their stride length. Previous
systematic reviews that examine the effect of RAS in OA and PwP
both suggest a small effect size on stride length (Ghai et al., 2018a;
Ghai et al., 2018b). Hence, the lack of statistical significance in
the stride length change is consistent with the literature. The only
significant difference between OA and PwP was seen in the target
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TABLE 5 Metrics for model structure selection.

AIC BIC

Model 1 −463.721 −340.101

Model 2 −488.233 −353.705

Model 3 −434.851 −285.779

cadenceRMSE,where PwPhad a significantly lower RMSE thanOA,
suggesting that PwP followed the beats more rigorously than OA.
This difference may be explained by motivation, where participants
with gait impairments (compared to healthy OA) were more willing
to change and improve their gait. The result is consistent with a
previous study, where PD participants synchronized to the beats
more compared to OA (Dotov et al., 2017).

Fixed compared to Adaptive approach: In this study, we
found that auditory cues can be used to increase the majority
of participants’ stride length compared to the baseline. The fixed
approach worked for a larger percentage of the sample population
compared to the adaptive approach in both task conditions. When
examining the cueing approaches on the population level using
the LME model, the range of SL changes fell between 5–12 cm
(Figure 3).These values are similar to the range reported in previous
literature that used fixed cues (e.g., Suteerawattananon et al., 2004;
Nieuwboer et al., 2007). This means the adaptive approach, while
in general inducing a smaller change in SL than the fixed approach
with no secondary task, was still comparable to the ranges reported
in previous literature. Reasons for the adaptive approach’s lesser
performance may be due to the non-static cues combined with
the experiment goal. As participants needed to adjust for cadence
(as per the instruction to sync the walking to the cues) and stride
length (instructed to explore different step lengths with each pace),
it was common for participants to first match their walking pace
to the beats, then work on changing their strides after realizing
only matching the cadence was insufficient. As one participant
put it “[I am] aware of the pace first instead of the step length.“.
This means while the cadence adaptation was fast, the change in
stride length took longer and required more effort. The difference
in difficulty in adjusting cadence versus stride length may also
explain the percentage of participants with significant change from
baseline for cadence was higher than the stride length percentage
(i.e., Table 1; Table 2).

Influence of Secondary Task: The last independent variable is
the presence of the secondary task. In a previous systematic review,
dual-task (i.e., RAS + secondary task) conditions have a small effect
size on increasing stride length and cadence compared to baseline
in PwP (Ghai et al., 2018b). We also observed an increase in SL
compared to baseline in both OA and PwP with the word-reciting
task on the individual level, though the number of significant
changes dropped with secondary task. The cadence RMSE between
with and without secondary task is not significant over the sample
population. In the post-study interview, participants uniformly
agreed that the secondary task was difficult and required more
mental effort (as indicated by the TLX score). Four PwP explicitly
mentioned they cannot perform beat-following and word-reciting

simultaneously and they need to alternate between the two tasks
(i.e., task-switch). The benefit of the adaptive approach was more
prominent in the task-switching context as the change in pace was
noticed more often. The effect was also mentioned in the post-study
interviews. While participants frequently associated the adaptive
approach with being more “frustrating” than the fixed approach,
they also described the adaptive approach as being more “attention-
grabbing”, especially in the dual-task condition. Two common
sources of frustration when using the adaptive approach came from
having difficulties in figuring out the gait targets as participants
often thought each new metronome pace meant a different set of
targets. In reality, the cues were changing due to the change in the
GP model as described previously. The second source of frustration
was the adaptive approach being seemingly more persistent. As one
participant described it, “the [adaptive approach] really wants me to
take bigger steps”. Participants also attributed more personality to
the adaptive approach such as saying “the metronome knows when
[they’re] slacking” or “the metronome is more assertive”, contrasting
the fixed approach which is described as “easy” or “do not have to
think much about it”. The perception raises an interesting challenge
for RAS design as the fixed RAS may be easily ignored, but too
much variation can also cause confusion and frustration. For the
current adaptive system, issues with cue variation may be addressed
by having a better training dataset and updating GP less frequently.

Lessons on Adaptive Framework Design: In this study, the
parameters of the adaptive framework were changed during the
experiment to better characterize the performance of the adaptive
approach. Some changes were more beneficial than others. For
instance, as seen in Section 3.3.2, changes to the cost function
weights did not improve the participants’ SL change. Instead,
more fundamental modeling problems needed to be resolved
first, including improving GP prediction accuracy and uncertainty
modeling. Factors that improved GP performance include adding
information regarding the previous gait states, and having more
variety in the training data. Interestingly, the correlation matrix
W that related cadence and SL was not found to be beneficial.
The correlation matrix may not be necessary as most variation
could be captured independently using the GP without mixing
the two outputs. The lack of correlation between stride length
and cadence was consistent with the literature, where the SLCrel
typically observed when participants walk at self-selected paces
disappears when either cadence or stride length was constrained
(Egerton et al., 2011).

Limitations of the Study: There were several limitations of the
study. First, for the analysis of how the training procedure and
GP model parameters influence the adaptive method performance,
the number of participants was not balanced across each group.
This presents a potential confound for the adaptive condition
results. While we did not find statistically significant differences
between participant groups within the adaptive condition, this
finding may not generalize and needs to be verified with a follow-
up study with balanced participants groups. Second, the gait
monitoring algorithm was unable to handle the participant with
an abnormal gait pattern and an alternative algorithm should be
explored. Third, since the GP performance was influenced by the
diversity of the initial training data, more robust techniques could
be used to better sample the state space. Previous literature has
approached the exploration/exploitation problem using expected
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FIGURE 14
Example of the GP model fitted to the data, where the input dimension is flattened into 1D (along the range of cues). The panels at the top show an
example of data from an older adult and the bottom panels are from a PD participant. Within each panel, the output cadence is plotted on the left and
the stride length is on the right.

improvement (e.g., Kim et al., 2017) and might provide a good
starting point. As mentioned previously, less frequent GP updates
may also reduce cue variation. Finally, the single-session study
setup was insufficient for evaluating habituation or the effect of the
medication cycle.

5 Conclusion and future work

In this study, we evaluated the performance of an adaptive
cue-provision framework that can modulate stride length and
cadence using auditory cues. The adaptive framework monitors gait
performance using a single IMU sensor and builds an individualized
cue-response model to relate how the gait performance changes

as a function of the input cues. The cue-response model is then
used in an optimization algorithm to determine the cue to provide.
The adaptive framework was compared against the state-of-the-
art, fixed cue approach where static cues are provided. The two
cueing approaches were compared with OA and PwP under two
task conditions, with and without secondary task.The result showed
that over half of the OA and PwP can modify their stride length
and cadence using auditory cues. When no secondary task was
present, the fixed approach was the best at increasing stride length,
but the performance of the fixed approach dropped significantly
in the presence of the secondary task. The benefit of the adaptive
approach was its ability to maintain the same level of stride length
change across the two different task conditions. Long-term studies
should be conducted in the future with a larger PwP population and
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balanced population groups to further evaluate the performance of
the adaptive framework.
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Rotation-traction manipulation
induced intradiskal pressure
changes in cervical spine—an
in vitro study

Changxiao Han1,2†, Minshan Feng1,2*†, Haibao Wen1,2, Xunlu Yin1,
Jing Li1,2, Wuyin Du3, Bochen Peng3, Guangwei Liu2 and
Liguo Zhu1,2*
1Wangjing Hospital of China Academy of Chinese Medical Sciences, Beijing, China, 2Key Laboratory of
Beijing of TCM Bone Setting, Beijing, China, 3Graduate Studies of Beijing University of Chinese Medicine,
Beijing, China

Objective: Evaluate the effect of rotation-traction manipulation on intradiskal
pressure in human cervical spine specimen with different force and duration
parameters, and compare the intradiskal pressure changes between rotation-
traction manipulation and traction.

Methods: Seven human cervical spine specimens were included in this study. The
intradiskal pressure was measured by miniature pressure sensor implanting in the
nucleus pulposus. rotation-traction manipulation and cervical spine traction
were simulated using the MTS biomechanical machine. Varied thrust forces
(50N, 150N, and 250N) and durations (0.05 s, 0.1 s, and 0.15 s) were applied
during rotation-traction manipulation with Intradiscal pressure recorded in the
neutral position, rotation-anteflexion position, preloading, and thrusting phases.
Futuremore, we documented changes in intradiscal pressure during cervical
spine traction with different loading forces (50N, 150N, and 250N). And a
comparative analysis was performed to discern the impact on intradiscal
pressure between manipulation and traction.

Results: Manipulation application induced a significant reduction in intradiscal
pressure during preloading and thrusting phases for each cervical intervertebral
disc (p < 0.05). When adjusting thrust parameters, a discernible decrease in
intradiscal pressure was observed with increasing thrust force, and the variations
between different thrust forceswere statistically significant (p < 0.05). Conversely,
changes in duration did not yield a significant impact on intradiscal pressure (p >
0.05). Additionally, after traction with varying loading forces (50N, 150N, 250N), a
noteworthy decrease in intradiscal pressure was observed (p < 0.05). And a
comparative analysis revealed that rotation-tractionmanipulationmoremarkedly
reduced intradiscal pressure compared to traction alone (p < 0.05).

Conclusion: Both rotation-traction manipulation and cervical spine traction can
reduce intradiscal pressure, exhibiting a positive correlation with force. Notably,
manipulation elicits more pronounced and immediate decompression effect,
contributing a potential biomechanical rationale for its therapeutic efficacy.

KEYWORDS

rotation-traction manipulation, intradiskal pressure, cervical intervertebral discs,
biomechanics, cervical spine traction
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1 Introduction

Manual therapy interventions are a preferred treatment for both
healthcare professionals (Ferrari and Russell, 2004; Poitras et al.,
2005; Sherman et al., 2006; Carlesso et al., 2014)and patients with
musculoskeletal pain conditions (Broom et al., 2012; Hurwitz, 2012;
Aickin et al., 2013; Murthy et al., 2015). Spinal manipulation is one
of the most commonly used manual techniques and is widely
popular worldwide. It exerts therapeutic effects by applying high-
velocity, low-amplitude forces to specific areas of the spine (Wirth
et al., 2019), with demonstrated clinical efficacy in reducing muscle
inhibition (Vining et al., 2020), modulating neuromuscular
excitability (Kingett et al., 2019), and correcting proprioceptive
deficits (Haavik et al., 2018).

Clarifying the therapeutic mechanisms inherent to manual
therapy has consistently been a pivotal focus in specialized
domain. Establishing the biological effects of treatment can assist
clinicians in elucidating the mechanisms contributing to clinical
populations and matching appropriate therapeutic measures
(Clauw, 2015; Edwards et al., 2016). Mechanism-based manual
therapy epitomizes a judicious and precisely targeted approach
(Granovsky and Yarnitsky, 2013; Edwards et al., 2016). Bialosky
and Pickar have proposed comprehensive models for the therapeutic
mechanisms of manual therapy, suggesting an integrated interaction
between biomechanics, neurophysiology, psychological factors, and
the endocrine system (Pickar, 2002; Bialosky et al., 2008; Bialosky
et al., 2018). Among these, biomechanical mechanisms are
considered a necessary condition that initiates a cascade of
neurophysiological and endocrine responses.

Biomechanical studies have extensively examined the effects of
spinal manipulation on the spine, but they have provided limited
insights into the underlying mechanisms responsible for the clinical
efficacy it offers (Bialosky et al., 2018; Gyer et al., 2022). One aspect
explored in these studies is the decompression of the intervertebral
disc during spinal manipulation (Lisi et al., 2006; Mitchell et al.,
2017). It has been suggested that this technique reduces joint surface
loading and nerve root compression, potentially alleviating
discogenic pain associated with disc degeneration. And the
transient reduce in intradiskal pressure can trigger a series of
subsequent reactions, including modulation of pain fiber
conduction and adjustment of nociceptors. By relieving pressure,
spinal manipulation offers a biomechanical explanation for the pain
relief experienced by certain patients.

However, this biomechanical explanation have reported
conflicting evidence. Maigne and Deursen and van Deursen DL
et al. (Maigne and Guillon, 2000; Van Deursen et al., 2001a; Van
Deursen et al., 2001b) Studies have shown a significant reduction in
disc pressure after spinal manipulation, both in human and animal
experiments. In constrast, Brenda study (Yantzer et al., 2007) shows
that Small torsion torques has no significant difference in intradiscal
pressures or disc heights. The study also suggested, in contrast to other
studies, that purely axial torsional forces hardly change the Intradiskal
pressure, while proper angular displacement (0.5°–2.0°) reduces the
pressure. From a biomechanical perspective, axial rotation has
minimal impact on intradiscal pressure, while an additional
vertical force is applied that intradiscal pressure is further influenced.

Unlike traditional spinal manipulation, the Rotation-Traction
Manipulation (RTM) changes thrust direction from basically

rotation to longitudinal traction. Studies have shown that RTM
can reduce the risk of excessive rotation through the subject’s active
rotational position and the operator’s upward thrust (Zhu et al.,
2017). Based on the knowledge of the manipulation effecting on
intradiscal pressure and spinal biomechanics in previous studies, we
believed that the longitudinal traction force of RTM is more helpful
in reducing intradiscal pressure. However, to our knowledge, there
are no biomechanical studies that provide above information in the
class of spinal manipulation characterized by longitudinal traction
thrust. And there is a lack of comparative studies investigating the
differences in intradiscal pressure effects between manipulation and
cervical traction.

Therefore, the purpose of this study was to evaluate the effect of
different biomechanical parameters of RTM on intradiscal pressures
in cervical spine specimens, and compare the differences in
intradiscal pressures between manipulation and traction. We
hope the results may provide a potential biomechanical
explanation for the mechanisms of RTM Figure 1.

2 Methods

2.1 Specimen preparation

Seven adult male cervical spine specimens with a mean age of
39.3 ± 4.9 years were obtained for testing in this experiment (source
of specimens was the Beijing Anatomical Society). All specimens
were free of severe spinal deformities and history of cervical spine
surgery. The upper end of the cervical spine specimens were
dissected at 10 cm above the occipital foramen and at the level of
the T1-2 disc, preserving the integrity of the cervical ligaments and
small joints. The specimens were stored in a low-temperature
refrigerator at −20°C and thawed naturally before testing. The
upper cranial base and the lower T1 vertebrae were placed in
plastic containers and embedded with polymethylmethacrylate,
exposing only the cervical segment (C1-C7). The level of the
upper and lower embedding blocks was not greater than 0.1°; the
greater foramen of the occipital bone was parallel to the horizontal
plane, and the upper edge of the C6 vertebral body was at an
approximately 20° anterior angle to the horizontal (simulating a
normal neutral spine position). Finally, the puncture needle was
used to guide the micro-pressure sensitive element coated with
silicone into the nucleus pulposum to measure the pressure.
After pulling out the puncture needle, the air intake was sealed
with 401 glue. Only the wire of the sensor was connected to the
external recorder to keep the seal in the nucleus pulposum. As the
nucleus pulposus belongs to gelatinous substances, whose inner state
accords with Pascal law, therefore, the plantation direction of the
sensors is not specially disposed. Radiographs were taken after all
specimens were processed to confirm the location of the
micropressure-sensitive elements (Figure 2).

2.2 Experimental equipment

(1) MTS Biomechanical Machine: Model MTS858.02, America.
Minnesota. Company. (2) Miniature pressure sensor: Produced by
precision measurement company of the United States, Model 060,
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FIGURE 1
Graphical abstract.

FIGURE 2
Cervical spine spicemen with the Miniature pressure sensor embedded in the nucleus pulposus (Left) and X-Ray of cervical spine spicemen (Right).
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measuring range of 0–1.4Mpa, diameter of 1.5mm, thickness
of 0.3 mm.

2.3 Rotation-traction manipulation

The subjects were manipulated in an upright seated position.
The physiotherapists stood behind the subjects. Taking RTM of
the right side as an example (Figure 3), the parameters were as

follows: (1) rotation-Anteflexion position: the patient’s head was
guided to rotate to the right direction limit, then flexed, and finally
rotated to the right direction limit again. (2) Preload: the patient’s
mandible was held in the manipulator’s forearm and then pulled
slowly upward for about 3–5 s (3) upward-thrust: the head was
thrust upward rapidly after pretraction and a “click” was
always heard.

The preceding text outlines the clinical procedure for the RTM.
In this study, we reproduce this technique through MTS

FIGURE 3
Procedure of RTM. (A) shows the subject’s active rotary-position process of rotation-flexion-rotation under guidance. (B) shows a physiotherapist
performing preload traction and upward-thrust.

TABLE 1 Intradiscal Pressure in different conditions during Rotation-Traction Manipulation.

Condition C2-3 C3-4 C4-5 C5-6 C6-7 C 2–7 mean

Nautral Position 0.84 (0.46) 0.76 (0.44) 0.44 (0.29) 0.48 (0.36) 0.43 (0.26) 0.74 (0.31)

Rotation-Anteflexion 0.91 (0.53) 0.92 (0.60) 0.57 (0.40) 0.57 (0.42) 0.59 (0.37) 0.88 (0.40)

Preload 0.30 (0.24) 0.31 (0.28) 0.10 (0.16) 0.09 (0.15) 0.10 (0.12) 0.19 (0.24)

Thrust 0.07 (0.16) 0.12 (0.19) −0.10 (0.15) −0.02 (0.13) 0.11 (0.08) 0.03 (0.17)

TABLE 2 Difference value of Intradiscal pressure between Thrust and Preload with different force and duration parameters.

Duration (s) Thrust force (N) C2-3 C3-4 C4-5 C5-6 C6-7 C 2-7 (mean)

0.05 50 0.20 (0.08) 0.12 (0.07) 0.06 (0.09) 0.08 (0.06) 0.06 (0.06) 0.08 (0.04)

150 0.22 (0.13) 0.25 (0.10) 0.14 (0.12) 0.10 (0.08) 0.11 (0.06) 0.16 (0.06)

250 0.29 (0.13) 0.19 (0.17) 0.18 (0.16) 0.18 (0.14) 0.14 (0.10) 0.18 (0.08)

0.1 50 0.14 (0.06) 0.09 (0.05) 0.10 (0.07) 0.04 (0.05) 0.06 (0.04) 0.08 (0.03)

150 0.23 (0.08) 0.19 (0.09) 0.20 (0.06) 0.11 (0.06) 0.01 (0.04) 0.16 (0.07)

250 0.31 (0.16) 0.25 (0.09) 0.23 (0.10) 0.18 (0.09) 0.16 (0.09) 0.21 (0.08)

0.15 50 0.09 (0.10) 0.14 (0.08) 0.10 (0.06) 0.04 (0.05) 0.06 (0.04) 0.09 (0.04)

150 0.30 (0.17) 0.14 (0.09) 0.08 (0.12) 0.20 (0.15) 0.18 (0.14) 0.15 (0.06)

250 0.33 (0.20) 0.24 (0.13) 0.15 (0.09) 0.18 (0.13) 0.18 (0.11) 0.17 (0.08)

Data are expressed as Mean (SD). Cn-n represents the disc of the corresponding segment. C 2–7 mean represents the average of intradiscal pressures in five intervertebral disc.
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Biomechanical machine simulation based on previously quantified
biomechanical data (Huang et al., 2017; Zhu et al., 2017).

2.4 Experimental procedures

The experiment is to be carried out at the Key Laboratory of
Beijing of TCM Bone Setting, and the room temperature during the

experiment remains around 25°C. Fix the prepared specimens on the
experimental biomechanical machine (MTS858) Which are Servo
and linear actuator motor to ensure that cervical spine specimens are
operated under predetermined conditions (direction, force and
duration). Three 350Ω resistors were connected to
micropressure-sensitive elements to form a Wheatstone bridge,
and the leads were connected to the data acquisition system to
form a pressure measurement system to monitor the changes of

FIGURE 4
Comparison of Intradiscal pressure in different manipulation conditions. N: Neutral Position. R: Rotation-Anteflexion. P: Preload. T: Thrust.

TABLE 4 Intradiscal Pressure in different conditions during Rotation-Traction Manipulation.

Loading force (N) Loading procedure t P

Thrust Traction

50 0.10 (0.20) 0.26 (0.20) 3.46 0.001

150 0.03 (0.16) 0.14 (0.14) 3.679 0.001

250 −0.03 (0.13) 0.07 (0.08) 4.103 <0.001

Data are expressed as Mean (SD). Data were collected at the points of traction cessation and thrust cessation, with the average values obtained for the intervertebral discs at C2-7.

TABLE 3 Intradiscal Pressure in different conditions during Cervical Traction.

Traction force (N) C2-3 C3-4 C4-5 C5-6 C6-7 C 2–7 mean

0 1.06 (0.15) 0.96 (0.22) 0.63 (0.24) 0.59 (0.31) 0.66 (0.15) 0.78 (0.28)

50 0.42 (0.25) 0.25 (0.16) 0.14 (0.17) 0.17 (0.19) 0.31 (0.15) 0.26 (0.20)

150 0.10 (0.15) 0.19 (0.17) 0.10 (0.11) 0.10 (0.05) 0.13 (0.09) 0.12 (0.12)

250 0.04 (0.05) 0.08 (0.06) 0.09 (0.06) 0.17 (0.05) 0.05 (0.04) 0.05 (0.07)

Data are expressed as Mean (SD). Cn-n represents the disc of the corresponding segment. C 2–7 mean represents the average of intradiscal pressures in five intervertebral disc.
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Intradiskal Pressure with varis manipulations loaded by
MTS machine.

RTM procedure: the following loading plan was designed based
on the biomechanical data (Huang et al., 2017; Zhu et al., 2017):
First, the traction force of the machine was zeroed out, and a force of
100N was preloaded according to the center of gravity of the head to
simulate the weight of the head. Then, the cervical spine specimen
was rotated 80° and bent forward 20° to reach the preset position of
the cranking maneuver. First, it was slowly pulled upward with a
force of 150N for 3 s to simulate the clinical preloading operation
process. Then, it was quickly pulled upward with the force of 50N,
150N and 250N within 0.15 s, 0.1 s and 0.05 s respectively. The
thrust process of different time periods and forces was simulated.

Cervical spine traction procedure: Firstly, the machine’s loading
force was reset to zero, and a preload force of 100N was applied
according to the head’s center of gravity to simulate the weight of the
head. Subsequently, maintaining the cervical spine in a neutral
position, forces of 50N, 150N, and 250N were individually
applied in an upward direction. The forces were uniformly
increased over a period of 10 s and then sustained for 3 min to
emulate the clinical cervical spine traction process.

Two small load/unload cycles were performed before each
formal loading to minimize viscoelastic effects on the cervical
spine. The interval between each operation is 5 min to make the

cervical vertebra creep deformation and ensure the stability of the
experimental results.

2.5 Data analysis

Data were analysed using SPSS software. All statistical tests were
conducted using bilateral tests, and if the p-value was less than or
equal to 0.05, the differences tested would be considered statistically
significant. Quantitative data are expressed as the Mean (SD).
According to the research objectives and data characteristics of
this study, paired t-test, One-way ANOVA and LSD tests were used
were selected for statistical expression.

3 Results

3.1 Variation of intradiscal pressure
during RTM

The mean intradiscal pressures were 0.74 (0.31) MPa in the
neutral position, 0.88 (0.40) MPa in the rotational-anterior flexion
position, 0.19 (0.24) MPa in the preload, and 0.03 (0.17) MPa in the
thrust for all five discs. There was a significant decrease of Intradiskal

FIGURE 5
Variations in intradiscal pressure of different intervertebral discs during the application of manipulation. Statistically significant disparities in
intranuclear pressure between different parameters (force and duration) are indicated by connecting lines. D-value: difference value of intradiscal
pressure before and after manipulation.
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pressure during preloading and thrusting in every cervical
intervertebral disc (p < 0.05), while the difference between thrust
and preload for C5-6 and C6-7 discs was not significant (p > 0.05).
No significant differences in individual disc internal pressures were
observed between Neutral and Rotation-Anteflexion position (p >
0.05) (Figure 4, Table 1).

Data are expressed asMean (SD). Cn-n represents the disc of the
corresponding segment. C 2–7 Mean represents the average of
intradiscal pressures in five intervertebral disc. The thrust
parameters are chosen as 150N force and 0.1 s duration

Taking into account the different variations caused by
preloading, we counted the difference value of Intradiscal
pressure between Thrust and Preload (Figure 5). When the thrust
duration was fixed, there was a significant difference of Intradiscal
pressure changes between different thrust force (p < 0.05), and it was
positively correlated with the magnitude of force. Further two-by-
two comparison in LSD, 150 N thrust force shows a more significant
decrease of Intradiskal pressure than 50 N (p < 0.05), and a decrease
was also observed with 250 N–150 N despite this was not statistically
significant (p > 0.05) (Table 2).

When the thrust force was fixed, there was no significant
difference of Intradiscal pressure changes between different thrust

duration (p > 0.05). The Intradiskal pressure seemed to be
unaffected regardless of the variation in duration (Figure 6).

3.2 Variation of intradiscal pressure during
cervical traction

The average intervertebral disc pressure in the neutral position
was 0.78 (0.28) MPa, reduced to 0.26 (0.20) MPa under 50N
traction, further decreased to 0.12 (0.12) MPa under 150N
traction, and reached 0.05 (0.07) MPa under 250N traction. In all
cases, intervertebral disc pressure significantly decreased post-
traction (p < 0.05). We assessed the impact of traction force
variations on intervertebral disc pressure, revealing statistically
significant differences among different traction forces (p < 0.05),
with a positive correlation observed between traction force
magnitude and disc pressure reduction. Further pairwise
comparisons using LSD indicated that 150N traction was more
effective in significantly reducing intervertebral disc pressure
compared to 50N traction (p < 0.05), and 250N traction
demonstrated a more pronounced decrease in disc pressure
compared to 150N traction (p < 0.05) (Figure 7, Table 3).

FIGURE 6
Depict the manipulation of cervical spine specimens using the MTS machine under varied mechanical and temporal parameters (above), and the
loading sequence for different parameters was entirely randomized. Furthermore, a comparative analysis was conducted on the differences in intradiscal
pressure between varying force magnitudes and durations (below), and the intradiscal pressure data were derived from the difference between Preload
and Thrust.
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3.3 Comparison of intradiscal pressure
changes between RTM and cervical traction

We conducted calculations to assess the impact of variations in
RTM and cervical spine traction on intervertebral disc pressure,
followed by a comparative analysis. Irrespective of the magnitude of
applied forces (50N, 150N, or 250N), we observed that manipulation
was significantly more effective in reducing intervertebral disc
pressure than sustained traction (p < 0.05). Data were collected
at the points of traction cessation and thrust cessation, with the
average values obtained for the intervertebral discs at C2-7 (Figure 8,
Table 4).

4 Discussion

This study aimed to describe the impact of cervical Rotation-
Traction Manipulation (RTM) with varying levels of force and
duration on the intradiscal pressure within human cervical spine
specimens, and compare the impact on intradiscal pressure between
RTM and traction. The research findings indicate that both RTM
and traction significantly reduce the intradiscal pressure of the
cervical spine. Moreover, the nucleus pulposus pressure decreases
further with increasing force parameters (50N, 150N, 250N).
However, the intradiscal pressure seems unaffected regardless of
changes in the thrust duration (0.05 s, 0.1 s, 0.15 s). And a
comparative analysis revealed that RTM more markedly reduced
intradiscal pressure compared to traction alone.

The intervertebral disc occupies one-third of the spinal column’s
height. Its primary function is to evenly distribute loads and allow

for minor spinal movements (Holck, 2010; Nnwell et al., 2017;
Rizwan et al., 2022). It forms a closed buffer system against gravity
and tension, composed of the annulus fibrosus, nucleus pulposus,
and cartilaginous endplates. The nucleus pulposus possesses
excellent water-retaining capacity, creating a hydrostatic
environment within. Its role is to evenly distribute stress to the
annulus fibrosus, vertebral bodies, and the entire spine. Due to the
tension exerted by the annulus fibrosus and the muscles and
ligaments surrounding the intervertebral disc, the nucleus
pulposus remains in a preloaded state, aiming to maintain
intrinsic stability of the spine (Fearing et al., 2018; Li et al., 2022;
Andrea et al., 2023). Existing research supports that decompression
of the intervertebral disc may alleviate discogenic pain associated
with intervertebral disc degeneration by reducing articular surface
load and nerve root compression (Pickar, 2002; Bialosky et al., 2008).
Therefore, measuring changes in intranuclear pressure during
traction maneuvers can effectively reflect the mechanical
environment within the cervical spine and potential
biomechanical mechanisms.

In the realm of measuring internal pressures within
intervertebral discs, various techniques have been employed.
Kramer (1977) involve direct measurement inside lumbar
intervertebral discs of lucid volunteers using a pressure-
measuring needle setup, was the most widely used method.
However, this method presents limitations when it comes to
assessing the internal pressures of dynamic cervical discs
subjected to rotational movements. One significant challenge
stems from the slender nature of cervical discs in human, with
an average front edge height of merely 4.37 mm (Pelker et al., 1991).
This poses difficulty for pressure-measuring needles with a diameter

FIGURE 7
(A) The MTS machine simulates the process of cervical spine traction. (B) Examining the variations in intradiscal pressure among different traction
forces. (C) Delving into the specific changes in nucleus pulposus pressure for each intervertebral disc.
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of 1.3 mm to puncture the disc, leading to potential damage, causing
at least 25% sectioning injuries to the anulus fibrosus. Furthermore,
during cervical spine rotation, shearing forces generated by the
anulus fibrosus may jeopardize the integrity of the pressure-
measuring needles and signal transmission.

To address these limitations, this experiment draws inspiration
from and enhances the measuring method pioneered by P. A. Cripton
(Miura et al., 2002). It utilizes five micro pressure sensors, allowing for
simultaneous measurement of internal pressures within the nucleus
pulposus of intervertebral discs spanning C2 to C7. This method
capitalizes on the use of small and delicate sensors, minimizing
potential harm to the anulus fibrosus and nucleus pulposus during
the puncturing process. Once implanted within the nucleus pulposus,
only three fine electric wires remain within the anulus fibrosus,
ensuring that even substantial cervical spine movements, including
rotation, bending, and stretching, do not compromise structural
integrity. Notably, this approach permits direct and dynamic
measurement of nucleus pulposus internal pressures with
exceptional sensitivity. Additionally, the equipment used for
pressure signal collection is straightforward and convenient,
enabling the measurement of internal pressures across multiple
nucleus pulposus of intervertebral discs, surpassing previous
methods limited to single-disc pressure measurements. Remarkably,
the static internal pressure values measured in cervical nucleus
pulposus closely align with those reported by P. A. Cripton.

In this experimental context, adult cervical spine specimens of
slightly advanced age were selected. As indicated by X-ray imaging,
these specimens exhibited varying degrees of retrogressive changes.
These changes, attributed to fibrosis-induced dehydration, likely
resulted in differing levels of decreased internal pressures within the
retrograded nucleus pulposus (Ferguson and Steffen, 2003; Park
et al., 2005). It’s worth noting that these discrepancies in internal
pressures between normal and degraded intervertebral discs could
potentially introduce variations in the statistical analysis of internal
pressures within different sections of the nucleus pulposus when
subjected to the same load (VELÍSKOVÁ et al., 2018), as well as in
their observed trends. While clinical diagnosis and classification of
intervertebral disc degeneration often utilize MRI scan (Zhang et al.,
2022; Liawrungrueang et al., 2023), this approach is not applicable to
in vitro specimens. We observed that such artificially induced
observations were prone to substantial subjective deviations.
Moreover, due to the limited number of specimens available for
this study, we were unable to carry out a comprehensive layer-by-
layer analysis of the experimental results.

After subjecting the cervical spine to various RTM in different
states, a consistent observation emerged—there was a discernible
decrease in the internal pressures of the cervical nucleus pulposus.
This decrease in pressure became more pronounced as the applied
lifting force increased. This phenomenon is corroborated by findings
from a study involving experiments on fresh cadaveric specimens

FIGURE 8
(A) Force-time graphs during the simulation of Rotation-Traction Manipulation using the MTSmachine. (B) Force-time graphs during the simulation
of cervical spine traction using the MTS machine. (C) A comparative analysis of the intradiscal pressure changes induced by Rotation-Traction
Manipulation and cervical spine traction. (D) Specific comparisons of changes within each intervertebral disc. Note: data were collected at the points of
traction cessation and thrust cessation.
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(Herzog, 2010). In this experiment, the 250N manipulation
simulated the accumulation of a pre-traction force of 150N,
ultimately reaching a stretching force of 400N, which is in close
proximity to the critical threshold associated with parenchymal
damage. The data obtained from this experimental setup reveal a
noteworthy trend: as the upward pulling force approaches 400N, the
decline in internal pressure values of the cervical nucleus pulposus
becomes less substantial, accompanied by a reduction in standard
deviation. This nonlinear behavior indirectly suggests that the
traction force has either neared or reached the critical point for
cervical spine instability. Consequently, in clinical practice, it is
prudent to apply a pre-traction force of 150N, which has proven
effective in safely decreasing the internal pressures of the cervical
nucleus pulposus. It is essential to exercise caution when lifting and
thrusting with force exceeding 250N after applying 150N of pre-
traction, as doing so may risk causing injury to the cervical spine.
Vigorous manipulations of this nature should be avoided in clinical
settings at all costs.

This study has several limitations. Firstly, The intervertebral
discs and nucleus pulposus structures in cadaveric specimens exhibit
certain disparities from their physiological states. It is imperative to
approach the results with heightened caution. Secondly, to preserve
the integrity of nucleus pulposus, only a single sensor was inserted
into each nucleus pulposus. The choice between precise
microdamage measurement and comprehensive multi-site
damage measurement poses a conflicting dilemma. Thirdly, The
intradiskal pressure measurement tool employed in this study
requires the specimens to be maintained in a stable condition,
making it challenging to capture the dynamic changes in
intradiskal pressure throughout the entire operative procedure.
Finally, this study primarily offers valuable insights and potential
biomechanical explanations for the manipulation mechanism.
However, as a comprehensive intervention, its clinical efficacy
necessitates consideration from multiple perspectives.
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Standard isometric contraction
has higher reliability than
maximum voluntary isometric
contraction for normalizing
electromyography during level
walking among older adults with
knee osteoarthritis

Xiaoxue Zhu1, Yaya Pang1, Li Li2, Wei Sun1, Lijie Ding1,
Qipeng Song1* and Peixin Shen1*
1College of Sports and Health, Shandong Sport University, Jinan, China, 2Department of Health Sciences
and Kinesiology, Georgia Southern University, Statesboro, GA, United States

Introduction: Electromyography (EMG) normalization often relies on maximum
voluntary isometric contraction (MVIC), which may not be suitable for knee
osteoarthritis (KOA) patients due to difficulties in generating maximum joint
torques caused by pain. This study aims to assess the reliability of standard
isometric contraction (SIC) for EMG normalization in older adults with KOA,
comparing it with MVIC.

Methods:We recruited thirty-five older adults with KOA and collected root mean
square EMG amplitudes from seven muscles in the affected limb during level
walking, SIC, and MVIC tests. EMG data during level walking were normalized
using both SIC and MVIC methods. This process was repeated after at least
1 week. We calculated intra-class correlation coefficients (ICCs) with 95%
confidence intervals to evaluate between- and within-day reliabilities.

Results: SIC tests showed higher between- (ICC: 0.75–0.86) andwithin-day (ICC:
0.84–0.95) ICCs across all seven muscles compared to MVIC tests. When
normalized with SIC, all seven muscles exhibited higher between- (ICC:
0.67–0.85) and within-day (ICC: 0.88–0.99) ICCs compared to MVIC
normalization.

Conclusion: This study suggests that SIC may offer superior movement
consistency and reliability compared to MVIC for EMG normalization during
level walking in older adults with KOA.
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1 Introduction

Knee Osteoarthritis (KOA) is a chronic degenerative disease
caused by the degeneration of articular cartilage through wear and
tear (Lv et al., 2021), commonly occurring in older adults (Heidari,
2011), with clinical symptoms including pain, stiffness, and
instability (Hsu and Siwiec, 2023). Knee muscle activation and its
induced gait pattern were different in KOA patients compared to
healthy controls, whichmay be a compensatory strategy to cope with
KOA symptoms (Hubley-Kozey et al., 2006). Electromyography
(EMG) is a biomedical signal that measures the electrical
currents generated during muscle contractions that represent
neuromuscular activity (Raez, Hussain, and Mohd-Yasin, 2006).
EMG can be used to dynamically observe the degree and duration of
muscle activation. Analysis of EMG during level walking among
older adults with KOA helps to understand the changes in muscle
activation and knee biomechanics (Schrijvers et al., 2021) and can be
beneficial in the diagnosis, treatment, and rehabilitation of KOA
(Sun et al., 2017; Kour, Gupta, and Arora, 2021).

Normalization influences the consistency and comparability of
EMG among older adults with KOA (Kellis and Baltzopoulos,
1996; French et al., 2015). A normalization method should be
reliable to ensure that EMG signals from the muscles are credible
in identifying muscle dysfunction and evaluating treatment
efficacy (Dankaerts et al., 2004a). The more reliable the SIC
normalization method is, the more accurately researchers will
be able to compare and analyze muscle activation among older
adults with KOA, thus gaining insights into muscle activation
patterns, and even the etiology of KOA, to develop precise
rehabilitation programs.

Maximum voluntary isometric contraction (MVIC) is the most
common approach for normalizing EMG (Merletti and Di Torino,
1999), but it may not be suitable for older adults with KOA. To
obtain EMG during MVIC, participants need to maximize muscle
contraction, and older adults with KOA may be unable or unwilling
to produce maximal muscle contraction due to pain, stiffness,
instability, muscle weakness, arthrogenous muscle inhibition, and
other factors (Thomas et al., 2008). In addition, there is a risk of
increasing blood pressure during MVIC, which may be harmful to
older adults (Watanabe et al., 2022). When participants cannot
perform MVIC due to pain or risk of injury (Besomi et al., 2020),
traditional sub-MVIC provides an alternative that allows
participants to contract their muscles at a certain percentage of
MVIC. However, the percentage varies in the literature, like 30%
(Yang andWinter 1983), 60% (Norasi, Koenig, and Mirka, 2022), or
75% (Doorenbosch, Joosten, and Harlaar, 2005). The percentage is
difficult to determine for older adults with KOA, given the pain level
and strength degradation vary between individuals and conditions.
Standard isometric contraction (SIC) could be viewed as a unique
form of sub-MIVC, in which participants remain in a standard
position and isometrically contract their muscles to resist the body
weight (Dankaerts et al., 2004b). It is called “standard” because the
contraction force is relatively consistent and depends on body
weight only. SIC differs from other calibration methods such as
MVIC or traditional Sub-MVIC in that it requires participants to
perform isometric contractions in a standard antigravity position
rather than maximal or submaximal muscle contractions, thus
avoiding the effects of factors such as pain and joint instability

on the reproducibility of movements, and therefore has the potential
to improve the movement or EMG consistency.

Therefore, this study has a two-fold objective: 1) to assess the
between- and within-day reliabilities of EMG during SIC and MIVC
tests among older adults with KOA; and 2) to assess the between-
and within-day reliabilities of EMG during level walking normalized
with SIC or MVIC among older adults with KOA. We hypothesized
that: 1) among older adults with KOA, the between- and within-day
ICCs of EMG are higher during SIC tests than in MVIC tests; and 2)
compared with MIVC, the between- and within-day ICCs of EMG
normalized with SIC are higher during level walking.

2 Methods

2.1 Participants

All participants were recruited from local communities by
distributing flyers and providing presentations. Thirty-five
participants voluntarily participated in this study. The inclusion
criteria were: 60 years or older; diagnosed with unilateral KOA
according to the clinical criteria of the American College of
Rheumatology (Altman et al., 1986); and a Kellgren/Lawrence
(K/L) grade of 2–4 as determined by an orthopedic specialist
based on a patient’s x-rays (Kellgren and Lawrence, 1957). The
exclusion criteria were: suffering from a neurological or
neuromuscular disorder that affects the knee (other than the
KOA); had a history of any lower extremity joint surgery or
fractures in the past 3 months; reported chronic, disabling back,
hip, ankle, or foot pain that affected their daily activities; used an
assistive walking aid regularly; or had severe cognitive impairment
according to Mini-mental State Examination (score<24 points). All
participants gave their written informed consent. Human
participation was approved by Institutional Review Boards in
Shandong Sport University (2020018) and was in accordance
with the Declaration of Helsinki.

2.2 Target muscles

The seven target muscles in this study were gluteus maximus
(GM), semitendinosus (SD), rectus femoris (RF), vastus lateralis
(VL), tibialis anterior (TA), gastrocnemius lateral (GL), and soleus
(SOL) of the affected leg. These seven muscles were commonly
measured in gait analysis (Burden, Trew, and Baltzopoulos, 2003;
Hubley-Kozey et al., 2009; Elsais et al., 2020), including one- and
two-joint hip extensor (GM and SD), two-joint hip flexor (RF), one-
and two-joint knee extensor (VL and RF), two-joint knee flexor (SD
and GL), one- and two-joint plantar flexor (SOL and GL), and one-
joint dorsiflexor (TA).

2.3 Protocols

The tests were conducted at the Biomechanics Laboratory of
Shandong Sport University. The enrolled participants visited the
laboratory twice for two experimental sessions separated by at least
1 week. The participants’ demographics such as age, height, body
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FIGURE 1
Electrode placement diagram. This image was taken from 3D body and used with permission.

FIGURE 2
Illustrations of SIC tests for different muscles (A) Gluteus maximus, (B) Semitendinosus, (C) Rectus femoris and Vastus lateralis, (D) Tibialis anterior,
(E) Gastrocnemius lateral and Soleus.
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mass, body mass index, and pain score were recorded. The pain
score of the affected leg was assessed by five pain items of the
Western Ontario McMaster Universities Osteoarthritis Index
(WOMAC) (Bellamy et al., 1988). In each item, 0 points
represented “no pain”, whereas 10 points represented “the worst
pain possible”. Higher scores indicate more severe pain.

EMG was collected during each session from level walking, SIC,
and MVIC tests in a fixed order. EMG was recorded from the GM,
SD, RF, VL, TA, GL, and SOL using a 16-channel EMG system at
2000 Hz (Ultium 8801, Noraxon Inc, United States of America).
Before applying the electrodes, the skin was lightly shaved and
cleaned with 70% alcohol wipes. According to the SENIAM
recommendations (Hermens et al., 1999), Ag/AgCl surface
electrodes (10 mm diameter, 20 mm inter-electrode distance)
were placed over the seven muscles. The electrodes were placed
as close to the center of the muscle belly as possible in view of the run
of muscle fibers while avoiding the motor point (Warfel, 1985; De
Luca and Carlo, 1997) (Figure 1). Forty-three reflective markers
were placed according to the full-body Plug-in-Gait model (Paterson
et al., 2017). Kinematic parameters were measured by using a 12-
camera motion analysis system at 100 Hz (Vicon, Oxford Metrics
Ltd., United Kingdom).

2.3.1 Level walking test
Each participant walked at a self-selected speed on a 10 m

walkway, and a minimum of six gait cycles were included in each
test for further analysis (Shiavi et al., 1998). EMG from the
participants’ affected legs was collected. Participants with KOA
had different walking speeds, so self-selected speeds were chosen
to increase the consistency of the EMG tests (Kadaba et al., 1989).
The gait cycle was defined as the time between two consecutive foot-
contact instances of the same foot, and the instance of foot-contact
was calculated by the kinematic variables (Zeni et al., 2008).

2.3.2 SIC test
Participants extended their affected hips until the knees were

3 cm above the bed’s surface while lying prone during the GM tests
(Figure 2A), stood on their healthy legs, and bent their affected knees
to 90° during the SD tests (Figure 2B), squatted while kept their
backs straight and flexed their trunks to 45° and knees to 120° during
the RF and VL tests (Figure 2C), sat on a chair with their hips and
knees flexed to 90° during the TA tests, dorsiflexed their affected
ankles while strapping a sandbag weighing approximately 5% of the
body weight to the metatarsophalangeal joint during the TA test
(Figure 2D), stood on their forefeet with their heels raised to about
2 cm above the ground during the GL and SOL tests (Figure 2E).
During RF and VL, and GL and SOL tests, the participants were
verbally reminded to bear weight evenly on both lower limbs. Each
test lasted for at least 5 s and was repeated thrice. Participants rested
for 20 s between successive repetitions, or longer if needed.

2.3.3 MVIC test
During the MVIC test, the participant’s body and joint positions

were as follows: prone position with hips extended at 20° during the
GM test; prone position with knees flexed at 30° during the SD test;
seated position with knees flexed at 90° during the RF and VL tests;
supine position with ankles plantarflexed at 90° during the GL and
SOL tests (Konrad, 2005). Participants were instructed to maintain a

standardized position against maximal manual resistance and were
verbally encouraged to contract with the maximum effort and hold
for at least 5 s. Each test was repeated thrice, and participants were
allowed to rest for 120 s between successive repetitions (De Luca and
Carlo, 1997).

2.4 Data reduction

The root mean square of EMG amplitudes from the level
walking, SIC, and MVIC tests were processed using
MR3 software (version 3.14, Noraxon Inc, United States). Visual
inspection ruled out EMG noise due to poor electrode contact or
skin movement artifacts during level walking. Raw EMG was band-
pass filtered between 20 and 500 Hz (Tabard-Fougère et al., 2018).
Then, the filtered data is rectified and filtered, with RMS calculated
using a moving 50 m time window. (Albertus-Kajee et al., 2011),
from six gait cycles during level walking. The EMG from the first and
last seconds of each trial was discarded, and the mean EMG of the
remaining 3s during SIC and MVIC tests was used as the reference
amplitudes (Ha et al., 2013). The raw and rectified/smoothed EMG
in all seven muscles during the SIC and MVIC tests is shown in
Figure 3. The EMG of the lower limbs during level walking was
normalized using SIC and MVIC (Figure 4). The mean values of
normalized EMG from the six gait cycles were used to calculate the
ICCs. The normalized EMGwas calculated by dividing the gait EMG
by the reference amplitudes. The between-day reliabilities were
calculated using the normalized EMG during level walking of the
first and second visits, while the within-day reliabilities were
calculated using the normalized EMG among six repeated
measurements of the first visit.

2.5 Data analysis

Statistics were done using SPSS software (Version 22; SPSS
Inc, United States). Intra-class correlation coefficient (ICC) and
95% confidence interval (95% CI) were calculated to assess test-
retest reliabilities (Koo and Mae, 2016). The ICCs were calculated
by a two-way mixed model (Müller and Büttner, 1994). The
thresholds for ICCs were little (0–0.25), low (0.26–0.49),
moderate (0.50–0.69), high (0.70–0.89), and very high (0.90–1)
(Wedege et al., 2017).

The ICCs were calculated using the following formula:

ICC 3, k( ) � MSB −MSE( )/ MSB + MSR −MSE( )/n( )
Where MSB = between-subjects mean square; MSE = residual

mean square; MSR = row mean square, indicating the mean square
for raters; n = number of participants; k = number of raters.

3 Results

The demographics of the participants are shown in Table 1.
Mean and standard deviation of age, height, mass, body mass index,
Kellgren/Lawrence scale, and pain score were reported.

The between-day ICCs of EMG during the SIC and MVIC tests
are shown in Table 2. They were high in all seven muscles during the
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SIC tests, high in GM and SD, and moderate in RF, VL, TA, GL, and
SOL during the MVIC tests. Compared with MVIC, the SIC had
higher between-day ICCs in all seven muscles.

The within-day ICCs of EMG during the SIC andMVIC tests are
shown in Table 3. They were high to very high in all seven muscles

during the SIC tests, and high in seven muscles during the MVIC
tests. Compared with MVIC, the SIC had higher within-day ICCs in
all seven muscles.

The between-day ICCs of EMG amplitudes during level walking
normalized with SIC and MVIC are shown in Table 4. They were

FIGURE 3
Raw and rectified/smoothed EMG in all seven muscles from an exemplary participant during the SIC and MVIC tests (A) Gluteus maximus, (B)
Semitendinosus, (C) Rectus femoris, (D) Vastus lateralis, (E) Tibialis anterior, (F) Gastrocnemius lateral, (G) Soleus.
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high in RF, VL, TA, GL, and SOL andmoderate in GM and SD using
SIC normalization, whereas moderate in GM, SD, VL, TA, GL, and
SOL and low in RF using MVIC normalization. Compared with
MVIC, the between-day ICCs during level walking were higher in all
seven muscles.

The within-day ICCs of EMGs during level walking
normalized with SIC and MVIC are shown in Table 5. They

were high to very high in all seven muscles using SIC or MVIC
normalization, and high in all seven muscles using MVIC
normalization. Compared with MVIC, the within-day ICCs
during level walking were higher in all seven muscles when
normalized with SIC.

The EMG amplitudes normalized with SIC and MVIC in older
adults with KOA during level walking are shown in Figure 4.

FIGURE 4
(A) EMG during level walking normalized with both SIC and MVIC Gluteus maximus, (B) Semitendinosus, (C) Rectus femoris, (D) Vastus lateralis, (E)
Tibialis anterior, (F)Gastrocnemius lateral, (G) Soleus. The horizontal axis represents the percentage of the gait cycle, the left vertical axis represents EMG
amplitudes normalized with SIC, and the right vertical axis represents EMG amplitudes normalized with MVIC. The curve represents the average root
mean square of six gait cycles. The solid line indicates 100% of MVIC; the dashed line represents 100% of SIC.

TABLE 1 Demographic characteristics of participants (n = 35).

Variable Visit1 Visit2

Age (y) 65.00 ± 4.13 65.00 ± 4.13

Height (cm) 160.92 ± 8.16 160.92 ± 8.16

Mass (kg) 69.14 ± 9.41 69.28 ± 9.27

BMI (kg/m2) 26.69 ± 3.06 26.75 ± 3.00

K/L 12 II, 20 III, 3 IV 12 II, 20 III, 3 IV

WOMAC-pain 10.11 ± 3.40 (5) 10.29 ± 3.38 (5)

BMI: body mass index; K/L: Kellgren/Lawrence scale; WOMAC: Western Ontario and McMaster Universities Osteoarthritis Index.
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4 Discussion

This study aimed to assess the between- and within-day reliabilities
of EMG during the SIC and MIVC tests, and level walking normalized

with SIC andMVIC. The results support our two hypotheses, compared
with MVIC, the SIC tests had higher between- and within-day ICCs;
during level walking, the between- and within-day ICCs were higher
when normalized with SIC than normalized with MVIC.

TABLE 2 Between-day reliabilities of EMG during the SIC and MVIC tests (n = 35).

Target muscles
SIC MVIC

ICC (95% CI) ICC (95% CI)

Gluteus maximus 0.84 (0.70–0.91) 0.79 (0.62–0.89)

Semitendinosus 0.829 (0.689–0.91) 0.77 (0.57–0.88)

Rectus femoris 0.80 (0.63–0.89) 0.53 (0.24–0.73)

Vastus lateralis 0.80 (0.63–0.89) 0.65 (0.41–0.81)

Tibialis anterior 0.80 (0.63–0.89) 0.63 (0.38–0.79)

Gastrocnemius lateral 0.86 (0.75–0.93) 0.69 (0.47–0.83)

Soleus 0.75 (0.56–0.87) 0.68 (0.44–0.82)

The form of ICC, used employs a two-way mixed model and the average measures for evaluation. EMG: electromyography; SIC: standard isometric contraction; MVIC: maximum voluntary

isometric contraction; CI: confidence intervals; ICC: intraclass correlation coefficient.

TABLE 3 Within-day reliabilities of EMG during the SIC and MVIC tests (n = 35).

Target muscles
SIC MVIC

ICC (95% CI) ICC (95% CI)

Gluteus maximus 0.94 (0.89–0.97) 0.84 (0.74–0.91)

Semitendinosus 0.89 (0.81–0.94) 0.75 (0.61–0.85)

Rectus femoris 0.89 (0.82–0.94) 0.85 (0.76–0.92)

Vastus lateralis 0.84 (0.74–0.91) 0.83 (0.73–0.91)

Tibialis anterior 0.92 (0.86–0.95) 0.80 (0.68–0.88)

Gastrocnemius lateral 0.90 (0.83–0.94) 0.89 (0.81–0.94)

Soleus 0.95 (0.92–0.98) 0.87 (0.77–0.93)

The form of ICC, used employs a two-way mixed model and the average measures for evaluation. EMG: electromyography; SIC: standard isometric contraction; MVIC: maximum voluntary

isometric contraction; CI: confidence intervals; ICC: intraclass correlation coefficient.

TABLE 4 Between-day reliabilities of EMG during level walking normalized with SIC or MVIC (n = 35).

Target muscles
SIC MVIC

ICC (95% CI) ICC (95% CI)

Gluteus maximus 0.67 (0.43–0.82) 0.64 (0.39–0.80)

Semitendinosus 0.67 (0.35–0.83) 0.65 (0.41–0.81)

Rectus femoris 0.85 (0.72–0.92) 0.47 (0.16–0.69)

Vastus lateralis 0.79 (0.63–0.89) 0.61 (0.35–0.79)

Tibialis anterior 0.71 (0.45–0.85) 0.60 (0.34–0.78)

Gastrocnemius latera 0.74 (0.55–0.86) 0.55 (0.27–0.74)

Soleus 0.74 (0.54–0.86) 0.53 (0.25–0.74)

The form of ICC, used employs a two-way mixed model and the average measures for evaluation. EMG: electromyography; SIC: standard isometric contraction; MVIC: maximum voluntary

isometric contraction; CI: confidence intervals; ICC: intraclass correlation coefficient.
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The outcomes indicated that the between-day reliabilities of EMG
during the SIC tests were high in all seven muscles. A previous study
supported us by reporting that the reliabilities were high in GM, RF,
SD, VL, and TA during isoMMT3 tests, similar to the SICwe proposed,
both of which require the target muscles to maintain isometric
contraction against body weight (Tabard-Fougère et al., 2018).
Besides, to obtain reliable EMG in GL and SOL, a standing with
heel-risemovement was adopted, whichwas reliable among individuals
with and without plantar flexion weakness (Yocum et al., 2010).
Moreover, the outcomes indicated that the between-day reliabilities
of EMG during the MVIC tests were moderate to high, and previous
studies partly supported our observations. High between-day
reliabilities in GM, RF, SD, and TA during the MVIC tests were
obtained in a previous study (Tabard-Fougère et al., 2018). Besides, we
detected moderate reliabilities in TA, RF, VL, GL, and SOL. These
findings support our assumptions that the poor motivation due to pain
among older adults with KOA during the MVIC tests would lead to
inconsistency in developing maximum isometric contraction torques.
This viewpoint was supported by a previous report, which observed
poor between-day reliabilities in back muscles during MVIC tests
among patients with low back pain (Lariviere et al., 2002). In addition,
altered neuromechanics in patients with KOA, such as muscle
weakness and joint muscle inhibition, may cause changes in joint
loading patterns and cartilage response to joint loading, which affects
the maximum isometric contraction torques, leading to poor between-
day reliability (Seeley et al., 2022).

The higher retest reliability of the SIC compared to the MVIC
may be attributed to two main reasons. Firstly, patients with KOA
typically experience symptoms of joint instability and pain (Bertini
and Làdavas, 2021; Hsu and Siwiec, 2023), which can significantly
affect their motivation level to participate in MVIC tests (O’Sullivan
et al., 2002). This leads to poorer consistency in the performance of
MVIC tests, resulting in lower reliability. In contrast, SIC tests are
less influenced by the motivation level. Testers only need to ensure
that standard testing actions are maintained throughout the test to
ensure consistency, thereby improving the retest reliability of SIC.
Secondly, MVIC tests require participants to perform isometric
contractions against maximal resistance, whereas SIC tests
involve isometric contractions against gravity. Studies have
shown that appropriate loading can maximally activate lower

limb muscles, thereby enhancing the stability of the action. This
increased action stability contributes to the consistency of surface
electromyographic results across multiple measurements.
Conversely, excessive loading can reduce action stability, leading
to decreased action consistency and lower retest reliability.

The outcomes indicated that the within-day reliabilities of SIC
and MVIC tests were high to very high in all seven muscles, and a
previous study supported us by pointing out that both of them have
good to excellent within-day reliabilities (Norcross et al., 2010).
Compared with MVIC, the SIC tests had higher between- and
within-day ICCs in all seven muscles. One possible reason is that
the consistency of the EMG amplitude over a single trial is better in
the SIC test than in the MVIC test, supported by the fact that the
SIC-like isoMMT3 test shows better within-trial consistency
(Tabard-Fougère et al., 2018).

The outcomes indicated that the between- and within-day
reliabilities of EMG during level walking are higher when
normalized by SIC compared with MVIC. Dankaerts and others
supported our findings by reporting better reliabilities during sub-
MVIC tests among participants with and without chronic low-back
pain compared with MVIC tests (Dankaerts et al., 2004a). One possible
reason was that SIC may have better movement consistency. During
SIC tests, body posture can be adjusted in time to ensure consistency of
movement. In contrast, the consistency of MVIC movements could be
affected by the level of motivation (Ettinger et al., 2016), which is
difficult to control and monitor during the tests (Beimborn and
Morrissey, 1988; O’Sullivan et al., 2002). The target muscles were
sub-maximally activated during the SIC tests, in which the
consistency of movements may be less affected by pain among older
adults with KOA. A previous study supported our viewpoint by
pointing out that pain reduces maximal muscle activation but does
not influence sub-maximal muscle activation among patients with
musculoskeletal pain (Lund et al., 1991). The pain would diminish
the motivation of older adults with KOA to develop maximum torques
during the MVIC tests (Thomas et al., 2008). Compared with MVIC,
the between-day reliabilities of EMG during level walking were
statistically higher in RF using SIC normalization. During the RF
test of MVIC, the participants were asked to extend their knee
against maximum resistance, which is considered to most likely to
cause knee pain (Lluch et al., 2018).

TABLE 5 Within-day reliabilities of EMG during level walking normalized with SIC or MVIC (n = 35).

Target muscles
SIC MVIC

ICC (95% CI) ICC (95% CI)

Gluteus maximus 0.98 (0.93–0.99) 0.89 (0.87–0.89)

Semitendinosus 0.88 (0.61–0.95) 0.75 (0.55–0.94)

Rectus femoris 0.92 (0.74–0.97) 0.82 (0.74–0.87)

Vastus lateralis 0.97 (0.85–0.99) 0.87 (0.78–0.89)

Tibialis anterior 0.96 (0.86–0.99) 0.82 (0.70–0.97)

Gastrocnemius lateral 0.99 (0.95–1.00) 0.89 (0.88–0.90)

Soleus 0.94 (0.75–0.98) 0.88 (0.83–0.89)

The form of ICC, used employs a two-way mixed model and the average measures for evaluation. EMG: electromyography; SIC: standard isometric contraction; MVIC: maximum voluntary

isometric contraction; CI: confidence intervals; ICC: intraclass correlation coefficient.
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Besides the higher reliability, SIC has other advantages. Our
results show that the reliability of the SIC test with a 20s rest period
is higher than the reliability of the MVIC test with a 120s rest period,
suggesting that the SIC tests have shorter periods and reduce the
likelihood of fatigue. SIC may also apply to patients with pain or
other musculoskeletal disorders (Wang et al., 2023), who may not be
able to perform MVIC, and even if they could, they may have a
higher risk of injury during the tests (Besomi et al., 2020).

This study has limitations. 1. Better reliability does not mean
that SIC is more appropriate for comparing participant groups
during gait (e.g., KOA versus healthy controls). SIC is
appropriate to be used to compare within-participant EMG (e.g.,
pre- and post-session interventions), but it should be avoided when
comparing EMG between groups of participants; 2. Interpretation
with respect to physiology/mechanism is difficult because the
reference value is not relative to the maximum capacity of the
muscle; 3. Both MVIC and SIC were isometric contractions, they
have different muscle fiber lengths and contraction types than
dynamic-level walking. During level walking, muscle fiber length
is constantly changing and therefore muscle activity is complex and
variable, whereas in SIC testing, muscle fiber length remains
constant and muscle activity is consistent (Vigotsky et al., 2017).
Future studies are encouraged to compare the reliabilities between
the SIC we proposed and functional dynamic normalization
methods (Ball and Scurr, 2013); 4. Only two trials were
conducted for each SIC or MVIC test, more trials were
recommended in the future to reduce the variability of the data.

5 Conclusion

Compared with the MVIC, the SIC may have better movement
consistency and be more reliable for normalizing EMG during level
walking among older adults with KOA.
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The effect of personalized
orthopedic insoles on plantar
pressure during running in subtle
cavus foot
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1School of Sport Science, Beijing Sport University, Beijing, China, 2School of Strength and Conditioning
Training, Beijing Sport University, Beijing, China, 3China Institute of Sport and Health Science, Beijing
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Objective: This study aims to investigate the patterns of plantar pressure
distribution during running for patients with subtle cavus foot (SCF) and
determine the impact of personalized orthopedic insoles with forefoot wedge
on plantar pressure distribution in patients with SCF.

Methods: Sixteen undergraduate participants (8 with SCF and 8 with normal
arches) were recruited based on arch height index measurements. Two full-
length insoles were personalized for each SCF based on plantar pressures during
running, an arch support insole (ASI) and an arch support with forefoot wedge
insole (AFI). Foot pressure data collected during different insole conditions in
running, analyzing ten regions of footprints for peak pressure and pressure-
time integral.

Results: Higher peak pressures were observed in patients with SCF at the medial
forefoot (p = 0.021), medial heel (p = 0.013), and lateral heel (p = 0.025), with a
higher pressure-time integral also noted at the medial forefoot (p = 0.025),
medial heel (p = 0.015), and lateral heel (p = 0.047) when compared to normal
arches. Compared with without-insole, both the AFI and the ASI reduced peak
pressure at themedial (AFI p=0.011; ASI p=0.024) and lateral heel (AFI p=0.028;
ASI p = 0.032). The AFI reduced peak pressure at the medial heel (p = 0.013)
compared with the ASI. Both the AFI and the ASI reduced pressure-time integral
at the medial forefoot (AFI p = 0.003; ASI p = 0.026), central forefoot (AFI p =
0.005; ASI p = 0.011), medial heel (AFI p = 0.017; ASI p = 0.005), and lateral heel
(AFI p = 0.017; ASI p = 0.019). Additionally, the ASI reduced pressure-time integral
at the big toe (p = 0.015) compared with the without-insole.

Conclusion: These findings demonstrate that during running in patients with SCF,
plantar pressures are concentrated in the forefoot and heel compared to the
normal arch. The personalized orthotic insoles can be used to effectively
redistribute plantar pressure in patients with SCF running. Incorporating a
forefoot wedge to specifically address the biomechanical abnormalities
associated with SCF may enhance the effectiveness of orthopedic insoles.
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1 Introduction

The subtle cavus foot (SCF) is characterized by a slight heel varus
and a plantarflex firstray, however formal statistics on the incidence
and prevalence of SCF are lacking (Deben and Pomeroy, 2014).
Although the cavus foot is commonly caused by neurological
disorders, SCF is considered to be a variant of normal as
common as flatfoot deformities (Monoli and Graham, 2005). The
Coleman block test detects if the heel varus for SCF is of primary
origin or is secondarily caused by the plantarflexion of the first
metatarsal (Deben and Pomeroy, 2014; Benjamin et al., 2020). A
one-inch block is placed under the heel and lateral border of the foot.
If the heel corrects to a normal or slightly valgus position, then the
heel varus is forefoot-driven by a rigidly plantarflexed first ray.
Failure of the heel varus to reduce indicates a rearfoot-
driven condition.

The specific structure of patients with SCF may result in
increased foot pressure, leading to frequent plantar pain during
physical activity. Clinical support for this potential association has
been largely extrapolated from studies examining the relationship
between arch height and sports and overuse injuries, due to a lack
of assessment of plantar pressure characteristics in patients with
forefoot-driven SCF. In a static standing posture, individuals with
high arches, as determined by arch index, showed a reduction in
pressure distribution in the arch, accompanied by an increase in
pressure distribution in both the forefoot and heel, compared to
those with a normal arches (Woźniacka et al., 2019). During
walking, the contact area is reduced, pressure (Carson et al., 2012;
Woźniacka et al., 2019) and pressure-time integral (Burns et al.,
2005) is higher in the heel and forefoot for those with high arches.
Additionally, the center of pressure is lateral (Li, Xiang, and
Zhang, 2020), and there is a notable reduction and delay in the
initial peak force exerted by the big toe, compared to individuals
with normal arches (Buldt et al., 2018). As a result, around 60% of
individuals with high arches of either idiopathic or neurogenic
aetiology experience fatigue while walking or running and often
report oppressive pain in the heel and metatarsal heads, which has
also been shown to correlate with high pressure-time integral
(Burns et al., 2005). Over time, mechanical overloading can
contribute to various conditions such as metatarsalgia, stress
fractures, and other stress-related disorders of the ankle, knee,
hip, and spine (Williams et al., 2001; Porter, 2018). This issue is
compounded by activities like running, which increase foot
loading and may further heighten the risk of pain and injuries
(Hollander et al., 2019). Additionally, current studies of high-
arched typically report collection of plantar pressure by means of
a pressure plate placed on the ground (Fernández-Seguín et al.,
2014; Woźniacka et al., 2019; Li, Xiang, and Zhang, 2020). In
comparison, flexible pressure insoles provide a way to measure
pressure between the plantar surface and the insole. With a
method of assessing plantar pressure appropriate to the clinical
setting, information about the plantar-insoles interface can
inform insole prescriptions when concurrent foot symptoms
are present. Consequently, understanding the distribution of
plantar pressures at the plantar-insoles interface during
running in patients with subtle cavus foot is crucial for guiding
targeted interventions in pain management and injury
prevention.

Most of the research on treating plantar pain in high-arched has
focused on redistributing plantar pressure through the use of elastic
insoles with shock-absorbing properties (Crosbie and Burns, 2007;
Jung-Kyu et al., 2015). It has been shown that orthotic insoles for
high-arched are effective in increasing contact area (Jung-Kyu et al.,
2015) and distributing plantar pressure to reduce foot pain scores
(Burns et al., 2006). In addition, it also reduces lower limb muscle
activity, thereby increasing effective muscle utilization (Jung-Kyu
et al., 2015). However, the Coleman block test confirms the flexible
of the patients with SCF and the potential of foot orthoses to
effectively realign the foot nature of the deformity (Manoli and
Graham, 2018). Adjusting the foot to a neutral position can improve
the biomechanical function of the foot, providing support and
stability, and reducing discomfort or pain (Pascual et al., 2009).
As a result, podiatrists recommend the use of a forefoot wedge pad
and lowering the support under the arch to help correct SCF (Manoli
and Graham, 2018; Benjamin et al., 2020). A study personalized full-
length orthoses for SCF with ankle instability and pain. The orthosis
was made of vinyl acetate with a groove under the first metatarsal
head, a wedge on the lateral forefoot, a lowered arch, and a cushion
on the heel. Follow-up questionnaires conducted after 1 and 2 years
of orthotic use showed significant improvement in the patient’s pain
and instability (LoPiccolo et al., 2010). However, further research is
needed to understand the effects of forefoot wedge adjustments on
dispersing plantar pressure in patients with SCF.

In summary, understanding plantar pressure distribution in
patients with SCF and analyzing the effect of forefoot wedge on
plantar pressure distribution are key factors in targeting pain
management and injury prevention strategies in patients with
SCF. Thus, this study aims to investigate the patterns of plantar
pressure distribution during running for patients with SCF and
determine the impact of orthopedic insoles with forefoot wedge
on plantar pressure distribution in patients with SCF. According
to the study of plantar pressure distribution in high-arch
populations, we hypothesized that peak pressure and pressure-
time integral are greater in the forefoot and heel during running
in patients with SCF compared to those in normal arches.
Furthermore, the arch support with forefoot wedge insoles is
more effective at reducing plantar pressure on the forefoot and
heel during running in patients with SCF compared to the arch
support insole.

2 Methods

2.1 Participants

Thirty-five patients with potentially high arches were evaluated
and 8 SCF patients (4 males and 4 females, age: 23.5 ± 2.7 years,
height 1.72 ± 0.06 m, weight 65.1 ± 8.6 kg) were retained for testing.
The patients with SCF had to satisfy the following criteria: high
arches of unknown etiology and free of neurological disease, in the
range of the Arch Height Index (AHI), forefoot valgus angle greater
than 10°, with the sign of the “peek-a-boo heel,” a positive Coleman
block test. AHI was measured as the vertical height of the dorsum at
half of the total foot length divided by the truncated foot length
(Williams andMcclay, 2000). The SCF individuals were identified as
those with AHI at least 1.5 standard deviations above the mean of a
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reference population (0.34 ± 0.03 arch height units), that is greater
than 0.385 (Zifchock et al., 2006). The measurement of the forefoot
valgus angle required the participant to be in the supine position,
ensuring that the foot was in a neutral position. The angle between
the alignment of the first to fifth metatarsals heads and the
horizontal line was measured (Figure 1A) (Najjarine and Kielt,
2008). The “peek-a-boo heel” sign is determined from an
anterior view of the foot, where a partial medial heel can be
observed as the participant stands (Figure 1B) (Deben and
Pomeroy, 2014). In the Coleman Block Test, a 1.5-cm rigid block
of wood is placed under the heel and lateral aspect of the
participant’s foot, and the sign is positive when the participant’s

heel is corrected to normal valgus from a posterior view (Figures 1C,
D) (Deben and Pomeroy, 2014).

Normal arch participants were matched based on gender, age,
height, weight, foot length of the eight subjects in the SCF group and
satisfied the AHI range of the reference population (4 males and
4 females, age: 23.5 ± 2.3 years, height 1.73 ± 0.08 m, weight 65.6 ±
6.9 kg). Anthropometric measures were similar between the groups,
except the SCF group had a significantly higher AHI compared to
the normal arch group (Table 1).

All sixteen participants were students with no professional
athletic training experience at Beijing Sport University. Ethical
approval for the study was obtained from the Sports Science

FIGURE 1
The patient with SCF characteristics: (A)Measuring forefoot valgus angle. The red solid line is the alignment of the first to fifth metatarsals head and
the red dotted line is the horizontal line; (B) “peek-a-boo heel” sign, the red dashed box is the observed heel; (C) Standing position posterior view without
block; (D) Coleman block test.

TABLE 1 Mean anthropometric measurements, including age, height, mass, foot length, and AHI, for both the SCF group and the normal arch group.

Group Age (yr) Height (m) Mass (kg) Foot length (cm) AHI (unitless)

SCF (4 males, 4 females) 23.5 ± 2.7 1.72 ± 0.06 65.1 ± 8.6 24.0 ± 1.1 0.41 ± 0.03a

Normal Arch (4 males, 4 females) 23.3 ± 1.8 1.73 ± 0.08 65.6 ± 6.9 24.6 ± 1.5 0.33 ± 0.01a

t-value 0.060 0.146 0.128 0.940 6.751

p-value 0.953 0.886 0.900 0.363 <0.001
aSignificant difference (p < 0.05) between SCF, and the normal arches.
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Experiment Ethics Committee of Beijing Sport University (approval
number 2020187H). All subjects were well informed about the study
and allowed to ask questions before providing signed consent.

2.2 The execution procedure of
personalized insoles

Two personalized full-length insoles, an arch support insole
(ASI) and an arch support with forefoot wedge insole (AFI), were
customized based on plantar pressure data collected using a
Footscan plantar pressure collection system (RS Scan, Belgium)
during barefoot running at normal speed for each SCF participant.

The design process, facilitated by Easy CAD (Easy CAD insole,
Sensor Medica Sas, Italy), comprised five steps: 1) choosing a base
insole template; 2) importing the individual’s plantar pressure data;
3) adjusting the thickness of the insole base and the height of the heel
cup; 4) modifying the height of the arch and forefoot wedge; 5)
smoothing the overall design. Following the customization of insole
parameters according to the personalized design scheme, they were
inputted into the CNCmilling machine (CNC Vulcan Series, Sensor
Medica Sas, Italy), the EVA blocks were carved and shaped, and
finally the insoles were polished to match the lasts of the test shoes.
The EVA block used to make the insoles is 30 mm thick with a

hardness of 35 (Shore A) and has a 2 mm thick EVA base with a
hardness of 60 (Shore A).

The extent of the arch support structure is defined by three
points and adjusted to the subject’s plantar pressure. The location of
the three points that locate the arch support structure can be
referenced to the 13 isometric lines that divide the foot. The first
point is located on the medial side of the foot, at the upper edge of
the fifth isometric line; the second point is located on the lateral side
of the foot, midway between the eighth and ninth isometric lines;
and the third point is located on the medial side of the foot, at the
upper edge of the twelfth isometric line (Figure 2). The forefoot
wedge starts on the outer side of the first metatarsal recess and
continues all the way to the outer edge of the device. The arch
support insole (ASI) featured arch support, while the arch support
with the forefoot wedge insole (AFI) included both arch support and
a forefoot wedge (Figure 3).

2.3 Experimental procedure

Plantar pressure data and running speed were recorded during
running using the Pedar-X System (100 Hz, Novel Gmbh, Germany)
and SmartSpeed (SmartSpeed, Australia), respectively. The normal
arch participants were tested with without-insole. In contrast, the
SCF participants were randomized to three different insole
conditions: arch support insole, arch support with forefoot wedge
insole, and without-insole. Before testing in each condition, subjects
will run on a runway for 5 min to acclimatize to the insoles and after
familiarization will be tested. There was a 15-min rest break between
each test of the different conditions. All participants wore
standardized socks and shoes (model S215, Maitan Inc., Zhejiang,
China). The shoe is made with a polyurethane outsole and a stretch
fabric upper.

Each participant completed three successful running trials on a
20-m runway under each condition. To standardize movement
speeds, participants ran at a moderate speed (3.0 ± 0.3 m/s) (Lai
et al., 2020).

2.4 Data analysis

As all subjects demonstrated right-leg dominance, the analysis
focused on the right foot of each participant. To avoid the influence
of acceleration or deceleration on plantar pressure measurements,
the step where running speed had stabilized was selected for further
analysis in each trial.

The footprints were divided into ten regions for analysis: big toe
(BT), second toe (ST), lateral toes (LT), medial forefoot (MF),
central forefoot (CF), lateral forefoot (LF), medial arch (MM),
lateral arch (LM), medial heel (MH), lateral heel (LH) (Figure 4).
The peak pressure (kPa) and pressure-time integral (kPa-s) were
calculated for each region.

In this study, the pressure-time integral of the medial forefoot
and lateral heel were considered the primary variables. This is based
on the heel varus and excessive plantarflexion of the first metatarsal
in patients with SCF, a feature that can lead to abnormal plantar
pressure distribution. Moreover, reducing the pressure-time integral
is a key strategy to reduce foot pain.

FIGURE 2
Three-point setup arch support structure range (Note: The
horizontal dashed lines are the 13 isometric lines dividing the foot. The
first point is located on themedial side of the foot, at the upper edge of
the fifth isometric line; the second point is located on the lateral
side of the foot, midway between the eighth and ninth isometric lines;
and the third point is located on the medial side of the foot, at the
upper edge of the twelfth isometric line).
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2.5 Statistical analysis

Statistical analyses were performed using the SPSS 27.0 software
package. Prior to statistical analysis, a normality test was conducted
on all variables. For data conforming to normal distribution,
independent samples t-tests were used to compare

anthropometric measurements, as well as peak pressure and
pressure-time integral for each foot region between the SCF and
normal arch groups. For normally distributed data, one-way
repeated measures ANOVA was performed, followed by a post
hoc test corrected for multiple comparisons using LSD, to
identify the effects of the three insole conditions in patients with
SCF. For data that did not meet the normality assumption, the
Mann-Whitney U test (for two independent samples) and the
Friedman test (for repeated measures data) were employed. The
significance level was set at p < 0.05 in all analyses.

3 Results

Anthropometric measurements were similar between SCF and
the normal arches (Table 1). The SCF group and the normal arches
group were similar in age, height, body mass, and foot length. AHI
values were significantly greater in patients with SCF compared to
normal arches (p < 0.001).

Peak pressures during running in patients with SCF were greater
in the medial forefoot (p = 0.021), lateral forefoot (p = 0.025), medial
heel (p = 0.013), and lateral heel (p = 0.025) than in those with
normal arches, whereas peak pressures at the medial arch were
smaller than normal arches (p = 0.045) (Table 2). Pressure-time
integral during running in patients with SCF was greater in the
medial forefoot (p = 0.025), medial heel (p = 0.015), and lateral heel
(p = 0.047) than in those with normal arches (Table 2). There were
no other significant differences in peak pressures or pressure-time
integral was observed between the two groups (p > 0.05).

There were differences in peak pressure among different insole
conditions for SCF in each of the four defined foot regions (Table 3).
Peak pressures were significantly different between the medial arch
(p < 0.001), lateral arch (p = 0.048), medial heel (p = 0.002), and
lateral heel (p = 0.023). Post hoc analyses indicated that compared to
without-insole, both the AFI and the ASI significantly reduced peak
pressures in the medial (AFI p = 0.011; ASI p = 0.024) and lateral
heels (AFI p = 0.028; ASI p = 0.032). Specifically, the AFI also
significantly reduced peak pressure in the medial heel (p = 0.013)

FIGURE 3
Arch support insole and arch support with forefoot wedge insole: (A)Design drawing; (B) The perspective of the heel position; (C) The perspective of
the forefoot position.

FIGURE 4
The footprints were divided into ten regions: big toe (BT), second
toe (ST), lateral toes (LT), medial forefoot (MF), central forefoot (CF),
lateral forefoot (LF), medial arch (MM), lateral arch (LM), medial heel
(MH) and lateral heel (LH).
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when compared to the ASI. Conversely, compared to the without-
insole condition, both the AFI (p = 0.003) and ASI (p < 0.001)
resulted in increased peak pressure in the medial arch, and the ASI
alone increased peak pressure in the lateral arch (p = 0.048). There
were no significant differences in peak pressures in the big toe,
second toe, lateral toe, medial forefoot, central forefoot, and lateral
forefoot across the different conditions (p > 0.05).

There were differences in pressure-time integral among different
insole conditions for SCF in each of the seven defined foot regions
(Table 4). Pressure-time integral were significantly different between
the big toe (p = 0.044), medial forefoot (p = 0.024), central forefoot (p =
0.001), medial arch (p < 0.001), lateral arch (p = 0.013) and medial heel
(p = 0.003), lateral heel (p = 0.010). Post hoc analyses indicated that
compared to without-insole, both the AFI and the ASI significantly
reduced the pressure-time integral at the medial forefoot (AFI p =
0.003; ASI p = 0.026), central forefoot (AFI p = 0.005; ASI p = 0.011),

medial heel (AFI p = 0.017; ASI p = 0.005), and lateral heel (AFI p =
0.017; ASI p = 0.019). Additionally, the ASI alone significantly reduced
the pressure-time integral at the big toe (p = 0.015). However,
comparison to the without-insole, both the AF and ASI increased
the pressure-time integral at the medial arch (AFI and ASI p < 0.001)
and lateral arch (AFI p = 0.008; ASI p = 0.019). There were no
significant differences in pressure-time integral in the second toe,
lateral toe and lateral forefoot across the different conditions (p > 0.05).

4 Discussion

This study aims to examine the patterns of plantar pressure
distribution while running for patients with SCF and assess the
effects of using arch support insoles and arch support insoles with
forefoot wedges on plantar pressure distribution. The major findings

TABLE 2 Comparing peak pressure (kpa) and pressure-time integral (kpa·s) characteristics between the SCF group and the normal arches group.

Foot region Peak pressures Pressure-time integral

SCF Normal arches t-value p-value SCF Normal arches t-value p-value

Big toe 309.6 ± 90.7 307.4 ± 97.6 0.048 0.963 41.5 ± 12.1 42.9 ± 10.6 −0.235 0.818

Second toe 241.2 ± 149.1 197.3 ± 73.6 0.746 0.468 34.3 ± 17.0 29.1 ± 8.4 0.771 0.454

Lateral toe 188.0 ± 68.6 165.4 ± 45.0 0.779 0.449 26.3 ± 9.8 25.3 ± 8.2 0.222 0.827

Medial forefoot 367.5 ± 53.9a 294.1 ± 58.5a 2.609 0.021 51.8 ± 9.0a 41.9 ± 6.5a 2.517 0.025

Central forefoot 464.5 ± 73.9 401.0 ± 69.6 1.771 0.098 63.8 ± 9.8 57.3 ± 17.1 0.928 0.369

Lateral forefoot 233.6 ± 55.5a 180.1 ± 24.0a 2.503 0.025 31.6 ± 9.5 26.0 ± 4.3 1.525 0.149

Medial arch 70.5 ± 17.5a 89.8 ± 17.6a −2.196 0.045 6.1 ± 1.5 6.6 ± 2.4 −0.521 0.611

Lateral arch 111.6 ± 30.1 126.7 ± 32.9 −0.953 0.357 11.0 ± 3.5 13.6 ± 3.6 −1.487 0.159

Medial heel 429.3 ± 120.3a 289.9 ± 37.3a 3.130 0.013 34.8 ± 5.6a 28.0 ± 3.9a 2.784 0.015

Lateral heel 457.9 ± 150.0a 304.5 ± 64.4a 2.657 0.025 37.3 ± 9.9a 28.3 ± 6.3a 2.176 0.047

aSignificant difference (p < 0.05) between SCF, and the normal arches.

TABLE 3 Comparing peak pressure (kpa) in the SCF across different insole conditions.

Foot region Without-insole Arch support with forefoot wedge insole Arch support insole F-value p-value

Big toe 309.6 ± 90.7 279.8 ± 70.7 253.5 ± 102.3 3.080 0.078

Second toe 241.2 ± 149.1 258.5 ± 83.2 222.7 ± 98.2 0.315 0.734

Lateral toe 188.0 ± 68.6 223.9 ± 90.6 198.0 ± 108.6 0.422 0.664

Medial forefoot 367.5 ± 53.9 329.6 ± 83.0 342.8 ± 107.4 0.913 0.424

Central forefoot 464.5 ± 73.9 385.6 ± 100.0 418.1 ± 79.4 2.067 0.163

Lateral forefoot 233.6 ± 55.5 215.7 ± 71.4 236.6 ± 92.5 0.910 0.425

Medial arch 70.5 ± 17.5ab 125.8 ± 28.7a 118.1 ± 15.1b 19.806 <0.001

Lateral arch 111.6 ± 30.1b 128.7 ± 24.1 143.5 ± 33.8b 3.793 0.048

Medial heel 429.3 ± 120.3ab 282.6 ± 121.7ac 316.1 ± 120.0bc 10.118 0.002

Lateral heel 457.9 ± 150.0ab 324.0 ± 128.3a 324.4 ± 112.1b 4.984 0.023

aSignificant difference (p < 0.05) between the without-insole and the arch support with forefoot wedge insole.
bSignificant difference (p < 0.05) between the without-insole and the arch support insole.
cSignificant difference (p < 0.05) between the arch support with forefoot wedge insole and the arch support insole.
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of this study demonstrate that the peak pressure and pressure-time
integral were higher in the forefoot and heel during running in
patients with SCF compared to the normal arches. In addition, both
the arch support insole and the arch support with forefoot wedge
insole significantly reduced forefoot and heel pressure-time integral
and heel peak pressure during running in patients with SCF, but the
arch support with forefoot wedge insole was more effective in
reducing medial heel peak pressure. The results support the
research hypothesis.

Running in patients with SCF was characterized by greater
pressure–time integrals in the medial forefoot and medial and
lateral heel. This is consistent with the previously reported most
common areas of pain in people with high arches, which are the
metatarsal and heel (Burns et al., 2005). It has also been reported that a
medial plantar callus often forms below the first metatarsophalangeal
joint in patients with SCF (Mann andMann, 2004). Evidence suggests
that regardless of etiology, cavus foot is characterized by abnormally
high pressure–time integrals which are significantly related to foot
pain (Burns et al., 2005). Although the patients with SCF lateral
forefoot did not exhibit a greater pressure-time integral, higher peak
pressures also contributed to the higher rate of lateral metatarsal
injuries in people with high arches (Manoli and Graham, 2005).
Variation in pressure is associated with changes in the moments
acting on the proximal joints of the foot, which alter the pressure
exerted on the tissues affecting the joints (Mohamud, 2020). As a
result, high arch feet is associated with a higher rate of lower extremity
injuries, most of which are skeletal, compared to normal and flat feet
(Kaufman et al., 1999; Williams et al., 2001).

Excessive plantarflexion of the first metatarsal, excessive calcaneal
pitch, and the lack of weight bearing under the arch are the main
causes of plantar pain and stress injury in patients with SCF. The
primary deformity in patients with SCF is plantarflexion of the first
metatarsal, which is caused by overactivity of the peroneus longus,
resulting in a flexible heel with limited valgus (Manoli and Graham,
2018). This plantarflexed position results in the first metatarsal head
contacting the ground before the heel full valgus. The first ray then
acts as a kickstand and abbreviates the flexible phase of the gait cycle.
Specifically, the plantarflexed first ray tips the plane so that the heel is

in varus with reduced cushioning and increased lower extremity
impact forces (Williams et al., 2001). The larger calcaneal pitch in
people with high arches increases heel pressure and less arch pressure
during running. The calcaneal pitch angle is the angle between the line
connecting the lowest two points on the lower surface of the heel bone
and the horizontal plane. The sagittal plane angle of inclination of the
heel bone is 10°–25° in people with normal arches and greater than 30°

in people with cavus feet (Benjamin et al., 2020). It has been shown
that calcaneal pitch is positively correlatedwith peak heel pressure and
negatively correlated with arch pressure. In addition, people with high
arches runs with less displacement in the internal and external
directions of the center of pressure (Cock et al., 2008) and a faster
rate of displacement in the anterior direction (Li et al., 2020). Unable
to distribute the load through arch support, it is easy to transfer the
load from the heel to the forefoot, which increases the forefoot
pressure. When running is viewed as a cyclical loading event, these
factors may lead to less shock absorption at heel strike, eccentric bony
loads, and possible attenuation of the lateral soft-tissue structures. The
foot has increased rigidity, decreased energy dissipation, and is prone
to foot pain and stress injuries (Manoli and Graham, 2005; Deben and
Pomeroy, 2014).

The results of the study showed that wearing orthotic insoles for
patients with SCF significantly reduced the pressure-time integral to
the forefoot and heel, consistent with previous studies. Burns
demonstrated that the use of custom-made foot orthoses led to a
26% decrease in pressure-time integral and a corresponding 74%
decrease in foot pain among a group of 154 individuals with cavus
feet from different causes (Burns et al., 2006). The patients with SCF
did not exhibit significant variations in peak pressure at the medial
and central forefoot, but the pressure-time integral at the areas was
significantly lower and peak pressures and pressure-time integral
were significantly higher at the medial arch. This suggests that the
decrease in the medial and central forefoot pressure-time integral is
the result of an increase in arch contact time and a decrease in
forefoot contact time. Wearing orthotic insoles increases the arch
landing area (Jung-Kyu et al., 2015) and therefore increases arch
support time and decreases the speed of the forward center of
pressure movement. Reduced forefoot contact time during

TABLE 4 Comparing pressure-time integral (kpa·s) in the SCF across different insole conditions.

Foot region Without-insole Arch support with forefoot wedge insole Arch support insole F-value p-value

Big toe 41.5 ± 12.1a 35.3 ± 8.6 32.3 ± 14.8a 3.929 0.044

Second toe 34.3 ± 17.0 34.2 ± 11.6 29.5 ± 13.5 0.424 0.662

Lateral toe 26.3 ± 9.8 31.4 ± 14.0 25.5 ± 14.9 0.684 0.520

Medial forefoot 51.8 ± 9.0ab 40.1 ± 8.6b 40.9 ± 12.1a 4.902 0.024

Central forefoot 63.8 ± 9.8ab 48.4 ± 11.2b 51.1 ± 8.1a 11.271 0.001

Lateral forefoot 31.6 ± 9.5 29.6 ± 12.3 31.0 ± 13.7 0.698 0.514

Medial arch 6.1 ± 1.5ab 14.0 ± 3.4b 12.7 ± 2.4a 32.564 <0.001

Lateral arch 11.0 ± 3.5ab 14.3 ± 3.5b 16.0 ± 5.2a 5.989 0.013

Medial heel 34.8 ± 5.6ab 25.2 ± 8.1b 26.0 ± 8.1a 9.023 0.003

Lateral heel 37.3 ± 9.9ab 25.9 ± 6.9b 28.9 ± 11.4a 6.457 0.010

aSignificant difference (p < 0.05) between the without-insole and the arch support insole.
bSignificant difference (p < 0.05) between the without-insole and the arch support with forefoot wedge insole.
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running in patients with SCF reduces pressure-time integral and
effectively relieves forefoot pain. The decrease in heel peak pressure
and pressure-time integral may be related to changes in the calcaneal
pitch. It has been shown that high archers have a reduced calcaneal
pitch when standing in semi-customized insoles with arch support
(Eslami et al., 2009). In addition, the heel cup design reduces impact
and increases ankle stability during running (Manoli and Graham,
2005; Yang et al., 2022). These findings suggest that personalized
orthotic insoles are effective in distributing plantar pressure during
running in patients with SCF.

However, there are also differences in the effects of the AFI and
the ASI on plantar pressures in patients with SCF. The patients with
SCFwearing arch support insoles showed an increase in peak pressure
at the lateral arch and a decrease in the pressure-time integral at the
big toe, compared to without-insole. In addition, peak pressures were
higher at the medial heel, compared to AFI. Some studies suggest that
the forefoot-driven SCF results in heel varus because of forefoot
valgus, and shoes or orthotics that elevate the arch only cause the foot
to varus further (Deben and Pomeroy, 2014). Therefore, an orthotic
insole with only added arch support may result in patients with SCF
running with a more lateral center of pressure. This increases lateral
arch pressure, decreases big toe contact time to reduce the pressure-
time integral. There was no significant difference in the medial heel
pressure-time integral in SCF patients when wearing the two types of
insoles. However, the reduction in medial heel peak pressure was
more significant with AFI. This outcome could be due to an increase
in medial heel strike time. It also suggests that arch support alone
might cause the center of pressure to shift laterally in SCF patients,
thereby reducing the time the medial side of the foot spends on the
ground. As a result, to improve the efficacy of orthotic insoles, it is
important to add a forefoot wedge to address the biomechanical
abnormality in patients with SCF.

5 Conclusion

During running in patients with SCF, plantar pressures are
concentrated in the forefoot and heel compared to the normal arch.
The personalized orthotic insoles can be used to effectively
redistribute plantar pressure in patients with SCF running.
Incorporating a forefoot wedge to specifically address the
biomechanical abnormalities associated with SCF may enhance
the effectiveness of orthopedic insoles.

6 Study limitations

There are several limitations in this study. Firstly, this study
focused on patients with SCF, and participants were screened more
rigorously than in previous studies that have focused on high arch
populations. This meticulous screening process resulted in all
participants fitting the SCF profile despite the relatively small
sample size. As a result, the present study provides detailed
results on two key variables, medial forefoot and lateral heel
pressure impulse, and these results provide an important
reference for future research. With the data, future studies can
more accurately calculate the required sample sizes with a view to
obtaining more powerful results. Second, all participants were

undergraduates with no experience of professional athletic
training, so caution is needed when extrapolating these results to
populations with different training backgrounds and age groups.
Additionally, only one hardness of insole was used in this study, and
the use of insoles with different hardnesses may produce different
cushioning effects. Lastly, this study was cross-sectional, considering
only the immediate effects of the insoles. The long-term stability of
cushioning is also crucial for the protective role of insoles. Future
research should prospectively evaluate the effectiveness of different
personalized orthotic insoles in preventing foot pain and lower limb
injuries in SCF patients during endurance activities.
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Three-dimensional gait analysis of
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ankle joint diseases

Yifan Wang†, Yansong Qi†, Bingxian Ma, Haihe Wu,
YongxiangWang, BaogangWei, XinghuaWei and Yongsheng Xu*

Orthopedic Center (Sports Medicine Center), Inner Mongolia People’s Hospital, Hohhot, China

Walking is an indispensable mode of transportation for human survival. Gait is a
characteristic of walking. In the clinic, patients with different diseases exhibit
different gait characteristics. Gait analysis describes the specific situation of
human gait abnormalities by observing and studying the kinematics and
dynamics of limbs and joints during human walking and depicting the
corresponding geometric curves and values. In foot and ankle diseases, gait
analysis can evaluate the degree and nature of gait abnormalities in patients and
provide an important basis for the diagnosis of patients’ diseases, the correction
of abnormal gait and related treatment methods. This article reviews the relevant
literature, expounds on the clinical consensus on gait, and summarizes the gait
characteristics of patients with common ankle and foot diseases. Starting from
the gait characteristics of individuals with different diseases, we hope to provide
support and reference for the diagnosis, treatment and rehabilitation of clinically
related diseases.

KEYWORDS

gait analysis, biomechanical, kinematics, kinetics, multisegment foot model

1 Introduction

Walking is the most important mode of transportation of the human body. It is
integrated into daily life and movement and is necessary for human survival. Its process is
extremely complex and requires the coordinated deployment of various parts of the body:
the movement of the centre of gravity of the body, the flexion and extension of the joints,
and the rotation of the pelvis. It is a random movement. Gait is a behavioural feature of
human walking that is affected by many factors, such as living habits, nature of work, sex
and disease. It is generally believed that gait deviation is often caused by specific
neurological, muscle or skeletal pathological features (Baker et al., 2016). Gait analysis
is a biomechanical research method that integrates human anatomy, physiology and
mechanics to analyse the function and state of human walking. Through kinematic
observation and dynamic research, limb and joint actions during human walking are
analysed, and the relevant geometric curves and corresponding parameters are depicted.
The purpose of disease diagnosis, efficacy evaluation and rehabilitation guidance has been
achieved. Gait analysis originated in the 17th century. Giovanni Borelli first proposed the
application of mechanics and geometry principles to explore the movement of the
musculoskeletal system during exercise. In 1988, the successful development of the
VICON system and AMASS hardware gradually brought computer 3D gait analysis
technology to people’s attention. The three-dimensional ground reaction force (GRF)
was measured by a force plate, and kinematic information and muscle function information
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were added for further analysis (Sutherland, 2001; Sutherland, 2002;
Sutherland, 2005). The purpose of describing the gait pattern of a
specific population, evaluating and classifying the functional severity
of a specific population, and evaluating the effect of specific
treatment interventions has been achieved (Debi et al., 2017). As
the technology has continued to improve, gait analysis has been
widely used to identify abnormal gait characteristics due to a variety
of diseases and to monitor and evaluate these characteristics over
time to achieve effective tailored treatment, provide information for
the evaluation of predictive results, and better ensure the overall
practice of precision medicine. We searched the Web of Science and
PubMed databases for literature related to human gait analysis. The
search terms included “gait”, “walking”, “biomechanics”,
“kinematics”, “foot”, “ankle”, “plantar pressure”, “segment”, and
“modelling” combined with the terms analysis, evaluation, and
diagnostic techniques. We also used the combined terms of gait
analysis, motion analysis, and biomechanic analysis. The retrieved
articles were screened for their relevance to gait analysis of common
orthopaedic foot and ankle disorders, and references unrelated to
gait analysis were excluded. The search for references was limited to
the English language, and other older references known to us were
also included. In this review, we summarize the application of
different gait analysis techniques and foot models in the
diagnosis, therapeutic assessment of orthopaedic common foot
and ankle disorders.

2 Basic concepts of gait analysis

The gait cycle consists of two main phases: the stance phase and
swing phase. During the whole gait cycle, the time that each limb

remains in contact with the ground accounts for approximately 60%
of the total time, which is called the stance phase. The swing phase
accounts for 40% of the movement, which refers to the period when
the limb is not touching the ground and is swinging forward (Hecht
et al., 2022). The above two stages can be further divided into initial
contact, loading response, mid-stance, terminal stance, preswing,
initial swing, mid-swing, and terminal swing (Figure 1). The main
characteristics of a healthy gait are a stable stance phase, appropriate
stride length and step size, prepositioning when swinging, and
relatively less energy consumption (Alam et al., 2017). As a
dynamic result of the coordination between the nervous system
and skeletal muscles, any change in pathological conditions will lead
to abnormal gait. The biomechanical study of gait analysis includes a
series of biomechanical variables: surface electromyography
(sEMG), spatiotemporal parameter, kinematic and dynamic data
(Kuo and Donelan, 2010). To help explain these numerous gait
parameters, gait indices, such as the gait contour score (GPS) and
gait deviation index (GDI), were developed to more clearly reflect
gait quality by eliminating subjective differences in the selection of
these parameters (Schwartz and Rozumalski, 2008; Baker
et al., 2009).

3 Foot model and indices

In traditional clinical gait analysis, the foot is modelled as a
single rigid part interacting with the tibia, that is, a single-segment
model (Brodsky et al., 2011). The advantage of this modelling
approach is that it can provide data on the dynamics of the
ankle joint (i.e., force, torque and power). However, viewing the
foot as a single component is an oversimplification of its complex

FIGURE 1
The key phases, stages, and events of the gait cycle.
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structure (Theologis and Stebbins, 2010), and this ignores energy
generated/absorbed within the segment, distorts our understanding
of joint and muscle-tendon dynamics, and thus misrepresents the

function of the foot (Mannoni et al., 2003).With the advancement of
gait analysis technology, multisegment foot models (MFMs) can
explain the above problems by analysing the relative motion

TABLE 1 Different multi-segment foot models.

References Model Number of
segments

Segments Advantages

Kadaba et al. (1990) Modified Helen Hayes foot model 1 Shank (Tib-Fib) Can provide information on the
ankle kinematics and kinetics

Foot

Kidder et al. (1996) Milwaukee Foot Model (MiFM) 4 Shank (Tib-Fib) Marker assumptions require
radiographs for calibration

Hindfoot\Forefoot\Hallux Proven reliability among different
centers

Henley et al. (2008) Dupont Foot Model (DFM) 4 Shank (Tib-Fib) Proven reliability among different
centers

Hindfoot\Forefoot\Hallux Availability of software for data
analysis

Wright et al. (2011) Modified Oxford Foot
Model (OFM)

4 Shank (Tib-Fib) Proven reliability among different
centers

Hindfoot\Forefoot\Hallux Availability of software for data
analysis

Leardini et al. (2007) Rizzoli Foot Model (RFM) 4 Shank (Tib-Fib) Includes midfoot marker points and
focuses on hindfoot position on the

coronal planeHindfoot\Midfoot\ Hallux

Saraswat et al. (2012) modified Shriners Hospital for
Children Greenville foot model

(mSHCG)

4 Shank (Tib-Fib) reduced required anatomical marker
alignment by minimizing the

number of anatomical markers and
critical alignment directions

appropriate for pediatric subjects

Hindfoot\Forefoot\Hallux

Schallig et al. (2022) Amsterdam Foot Model (AFM) 5/6 Shank (Tib-Fib) As a clinically informed
multisegmental foot model that

minimizes kinematic measurement
error, is not specific to a particular
patient population or age, and can be
used in a wide range of clinical

applications and patient populations

Hindfoot\Midfoot

Forefoot (optionally divided into a Medial
and Lateral forefoot)\Hallux

De Mits et al. (2012) Ghent foot model (GFM) 6 Shank (Tib-Fib) Allows for increasing resolution in
foot biomechanics of the forefoot

Hindfoot\Midfoot\Medial forefoot
\Lateral forefoot \Hallux

Include hindfoot, midfoot, first ray,
and hallux can be used to evaluate the

windlass mechanism

MacWilliams et al.
(2003)

MacWilliams Model 9 Shank (Tib-Fib) Further refinement of the foot’s
internal segments allows for the

integration of more information on
foot kinematics and dynamics-

Talus/navicular/cuneiform

Cuboid \Calcaneus \Medial forefoot
\Lateral forefoot \Medial toes \Lateral

toes\Hallux \Talus

Simon et al. (2006) Heidelberg Foot Measurement
Method (HFMM)

- - The mid and forefoot, the method
does not incorporate a standard rigid
body model, but applies a descriptive

method to assess foot motion
parameters that are relevant to the

clinician

Oosterwaal et al.
(2011)

Glasgow-Maastricht foot model 26 A forward dynamic model The model will contain all of the
ligaments and muscles of the foot
and ankle. The model will provide
insight in function of the foot and leg

muscles during gait

An inverse dynamic model

The bolded font is an abbreviation of the foot model.
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between the internal segments of the foot. A variety of MFMs have
been developed (Kadaba et al., 1990; Kidder et al., 1996;
MacWilliams et al., 2003; Simon et al., 2006; Leardini et al., 2007;
Henley et al., 2008; Wright et al., 2011; Oosterwaal et al., 2011; De
Mits et al., 2012; Saraswat et al., 2012; Schallig et al., 2022) (Table 1),
and there has been much discussion on the application of
these models.

Novak (Novak et al., 2014) described the strengths and
limitations of clinically used MFMs; MiFM (Long et al., 2010),
OFM (Wright et al., 2011), RFM (Arnold et al., 2013), mSHCG
(Saraswat et al., 2013), and HFMM (Kalkum et al., 2016) have been
proven to have good reproducibility and are commonly used models
when conducting clinical studies. OFM and RFM have been shown
to be useful for detecting differences in motion in the coronal plane
of athletes with foot deformities, as well as for assessing the risk
factors for traumatic injuries (Powell et al., 2013), and the mSHCG
has been used to address functional differentiation of the
developmental foot from the pathologic foot in children
(Saraswat et al., 2012). These models differ in many features,
such as type of marker cluster, selection of bony markers,
construction of anatomical frameworks, definition of joint
rotations, and kinematic differences; however, the main
difference lies in the definition and selection of the number of
foot segments. Most of the models construct the tibial, hindfoot and
forefoot frameworks; however, some models choose to construct the
midfoot and lesser toe joints, and even scholars build a 26-
segmented foot model through finite element simulations to
directly study the internal loads and motions of the complex
structure of bones and soft tissues (Oosterwaal et al., 2011). Yoo
(Yoo et al., 2022) compared the experimental results obtained with
five MFMs in terms of reproducibility: the coronal plane of the
OFM, DFM, and mRFM models of HFs for labelling-based analyses
was less reproducible than was the cross-sectional plane when
compared to the MiFM and mSHCG models, which used the
angle of offset; in terms of kinematics, all three planes of the HF
segments of the OFM and DFM showed a high degree of similarity,
and there was a certain degree of similarity between the DFM, the
mRFM, and the OFM in the rotational motion of the HF; however,
the MiFM and mSHCG showed inconsistent kinematics and a lower
ROM. The authors attributed these differences to the different local
coordinate systems constructed by the MFMs and differences in the
coordination of the segments with each other and the sensitivity of
the models to motion; comparisons between studies of different
MFMs are not purely difference analyses but must account for
numerous influencing factors.

Different from the plane motion of the knee joint, the foot-ankle
complex carries out a kind of “spatial motion”. Compared with the
motion axis of the knee joint perpendicular to the three basic planes,
the motion axis of the foot exists in three-dimensional space because
of the influence of the bony structure. There is a certain angle from
each plane. Therefore, the motion of the foot is defined by describing
the projection of the motion axis on three planes. For the first time,
Morton used this “pronation” to describe the movement of the
human foot, which is a motion trend that combines three planes;
“pronation/supination” is used to describe the special three-plane
motion of the foot (Suciu et al., 2016). In addition to movement
trends, there are characteristic gait indicators that can be used to
characterize foot and ankle movements (Mcdonald and Tavener,

1999). The foot progression angle (FPA) is the angle between the gait
direction and the line between the heel bone and the second heel
bone (Beyaert et al., 2003). It can be used to describe the rotational
state of the foot, and abnormalities in the FPA reduce the efficiency
of mechanical gait, change the force arm of the lower limb force line,
induce ankle injuries, and even exacerbate osteoarthritis of the knee;
therefore, the FPA is regarded as an important target for
improvement in gait rehabilitation (Schelhaas et al., 2022). The
centre of pressure (COP), referred to as the “gait line”, is the centroid
of the total number of active sensors for each data sample collected
and depicts the spatial and temporal relationship between the
pressure distribution and the entire plantar surface (Cornwall
and McPoil, 2000). The COP has been widely used for the
assessment of foot posture, dynamic foot function, and balance
(Buldt et al., 2018a). The joint peak torque is the torsional effect that
occurs when a moment is applied to a joint; this torque is an
important indicator of ankle strength and is influenced by numerous
factors, such as foot-ankle joint position and muscle strength.
Measurement of joint torque can be used to assess the strength
of foot-ankle muscles and identify the weakest range, thus helping
individuals detect in advance some foot deformities associated with
muscle weakness and neuromuscular diseases, such as Charcot-
Marie-Tooth disease (CMT) (Bombelli et al., 2014), hammertoe
deformity (Kwon et al., 2009), Duchenne muscular dystrophy
(DMD) and diabetic neuropathy (Bakker et al., 2002; Bus et al.,
2009), among others, and to develop more specific preventive
strength training for clinical populations. Previous studies have
shown that ankle strength is an important factor in walking and
balance (Ng and Hui-Chan, 2012; Guillebastre et al., 2013);
therefore, early clarification of joint torque allows screening for
people at high risk of falls and appropriate interventions to prevent
fall complications.

4 Application in foot and ankle diseases

The foot and ankle joints are the links between the supporting
ground and the lower limbs. They bear a large force and face
complex and changeable terrain, which plays an important role
in the dynamic function of the whole limb. In recent years, the
progress in motion analysis technology has offered higher resolution
and increased precision in data acquisition, and the development
and application of multisegment foot model has enabled clinicians
and scientists to explore the analysis of relative motion between
anatomical segments of the foot during gait. In this review, we
summarize the use of gait analysis in orthopaedic common diseases
from the perspective of deformity lesions, trauma and degenerative
lesions. (Table 2).

4.1 Cavus foot

Cavus foot deformity is characterized by an increased
longitudinal arch of the foot. The aetiology is relatively complex
and often combined with varus, horseshoe or other deformities.
According to previous studies (Walker and Fan, 1998; Crosbie et al.,
2008; Sanchis-Sales et al., 2019), the proportion of cavus foot in the
population is approximately 10%–15%, and 60% of patients will
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TABLE 2 Gait analysis techniques for different foot and ankle joint diseases.

Disease Model Subjects Gait analysis result

Cavus Foot Plantar pressure test Pes cavus: n = 34, Neutral
feet: n = 34

The pes cavus showed a significant reduction in
their weight-bearing areaand significantly
increased pressures under all zones of the forefoot
except the fifth metatarsal

Fernández-Seguín et al.
(2014)

MFM Cavus Group: n = 11,
Rectus Group: n = 11,
Planus Group: n = 11

The Cavus Group showed increased dorsiflexion
and inversion in the hindfoot and increased
plantarflexion, valgus, and adduction in the
forefoot. The Planus Group had less dorsiflexion,
more eversion, and more external rotation in the
hindfoot as well as less plantarflexion and increased
varus in the forefoot

Kruger et al. (2019)

A five segment foot model and
marker set

Normal: n = 37, Pes
cavus: n = 30, Pes planus:
n = 30

1.Changes in frontal and transverse plane angles of
the hindfoot of the cavus group; 2.less motion of the
midfoot in the sagittal and transverse planes during
initial contact and midstance in the cavus group;
3.reduced midfoot frontal plane ROM during pre-
swing in the planus group

Buldt et al. (2015)

Plantar foot pressure and sEMG Pes cavus: n = 10 The custom-made insoles dispersed pressure
concentrated by the higher medial longitudinal
arch and improved the efficient use of muscles

Choi et al. (2015)

Planus Foot Plantar pressure test Normal: n = 35, Pes
cavus: n = 26, Pes planus:
n = 31

The largest differences were between the planus
and cavus foot groups in forefoot pressure and
force. The peak pressures at the 4th and 5th MTPJs
in the planus foot group were lower, and displayed
the largest effect sizes

Buldt et al. (2018b)

OFM Asymptomatic neutral:
n = 88, Asymptomatic
mild flatfoot: n = 47,
Asymptomatic flatfoot:
n = 29, Symptomatic
flatfoot: n = 30

Hindfoot eversion was increased in children with
asymptomatic and, to a greater extent,
symptomatic flatfoot. The forefoot was significantly
more abducted in the symptomatic and in the flat
group. The forefoot was more supinated relative to
the hindfoot in the flatfoot groups

Kerr et al. (2015)

Plug-in gait (PIG) and OFM Asymptomatic neutral:
n = 98, Asymptomatic
mild flatfoot: n = 47,
Asymptomatic flatfoot:
n = 29, Symptomatic
flatfoot: n = 38

The symptomatic flat feet showed significant
differences from asymptomatic groups (most
commonly the neutral feet) in terms of hip flexion,
knee flexion and varus, hindfoot inversion-
eversion, and forefoot abduction-adduction

Kerr et al. (2019)

Modified PIG and MSK Flatfoot: n = 15 The second peak patellofemoral contact force and
the peak ankle contact force were significantly
lower in the WSFO group. The foot orthosis
significantly reduced the peak ankle eversion angle
and ankle eversion moment; however, the peak
knee adduction moment increased

Peng et al. (2020)

Congenital Talipes
Equinovarus

Plantar pressure test NCF who underwent
Ponseti treatment: n = 22,
Healthy children n = 22

In the present study, a higher proportion of the
internal FPA was found in the affected clubfeet.
The affected feet showed a significant increase in
CA% and a higher PP in the M5 and MF zones.
Internal foot progression angle and a load transfer
from the medial forefoot and hindfoot to the lateral
forefoot and midfoot were observed in the affected
feet.

Xu et al. (2018)

Extended Helen-Hayes model
and OFM

The group of successfully
treated clubfoot (the
nonrelapse group),
Relapse clubfoot (the
relapse group)

Clubfoot patients with a relapse show lower total
gait quality (GDI*) and lower clinical status defined
by the CAP. Abnormal cFDI* was found in relapse
patients, reflected by differences in corresponding
variable scores. Moderate relationships were found
for the subdomains of the CAP and total gait and
foot quality in all clubfoot patients

Grin et al. (2022)

Extended Helen-Hayes model
and OFM

Control group: n = 15,
Corrected group: n = 11,
Relapse group: n = 11

The relapse group showed significantly increased
forefoot adduction in relation with the hindfoot
and the tibia. This group showed increased forefoot
supination in relation with the tibia during stance,

Grin et al. (2021)

(Continued on following page)
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TABLE 2 (Continued) Gait analysis techniques for different foot and ankle joint diseases.

Disease Model Subjects Gait analysis result

whereas during swing increased forefoot
supination in relation with the hindfoot was found
in patients with relapse clubfoot

Helen Hayes model Dynamic supination
(recurrent clubfoot):
n = 17

The postoperative step length, stride length,
postoperative peak internal ankle rotation angle in
the frontal plane, postoperative peak internal foot
progression angle in the transverse plane and
V-angle-S values were significantly smaller than
their preoperative values

Li et al. (2022)

Cleveland clinical model and OFM Recurrent clubfoot: n =
17, Healthy childr: n =
25en: n = 18

After TATT, forefoot supination in relation to the
hindfoot and tibia was reduced during swing and at
initial contact, the heel showed less dynamic varus
and adduction movement, Maximum ankle
dorsiflexion slightly increased. Maximum ankle
power was reduced preoperatively and
postoperatively compared with controls

Mindler et al. (2020)

Helen Hayes model Relapsed clubfeet: n = 17,
Clubfeet without relapse:
n = 28

There was statistically significant difference in the
parameters of foot length, stride length, and single
limb support time (%gait cycle) between the
2 groups

Liu et al. (2020)

Hallux Valgus Plantar pressure test A population-based study Participants with HV had lower hallucal loading
and higher forces at lesser toes as well as higher
MAI and lower CPEI values compared to the
referent. Participants with HV and other FDs were
also noted to have aberrant rearfoot forces and
pressures

Galica et al. (2013)

OFM Hallux valgus
participants: n = 20,
Symptom-free
volunteers: n = 22

In our HV population we found an increased
dorsiflexion motion at the hallux during terminal
stance. In both sub-phases of stance, the HV group
showed increased eversion of the hindfoot,
indicating a less stable foot

Deschamps et al.
(2010)

DFM Female symptomatic HV
patients n = 58, female
nonsymptomatic older
volunteers n = 50

For temporal parameters, gait speed and stride
length were diminished according to the severity of
HV deformity. Sagittal range of motion of hallux
and hindfoot decreased significantly and loss of
push-off during the preswing phase was observed
and forefoot adduction motion during terminal
stance was decreasedin SHV group

Kim et al. (2020)

Pressure insoles and five 3-D
inertial sensors connected with two

data-loggers

Female patients with
moderate to severe hallux
valgus who underwent
modified Lapidus
procedure: n = 15

Three spatiotemporal, two kinematics, and seven
plantar pressure parameters significantly improved
between 6 months and 12 months postoperatively.
Significant improvement in radiological and
clinical outcome was reported at 6 and 12 months

Moerenhout et al.
(2019)

Plantar pressure test Consecutive feet with
postoperative transfer
metatarsalgia: n = 30, Feet
without metatarsalgia:
n = 30

For pain group, the maximum plantar force and
force time integral of the first metatarsal decrease
significantly, the time point when central rays
reached their peak force during the push-off is
significantly later than that in controls. The
regional instant load percentage at this moment
presented significantly higher for central rays, while
significantly lower for the first metatarsal and the
hallux compared to the controls

Geng et al. (2017)

Acute Ankle Sprains and
Chronic Ankle Instability

Plantar pressure test and sEMG CAI patients: n = 17,
Healthy subjects: n = 17

The CAI group demonstrated a more lateral COP
throughout the stance phase and significantly
increased peak pressure and pressure–time integral
under the lateral forefoot. The CAI group had
higher gluteus medius sEMG amplitudes during
the final 50% of stance and first 25% of swing

Koldenhoven et al.
(2016)

vGRF data were collected using an
instrumented treadmill

CAI patients: n = 11,
Healthy individuals:
n = 13

The CAI group had higher impact peak forces,
active peak forces, an increased loading rate and a
shorter time to reach the active peak force
compared with the control group

Bigouette et al. (2016)

(Continued on following page)
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TABLE 2 (Continued) Gait analysis techniques for different foot and ankle joint diseases.

Disease Model Subjects Gait analysis result

Gait analysis, Musculoskeletal
model. Finite element model

Acute LAS participants
n = 68, Noninjured
participants: n = 19

During period 1, the LAS group displayed
increased knee flexion with increased net extensor
pattern at the knee joint, increased ankle inversion
with a greater inversion moment, and reduced
ankle plantar flexion. During period 2, the LAS
group displayed decreased hip extension with a
decrease in the flexor moment at the hip, and
decreased ankle plantar flexion with a decrease in
the net plantar flexion moment

Doherty et al. (2015)

Codamotion marker set model
(Winter 2009)

Acute LAS: n = 68,
Control group: n = 19

Controls demonstrated greater angles of SAK/TT
than individuals with CAI and greater angles of
FAK/TT than copers during the second half of
stance

Kwon et al. (2020)

Plantar pressure test and sEMG CAI patients: n = 16 Gait training improved self-reported function and
caused a medial shift in the COP from 10% of
stance through toe-off. The medial shift in COP
was driven by concurrent increases in peroneus
longus muscle activity from 21% to 60% and 81%–
90% of stance. There was a corresponding
reduction in gluteus medius muscle activity during
71%–100% of stance

Feger et al. (2018)

Plantar pressure test and sEMG CAI patients were treated
with anatomic
reconstruction surgery:
n = 19

Dynamic pedography showed a large degree of
symmetry of plantar pressure distribution after
surgery. There were no significant differences in
peroneal reaction time in the repaired and intact
ankles

Schmidt et al. (2005)

Ankle Fracture Plantar pressure test and the
spatiotemporal gait parameters

Patients with bimalleolar
ankle fractures
undergoing ORIF: n = 22,
Healthy subjects: n = 11

The main results found in plantar pressure were a
lower mean/peak plantar pressure, as well as a
lower contact time at 6 and 12 months with respect
to the healthy leg and control group and only the
control group, respectively. In the ankle fracture
groups there are a moderate negative correlation
between plantar pressures (average and peak) with
bimalleolar and calf circumference

Fernández-Gorgojo
et al. (2023)

PIG、plantar pressure test and
sEMG

Patients with trimalleolar
ankle fractures, Healthy
subjects: n = 12

Patients presented compromised gait patterns:
shorter step length, larger step width, slower
walking speed and shorter single support, and
asymmetrical gait. During walking, patients
showed abnormal dynamic plantar pressure
features (mainly in the hindfoot and forefoot
regions), and the IEMG of TA and PL were larger
than healthy controls

Zhu et al. (2022)

OFM Patients operated for
ankle fractures: n = 33
(33 feet), Healthy control
group: n = 11 (20 feet)

Significantly less ROM between the hindfoot and
tibia in the sagittal plane (flexion/extension) during
loading and push-off phases was found in patients
after ankle fractures. Lowest ROM and poorest
PROM results were found for patients with
trimalleolar ankle fractures

van Hoeve et al. (2019)

HFMM Patients with isolated
ankle fractures: n = 14,
Healthy participants:
n = 20

Significant differences for the Foot Tibia Dorsal
Flexion, the tibio-talar dorsal flexion and the
ground reaction force for patients after 9 weeks as
well as patients after 26 weeks compared to healthy
participants, respectively. The ROM in the tibio-
talar joint and the medial arch was reduced in
affected patients compared to healthy participants

Böpple et al. (2022)

RFM Patients who sustained a
trimalleolar fracture and
underwent surgery: n =
15, Asymptomatic adults:
n = 13

Mean peak power generation, total positive work
and peak internal ankle moment were significantly
lower for the Chopart joint when comparing the
patients to the control group. These results were
observed for both the affected and unaffected side
of the patients, showing symmetrical changes in the
patient group

Deschamps et al.
(2022)

(Continued on following page)
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experience foot pain. A study of plantar pressure in two-foot
positions showed that the plantar contact area was significantly
reduced in cavus foot, with the forefoot becoming the main weight-
bearing structure and the load distribution shifting towards the
medial aspect of the foot (Fernández-Seguín et al., 2014). Of these,
the second and third metatarsal heads are under the most pressure,
and because the metatarsals are embedded between the cuneiform
bone joints, the area has low mobility, making it difficult to
distribute the load (De Doncker and Kowalski, 1979), which has
been suggested to be the cause of the associated pain. In terms of
kinematics, Kruger (Kruger et al., 2019) compared the effects of
different foot postures on movement. Compared with those in the
normal group, the cavus foot group had obvious hindfoot
dorsiflexion and varus, and plantar flexion, valgus and adduction
of the forefoot also increased, which was inconsistent with the
increase in hindfoot valgus and abduction and increase in
forefoot adduction reported by Buldt et al. (2015). The possible
reasons for these results are as follows: 1. The segmental models used
are different, and the positioning and direction of the coordinate
axes are also different. 2. There may be differences in the reference
position used (neutral position/comfort position).

Buldt reported that the middle foot coronal mobility of the cavus
foot group decreased during the stance period, which indicated that
the deformation of the medial longitudinal arch was reduced, the

foot became more rigid, and the arch rigidity increased, which may
have caused the foot to absorb the impact load. The ability to absorb
the impact load can be reduced when a patient with a high arch foot
touches the ground, causing damage to the arch. Therefore, in
clinical practice, it is necessary to improve the detection,
evaluation and early correction of plantar pressure and kinetic
parameters in this group of people to reduce pain in the
corresponding area and prevent the occurrence of sports injury.
Choi et al. (2015) designed an orthopaedic insole containing a
metatarsal pad that can reduce foot supination. The results
showed that the customized insole can significantly increase the
contact area of the middle foot, reduce the outwards heel tilt,
improve the pressure distribution of the forefoot, disperse the
concentrated pressure at the hindfoot and the forefoot, and
improve the effective utilization of the lower-limb muscles to
achieve the effect of reducing lower-limb fatigue during long gait.

4.2 Planus foot

Flatfoot is a common foot deformity in foot and ankle surgery. It
is characterized by the reduction or disappearance of the arch of the
foot. In fact, this condition is accompanied by hindfoot valgus,
forefoot abduction and supination (Levinger et al., 2010a), which

TABLE 2 (Continued) Gait analysis techniques for different foot and ankle joint diseases.

Disease Model Subjects Gait analysis result

Ankle Osteoarthritis MiFM DJD group: n = 36,
Healthy group: n = 13

Ankle DJD demonstrates significant changes in
foot mechanics characterized by altered segment
kinematics and significant reduction in dynamic
ROM at the tibia, hindfoot, forefoot, and hallux
when compared to controls. The results
demonstrate decreased temporal-spatial
parameters

Canseco et al. (2018)

Dynamic pedobarography Posttraumatic end-stage
ankle osteoarthritis
patients: n = 120

Maximum force and contact area were decreased in
the whole osteoarthritic foot. Peak pressure in the
hindfoot and toes area was decreased as well. The
results indicated a positive correlation between
dorsiflexion and the pedobarographic parameters

Horisberger et al.
(2009)

A 3D MFM with 15 markers (Seo
et al., 2014)

Patients undergoing
TAR: and AA: n =
17 and 7

Gait speed was faster in the TAR, the range of
hindfoot and forefoot sagittal motion was
significantly greater in the TAR. The main
component of motion increase was hindfoot
dorsiflexion. Maximum ankle power in the TAR
was significantly higher than in AA. However, the
range of hindfoot and forefoot sagittal motion was
decreased in both TAR and AA.

Seo et al. (2017)

mOFM Patients undergoing
TAR: and AA: n =
10 and 10

During level walking, sagittal ankle ROM was
significantly higher, forefoot-tibia motion and
hindfoot-tibia motion were significantly greater in
the TAA group. During stair ascent, sagittal ankle
ROM, forefoot-tibia motion, and hindfoot-tibia
motion was greater

Sanders et al. (2021)

MiFM DJD patients were
evaluated before and after
TAA: n = 27

Decreased external rotation of the tibia and
increased external rotation of the hindfoot were
noted throughout the gait cycle. Ankle replacement
as supported by increased temporal-spatial
parameters, and significant improvement in tibial
sagittal range of motion during terminal stance and
hindfoot sagittal range of motion during preswing

Fritz et al. (2022)
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may be related to congenital development, acquired trauma and
other factors. Rigid flatfoot (such as tarsal bone fusion and the
vertical talus) caused by neuromuscular diseases can cause
symptoms such as pain or walking disorders. Flexible flatfoot
(FFF) caused by soft tissue relaxation around joints is common
in clinical practice, especially in children and adolescents. Although
simple flatfoot has little effect on the shape of the foot, it often affects
the gait of patients in the late stage. Dynamic gait analysis combined
with static imaging analysis is needed for overall evaluation. Compared
to cavus foot, planus foot showed opposite plantar pressure
characteristics, the group showed greater midfoot contact area along
with lower peak pressures in the fourth and fifth Metatarsophalangeal
Joint (MTPJ) and lateral heel (Buldt et al., 2018b). An important finding
of this study was the distribution of the loads on the structures
surrounding the 1st MTPJ, with the planus foot hallux having
higher loads and the 1st MTPJ having lower loads (in complete
contrast with the cavus foot), this alteration is similar to that of
patients with first MTPJ lesions (e.g., hallux rigidus) (Menz et al.,
2018), and the authors considered that the first metatarsophalangeal
joint function may show a certain tendency to change in relation to the
time of the development of arthropathology.

Kerr et al. (2015) compared the differences between planus
patients with and without clinical symptoms. The results showed that,
compared with those in the normal group, all the planus foot groups
exhibited significant hindfoot eversion, and the symptomatic group had
significantly more forefoot abduction than the asymptomatic group;
moreover, there was a tendency towards forefoot supination relative to
the hindfoot. In addition to foot changes, the symptomatic group
showed a significant increase in hip flexion when the foot was
following the ground, knee flexion in the middle, and knee valgus
(Kerr et al., 2019). Due to the increased hindfoot eversion in planus foot
patients, the arch of the planus foot increases the flexibility of the foot
but is unable to provide the rigid lever required for push-off. This results
in an inability to provide support to the soleus and gastrocnemius and a
decrease in forward thrust, decreasing stride speed. Moreover, forefoot
abductionmay lead to excessive tension onmedial soft tissue structures,
excessive pronation of the hindfoot rotates the tibia, causing passive
strain on the foot and changing the direction of patellofemoral joint
forces. These potential changes in motion can lead to worsening of
conditions and symptoms such as foot pain, plantar fasciitis, fatigue,
joint instability and patellofemoral joint pain (Riskowski et al., 2013).
Therefore, to improve foot pain, the first task is to restore the arch of the
foot, normalize the movement of the foot, and diagnose and treat the
patient as soon as possible to avoid decompensation of adjacent joints.
Peng et al. (2020) tested a foot orthosis (medial arch support with
medial forefoot posting). Compared with ordinary footwear walking,
orthosis can significantly reduce the peak ankle contact force, the peak
ankle valgus angle and the peak ankle valgus torque; maintain the
medial longitudinal arch; prevent further pronation; significantly reduce
the second peak of the patellofemoral joint contact force; and relieve
patellar joint pain.

4.3 Congenital talipes equinovarus

Congenital talipes equinovarus (clubfoot) is the most common
congenital foot structure deformity. There is one case in every
1000 newborns worldwide (Ansar et al., 2018). The main

manifestations are clubfoot (increased plantar flexion of the
calcaneus relative to the tibia), cavus foot (pronation of the
forefoot relative to the hindfoot, increased longitudinal arch of
the foot) and adduction and varus deformity (increased
adduction and/or varus of the calcaneus relative to the tibia)
(Ponseti et al., 2006). In clubfoot, more males than females,
slightly more unilateral cases than bilateral cases, and seasonal
changes in symptoms have been reported. The incidence of
clubfoot in autumn and winter is high (Wallander et al., 2006;
Zhao et al., 2016), and it is more common in patients with motor
neuron injury. There are many differences in the gait characteristics
of children with clubfoot compared with those of children with
normal development. The main manifestations are a decrease in
ankle joint activity, an increase in the internal rotation of the foot, a
decrease in ankle joint strength during the swing period, a decrease
in plantar flexion torque and a possible foot drop. Compensatory
changes, such as increased hip external rotation and excessive knee
extension, were also observed. (Mindler et al., 2014; Lööf et al.,
2016). The purpose of treating clubfoot is to relieve foot pain, obtain
a normal appearance, and restore normal function. At present, the
Ponseti method (manipulation, casting, cementing, or an Achilles
tenotomy) is considered the gold standard for early treatment
(Ganesan et al., 2017; Grin et al., 2023). A transplantar pressure
study showed that, compared to those of the healthy side and control
group, clubfoot treated with the Ponseti method had higher peak
pressure (PP) and pressure‒time integral (PTI) in the lateral
forefoot and midfoot; moreover, the contact area reported as a
percentage of the total foot area (CA%) was also significantly greater,
while the PP and PTI were significantly lower in the medial forefoot
and hindfoot, suggesting that the affected foot experiences
significantly greater mechanical stress during walking and that
the load is transferred from the medial side of the foot to the
lateral forefoot and midfoot (Xu et al., 2018). An “in-toe” gait
pattern was observed in the affected clubfoot, with an internally
rotated FPA that facilitates the transfer of loads to the lateral aspect
of the foot.

Although the Ponseti method can achieve good results in the
short term, 11%–47% of patients have been reported to experience
disease recurrence. Several studies have shown that among patients
who have received Ponseti treatment, the disease rate at
3.7–4.1 years after correction is still as high as 68% (Bergerault
et al., 2013; Zionts et al., 2018). Patients with recurrent cases showed
a similar gait pattern to that before correction (Grin et al., 2021; Grin
et al., 2022). Grin et al. (2021) reported that, compared with those in
the nonrecurrent group, the forefoot adduction and supination
angles (relative to the hindfoot and tibia) in the recurrent group
were significantly greater. The authors believe that this may be a
kinematic indicator of recurrent talipes equinovarus, which is
helpful for early identification of recurrent talipes equinovarus.
Gait analysis plays an important role in the early detection of
recurrence, and gait analysis technology can also be used to
determine and evaluate the effect of additional treatment. Recent
studies on the efficacy of tibialis anterior tendon transfer (TATT)
and repeated Ponseti treatment have revealed changes in the
movement of recurrent patients after additional treatment (Liu
et al., 2020; Mindler et al., 2020; Li et al., 2022). TATT is a
surgical technique that restores the muscle balance between varus
and valgus of the hindfoot by transferring the anterior tibial tendon
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insertion to the lateral cuneiform bone. Studies have shown that
TATT can significantly improve the dynamic supination of the
forefoot in recurrent patients and appropriately relieve varus and
adduction of the hindfoot, but the postoperative ankle strength
decreases to varying degrees (Mindler et al., 2020; Li et al., 2022).
This result is related to muscle weakness and atrophy of the affected
limb; that is, the operation restores the dynamic imbalance but
cannot restore lost muscle mass, and an invasive operation plus
long-term postoperative plaster fixation may lead to further muscle
atrophy. Liu et al. (2020) compared the kinematic and dynamic
parameters of patients with recurrent talipes equinovarus treated
with repeated Ponseti with those of patients without recurrence. The
results showed that there was no significant difference between the
recurrent and nonrecurrent patients treated with Ponseti except for
spatial and temporal parameters such as step length and single-limb
support time. Therefore, the author suggested that the Ponseti
method should be used for recurrent talipes equinovarus.

4.4 Hallux valgus

Hallux valgus (HV) deformity refers to the deviation of the great
toe from the midline of the foot to the second toe and lateral oblique
displacement at the first metatarsophalangeal joint. It can cause the
formation of a painful bursa at the medial convex of the great toe and
metatarsophalangeal joint, accompanied by symptoms such as
forefoot pain and deformity of the remaining toes (Coughlin and
Shurnas, 2003). The incidence rate is approximately 23%–35.7%,
and the prevalence rate in women (30%) is higher than that in men
(13%) (Nix et al., 2010). A large-scale male‒female cohort study of
the HV population (Galica et al., 2013) showed that participants
with HV alone and HV combined with other foot diseases had lower
loads in the toe area and greater loads in the small toe area than
participants without HV. In addition, the group with HV had lower
hindfoot lateral force, peak pressure and centre of pressure
excursion index (CPEI) values and greater modified arch index
(MAI) values. These findings indicate that, compared with those in
the control group, HV patients in the control group tended to
exhibit a more prone gait andmay exhibit a flatfoot posture. In terms
of kinematics, HV patients tend to exhibit excessive foot
dorsiflexion, increased hindfoot valgus, reduced abduction of
MTP1, and reduced ankle mobility during walking (Deschamps
et al., 2010). Similarly, Kim et al. (2020) et al. studied the effect of HV
deformities on the intersegmental motion of the foot. The results
showed that the sagittal ROM of the hallux toe and the hindfoot
decreased, the hallux toe was overly dorsiflexed at the end of the
support phase, and the adduction of the forefoot decreased. These
changes were positively correlated with the severity of the deformity.

According to the severity of the deformity, a customized orthosis
can be selected to prevent disease progression, and surgical
intervention can also be performed. The effect of the surgical
plan also differs. Moerenhout et al. (2019). performed gait
analysis on the efficacy of modified Lapidus surgery and reported
that at 6–12 months after surgery, 3 spatial-temporal parameters,
2 kinematic parameters and 7 plantar pressure parameters were
significantly improved. Moreover, the results 12 months after
surgery were significantly better than those at 6 months,
indicating that the recovery time required after surgery was also

relatively longer. In the walking process, whether the remaining area
can fully bear a certain load is a problem that cannot be ignored.
Ballas et al. (2016). performed a series of studies on the change in
plantar pressure after valgus surgery and reported that the gait
pattern after scarf surgery was similar to that without surgical
treatment, but the forefoot propulsive force could not be fully
restored in patients who underwent first metatarsophalangeal
arthrodesis. Geng et al. (2017) also reported that the first
metatarsal load function was impaired in some patients with
metatarsal pain after valgus surgery. Whether the remaining part
can bear the original load while walking is a problem that cannot
be ignored.

4.5 Acute ankle sprains and chronic ankle
instability

Acute ankle sprain is the most common lower-limb movement-
related injury, accounting for 16%–40% of all sports-related injuries
(Halabchi and Hassabi, 2020), and acute ankle sprain is most
common in basketball, football and rugby. Repeated ankle
sprains and residual symptoms such as persistent instability after
injury are called “chronic ankle instability” (CAI) (Waterman et al.,
2010). CAI can also be subdivided into functional ankle instability
(FAI) due to interruption of the afferent pathway, resulting in
functional instability of proprioception defects, and modified arch
index (MAI), caused by structural changes in the ankle complex
(Delahunt et al., 2006). Due to impaired postural control, the
movement strategies of ankle sprains and CAI patients change
during walking. Koldenhoven et al. (2016) investigated the
plantar pressure characteristics of CAI patients walking on level
ground and standing on one foot and reported that the COP on the
affected side of CAI patients significantly shifted towards the lateral
side of the foot while walking on level ground, and the stability of the
affected side in the anteroposterior, posterior, and bilateral internal
and external postural control was significantly weaker than that of
normal subjects during unipedal support. Bigouette et al. (2016)
conducted a cohort study on the changes in the vGRF in CAI
patients during running. The study revealed that, compared with
healthy controls, the CAI group had a greater peak impact force and
active peak force, an increased load rate, and a shortened time to
reach the active peak force. This change may increase the
vulnerability of CAI patients to stress-related injuries and
repeated sprains. These changes may also explain why CAI
patients are prone to repeated sprains and confirm that CAI
kinematics are more inclined to lead to ankle inversion.

Doherty et al. (2015) analysed the kinetic changes in the limbs
before and after heel touchdown (period 1) and after toe-off from
the ground (period 2) in patients with lateral ankle sprain (LAS).
Compared with those in the healthy control group, in the first stage,
knee flexion, ankle varus torque, and varus flexion were greater,
while plantar flexion was lower in the LAS group. In the second
stage, hip extension and plantar flexion decreased in the LAS
group. The injured person protects the fragile ankle joint through
local and global adjustments and exhibits many movement patterns
similar to those of individuals with CAI. Kwon et al. (2020) studied
the coordination of limbs between different groups. The results
showed that the CAI and Coper groups exhibited different
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coordination strategies than did the control group in the second half
of standing and in the process of propulsion (i.e., compared with the
tibial internal rotation of the healthy population, the experimental
group showed tibial external rotation), which further increased the
evidence of limb regulation and compensation for
sensorimotor deficits.

Treatment of CAI is primarily aimed at improving poor
compensatory movement patterns, allowing for a reduction in
ankle dorsiflexion and thus enhancing postural control stability.
Feger et al. (2018) reported that the COP shifted medially during
10%–100% of the walking cycle after gait training. The contact area
of the medial midfoot increased significantly and reached peak
pressure 13% earlier than before training, and the PTI of the
medial forefoot increased significantly, indicating that gait
training could cause the COP to shift inwards earlier and more
rapidly and reach a stable ankle position. Approximately 34% of
ankle sprain patients develop sprain again within 3 years of injury
(van Rijn et al., 2008). If conservative treatment fails and symptoms
of chronic ankle instability persist, surgical treatment can be selected
by repair (anatomical contraction of the lateral ligament and
reconstruction of the insertion point) or reconstruction
(reconstruction of the lateral ligament with other surrounding
tissues). Schmidt et al. (2005) performed plantar pressure tests
on CAI patients 3 years after Karlsson’s anatomical repair. The
results showed that there was no significant difference between the
peak pressure in 8 plantar regions (toe, 2–5 toes, first metatarsal
head, second and third metatarsal head, midfoot, medial hindfoot,
lateral hindfoot) and that in the healthy foot during walking. These
studies may help clinicians intervene in CAI by reducing the load
rate and improving posture training for patients to prevent the
recurrence of sprains and slow the progression of osteoarthritis after
ankle trauma, which is beneficial for ensuring patient prognosis.

4.6 Ankle fracture

Ankle fracture (AF) is the most common fracture in orthopaedic
trauma surgery and accounts for approximately 9% of all fracture
types, with an annual incidence of 107–184 cases/100,000 people
(Court-Brown and Caesar, 2006). The most common fracture types
are single and double ankle fractures (Shibuya et al., 2014; Elsoe
et al., 2018). Fractures caused by low-energy indirect trauma are
generally treated conservatively, but when conservative treatment
fails to restore joint consistency and fractures are caused by high-
violent trauma, surgical reduction is the preferred treatment method
(Goost et al., 2014). The most commonly used surgical treatment is
open reduction and internal fixation (ORIF), the main purpose of
which is to prevent posttraumatic arthritis and shorten the
immobilization time (Tantigate et al., 2019). The severity of the
injury, surgical intervention and fixation time all contribute to
biomechanical changes (Egol et al., 2006), and recovery of these
parameters after ankle treatment is critical. A study of dynamic
plantar pressure changes at 6 and 12 months after bilateral ankle
fracture surgery showed that AFG patients had lower plantar
pressure (peak and mean) and longer contact time than did CG
patients and that AFG patients had significantly lower e-cadence
and gait speed than did the control group. Similarly, (Fernández-
Gorgojo et al., 2023), Zhu et al. (2022) reported similar results in a

study of 12 subjects after trimalleolar fracture; i.e., abnormal changes
in plantar pressure were mainly manifested in the forefoot and
hindfoot regions. Compared with those in the healthy control group,
the patients in the symptomatic group had shorter step lengths,
larger step widths, slower walking speeds, shorter single supports
and obvious asymmetry in gait; these authors believe that these
differences might be related to functional impairment of the anterior
tibial and peroneal longus muscle ability.

van Hoeve et al. (2019) performed gait analysis on ankle
fractures of different severities treated by surgery. The results
showed that the patient’s sagittal mobility in weight-bearing and
push-off segments was significantly reduced, but there was no
obvious abnormality in cross-sectional or coronal movements.
The author emphasized that the severity of the fracture is
inversely proportional to the extent of joint flexion/extension.
Similarly, Böpple and his colleagues (Böpple et al., 2022)
reported that the motion of the tibiotalar joint and medial arch
in patients with ankle fractures was limited, and the regional GRF
was also reduced; however, over time, significant improvement
could be observed. The author also confirmed that patients with
fractures were more inclined to lift their feet rather than push them
off the ground during forward movement. Deschamps et al. (2022)
quantified the foot joint mechanics (joint torque) and energy
(power) of patients walking after ORIF and noted that, compared
with those in the control group, all components of the ankle complex
in the ORIF group showed varying degrees of reduction. Among
them, the peak value of the medial malleolar torque, the average
peak power and the total positive work performed by the Chopart
joint were significantly lower than those in the control group, and a
trend towards reduced power absorption and total negative work
were also observed on the healthy side of the patient’s foot, which
seemed to reveal a symmetrical avoidance strategy. Suciu et al.
(2016) evaluated the recovery effect of rehabilitation therapy. They
analysed gait variables and functional outcomes at the time of weight
loss (T1) and 12 weeks after the exercise rehabilitation programme
(T2). The results showed that all spatial and temporal parameters
were lower in T1 than in T2. Improvements were observed at T2,
and the Olerud-Molander Ankle Scale (OMAS) score was also
significantly improved. Therefore, the authors emphasized the
importance of rehabilitation exercises in restoring
patient movement.

4.7 Ankle osteoarthritis

Degenerative joint disease (DJD) of the ankle is a chronic disease
associated with severe pain and dysfunction. Compared with
primary ankle osteoarthritis, secondary osteoarthritis caused by
traumatic injury and ankle biomechanical abnormalities (CAIs) is
more common (Valderrabano et al., 2009). Joint disharmony caused
by these pathological changes causes chronic cartilage overload and
irreversible damage to the tibiotalar articular cartilage and
eventually leads to narrowing and disappearance of the joint
space, resulting in pain and deformity. Canseco et al. (2018)
research team also confirmed that the dynamic ROMs of the
tibia, hindfoot, forefoot and hallux of DJD patients decreased, the
segmental position changed, and the foot as a whole flattened the
arch, which reduced plantar fascia pretension, resulting in
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insufficient propulsion at the onset of the swing phase, as well as a
significant decrease in the peak force and pressure values of the
entire foot (especially in the hindfoot and toe regions). In the late
stage of OA, the maximum force and peak pressure of the whole foot
significantly decrease (especially in the hindfoot and toe areas), and
the contact area with the ground also significantly decreases, which
is interpreted as an “escape strategy” adopted by patients to avoid
pain, which leads to insufficient support when entering the wobble
phase (Horisberger et al., 2009). The combination of these factors
leads to a decrease in spatiotemporal parameters and stability.

Total ankle replacement (TAR) and ankle arthrodesis (AA) are
standard treatments for end-stage ankle osteoarthritis. Both
procedures can effectively relieve pain caused by ankle arthritis.
However, with the continuous improvement in quality of life and
concerns about complications such as adjacent arthritis, an
increasing number of people tend to choose TAR. Compared
with those after AA, patients after TAR have a faster walking
speed and greater ROM of the forefoot and hindfoot in the
sagittal position (Seo et al., 2017). When completing more
difficult tasks, such as climbing stairs, greater joint mobility
allows for greater production of power and angular velocity,
which makes the gait of TAR patients closer to normal, resulting
in better exercise capability, full enjoyment of different exercise
modalities, and improved quality of life (Sanders et al., 2021). Fritz
et al. (2022) also showed that TAR surgery could increase the sagittal
ROM of the ankle–joint complex, reduce the external rotation of the
tibia, increase the external rotation of the hindfoot, relieve pain and
improve walking function. However, the author also noted that
although the outcome and gait ability of the study participants
improved, there were significant differences in all the parameters in
the healthy control group, indicating that TRA could not completely
restore gait to normal. In the future, further research is needed on
the prosthesis design, surgical methods, and postoperative
rehabilitation of TAR to restore normal kinematic function.

5 New gait analysis technologies

Traditional gait analysis involves the use of computer vision
technology; through the capture of fluorescent markers on the
surface, the skin is subjected to three-dimensional modelling to
determine the posture of the human body. However, when motions
such as gait are performed, soft tissue displacement causes relative
motion between a marker and its corresponding bone, thereby
affecting the derived kinematics, especially in foot movement
capture; because the distance between the markers is very small,
this motion will lead to a relatively large angular error (Schallig
et al., 2021).

Biplane fluoroscopy (BF) is a method for measuring 3D joint
kinematics with high accuracy using two common bead-tracking
techniques (fluoroscopic radiostereometric analysis [RSA]) or 2D-
3D model-based registration (Harman et al., 2012; Akbari-Shandiz
et al., 2018). These methods create a 3D model of each bone from
imaging parameters to visualize the relative motion of a specific
bone, avoiding the shortcomings of optical motion capture. Balsdon
compared the three foot-types by quantifying the medial
longitudinal arch (MLA) as an angular value and comparing the
changes in MLA during static and dynamic processes. The results

showed that the pes planus and pes cavus had the smallest and
largest average MLA angles, respectively, and that the (static)
barefoot MLA angle was less than the (dynamic) angle (Balsdon
et al., 2016). Phan compared the relative motion of the joint surfaces
of the planus foot and normal foot (Phan et al., 2021). The average
relative speed on the articular surface of the tibiotalar, subtalar and
calcaneocuboid joints was significantly greater in flatfoot patients.
Compared with those of normal individuals, the plantar foot of
patients exhibited increased movement towards plantar flexion in
the tibiotalar joint and eversion and external rotations in the
talonavicular joint during standing. The ROM of inversion/
eversion rotations and internal/external rotations in the tibiotalar
joint was significantly greater, demonstrating high instability.
Another study on ankle stability compared the mobility of the
tibiotalar and subtalar joints in FAI patients, LAS patients and
normal subjects during the stance phase of walking, and the results
showed that both FAI and LAS patients exhibited hypermobility of
the tibiotalar joints. In contrast to LAS patients, despite having no
apparent joint laxity under static conditions, FAI patients also
showed significantly greater hypermobility of subtalar joints than
healthy controls did, which confirmed that stabilization of the
subtalar joints is needed for the treatment of patients with FAI
(Cao et al., 2019). In an osteoarthritis study (Lenz et al., 2022), Lenz
observed no significant kinematic differences in the tibiotalar joints
during walking compared to those in the control group of post-TAR
patients, with only a slight loss of joint mobility in the subtalar joints
but still with symmetric kinematics during walking and double heel-
rise activities. This provides a reference for the choice of end-stage
OA treatment.

Although the BF can directly track bone movement, it also has
several limitations. The large space occupation of the equipment, the
high requirements for the surrounding environment, the complex
and changeable professional knowledge of the equipment software,
the limited collection environment and the excessive radiation dose
are still the main factors that hinder the development of double-head
fluoroscopy technology. With the development of technology,
scholars are paying increasing attention to multisystem and
multimodal sensor fusion methods. These methods can analyse
the complexity and variability of gait by integrating the data of
multiple sensors. Multimodal sensor fusion also allows simultaneous
monitoring of various physiological parameters during exercise,
such as various gait indices (spatiotemporal, kinematic and
kinetic), sEMG signals, or tendon-ligament movement combined
with ultrasound (Maeda et al., 2022). Fusion analysis of these
indicators can reveal potential health conditions and disease
causes, improve the accuracy and personalization of diagnosis,
improve the prediction of disease, evaluate treatment efficacy,
and guide rehabilitation.

6 Conclusion and foresight

The human body structure and the lower-limb kinetic chain
have certain continuity and integrity; therefore, when there is a
problem in a certain body part, there are often compensatory
changes in adjacent joints. Numerous studies have noted the
impact of hip and knee joint diseases on the ankle joint
(Levinger et al., 2010b; Gao et al., 2016; Xie et al., 2019).
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Therefore, in the treatment of lower limb-related diseases, in
addition to the treatment of clinical manifestations, it is also
necessary to trace the source of the primary disease to
fundamentally solve the symptoms. As a novel semi-automated
dynamic assessment tool with the advantage of objectivity and
precision in the diagnosis and assessment of abnormal gait
compared to traditional clinical assessment, 3D gait analysis
technology is now widely used in a number of disciplines to help
guide diagnosis, assist in the development of surgical protocols, the
assessment of treatment outcomes, and the guidance of rehabilitation
training for disease, by capturing quantitative information about human
movement. Currently, the biggest obstacle to incorporating this analysis
remains the high cost (laboratory construction, time spent learning the
technology and research testing). Increasing the convenience of gait
analysis tools (especially those that can be used in an outpatient setting)
without requiring patient access to the laboratory, reducing the cost of
learning gait techniques, or shortening the time spent on laboratory
testing will increase their utility as a clinical assessment tool, which will
promote greater understanding of pathology and ultimately lead to
better outcomes for patients.
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Deficits in proprioception and
strength may contribute to the
impaired postural stability among
individuals with functional ankle
instability

Yanhao Liu1, Shiyu Dong1, Qi Wang2, Ziyin Liu1, Qipeng Song1*
and Peixin Shen1*
1College of Sports and Health, Shandong Sport University, Jinan, China, 2College of Sports Human
Sciences, Beijing Sport University, Beijing, China

Purpose: The correlations of postural stability with proprioception and strength
may explain the recurrent sprains among individuals with functional ankle
instability (FAI). This study aimed to compare anterior-posterior (AP) and
medial-lateral (ML) postural stability, along with ankle proprioception and
strength between individuals with and without FAI and investigated their
correlations.

Methods: Forty participants with FAI and another 40 without FAI were recruited.
Their postural stability, represented by time to stabilization (TTS) in the AP (TTSAP)
and ML (TTSML) directions, was calculated by the ground reaction force during
jumping onto a force plate. Their ankle proprioception and strength during
plantarflexion/dorsiflexion and inversion/eversion were measured using a
proprioception device and a strength testing system, separately.

Results: Individuals with FAI had longer TTSAP (p = 0.015) and TTSML (p = 0.006),
larger ankle proprioception thresholds (p = 0.000–0.001), and less strength (p =
0.001–0.017) than those without FAI. Correlations between strength and TTSAP
were detected among individuals with (ankle plantarflexion, r = −0.409, p =
0.009) and without FAI (ankle plantarflexion, r = −0.348, p = 0.028; ankle
dorsiflexion, r = −0.473, p = 0.002). Correlations of proprioception (ankle
inversion, r = 0.327, p = 0.040; ankle eversion, r = 0.354, p = 0.025) and
strength (ankle eversion, r = −0.479, p = 0.002) with TTSML were detected
among individuals without FAI but not among those with FAI.

Conclusion: Individuals with FAI have worse postural stability and proprioception
and less strength. Their proprioception and strength decreased to a point where
they could not provide sufficient functional assistance to the ML postural stability.
Improvements in proprioception and strength may be keys to prevent recurrent
ankle sprains among individuals with FAI.

KEYWORDS

ankle sprain, functional ankle instability, postural control, kinesthesia, jump landing
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1 Introduction

Ankle sprain has the highest recurrence rate among all lower-
extremity musculoskeletal injuries (Fong et al., 2007; Kerr et al.,
2022), with an annual economic burden of approximately
$6.2 billion in the United States (Gribble et al., 2016). Following
an initial sprain, 40% of individuals develop functional ankle
instability (FAI), characterized by recurrent sprains, sensorimotor
impairments, experiences of “giving way,” and feelings of instability
at the ankle (Arnold et al., 2009; Herzog et al., 2019; Huang
et al., 2021).

Postural stability deficit is one of the strongest risk factors for
ankle sprain (Hertel and Corbett, 2019). Owing to the
biomechanical contribution of the ankle joint on jump
performance (Giustino et al., 2022), jump landing test is one of
the most common functional tests to assess postural stability in the
anterior-posterior (AP) and medial-lateral (ML) directions among
individuals with FAI (Ross et al., 2009). Postural stability during
jump landing is usually measured in terms of time to stabilization
(TTS) in the AP (TTSAP) and ML (TTSML) directions, which
represents the time needed to stabilize the body (McCann
et al., 2018).

Maintaining postural stability involves the integration of sensory
input with information from the musculoskeletal systems (Grassi
et al., 2018). Proprioception and strength are two crucial
contributors in maintaining postural stability and preventing
sprains during sports and daily activities. Proprioceptive
receptors transmit information about the position of limbs and
body segments, as well as the velocity and direction of their
movements, to the central nervous system to guarantee smooth
and coordinated bodymovements during balance control (Xue et al.,
2021). Sufficient torque generated by lower limb muscles ensures
rapid adjustments when countered with unexpected disturbances
(Park et al., 2019; Khalaj et al., 2021).

Previous studies investigated the correlations of postural
stability with proprioception (Santos and Liu, 2008) and muscle
strength (McCann et al., 2018). However, they did not differentiate
postural stability in the AP and ML directions, and most of them
focused only on individuals with FAI but not those without FAI.
Humans adopt different mechanisms to maintain AP and ML
postural stability (O’Connor and Kuo, 2009). Compared with AP
postural stability, ML postural stability is harder to maintain and
depends on motor control through active foot placement and
integrated sensory feedback, such as proprioception (O’Connor
and Kuo, 2009; Rankin et al., 2014). The majority of ankle
sprains occur in the ML direction (primarily during ankle
inversion) (Herzog et al., 2019), making it particularly important
to differentiate between AP and ML postural stability. To the best of
our knowledge, no studies have investigated the correlations of
proprioception and strength with the AP and ML postural stability
among individuals with and without FAI. Distinguishing AP and
ML postural stability and investigating their correlations with
proprioception and strength among individuals with and without
FAI can help deepen our understanding of the causes of postural
stability deficits and recurrent ankle sprains and provide guidance
for the rehabilitation and prevention of ankle sprains.

This study aimed to compare AP and ML postural stability,
proprioception, and strength between individuals with and without

FAI and investigate the correlations of proprioception and strength
with AP and ML postural stability. Addressing these issues can help
select targeted interventions to enhance postural stability and
develop precise ankle sprain prevention approaches among
individuals with FAI. Our hypothesis are as follows: 1.
Individuals with FAI have worse AP and ML postural stability,
impaired proprioception, and less strength than those without FAI;
2. AP and ML postural stability are significantly correlated with
proprioception and strength among individuals with and
without FAI.

2 Material and methods

2.1 Design

This study has a cross-sectional design. Before participation, all
participants read and signed informed consent approved by the
Institutional Review Boards of Shandong Sport
University (2022001).

2.2 Participants

The sample size was estimated using G*Power software (Version
3.1) based on two studies: one detected an effect size = 0.80 in TTS
between people with and without FAI (with = 1.86 ± 0.67s, without =
1.44 ± 0.33s) (Ross et al., 2009), and another detected an r2 =
0.25 between muscle strength and postural stability (McCann et al.,
2017). A minimum of 52 and 66 participants must be recruited to
guarantee an α of 0.05 and statistical power of 0.80.

Participants were recruited from a local university fromMay to July
2023 through e-newsletters, e− and paper notifications, and e-mail.
After the purpose and process of the study were introduced to the
participants, 124 people were willing to enroll in the study, of whom
58 had self-reported FAI symptoms and 66 had no FAI symptoms. The
eligible participants were screened according to the inclusion and
exclusion criteria of the study. Inclusion criteria for participants with
FAI were as follows: (1) at least one severe ankle sprain resulting in pain,
swelling, and activity limitation for at least 1 day within at least
12 months before the start of this study; (2) age 18–25 years; (3)
more than two times of ankle “giving way,” which refers to the
feeling of uncontrollable or unpredictable excessive inversion of the
ankle (Delahunt et al., 2010; Gribble et al., 2014), in the past 6 months;
(4) persistent ankle instability and dysfunction during daily activities,
which refers to the feeling of ankle instability during daily living and
sporting activities (Delahunt et al., 2010) or the experience of difficulty
in certain daily activities such as putting on shoes, getting in and out of a
car, due to pain or joint instability (Lentell et al., 1995); (5) with a
score ≤24 on the Cumberland Ankle Instability Tool (CAIT) (Gribble
et al., 2014). Inclusion criteria for participants without FAI were as
follows: (1) no previous ankle sprain/injury and no giving way or
instability and (2) CAIT score ≥28. Exclusion criteria for all participants
were as follows: (1) mechanical instability indicated by positive findings
of talar tilt and anterior drawer test; (2) a fracture or surgical procedure
to the lower extremity; (3) acute injury of the lower extremity within the
last 3 months; (4) neurological disease, diabetes, and vestibular
disorders; (5) bilateral FAI.
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Following eligibility assessment, 40 individuals with FAI and
another 40 without FAI were recruited. Their age, height, bodymass,
CAIT score, and ankle sprain and giving way experience are shown
in Table 1. The number of left-dominant and right-dominant
individuals (2 left and 38 right) was equal in each group. The
dominant limb was defined as the limb each participant used during
kicking a ball (Mitrousis et al., 2023).

2.3 Protocol

The CAIT scores, history of ankle sprain, and experience of
giving way were recorded before the tests. Postural stability and
proprioception were measured in a random order. Strength was
assessed lastly to avoid fatigue. The individuals with FAI were tested
on their affected limbs, including 26 dominant and 14 nondominant

TABLE 1 Participants’ baselines.

Group
FAI Non-FAI

p-value

(n = 40, female = 13) (n = 40, female = 13)

Age (years) 21.3 ± 1.3 22.4 ± 2.2 .098

Height (cm) 173.7 ± 8.7 173.9 ± 8.2 .931

Body mass (kg) 66.1 ± 10.2 66.7 ± 9.6 .809

CAIT (score) 16.9 ± 3.5 29.3 ± 0.6 <.001

No. previous ankle sprains (times) 2.9 ± 1.1 - -

No. giving way episodes (times) 6.1 ± 1.6 - -

CAIT: cumberland ankle instability tool.

FIGURE 1
Test illustrations. (A) Jump landing test. (B) Proprioception test. (C) Strength test.
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limbs. Meanwhile, 26 dominant and 14 nondominant limbs were
tested among the individuals without FAI.

All participants’ CAIT scores were assessed using a paper-based
questionnaire by a qualified physiotherapist with 6 years of clinical
experience. The remaining three tests were conducted by three
testers. For consistency, each test was conducted by the same
tester. All data were collected in the Lab of Biomechanics at
Shandong Sport University from May to July 2023.

2.4 Postural stability test

Postural stability was assessed by a jump landing test. The
participants stood 70 cm away from the center of a force plate
(AMTI, AMTI Inc., Watertown, MA, US) (Figure 1A ⅰ) and jumped
forward and upward with both legs and landed onto the force plate
(Gribble et al., 2010). During the jump, the participants touched the
target on the vertical jump tester to ensure a jump height (Figure 1A
ⅱ) and landed on their tested limbs. After landing, the participants
maintained stability for 5 s (Figure 1A ⅲ). This test demonstrated
good reliability (Fransz et al., 2016). Three trials were recorded, with
a minimum interval of 60 s in between.

Jump height was determined by a vertical jump test before the
jump landing test. Each participant stood with both feet next to a
vertical jump tester (Guangzhou Gaia Sports Goods Co., ltd, China)
and stretched his/her upper limbs upward as high as possible. Their
standing stretching height (H1) was measured. He/she jumped as
high as possible to touch a high point (H2). The jump height was
calculated using the following formula:

Jump height � H2-H1( )/2 +H1 (1)

2.5 Proprioception test

Proprioception was tested using a proprioception device (Sunny,
Jinan, China) (Figure 1B) and indicated by the ankle passive detection
sense, which has shown good test–retest reliability (ICC = 0.74–0.94)
(Sun et al., 2015). This device comprises an operating platform and two
pedals. The participants sat in a height-adjustable chair with both feet
positioned on the testing pedal, hips and knees flexed at a 90° angle, and
ankles in a neutral position. The participants wore eyemasks and noise-
canceling headphones throughout the tests to minimize distractions.
During each test, one of the pedals rotated at an angular velocity of 0.4°/
s, inducing ankle plantarflexion/dorsiflexion or inversion/eversion. As
soon as the passive motion was perceived, the participants immediately
pressed a hand-held switch to stop the pedal (Song et al., 2021). The
proprioception threshold was defined as the angle of pedal rotation
when the passive motion was perceived. Three trials were recorded in
each direction, with a minimum interval of 60 s in between.

2.6 Strength test

Isokinetic strength during ankle plantarflexion/dorsiflexion and
inversion/eversion was measured at an angular velocity of 60°/s by a
strength testing system (IsoMed 2000; D. and R. Ferstl GmbH,

Hemau, Germany) (Figure 1C), which showed good test–retest
reliability (Gonosova et al., 2018). During the plantarflexion/
dorsiflexion tests, the participants lay supine with their thighs,
buttocks, and torsos fixed to the chair, lateral malleolus of the
tested limbs aligned with the axis of rotation of the
dynamometer arm, and started at 15° of dorsiflexion and ended
at 35° of plantarflexion. During the inversion/eversion tests, the
participants lay semiprone with the seat reclining at 45°, hips, knees,
and ankles of the tested limbs flexed at 80°, 110°, and 10°, and started
at 25° of ankle eversion and ended at 20° of ankle inversion. All the
tests were conducted with consistent verbal commands and
encouragement provided to all the participants. Three trials were
recorded in each direction, with a minimum interval of 120 s
in between.

2.7 Data processing

In the postural stability test, the ground reaction force (GRF) in
AP and ML directions was recorded at 1000 Hz and then filtered
using a fourth-order low-pass Butterworth filter with a cut-off
frequency of 12 Hz (McCann et al., 2018). The filtered data,
obtained from the time of landing (>10 N) to 5 s post-landing,
were used to calculate TTS calculation through sequential average as
follows (Fransz et al., 2015):

Sequential Average x n( ) � ∑1000

n�1 Fx/n (2)

Sequential Average y n( ) � ∑1000

n�1 Fy/n (3)

where Fx and Fy are the GRF in the AP and ML directions. TTS was
defined as the time from landing to the sequential average of each
component reached and remained within one-fourth of the standard
deviation of the overall average (Fransz et al., 2016). In the
proprioception and strength tests, the mean values in each
direction of three trials were used for statistical analysis. In the
strength test, the joint torques were normalized by body mass.

2.8 Statistics

Shapiro-Wilk tests were used to assess the normality of data
distribution. Descriptive analysis was applied to examine outcome
variables’ mean and standard deviations. Independent t-tests
(normal distribution) or Mann–Whitney U tests (nonnormal
distribution) were utilized to compare differences between
individuals with and without FAI. Effect sizes (Cohen’s d for
normal distribution, ɳ2 for nonnormal distribution) were used to
evaluate the magnitude of between-group differences. Pearson
(normal distribution) or Spearman correlations (nonnormal
distribution) were adopted to determine the correlations of
proprioception and strength to TTS while controlling for
covariates (gender, age, height, and weight). Separate exploratory
factor analysis was then carried out among each category of the
variables of interest. Multivariable linear regression was used to
explore the degree of correlation between each generated factor and
TTS while controlling for the above-mentioned covariates. The
thresholds for Cohen’s d were as follows: <0.20, trivial; 0.21–0.50,
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small; 0.51–0.80, medium; and >0.81, large. The thresholds for ɳ2

were as follows: 0.01–0.059, small; 0.06–0.14, medium; and >0.14,
large. The thresholds for correlation coefficient were as follows:
0–0.1 (trivial), >0.1–0.3 (weak), >0.3–0.5 (moderate), and >0.5
(strong) (Cohen, 1988). All analyses were conducted in SPSS
Version 26.0 (IBM; Armonk, NY, United States).

3 Results

Shapiro-Wilk test results showed the nonnormal distribution of
all proprioception variables and strength during ankle dorsiflexion.
The descriptive characteristics of the TTS are shown in Figure 2.

Individuals with FAI had longer TTSAP and TTSML than those
without FAI.

The descriptive characteristics of proprioception and
strength are shown in Table 2. Compared with individuals
without FAI, those with FAI had larger proprioception
thresholds and less strength during ankle plantarflexion/
dorsiflexion and inversion/eversion.

The correlations of proprioception and strength to TTS are
shown in Table 3. Among the individuals with FAI, the strength
during ankle plantarflexion was moderately correlated with TTSAP.
Among the individuals without FAI, the strength during ankle
plantarflexion/dorsiflexion was moderately correlated with TTSAP,
the proprioception during ankle inversion/eversion was moderately

FIGURE 2
Comparisons of TTS among individuals with andwithout FAI. TTS: time to stabilization; AP: anterior-posterior direction; ML:medial-lateral direction.

TABLE 2 Descriptive characteristics of postural stability, proprioception, and strength.

FAI (n = 40) Non-FAI (n = 40) p Cohen’s d ɳ2

Proprioception (˚)

Ankle plantarflexion 1.03 [0.71,1.50] 0.73 [0.58, 1.15] .001 - 0.139

Ankle dorsiflexion 1.12 [0.75, 1.72] 0.70 [0.52, 1.14] <.001 - 0.214

Ankle inversion 2.45 [1.61, 3.65] 1.45 [1.16, 1.90] <.001 - 0.194

Ankle eversion 2.59 [1.53, 3.85] 1.50 [1.03, 1.99] <.001 - 0.204

Strength (N*m/kg)

Ankle plantarflexiona 0.90 ± 0.33 1.09 ± 0.34 .012 0.56 -

Ankle dorsiflexion 0.22 ± 0.08 0.28 [0.23, 0.38] .002 - 0.125

Ankle inversiona 0.21 ± 0.09 0.25 ± 0.07 .017 0.49 -

Ankle eversiona 0.11 ± 0.04 0.14 ± 0.03 .001 0.84 -

Data are presented as mean ± SD (normal distribution) or median [interquartile range] (nonnormal distribution). Bold: p < .05. The thresholds for effect size (Cohen’s d) were as follows: <0.20,
trivial; 0.21–0.50, small; 0.51–0.80, medium; >0.81, large. The thresholds for effect size (ɳ2) were as follows: 0.01–0.059, small; 0.06–0.14, medium; >0.14, large.
aAnalyzed by Independent t-tests, others by Mann-Whitney U tests.
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correlated with TTSML, and the strengths during ankle eversion were
moderately correlated with TTSML.

The factor loadings for all the variables of proprioception and
strength are shown in Table 4. Factor 1 (F1), factor 2 (F2), factor 3
(F3), and factor 4 (F4) were the summaries of proprioception during
ankle plantarflexion/dorsiflexion and inversion/eversion and
strength during ankle plantarflexion/dorsiflexion and inversion/
eversion, with a Kaiser Meyer Olkin value of 0.760 and
sphericity of <0.001.

The equation for multivariable regression among individuals
with FAI is:

TTSAP � 2.42 − 0.042 × F3( ) (4)

In Eq. 4, adjusted r2 = 0.414, pF3 = 0.014, and βF3 = 0.388.
The equations for multivariable regression among individuals

without FAI are:

TTSAP � 2.36 − 0.051 × F3( ) (5)

TTSML � 1.72 + 0.134 × F2( ) − 0.138 × F4( ) (6)

In Eq. 5, adjusted r2 = 0.432, pF3 = 0.008, and βF3 = 0.420.
In Eq. 6, adjusted r2 = 0.458, pF2 = 0.040, pF4 = 0.035, βF2 = 0.313,

and βF4 = 0.322.

4 Discussion

This study compared postural stability, proprioception, and
strength between individuals with and without FAI and
investigated the correlations of proprioception and strength with
AP and ML postural stability. The results partially approved
hypothesis # 1 and rejected hypothesis # 2. The individuals with
FAI exhibited worse postural stability and proprioception and less
strength than those without FAI. Both groups demonstrated the
correlations of strength with AP postural stability. The individuals
without FAI demonstrated the correlations of proprioception and

TABLE 3 Correlations of proprioception and strength with TTS.

Variables

FAI Non-FAI

TTSAP TTSML TTSAP TTSML

r p r p r p r p

Ankle proprioception (˚)

F1
Ankle plantarflexion −0.136 0.403 −0.188 0.247 −0.012 0.943 −0.124 0.445

Ankle dorsiflexion −0.092 0.572 −0.235 0.144 −0.029 0.858 0.060 0.175

F2
Ankle inversion −0.009 0.956 −0.088 0.289 0.078 0.635 0.327 0.040

Ankle eversion −0.106 0.513 −0.094 0.562 0.102 0.531 0.354 0.025

Ankle strength (N*m/kg)

F3
Ankle plantarflexion −0.409a 0.009 0.183a 0.258 −0.348a 0.028 −0.268a 0.094

Ankle dorsiflexion −0.238a 0.140 0.116a 0.477 −0.473 0.002 −0.050 0.758

F4
Ankle inversion −0.173a 0.286 0.135a 0.407 −0.189a 0.242 −0.195a 0.229

Ankle eversion −0.125a 0.441 0.157a 0.334 −0.125a 0.443 −0.479a 0.002

TTS: time to stabilization; AP: anterior-posterior direction; ML: medial-lateral direction. Shaded cells represent moderate correlation coefficients (.3–.5).
aAnalyzed by Pearson correlation, others by Spearman correlation. F: factor. F1, proprioception during ankle plantarflexion/dorsiflexion. F2, proprioception during ankle inversion/eversion. F3,

strength during ankle plantarflexion/dorsiflexion. F4, strength during ankle inversion/eversion.

TABLE 4 Factor loadings of the variables among the categories of proprioception and strength.

FAI group Non-FAI group

F1 F2 F3 F4 F1 F2 F3 F4

Ankle proprioception

Plantarflexion 0.971 -- -- -- 0.900 -- -- --

Dorsiflexion 0.980 -- -- -- 0.910 -- -- --

Inversion -- 0.952 -- -- -- 0.937 -- --

Eversion -- 0.959 -- -- -- 0.911 -- --

Ankle strength

Plantarflexion -- -- 0.864 -- -- -- 0.728 --

Dorsiflexion -- -- 0.805 -- -- -- 0.849 --

Inversion -- -- -- 0.876 -- -- -- 0.862

Eversion -- -- -- 0.880 -- -- -- 0.810

F: factor, --: factor loading <0.500.
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strength with ML postural stability, but no such correlations were
detected among those with FAI.

The results demonstrated that the individuals with FAI exhibited
worse postural stability and proprioception and less strength than
those without FAI. The impaired postural stability among
individuals with FAI aligns with previous studies (Ross et al.,
2009), the reason may line in the proprioception and
neuromuscular control deficits after recurrent sprains (Hertel and
Corbett, 2019). Several studies (Sousa et al., 2017; Xue et al., 2021)
consistently reported that individuals with FAI demonstrated worse
proprioception than those without FAI. This condition may be
caused by the damaged proprioceptors, such as muscle spindles,
Pacinian corpuscles, and Ruffini corpuscles, due to recurrent ankle
sprains (Xue et al., 2021). The finding that individuals with FAI have
less strength was consistent with a previous study (Arnold et al.,
2009), which stated that this condition is a result of damage or
atrophy of the muscles around the ankle (Khalaj et al., 2020).
Decreased proprioception may also be a potential cause of
decreased muscle strength. When proprioception has
deteriorated, the muscles are unable to receive accurate feedback,
leading to a decrease in the precision of muscle control around the
ankle, which in turn affects muscle strength (Hertel and
Corbett, 2019).

Our results showed the correlations between strength and AP
postural stability among individuals with and without FAI. The
ankle dorsiflexors and plantarflexors could control the backward
and forward movements of the body to prevent the center of mass
from moving out of the posterior and anterior edges of the
support base (Svoboda et al., 2019), thus helping maintain and
restore AP postural stability during movements. In addition, the
contraction of dorsiflexors and plantarflexors contributes to the
dynamic stability at the ankle and the postural stability of the
body and reduces the impact of GRF on the body (Park et al.,
2019; Khalaj et al., 2021). Although their strength decreased due
to recurrent ankle sprains, both groups still demonstrated the
correlations between strength and AP postural stability,
suggesting that strength continues to play a crucial role in AP
postural stability among individuals with FAI.

One interesting finding of this study is that proprioception
and strength contributed to ML postural stability among
individuals without FAI but not among those with FAI. The
CNS utilizes proprioceptive feedback to estimate the position of
the lower limbs and then activates the appropriate muscles to
facilitate rapid lateral adjustments to maintain ML postural
stability (Rankin et al., 2014). Compared with those without
FAI, the weaker correlation among individuals with FAI infers
that they may rely less on their deteriorated proprioception and
decreased strength to maintain ML postural stability. Recurrent
ankle sprains could disrupt proprioception receptors and lead to
muscle atrophy, which affects the perception of ankle
proprioception and the development of joint force and leads
to impaired neuromuscular control during joint movement
(Hertel and Corbett, 2019; Hopkins et al., 2019). It can be
inferred that once proprioception and strength deteriorated to
a certain point, they could not provide meaningful functional
assistance to the ML postural stability. Given that most ankle
sprains occur in the ML direction (mostly during ankle
inversion) (Herzog et al., 2019), the worse proprioception and

less strength might reasonably explain the increased risk of ankle
sprains among individuals with FAI. On the basis of the above
inference and the confirmation of the proprioception and
strength decline among individuals with FAI, it is reasonable
to assume that the rehabilitation of proprioception and strength
could be keys to prevent recurrent ankle sprains among
individuals with FAI.

This study has several limitations. First, some potential factors,
such as plantar tactile sensation, were not measured. Nevertheless,
tactile sensation was transmitted by small diameter type III sensory
neurons, which are slower and weaker than other sensory neurons
(Li et al., 2019), so the effect of tactile sensation is limited during
dynamic tasks. Second, as a cross-sectional study, the causal
relationships between proprioception and strength to postural
stability cannot be explained. Longitudinal studies could help
deepen our understanding of how postural stability is affected by
proprioception and strength.

5 Conclusion

Individuals with FAI have worse postural stability and
proprioception and less strength than those without FAI. Their
proprioception and strength decreased to a point where they could
not provide sufficient functional assistance to the ML postural
stability. Improvements in proprioception and strength may be
keys to prevent recurrent ankle sprains among individuals
with FAI.
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Plantar pressure gradient and
pressure gradient angle are
affected by inner pressure of
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Clinically, air insoles may be applied to shoes to decrease plantar pressure
gradient (PPG) and increase plantar gradient angle (PGA) to reduce foot
ulcers. PPG and PGA may cause skin breakdown. The effects of different inner
pressures of inflatable air insoles on dynamic PPG and PGA distributions are
largely unknown in non-diabetics and people with diabetes. This study aimed to
explore the impact of varying inner air insole pressures on PPG and PGA to
establish early mitigation strategies for people at risk of foot ulcers. A repeated
measures study design, including three air insoles (80 mmHg, 160mmHg, and
240mmHg) and two walking durations (10 and 20min) for a total of six walking
protocols, was tested on 13 healthy participants (height, 165.8 ± 8.4 cm; age,
27.0 ± 7.3 years; and weight, 56.0 ± 7.9 kg, BMI: 20.3 ± 1.7 kg/m̂2) over three
consecutive weeks. PPG, a measurement of the spatial variation in plantar
pressure around the peak plantar pressure (PPP) and PGA, a variation in the
gradient direction values at the three plantar regions, big toe (T1), first metatarsal
head (M1), and secondmetatarsal head (M2), were calculated. This study indicated
that PPG was lower at 80 mmHg air insoles after 20 min of walking in the
M1 region (p = 0.010). The PGA in the M2 increased at an air insole of
80 mmHg compared to 240mmHg (p = 0.015). Compared to 20min, the
10 min walking duration at 240mmHg of air insole had the lowest PPG in the
M1 (p = 0.015) and M2 (p = 0.034) regions. The 80mmHg air insole significantly
lowered the PPG compared to a 160 mmHg and 240mmHg air insole. Moreover,
the 80 mmHg air insole significantly decreased PPP and increased PGA compared
to the 160mmHg and 240mmHg air insole. A shorter walking period (10 min)
significantly lowered PPG. The findings of this study suggest that people with a
higher risk of foot ulcers shouldwear softer air insoles to have a lower PPG, as well
as an increased PGA.

KEYWORDS

diabetic foot ulcer, big toe, metatarsal head, walking exercise, walking duration
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Highlights

(1) This study demonstrates the effect of the inner pressure of air
insole on plantar pressure gradient (PPG) and plantar
gradient angle (PGA).

(2) Walking on a softer air insole results in lower PPG
and higher PGA.

(3) Softer air insole decreases peak plantar pressure (PPP) and
increases PGA.

(4) The shorter walking duration causes a lower PPG than the
longer walking duration in the metatarsal region.

1 Introduction

Diabetes mellitus (DM) is a major public health concern
worldwide, leading to morbidity, disability, and mortality (Lavery
et al., 2003). The International Diabetes Federation has reported that
the number of people with DM has tripled since 2000, rising from
151 million to 537 million in 2021. By 2045, the number of people
with DM is predicted to reach 783 million (Sun et al., 2022). In 2015,
USD 673 billion was spent on treating DM for adults alone, which
climbed to almost USD 1,000 billion by 2021 and is predicted to
increase to USD 1,045 billion in 2045 (Zheng et al., 2018; Sun et al.,
2022). DM prevention is one of the most pressing concerns owing to
its high cost (Van Netten et al., 2016). Social security and health
systems must be prepared to address the adverse effects of DM.

Walking is the most common physical activity in activities of
daily living (Wu et al., 2022). Several studies support the
effectiveness of walking as an intervention for patients with DM
(Wu et al., 2021;Wu et al., 2022). For a 10 min walk, a speed of 9 km/
h walking significantly heightened the ratio of wavelet amplitudes
across neurogenic, metabolic, respiratory, myogenic, and cardiac
mechanisms in comparison to walking at 3 km/h (p < 0.05).
Moreover, for a 20 min walk, walking at 6 km/h significantly
increased the ratio of wavelet amplitudes related to metabolic,
myogenic, respiratory, and cardiac factors compared to walking
at 3 km/h (p < 0.05) (Wu et al., 2021). Following a 10 min walk, the
PPP values beneath the first toe and the first metatarsal head were
notably higher (p < 0.05) at 9 km/h (509.1 ± 314.2 kPa and 591.4 ±
302.4 kPa, respectively) compared to 3 km/h (275.4 ± 168.7 kPa and
369.4 ± 205.4 kPa, respectively) (Wu et al., 2022). After brisk
walking, there was a 78.6% of their respondents decrease in
blood sugar levels (p < 0.001) compared to control (Kasmad
et al., 2022). Moreover, a recent study showed that walking
briefly improved blood glucose profiles in people with DM,
leading to sedentary lifestyles (Moghetti et al., 2020). However,
repetitive high vertical or shear stresses on the foot may increase the
risk of plantar skin breakdown in individuals with DM (Liao et al.,
2019; Haris et al., 2021).

Recent studies pointed out that suitable insole hardness
significantly decreases the peak plantar pressure (PPP) as well as
decreases the risk of developing diabetic foot ulcers (DFUs) (Korada
et al., 2020; Haris et al., 2021). An insole with proper hardness
transfers high forces from the foot’s bony areas to nearby foot
regions, significantly reducing 40% PPP and enhancing patient
comfort (Jafarzadeh et al., 2021). Furthermore, appropriate insole
hardness provides high resilience. This allows the forefoot to reuse

mechanical energy during a push-off stance (Ahmed et al., 2020;
Morita et al., 2021). Optimal insole hardness holds greater
significance than the use of softer insoles. The effectiveness of
softer insoles in preventing injuries such as metatarsal problems
and blisters was more significant in PPP reduction. Researchers
recommend further study since PPP reduction did not impact
perceived footwear comfort (Melia et al., 2021). A stiffer insole
reported decreased deformation across the plantar foot and
increased PPP (Melia et al., 2021). Different densities may result
in different hardness of the insoles (Teixeira et al., 2021). In the
clinical setting, a suitable insole hardness might be applied to shoes
to decrease PPP (Haris et al., 2021), either not too soft or too hard,
further diminishing the risk of DFUs (Kim et al., 2015; Melia
et al., 2021).

Cong et al. emphasized that the hardness of insoles is important
(Cong et al., 2014). Air insoles might be a good solution to replace
insole hardness to evaluate DFUs (Zhu et al., 2013; Kim et al., 2018;
Teixeira et al., 2021). Kim et al. revealed that air insoles provide
different degrees of hardness, significantly affecting walking speed
and balance (Kim et al., 2015). The tremendous illustration of air
insoles might be that the higher inner pressure would induce higher
PPP owing to stiffer plantar soft tissues (Kim et al., 2018; Lung et al.,
2020a). Previous studies have discussed inflatable devices with
suitable air pressure for redistributing pressure (Arias et al., 2013;
Yang et al., 2015). Considerable progress has been made in
developing air insoles related to their hardness. The study
revealed that air pressure-based techniques are emerging and
bringing promising results (Chen et al., 2021). Our overarching
objective is to enhance our comprehension of the impact of air
insoles on the pathogenesis of DFUs.

Based on a previous study, it has been concluded that PPP may
not be the only indicator to use when assessing the risk of DFUs
(Lung et al., 2022). Moreover, Lavery et al. pointed out that relying
solely on PPP is insufficient for accurately identifying high-risk
DFUs (Lavery et al., 2003). In response, Mueller et al. introduced an
additional valuable metric, the peak pressure gradient (PPG), which
captures the spatial variation in plantar pressure around the PPP
across adjacent sites of the foot surface. PPG offers insights into
plantar pressure distribution and the potentially injurious internal
stresses within the foot’s soft tissues (Mueller et al., 2005).
Additionally, PPG may be responsible for skin breakdown if soft
tissues are exposed to shear stress (Mueller et al., 2005; Jan et al.,
2013; Lung et al., 2013; Lung et al., 2016). Therefore, PPG may be a
reliable predictor of DFUs development.

Insole hardness may affect PPG (Cong et al., 2011; Cong et al.,
2014). PPG is calculated without considering the time-varying PPP
during gait, based on the pressure distributions during the overall
contact time (Lung et al., 2020b). In the case of plantar region
contact with the floor, successive maximal pressure gradients may be
directed in different directions (Lung et al., 2016). PPP and PPG
were significantly larger in the diabetic group compared with non-
diabetics controls in the big toe and first metatarsal regions (Lung
et al., 2016; Chen et al., 2021).

Variations in the gradient direction, called the pressure gradient
angle (PGA), may lead to more complicated deformations of plantar
soft tissues, despite the deformation location and magnitude
remaining the same. With the use of the PGA, the directional
angle of the PPG can be quantified instantly. Additionally, higher
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TABLE 1 Effect of air insole on the PPG and PGA.

Parameter Region Walking
duration (min)

Inner pressure One-
way

LSD

ANOVA Post hoc

80mmHg
(mean ± SE)

160 mmHg
(mean ± SE)

240mmHg
(mean ± SE)

p-Value 80mmHg
vs

80mmHg
vs

160mmHg
vs

160mmHg 240mmHg 240mmHg

PPG (kPa/mm) T1 10 82.1 ± 10.6 102.2 ± 10.5 70.5 ± 10.1 0.106 0.179 0.435 0.038*

20 89.3 ± 7.0 88.0 ± 12.3 84.6 ± 8.7 0.938 0.924 0.732 0.804

M1 10 73.5 ± 14.7 60.5 ± 7.5 59.8 ± 7.4 0.585 0.385 0.361 0.963

20 56.8 ± 5.1 68.8 ± 9.6 91.0 ± 11.0 0.033* 0.347 0.010* 0.089

M2 10 60.2 ± 13.0 59.8 ± 7.1 55.8 ± 7.9 0.941 0.982 0.756 0.773

20 49.4 ± 6.0 68.8 ± 16.0 81.9 ± 12.5 0.182 0.270 0.068 0.452

PGA (degree) T1 10 15.8 ± 2.5 36.9 ± 11.6 35.2 ± 13.4 0.286 0.156 0.192 0.904

20 23.9 ± 5.6 37.0 ± 8.9 55.8 ± 11.6 0.055 0.313 0.017* 0.151

M1 10 80.2 ± 22.8 100.5 ± 18.0 92.2 ± 25.9 0.813 0.525 0.708 0.793

20 96.5 ± 17.9 80.2 ± 16.6 55.8 ± 13.0 0.206 0.475 0.079 0.286

M2 10 76.1 ± 16.7 69.6 ± 13.8 29.5 ± 5.5 0.031* 0.726 0.015* 0.034*

20 69.6 ± 16.2 76.3 ± 17.3 45.6 ± 11.9 0.340 0.759 0.275 0.165

Note: PPG, peak plantar gradient; PGA, pressure gradient angle; T1 first toe, M1 first metatarsal head, and M2 Second metatarsal head. Data are shown as mean ± standard errors; * a significant difference (p < 0.05).
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PGA reduces pressure concentration at one point of the plantar soft
tissue, providing a new way to study the effects of PPP (Lung et al.,
2016). Insoles with varying hardness can be used to investigate
plantar stresses and deformations caused by dynamic plantar
pressures. As a result of the hardness of the insole, PGA may be
affected (Lung et al., 2016).

As Supredi et al. argued, a threshold value for the pressure
gradient indicates foot ulcer risk (Supriadi et al., 2014). Therefore,
measuring walking conditions in patients with DM, including
different air insoles and different walking durations, is critical for
proposing appropriate walking exercises and rehabilitation
strategies. To the best of our knowledge, no studies have
examined the impact of different air insoles while walking on
PPG and PGA values in people with or without DM. As a first
step toward identifying the effects of different air insoles and walking
durations on PPG and PGA patterns, it is vital first to examine the

responses of healthy people (Lung et al., 2013; Lung et al., 2016). The
results of this study can be used to understand how DM affects the
PPG and PGA patterns. The current study examined PPG and PGA
patterns in non-diabetic individuals using different air insoles and
walking durations.

2 Materials and methods

2.1 Research design

A repeated measures design was used to test three inner
pressures of air insole (80, 160, and 240 mmHg) for 10 min and
20 min of walking duration at a speed 3.6 mph.

Our previous study chose these three inner pressures of the air
insole for proper walking insole hardness (Haris et al., 2022). A

FIGURE 1
Comparisons of the effect of air insole on the PPG and PGA of the three plantar regions at twowalking durations. (A) PPG at 10 min walking duration.
(B) PPG at 20 min walking duration. (C) PGA at 10 min walking duration. (D) PGA at 20 min walking duration. Data are shown asmean ± standard errors. *,
a significant difference (p < 0.05). PPP, peak plantar pressure; PPG, peak pressure gradient; PGA, pressure gradient angle; T1, first toe; M1, first metatarsal
head; and M2, second metatarsal head.
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Shore durometer (GS-701N, Teclock Co., Ltd., Nagano, Japan) was
used to measure the hardness value of the air insole (Helili et al.,
2021). As a result of three independent tests, the hardness value of
the air insole at different pressures was 51.7 ± 1.5 Shore in
80 mmHg, 54.7 ± 0.6 Shore in 160 mmHg, and 57.7 ± 0.6 Shore
in 240 mmHg.

A speed of 3.6 mph was chosen to simulate the standard walking
speed suggested by the ADA and the American Guideline for
Exercises (Colberg et al., 2016; Piercy et al., 2018). The present
study was part of a larger research project that investigated the
biomechanical response of the plantar foot under different inner
pressures of the air insole (Haris et al., 2023).

2.2 Participants

Healthy individuals between 18 and 45 years of age participated in
this study. Subjects self-reported that they had no foot or health
problems in the previous 3 months, such as active foot ulcers, diabetes,
vascular diseases, hypertension, and inability to walk independently
for 20 min. This study was approved by the Central Regional Research
Ethics Committee of China Medical University, Taichung, Taiwan
(CRREC-111-017). As a prerequisite for involvement in the study, all
participants were informed of the study’s purposes and procedures.
Written informed consent was obtained from all the participants.
Thirteen people (7 male and 6 female) participated in this study. The

demographic data of the subjects were: height, 165.8 ± 8.4 cm; age,
27.0 ± 7.3 years; and weight, 56.0 ± 7.9 kg, BMI: 20.3 ± 1.7 kg/m2

(mean ± SD). Based on the ball-kick test and habitual rearfoot striking,
all participants were confirmed as right-leg dominant for the test
(Song et al., 2024). Moreover, all participants had no lower limb or
foot musculoskeletal injuries at least 6 months before the experiment.

2.3 Experimental procedures

The participants were instructed to remove their socks and shoes to
eliminate the effect of previous weight bearing on mechanical plantar
tissue properties. They lay in the supine position for at least 20 min
before participating in the walking protocol. The six specific walking
conditions were as follows: 10 min with 80 mmHg air insole, 20 min
with 80 mmHg air insole, 10 min with 160 mmHg air insole, 20 min
with 160 mmHg air insole, 10 min with 240 mmHg air insole, and
20 min with 240 mmHg air insole. Air insole and walking duration
were randomly assigned to each participant. A washout period of
20 min was used to reduce the possibility of carryover effects between
the two walking durations. The participants were instructed to walk on
a treadmill wearing standard shoes (Hsin He Hsin Co., Ltd., Taichung,
Taiwan). The air insole was made of thermoplastic polyurethane
material. The air insole is a commercially available device based on
a special order by researchers to meet the study goal. The inflatable air
insole is specifically located in themetatarsal and toe regions. PPP, PPG,

TABLE 2 Effect of walking duration on the PPG and PGA.

Parameter Inner pressure (mmHg) Region Walking duration Paired t-test

10 min (mean ± SE) 20min (mean ± SE) p-Value

PPG (kPa/mm) 80 T1 82.1 ± 10.6 89.3 ± 7.0 0.532

M1 73.5 ± 14.7 56.8 ± 5.1 0.346

M2 60.2 ± 13.0 49.4 ± 6.0 0.469

160 T1 102.2 ± 10.5 88.0 ± 12.3 0.153

M1 60.5 ± 7.5 68.8 ± 9.6 0.490

M2 59.8 ± 7.1 68.8 ± 16.0 0.563

240 T1 70.5 ± 10.1 84.6 ± 8.7 0.235

M1 59.8 ± 7.4 91.0 ± 11.0 0.015*

M2 55.8 ± 7.9 81.9 ± 12.5 0.034*

PGA (degree) 80 T1 15.8 ± 2.5 23.9 ± 5.6 0.186

M1 80.2 ± 22.8 96.5 ± 17.9 0.638

M2 76.1 ± 16.7 69.6 ± 16.2 0.782

160 T1 36.9 ± 11.6 37.0 ± 8.9 0.995

M1 100.5 ± 18.0 80.2 ± 16.6 0.470

M2 69.6 ± 13.8 76.3 ± 17.3 0.714

240 T1 35.2 ± 13.4 55.8 ± 11.6 0.270

M1 92.2 ± 25.9 55.8 ± 13.0 0.230

M2 29.5 ± 5.5 45.6 ± 11.9 0.223

Note: PPG, peak pressure gradient; PGA, pressure gradient angle; T1, first toe; M1, first metatarsal head; M2, second metatarsal head. Data are shown as mean ± standard error; * a significant

difference (p < 0.05).
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FIGURE 2
Comparisons of the effect of walking durations on the PPG and PGA of the three plantar regions at three inner air insoles. (A) PPG in 80 mmHg inner
air pressure. (B) PGA in 80 mmHg inner air pressure. (C) PPG in 160 mmHg inner air pressure (D). PGA in 160 mmHg inner air pressure (E). PPG in
240 mmHg inner air pressure. (F) PGA in 240 mmHg inner air pressure. Data are shown as mean ± standard errors. PPG, peak pressure gradient; PGA,
pressure gradient angle; T1, first toe; M1, first metatarsal head; and M2, second metatarsal head.

Frontiers in Bioengineering and Biotechnology frontiersin.org06

Haris et al. 10.3389/fbioe.2024.1353888

178

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1353888


and PGA were measured by using a plantar pressure measurement
system. An F-Scan in-shoe pressure system (TekScan, South
Boston, United States) operated at 300 Hz with 960 pressure
cells, and a 0.18 mm thick insole sensor was used to measure
PPP, PPG, and PGA. F-Scan sensor pixels size is 5.08 mm ×
5.08 mm (645.2 mm̂2) depending on shoe size (Lung et al.,
2022). Plantar pressure data were captured using F-Scan
Research 6.33 software (TekScan, South Boston, United States).
A sensor affixed to a soft EVA insole (4 mm) was positioned on the
upper side of the air insole to measure PPP, PPG, and PGA for
their right foot. Before the walking trial, participants walked for
3–5 min to familiarize themselves with standard shoes (Jan et al.,
2013; Lung et al., 2016). Data preprocessing involved utilizing
MATLAB to extract PPP, PPG, and PGA values from the original
ASCII file, which were calculated as the average across three steps
(Haris et al., 2023). A digital filter (second order Butterworth low
pass filter applied backward and forward, with a cut-off frequency
of 150 Hz).

2.4 Data analysis

The ASCII files of the plantar pattern data were analyzed in
terms of the average values of the three intermediate steps from the
last minute of each trial. Three regions at high risk of foot ulcers were
selected for this study: the first toe (T1), first metatarsal head (M1),
and second metatarsal head (M2) (Armstrong et al., 2017). PPP,
PPG, and PGA were determined from the highest pressure in a
defined area, as proposed in a previous study (Lung et al., 2022).

The PPP was calculated during the stance phase of the gait cycle
using Eq. 1 (Lung et al., 2016):

PPP � max p( ) (1)

Where p is the plantar pressure distribution of the three
plantar regions.

The gradient of p is defined as a unique vector field in a two-
dimensional Cartesian coordinate system with a Euclidean metric.
PPG was determined at the highest gradient of p during the stance
phase of the gait cycle. Finally, the PPG was calculated using Eq. 2:

PPG � max ∇p( ) � max gx, gy[ ] � max
∂p
∂x

→
i
,
∂p
∂y

→
j

( ) (2)

where i and j are the standard unit vectors in the directions of the x
and y coordinates, respectively, gx is the gradient in the x-direction,
gy is the gradient in the y -direction, ∂p∂x is the partial derivative for x,
∂p
∂y is the partial derivative for y, and ∇p is the pressure gradient.

The pressure gradient magnitudes were calculated by
subtracting the pressure in the adjacent node of the p-note and
then dividing it by the distance between the nodes. Thus, the
pressure gradient magnitude is calculated using Eq. 3:

∇p �
�����������
gx( )2 + gy( )2

√
(3)

The gradient direction θ can be determined by considering
directional variations in the peak gradient vector. The gradient
direction θ can be computed from the dot product of the
magnitudes of the two vectors (gy and gx). Thus, the gradient
direction θ is defined using Eq. 4:

θ � tan−1 gy
gx

[ ] (4)

The PGA can be determined by considering directional
variations in the peak gradient vector. The PGA defines the
range between the maximal and minimal gradient directions θ

during the stance phase of the gait cycle. Thus, the equation of
PGA (Lung et al., 2016) is defined using Eq. 5:

PGA � max1≤ i≤N θi( ) − min1≤ i≤N θi( ) (5)
where θ is the gradient direction of the pressure gradient vector at
the i-th time index and N is the time index when the
instantaneous PPP is more than half of the overall PPP. As
shown in our previous study, the PGA results were stable
when the PGA was calculated by the instantaneous PPP of
more than 50% of the sensors. Therefore, the selection of
pressures with more than half PPP is to exclude unstable PGA
associated with small plantar pressures.

2.5 Statistical analysis

The PPP, PPG, and PGA values are the mean ± standard error.
Multivariate analysis of variance (MANOVA) was used to analyze
the interaction between air insole effect, walking duration effect, and

TABLE 3 Correlation coefficients among PPP, PPG, and PGA in three air insoles (80, 160, 240 mmHg) at two walking durations.

Walking PPP and PPG PPP and PGA PPG and PGA

Duration (min) Inner pressure (mmHg) R p-Value R p-Value R p-Value

10 80 0.92 0.000** 0.22 0.175 0.23 0.161

160 0.86 0.000** −0.25 0.124 −0.22 0.186

240 0.85 0.000** 0.08 0.640 0.12 0.483

20 80 0.82 0.000** −0.34 0.036* −0.18 0.276

160 0.94 0.000** 0.21 0.208 0.18 0.285

240 0.86 0.000** −0.21 0.191 −0.27 0.092

Note: PPP, peak plantar pressure; PPG, peak pressure gradient; PGA, pressure gradient angle; data are shown as correlation coefficients; *, significant difference (p < 0.05); **, significant

difference (p < 0.01).

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Haris et al. 10.3389/fbioe.2024.1353888

179

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1353888


FIGURE 3
The scatter plots show the relationships among the PPP, PPG, and PGA in three air insoles at two walking durations. (A) PPP versus PPG at 10 min
walking duration. (B) PPP versus PPG at 20 min walking duration. (C) PPP versus PGA at 10 min walking duration. (D) PPP versus PGA at 20 min walking
duration. (E) PPG versus PGA at 10 min walking duration. (F) PPG versus PGA at 20 min walking duration. PPP, peak plantar pressure; PPG, peak pressure
gradient; PGA, pressure gradient angle; *, a significant correlation (p < 0.05); **, a significant correlation (p < 0.01).
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the interaction effect between air insole and walking duration on
PPG and PGA. One-way ANOVA with Fisher’s least significant
difference (LSD) post hoc test was used for pairwise comparisons
of the PPG and PGA between the three air insoles (80, 160, and

240 mmHg) for each walking duration (10 and 20 min) (Lung
et al., 2020a; Wu et al., 2021). The differences in PPG and PGA
between the two walking durations under each air insole were
examined using the paired t-test. Furthermore, Pearson
product-moment correlation analysis was used to determine
the correlations between PPP, PPG, and PGA. The
significance level was set as 0.05. All statistical analyses were
performed using SPSS version 20 (IBM Corp., Armonk, NY,
United States).

3 Results

In the interaction between the air insoles and walking
duration on PPG and PGA, a MANOVA (three air insoles
and two walking durations) showed that the air insole factor
caused a significant main effects of PGA in T1 (p = 0.032)
and M2 (p = 0.020). However, the walking duration factor did
not have significant effects. It also did not have significant
effects on the interaction between the air insole and
walking duration.

3.1 Effect of air insole on PPG

In the effect of air insole on PPG, the one-way ANOVA showed
that air insole of 240 mmHg was lower in T1 at 10 min than
160 mmHg (70.5 ± 10.1 vs. 102.2 ± 10.5 kPa/mm, p = 0.038);
however, air insole of 80 mmHg was lower in M1 at 20 min
compared to 240 mmHg (56.8 ± 5.1 vs. 91.0 ± 11.0 kPa/mm, p =
0.010) (Table 1; Figures 1A, B).

FIGURE 5
Illustration of the effect of walking duration on the PPG. PPG in
the paired t-test showed 240 mmHg in the M1 and M2 at 10 min was
lower than 20 min. PPG peak pressure gradient; M1 first metatarsal
head; M2 second metatarsal head.

FIGURE 4
Illustration of the effect of air insole on the PPG and PGA. (A) PPG in the one-way ANOVA showed 240 mmHg was lower than 160 mmHg in T1 at
10 min, and 80 mmHg was lower than 160 and 240 mmHg in M1 at 20 min. (B) PGA in the one-way ANOVA showed 240 mmHg was higher than
80 mmHg in T1 at 20 min, and 80 mmHg was higher than 160 and 240 mmHg in M2 at 10 min. PPG, peak pressure gradient; PGA, pressure gradient
angle; T1, first toe; M1, first metatarsal head; and M2, second metatarsal head.
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FIGURE 6
Illustration of relationships among the PPP, PPG, and PGA in three air insoles and two walking durations. The Overlaps indicated a significant
correlation. (A) 80 mmHg at 10 min (B) 80 mmHg at 20 min (C) 160 mmHg at 10 min (D) 160 mmHg at 20 min (E) 240 mmHg at 10 min (F) 240 mmHg at
20 min. PPP, peak plantar pressure; PPG, peak pressure gradient; PGA, pressure gradient angle;F parallel-line, a significant correlation (p < 0.01); ▒dot-
line, a significant correlation (p < 0.05); (+), a positive correlation; (−), a negative correlation.
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3.2 Effect of air insole on PGA

Regarding the effect of the air insole on PGA, the one-way
ANOVA showed that the air insole of 80 mmHg was higher than
that of other air insoles. Moreover, theM2 region had two significant
differences: (1) 10 min in M2, between 80 and 240 mmHg (76.1 ±
16.7 vs. 29.5° ± 5.5°, p = 0.015); (2) 10 min in M2, between 160 and
240 mmHg (69.6 ± 13.8 vs. 29.5° ± 5.5°, p = 0.034) (Table 1;
Figure 1C); nevertheless, the air insole of 240 mmHg was greater
in T1 at 20 min compared to 80 mmHg (55.8 ± 11.6 vs. 23.9° ± 5.6°,
p = 0.017) (Table 1; Figure 1D).

3.3 Effect of walking duration on the PPG
and PGA

Regarding the effect of walking duration on PPG and PGA, there
were significant pairwise differences in the PPG, which was lower in
the 240 mmHg air insole at 10 min compared to 20 min (Table 2;
Figure 2E). However, there were no significant pairwise differences
in PPG at 80 and 160 mmHg (Table 2; Figures 2A, C). Moreover,
there were no significant pairwise differences in the PGA of the three
insoles (80, 160, and 240 mmHg) (Table 2; Figures 2B, D, F).

3.4 Correlation between the PPP, PPG,
and PGA

In the correlation between PPP, PPG, and PGA, PPP had six
significant positive correlations with PPG in 10- and 20-min walking
duration with three air insoles (r = 0.82–0.94, p < 0.001) (Table 3;
Figures 3A, B). Furthermore, there was a significant negative
correlation between PPP and PGA in the 20 min walking
duration with the 80 mmHg air insole (r = −0.34, p < 0.036)
(Table 3; Figures 3D, 6B). However, there was no significant
correlation between PPP and PGA during the 10 min walking
duration in the three air insoles (Table 3; Figure 3C). In
addition, there was no significant correlation between PPG and
PGA in the 10- and 20-min walking durations with the three air
insoles (Table 3; Figures 3E, F).

4 Discussion

This study aimed to analyze the effects of different air insoles
and walking durations on PPG and PGA patterns in non-diabetics.
In the interaction between the air insoles and walking duration on
PPG and PGA, a MANOVA (three air insoles and two walking
durations) showed that the air insole factor caused a significant main
effect of PGA in T1 (p = 0.032) and M2 (p = 0.020). One-way
ANOVA indicated that PPG was lower at the 80-mmHg air insole
after 20 min of walking in the M1 region (Table 1; Figure 1B). PGA
increased at 80 mmHg air insole (Table 1; Figure 1C). PGA
decreased at 80 mmHg air insole after 20 min of walking in the
T1 region (Table 1; Figure 1D). Paired t-test assessment showed that
compared to 20 min walking duration, 10 min walking duration at
240 mmHg of air insole had the lowest PPG in the M1 and
M2 regions (Table 2; Figure 5). The Pearson product-moment

correlation analysis confirmed that PPP and PPG had significant
positive correlations in all air insoles (Table 3; Figure 6). PGA had a
significant negative correlation at 80 mmHg after 20 min of walking
(r = −0.34, p < 0.036) (Table 3; Figure 6B).

The study indicated that the PPG value at 80 mmHg air insole
was lower than that at 160 mmHg and 240 mmHg after 20 min of
walking in the M1 region (Table 1; Figure 4A). According to a
previous study, a lower hardness insole could decrease the pressure
time integral during walking (Melia et al., 2021). Moreover, a
previous study revealed that PPG over people with DM reported
higher forefoot than rearfoot (Mueller et al., 2005). These findings
are significant, aligning with previous studies indicating a markedly
higher incidence of skin breakdown in the forefoot compared to the
rearfoot of people with DM (Ababneh et al., 2020; Edmonds et al.,
2021; Choi et al., 2022). We speculate that pressures exhibiting
significant changes across adjacent areas on the foot’s surface,
indicating a high PPG, may inflict more damage on plantar soft
tissues than uniformly distributed high pressures across the foot. A
relevant analogy well explained observed in underwater divers facing
intense hydrostatic pressures, which, despite being high, do not lead
to skin breakdown due to their uniform distribution across the skin
surface.We propose that substantial pressure gradients contribute to
skin breakdown by generating considerable shearing stresses within
the soft tissues. People with DM had impaired skin blood flow
response after high accumulated pressure time-integral walking
(Duan et al., 2021). Low skin blood flow responses can induce
neuropathy due to a high metabolic component, causing severe
nerve damage (Jan et al., 2019). A lower PPG may be achieved by
decreasing the pressure-time integral and redistributing the PPP
equally (Lott et al., 2008; Pu et al., 2018; Duan et al., 2021). A review
mentioned that a lower hardness insole significantly reduces the PPP
and pressure-time integral (Ahmed et al., 2020). Jan et al. claimed
that normal PPP and PPG are associated with the absence of
alterations (i.e., shear stresses) in the viscoelastic properties of
plantar soft tissues (Jan et al., 2013). The large PPG related to
shear stress potentially damages the inner soft tissues between two
adjacent sites on the plantar soft tissues (Lott et al., 2008).
Decreasing the pressure–time integral might reduce PPG and
minimize skin breakdown and ulcers.

Our results showed that PGA increased to 80 mmHg after
10 min of walking in the M2 region (Table 1; Figure 4B). A
higher PGA indicates an instantaneously enhanced PPG in
various directions, which reduces the risk of abnormal PPP. An
analysis of PPG during walking can be achieved using PGA patterns
to quantify the dynamic changes in PPP distributions (Lung et al.,
2022). Lung et al. proposed that PGA increases when the pressure is
distracted by a concert and decreases when it is concentrated in an
indentation (Lung et al., 2013). A PPG derived from the surface
pressure distribution can serve as a crucial variable to pinpoint the
locations of maximum shear stress within the plantar foot’s
subsurface tissue. The identification of this risk is crucial in
determining the potential for skin breakdown (Zou et al., 2007).
There could be two reasons for the lower hardness insoles increasing
PGA. First, during 80 mmHg air insole walking, which has lower
hardness properties, induces high resilience and allows the
metatarsal joint to reuse mechanical energy during push-off and
allows plantar soft tissue to continuously change the PPG direction,
inducing a wider PGA (Lung et al., 2013; Ahmed et al., 2020; Morita
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et al., 2021). Second, the lower hardness of the air insole provides an
unstable support base, resulting in an unstable contact surface
between the air insole and the plantar soft tissue (Corbin et al.,
2007; DeBusk et al., 2018). Unstable contact surface-induced
dynamic situations (i.e., running, walking, and sports activities)
might prompt a wider PGA (Fu et al., 2014). It is our
recommendation that effective diabetic insoles should feature a
wide PGA, which may not coincide with the point of PPP, in
order to reduce foot ulcer risk.

However, the PGA narrowed in the 80 mmHg air insole after
20 min of walking in the T1 region (Figure 4B). The study indicated
that walking for a 20 min walking duration with an 80 mmHg air
insole might induce shear stress in T1. There is a potential risk of
increased shear stress after vigorous activities and prolonged
walking (Lung et al., 2022). The largest flexor muscle of T1,
namely the flexor hallucis longus, increases with increasing
plantarflexion torque levels (Péter et al., 2015). A less than 30°

plantarflexion has been shown to increase the effective shear stress
and force in soft tissues (Levy and Gefen, 2016). During normal gait,
soles change the point of ground contact from the heel to the toe
efficiently and successively (Sudo et al., 2006).

Additionally, plantarflexion between 10° and 30° provides
anatomical torque, which agrees with clinical functions during
walking, jumping, and hiking (Tang et al., 2022). Nevertheless,
shear stresses might be triggered during longer walking by
plantar flexion exceeding 30°, increasing and concentrating the
PPG in T1 and further narrowing the PGA (Levy and Gefen,
2016; Lung et al., 2016). In people with DM, high PPG, lower
PGA, and maximal shear stress offer insights into both plantar
pressure distribution and the potentially harmful internal stresses
within the soft tissues of the foot (Zou et al., 2007; Lott et al., 2008;
Lung et al., 2013).

Regarding walking duration, the PPG value at 240 mmHg air
insole after 20 min of walking in the M1 and M2 regions was
higher than that after 10 min of walking (Table 2; Figure 5).
People who exercise continuously and repetitively are more likely
to have stiffer plantar soft tissues (Yum et al., 2019). This study
implied that prolonged exercise on a stiffer air insole might
induce fatigue that can increase plantar soft tissue stiffness
(Hamatani et al., 2016). Jan et al. stated that DM is associated
with an elevation in the viscoelasticity of plantar soft tissues,
which could contribute to heightened PPP and PPG in the
diabetic foot (Jan et al., 2013). Previous studies have shown
that PPG is higher in stiffer soft tissues (Lung et al., 2016;
Volmer-Thole and Lobmann, 2016).

Furthermore, soft tissue stiffness may cause bone loading and
PPG to occur (Nagel et al., 2008; Lung et al., 2022). After walking for
a longer period, local muscle fatigue might contribute to the load
being centered on the metatarsal bone. People with DM should
avoid using 240 mmHg air insoles because they may harm their
plantar region due to elevated PPP.

There was a significant positive correlation between PPP and
PPG for all air insoles (Table 3; Figure 6). As a result of this study,
PPG can effectively assist PPP in the identification of high-risk
DFUs (Lung et al., 2013; Lung et al., 2022). However, there was a
negative correlation between PPP and PGA; the 80 mmHg air insole
with lower hardness significantly decreased PPP and increased PGA
(Table 3; Figure 6B). Insoles with lower hardness possess unstable

materials, which result in dynamic positions (Chander et al., 2017).
As discussed in previous paragraphs, lower hardness air insoles
might induce high resilience and have an unstable support base that
induces a wider PGA (DeBusk et al., 2018; Morita et al., 2021).
However, it is good for PGA to have a wider angle to reduce the risk
of skin breakdown (Lung et al., 2016; Chen et al., 2021). The problem
of foot ulcer recurrence remains unresolved (Zhang et al., 2017).
PPP alone is not an adequate diagnostic tool for identifying high-risk
diabetic foot ulcers (Lung et al., 2022). Therefore, the PGA is a good
diagnostic tool for resolving foot problems.

Despite its strengths, this study had some limitations. The first
limitation is the small number of healthy volunteers in this study.
Therefore, the current results should be interpreted with caution,
as they tend to limit the statistical power of the analysis. The
second limitation is the lack of bone loading evaluation in PPG and
PGA for air insole walking studies. The study revealed that the
bone loading rate had a negligible effect on the stiffness of the
plantar soft tissue, indicating that further research may be required
since the underlying bone was 10 times stiffer (Wearing et al.,
2006). Third, this study assessed the risk of foot ulcers using the
PPG and PGA values. Various factors contribute to the
development of foot ulcers (i.e., low skin blood flow and high
plantar foot temperature) (Pai and Ledoux, 2012; Beeckman et al.,
2019). The combination of microclimate, PPG, and PGA
assessment in future studies might significantly impact foot
ulcer prevention.

5 Conclusion

This study determined that walking at 80 mmHg significantly
lowered PPP and PPG and increased PGA in the metatarsal region
compared to walking at 160 and 240 mmHg air insoles. Moreover,
the 10 min walking duration had a significantly lower PPG than
20 min. In addition, the study showed that an 80 mmHg air insole
significantly decreased PPP and increased PGA. Based on our
methodology and results, individuals at high risk of DFUs are
advised to utilize softer air insoles during at least 10 minu of
walking. Additionally, particular attention should be given to the
big toe during vigorous and extended walking sessions, as it may
experience heightened shear stresses. Future research endeavors
could explore optimizing PPP, PPG, and PGA outcomes using
air insoles with pressures below 80 mmHg, aiming to reduce the
risk of DFUs.
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Effects of 12-week gait retraining
on plantar flexion torque,
architecture, and behavior of the
medial gastrocnemius in vivo
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Jianglong Zhan1, Weijie Fu1,3* and Jing Jin3,4*
1School of Exercise and Health, Shanghai University of Sport, Shanghai, China, 2Faculty of Sports Science,
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Objective: This study aims to explore the effects of 12-week gait retraining (GR)
on plantar flexion torque, architecture, and behavior of themedial gastrocnemius
(MG) during maximal voluntary isometric contraction (MVIC).

Methods: Thirty healthy male rearfoot strikers were randomly assigned to the GR
group (n = 15) and the control (CON) group (n = 15). The GR group was instructed
towearminimalist shoes and runwith a forefoot strike pattern for the 12-weekGR
(3 times per week), whereas the CON group wore their own running shoes and
ran with their original foot strike pattern. Participants were required to share
screenshots of running tracks each time to ensure training supervision. The
architecture and behavior of MG, as well as ankle torque data, were collected
before and after the intervention. The architecture of MG, including fascicle
length (FL), pennation angle, and muscle thickness, was obtained by measuring
muscle morphology at rest using an ultrasound device. Ankle torque data during
plantar flexion MVIC were obtained using a dynamometer, from which peak
torque and early rate of torque development (RTD50) were calculated. The
fascicle behavior of MG was simultaneously captured using an ultrasound
device to calculate fascicle shortening, fascicle rotation, and maximal fascicle
shortening velocity (Vmax).

Results: After 12-week GR, 1) the RTD50 increased significantly in the GR group
(p = 0.038), 2) normalized FL increased significantly in the GR group (p = 0.003),
and 3) Vmax increased significantly in the GR group (p = 0.018).

Conclusion: Compared to running training, GR significantly enhanced the rapid
strength development capacity and contraction velocity of the MG. This indicates
the potential of GR as a strategy to improve muscle function and mechanical
efficiency, particularly in enhancing the ability of MG to generate and transmit
force as well as the rapid contraction capability. Further research is necessary to
explore the effects of GR on MG behavior during running in vivo.
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1 Introduction

Running has become an important sport and promotes the
development of global fitness activities (Hulteen et al., 2017). The
medial gastrocnemius (MG) is a biarticular muscle spanning the
knee and ankle joint and essential for transmitting force and power
during the absorption and push-off phases of running (Lai et al.,
2018; Moran et al., 2023). The MG and the lower tendon complete
the storage and release of elastic strain energy, thereby improving
the mechanical efficiency of running (Yong et al., 2020). Muscle
architecture, including fascicle length (FL), pennation angle (PA),
and muscle thickness (MT), is a major determinant of muscle
functional characteristics (Murach et al., 2015). Specifically, FL
(the number of sarcomere arranged in series) and PA determine
muscle length and the length range of force generation, which in
turn influence the shortening velocity of muscles and capacity to
generate force (Kruse et al., 2021; May et al., 2021). PA and MT are
considerably related to maximum muscle strength (Secomb et al.,
2015; May et al., 2021). During running, the muscle bundles of the
MG actively shorten and rotate to attenuate impact force, provide
support, and cause propulsion (Hamner et al., 2010; Ahn et al., 2014;
Eng et al., 2018). The functions of the muscle, including cushioning,
muscle force generation, and power output, and metabolic costs are
influenced to some extent by fascicle shortening and fascicle rotation
(Ishikawa et al., 2007; Deng et al., 2023). Consequently, the
architecture and behavior of MG play a crucial role in running
by influencing muscle function.

With the development of cushioned running shoes, researchers
found that 95.1% of recreational shod runners run with a rearfoot
strike pattern (RFS) (de Almeida et al., 2015). Considerable
differences in the biomechanics of lower limb joints have been
found among different foot strike patterns over the last 10 years
(Almeida et al., 2015; Yong et al., 2020; Xu et al., 2021; Ye et al.,
2024). Compared with runners with a RFS, those with a forefoot
strike pattern (FFS) exhibit greater knee flexion and ankle plantar
flexion during initial contact (Almeida et al., 2015) and greater
plantar flexion torque during the early stance phase (Kulmala et al.,
2013; Gonzales et al., 2019). The activation of the MG greatly
increased during FFS compared with that in RFS (Lin et al.,
2021), indicating increased mechanical loading on the MG
during running with FFS. Moreover, the excessive eccentric
loading during ground contact in FFS may affect the stretch-
shortening cycle of the triceps surae muscle–tendon unit, which
in turn affects the ability to resist impact force during landing and
return elastic energy (Jewell et al., 2017). Significant differences in
MG morphology have been found among different habitual foot
strike patterns (Li et al., 2023). Specifically, FFS runners have longer
FL and smaller PA; these changes increase maximal shortening
velocity and efficiency of force transmission. These biomechanical
differences collectively reveal that the MG is influenced by the foot
strike pattern during running, including muscle activity, mechanical
properties, and elastic energy utilization, thereby affecting running
performance and mechanical efficiency.

Gait retraining (GR) has been applied to the transition from RFS
to FFS in running (Deng et al., 2020; Wang et al., 2020; Yang et al.,
2020). By conducting GR on RFS runners for 12 weeks, GR
effectively reduced the vertical loading rate and prevented vertical
peak impact forces, consequently reducing the risk of injury related

to impact force (Yang et al., 2020). A study on the immediate
transition of RFS runners to running with FFS revealed that
compared with RFS, FFS exhibited markedly decreased knee
extension torque and increased plantar flexion torque (Kuhman
et al., 2016). Similar results were obtained in studies focusing on GR
(Deng et al., 2020; Wang et al., 2020). In our previous study, we
revealed that after a 12-week GR intervention, the increased plantar
flexion torque resulted in the loading of the triceps surae
muscle–tendon unit, effectively enhancing its mechanical
properties (Zhang et al., 2021). In summary, we speculated that
the elevated mechanical loading from gradual GR can be conducive
to adaptive changes in the architecture of MG, so as to improve
mechanical efficiency and physical performance.

Therefore, this study aimed to investigate the effects of a 12-
week GR program on plantar flexion torque, architecture, and
behavior of MG during the maximal voluntary isometric
contraction (MVIC) in vivo by using ultrasound and an
isokinetic dynamometer. We hypothesized that after GR, the
majority of rearfoot strikers would transition to non-RFS while
running. Besides, the GR group would exhibit the following changes:
1) significant increase in the peak torque of plantar flexion and early
rate of torque development during MVIC; 2) significant increase in
FL and MT of MG at rest, along with a significant decrease in PA of
MG; 3) significant increase in fascicle shortening, fascicle rotation,
and maximal fascicle shortening velocity of MG during the MVIC.

2 Materials and methods

2.1 Participants

Thirty male, healthy rearfoot strike runners (age: 33.3 ±
8.8 years; height: 173.7 ± 5.8 cm; body mass: 70.0 ± 8.4 kg;
weekly running distance: 40.4 ± 18.9 km) were selected, and they
were randomly allocated into the GR group (n = 15) and control
(CON) group (n = 15). A post-power analysis (G*Power version 3.1,
Kiel University, Kiel, Germany) was conducted, and n = 24 (total
sample size) would provide a power of 0.99 for the effect size of
normalized FL in this study (effect size f = 0.445). The inclusion
criteria were as follows: 1) male runners who are used to running
with RFS in cushioned shoes and have never tried minimalist shoes,
2) do not have a history of lower extremity injuries within the
previous 6 months or neuromuscular diseases, and 3) have run at
least 20 km per week in the past 3 months and intend to maintain
training intensity in the next 12 weeks. Prior to the study, all
participants signed an informed consent form approved by the
Ethics Committee of Shanghai University of Sport (No.
102772021RT085).

2.2 Instrumentation

An ultrasonography system (22 Hz, uSmart 3,300, Terason,
United States) with a 12L5A linear array probe (12 MHz
maximum frequency) was used to capture MG ultrasound
images. A dynamometer (256 Hz, Con-Trex MJ, Physiomed,
Germany) was used to measure the plantar flexion torque during
MVIC. During the intervention process, participants in the GR
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group wore Vibram five-finger minimalist shoes (3 mm outsole,
0 mm heel-to-toe drop, no midsole, average mass of 139 g, Figure 1).

2.3 Experimental procedure

To warm up, each participant ran for 5 minutes on a treadmill at
a self-selected speed according to their habitual strike pattern (Deng
et al., 2023). Simultaneously, the researcher utilized a mobile phone
to record running videos of the participants during warm-up,
aiming to initially verify the strike pattern they had self-reported.
At the beginning of the test, the participants lay prone on a
treatment bed, with the ankle in a neutral position (forming a
90° angle between the lower leg and foot) and the knee and hip
fully extended. The experimenter applied ultrasound gel to the head
of the probe head and placed the probe at 30% of the distance
between the popliteal crease and the lateral malleolus to obtain
morphological images of the MG at rest (Geremia et al., 2018).
Three clear morphological images of the MG were recorded for data
analysis. Participants were then required to be seated on the
treatment bed, ensuring that the ankle was in a neutral position
and the knee and hip were flexed at 90°. The shank length was
defined as the distance from the medial tibial condyle to the medial
malleolus of the ankle and measured with a measuring tape (Deng
et al., 2021). During the MVIC test, the participants were prone on

the dynamometer with the hip and knee extended, and the ankle was
fixed in a neutral position. Subsequently, the participants contracted
as hard as possible from a relaxed state to the maximum isometric
contraction state of plantar flexion within 5 seconds to obtain the
torque of the ankle (Deng et al., 2020). This action was repeated
three times. Meanwhile, an ultrasound probe was secured to the MG
belly of the participants using an elastic bandage to record a video of
the in vivo behavior changes of the MG (Figure 2). After all the tests,
the participants were trained according to the results of different
groups, and the above tests were repeated after 12 weeks.

2.4 Intervention

Participants in the GR group were instructed to wear five-finger
minimalist shoes for the 12-week GR. During GR, participants were
asked to adopt an FFS at a self-selected and moderate speed. The
metatarsal heads of the forefoot were required tomake initial ground
contact, followed by the remaining parts of the foot, while the foot
landed below the hip (Wang et al., 2020). The participants were
required to maintain their weekly running volume to be consistent
with their original running volume. The running distance for GR
only replaced a certain portion of the total running distance, whereas
the remaining portion was trained according to the original running
habits. The running distance of FFS running with five-finger
minimalist shoes increased progressively (Table 1). Specifically,
the participants performed 10% of the weekly running volume
with five-finger minimalist shoes in weeks 1 and 2. The running
distance of GR increased by 10% every week fromweeks 3–10 until it
was completed at 100% during weeks 11 and 12 (Joseph et al., 2017).
The 12-week GR program involved participants attending three
sessions per week. All participants underwent the intervention
under the supervision of the experimenters, and their foot strike
pattern was corrected and coached by professional long-distance
running athletes who were accustomed to running with an FFS. For
12 weeks, the participants were required to perform foot core
exercises targeting foot function and muscle strength. These
exercises were designed to prevent the musculoskeletal system of
the foot and ankle complex from adapting to the mechanical loads
associated with long-term GR (Wang et al., 2020). The foot core
exercises in this study consisted of bilateral heel raises, unilateral
heel raise, towel curls, short foot exercise, and toe spread and
squeeze (20 min per time). Every 2 weeks, exercise intensity was
varied by increasing the difficulty and quantity of motions (Table 2).
The detailed intervention program and monitoring modality were
based on our previous study (Zhang et al., 2024).

In the CON group, the participants were instructed to continue
wearing their habitual cushioned running shoes and continue the
running training by using their original foot strike pattern while
maintaining the same exercise intensity as before the experiment.

2.5 Data analysis

The plantar flexion torque was obtained directly by using a
dynamometer. The peak torque of the plantar flexion (PT) was the
maximum value of torque generated by the participant during
MVIC, which was then normalized by body weight. The rate of

FIGURE 1
Vibram five-finger minimalist shoes.

FIGURE 2
The measurement location during MVIC.
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torque development in the early 50 ms (RTD50) was calculated as the
average slope of the time–torque curve 0–50 ms from the onset of
the contraction (Andersen et al., 2010). The onset of plantar flexion
was defined as the instant at which the torque exceeded the baseline
by 3% of the PT (Trajković et al., 2021).

The data of the MG architecture (FL, PA, and MT) at rest
were processed by Image J software (NIH, Bethesda, MD,
United States). The FL was defined as the length of the
fascicular pathway between the superficial and deep fascias,
and it was determined by calculating the average length of
three fascicles in an ultrasound image (Geremia et al., 2019).
The normalized FL was obtained by dividing the FL by the shank
length (Li et al., 2023). The PA was defined as the angle formed
between the muscle fascicle and deep fascia, the mean value of
which was calculated according to the three ultrasound images of
each participant (Geremia et al., 2019). The MT was defined as
the vertical distance from the deep aponeurosis to the superficial
aponeurosis, and it was computed by calculating the average
length of the five perpendicular parallel lines drawn between the
two aponeuroses (Geremia et al., 2019).

Ultratrack software (version 4.1) was used in determining the
intersection of fascicles on the superficial and deep fascias on the
ultrasound video of MG during MVIC with semi-automated
tracking and manual correction (Swinnen et al., 2022). The
fascicle shortening (ΔL) was computed as the change in the FL of
the MG from at rest to MVIC. The fascicle rotation (Δθ) was
calculated as the absolute change in PA of the MG from at rest
to MVIC. The maximal fascicle shortening velocity (Vmax) was
computed as the maximal slope of the FL–time curve during
MVIC (Hauraix et al., 2017).

The foot strike angle in this study was obtained by calculating
the relative angle between the foot and the ground at the time of
initial ground contact, which is the difference between the angle of
the foot at touchdown and the angle of the foot when standing.
Detailed information on biomechanical testing during running can
be found in our previous study (Zhang et al., 2024).

2.6 Statistics

Data were presented as mean ± standard deviation. The
normality of the data distribution was analyzed using the
Shapiro–Wilk test. For parameters that did not conform to the
normal distribution, a logarithmic transformation was applied to
achieve normality. A two-way repeated measures ANOVA (group ×
time) was used in examining the effects of the 12-week GR on the
plantar flexion torque, architecture, and behavior of MG (version
23.0, SPSS Inc., Chicago, IL, United States). For parameters with an
interaction effect between time and group, a simple effects analysis
was performed as a post hoc test. The significance level (α) was
set at 0.05.

3 Results

3.1 Dropout rate

Twenty-four participants completed the 12-week intervention,
and the results were included in the statistical analysis (Table 3). Six
participants (three in the GR group and three in the CON group)
were excluded, and the dropout rate was 20%. Specifically, during
the intervention, one participant in the CON group was excluded for
trying to run while wearing five-finger minimalist shoes. One
participant in the GR group was excluded because of personal
reasons and his inability to participate in the test after training.
Four participants (two in the GR group and two in the CON group)
were excluded because of the absence of intervention for more than
2 weeks. In the GR group (comprising 12 rearfoot strike runners),
10 participants transitioned to non-RFS, and thus the transition rate
was 83.3%. No significant differences in age, height, weight, or
weekly running volume were found between the two groups. Given
that the normalized PT, RTD50, and Vmax did not conform to the
normal distribution, the data were logarithmically transformed
before statistical analysis.

TABLE 1 12-week gait retraining (GR) program.

Week 1 2 3 4 5 6 7 8 9 10 11 12

Running distance (% weekly running volume) 10 10 20 30 40 50 60 70 80 90 100 100

Times per week 3 3 3 3 3 3 3 3 3 3 3 3

TABLE 2 12-week foot core exercise program.

Week 1–2 3–4 5–6 7–8 9–10 11–12

Bilateral heel raises (level surface) 3 × 20 3 × 20 3 × 20 3 × 20 3 × 20 3 × 20

Bilateral heel raises (on step) N/A 3 × 20 3 × 20 3 × 20 3 × 20 3 × 20

Unilateral heel raise (level surface) N/A N/A 3 × 10 3 × 15 3 × 20 3 × 20

Towel curls 3 × 20 3 × 20 3 × 30 (0.25 kg) 3 × 30 (0.25 kg) 3 × 30 (0.5 kg) 3 × 30 (0.5 kg)

Short foot exercise 3 × 20 3 × 20 3 × 20 3 × 30 3 × 30 3 × 30

Toe spread and squeeze 3 × 20 3 × 20 3 × 20 3 × 30 3 × 30 3 × 30
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3.2 Ankle torque during MVIC

A significant interaction effect between time and group was
observed in the RTD50 (p = 0.014, Figure 3). The post hoc test

showed that the RTD50 of the GR group after training significantly
increased compared with that before training (p = 0.038).
Meanwhile, no significant main effect or interaction effect was
observed for PT or normalized PT (p > 0.05, Table 4).

TABLE 3 Basic information of included participants (n = 24).

Group Age (years) Height (cm) Body Mass (kg) Weekly running volume (km)

GR (n = 12) 34.75 ± 8.71 174.00 ± 6.94 71.64 ± 6.44 40.42 ± 14.84

CON (n = 12) 32.58 ± 10.04 172.17 ± 5.49 68.48 ± 9.94 42.58 ± 25.64

p-value 0.578 0.481 0.365 0.887

Notes: GR, gait retraining; CON, control.

FIGURE 3
Effects of 12-weekGR on peak torque of plantar flexion and early rate of torque development duringMVIC. GR: gait retraining; CON: control; RTD50:
rate of torque development during the 0–50 ms period of MVIC. * indicates a significant difference in pre- and post-training, p < 0.05.

TABLE 4 Effects of 12-week gait retraining (GR) on the plantar flexion torque during MVIC and architecture and behavior of MG.

Parameter GR group CON group p-value (η2)

PRE POST PRE POST Main effect for
time

Main effect for
group

Interaction
effect

PT (N/m) 108.33 ±
24.30

114.45 ± 18.84 103.44 ±
25.44

106.08 ±
18.60

0.102 (0.117) 0.450 (0.026) 0.503 (0.021)

Normalized PT
(Nm/kg)

1.55 ± 0.27 1.63 ± 0.16 1.63 ± 0.43 1.68 ± 0.34 0.069 (0.143) 0.698 (0.007) 0.661 (0.009)

RTD50 (Nm/s) 195.11 ±
119.69

248.61 ±
129.99*

291.75 ±
154.91

226.24 ±
89.31

0.660 (0.009) 0.361 (0.038) 0.014 (0.247)

FL (cm) 6.39 ± 0.65 7.00 ± 0.78 6.45 ± 0.93 6.54 ± 0.88 0.012 (0.257) 0.524 (0.019) 0.058 (0.154)

Normalized FL 0.19 ± 0.03 0.21 ± 0.03* 0.20 ± 0.03 0.20 ± 0.03 0.015 (0.242) 0.948 (0.000) 0.049 (0.165)

PA (°) 18.76 ± 1.46 18.40 ± 1.70 18.48 ± 3.09 18.13 ± 2.60 0.368 (0.037) 0.752 (0.005) 0.982 (0.000)

MT (cm) 1.79 ± 0.27 1.81 ± 0.27 1.80 ± 0.28 1.74 ± 0.23 0.679 (0.008) 0.804 (0.003) 0.334 (0.042)

ΔL (cm) 2.08 ± 0.65 2.58 ± 0.57 1.94 ± 0.60 2.28 ± 0.50 0.001 (0.415) 0.307 (0.047) 0.456 (0.026)

Δθ (°) 12.64 ± 5.33 16.88 ± 5.72 13.12 ± 6.69 14.26 ± 5.56 0.003 (0.331) 0.638 (0.010) 0.071 (0.140)

Vmax (cm/s) 6.15 ± 3.05 9.27 ± 5.22* 9.41 ± 4.94 7.48 ± 3.89 0.457 (0.025) 0.595 (0.013) 0.009 (0.269)

Notes: PT, peak torque of plantar flexion; RTD50, rate of torque development during the 0–50 ms period of MVIC; FL, fascicle length at rest; PA, pennation angle at rest; cMT, muscle thickness

at rest; Vmax, maximal fascicle shortening velocity during MVIC; ΔL, fascicle shortening during MVIC; Δθ, fascicle rotation during MVIC.

*p < 0.05: significant difference in pre- and post-training. The bold values indicate that the parameter has a significant main effect of time or an interaction between group and time.
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3.3 Architecture and behavior of MG

For MG architecture, an interaction effect between time
and group (p = 0.049) and a significant main effect of time
(p = 0.015) were observed in the normalized FL. The post hoc
test showed that the normalized FL of the GR group increased
significantly after training compared with that before training
(p = 0.003). A significant main effect of time was observed in the
FL (p = 0.012). Specifically, FL increased by 9.8% (GR) and 2.2%
(CON) after training (Figure 4). No significant main effect or
interaction effect was observed in the PA or MT
(p > 0.05, Table 4).

For MG behavior, an interaction effect was found between time
and group for the Vmax of the MG during plantar flexion MVIC (p =
0.009). The post hoc test showed that the Vmax of the GR group
increased significantly after training compared with that before
training (p = 0.018). A significant main effect of time was
observed in ΔL (p = 0.001) and Δθ (p = 0.003). Specifically, ΔL

increased by 30.1% (GR) and 25.4% (CON), and Δθ increased by
44.9% (GR) and 23.0% (CON) (Figure 4).

4 Discussion

This study examined the effects of a 12-week gradual GR on
plantar flexion torque during isometric contraction, MG
architecture, and behavior during MVIC in vivo. After 12 weeks,
the GR group exhibited a significant increase in RTD50, normalized
FL, and Vmax. FL, ΔL, and Δθ increased in both groups. Inconsistent
with our hypothesis, no significant changes in PT, PA, and MT were
observed after GR.

The RTD50 of the plantar flexion during MVIC in the GR group
markedly increased after training. This result was consistent with our
previous findings. After 12 weeks of GR while wearing minimalist
shoes, there was an increasing trend in peak RTD of plantar flexion
(Deng et al., 2020). This result may be attributed to the short contact

FIGURE 4
Effects of 12-week GR on the architecture and behavior of MG in vivo. GR: gait retraining; CON: control; FL: fascicle length at rest; PA: pennation
angle at rest; MT: muscle thickness at rest; Vmax: maximal fascicle shortening velocity during MVIC; ΔL: fascicle shortening during MVIC; Δθ: fascicle
rotation during MVIC. # indicates a significant main effect of time. * indicates a significant difference in pre- and post-training, p < 0.05.
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time during FFS running (Sun et al., 2018), which requires the plantar
flexors to generate torque rapidly to resist the loading of the ankle
joint. As a basic element of strength quality, RTD is typically
manifested in the stretch-shortening cycle. RTD plays a crucial
role during fast movements, which is closely related to maximal
strength output and fascicle shortening velocity (Werkhausen et al.,
2022; Dalton et al., 2023). The increased RTD observed after GR
indicated an improved ability to achieve a high level of strength during
the early phase of contraction. The ability of runners to rapidly
develop strength affects contact time during long-distance running.
A large RTD indicates capacity to generate the required strength in a
short contact time, thereby influencing running performance (Lum
et al., 2020). Therefore, gradual GR can be an effective mechanical
stimulus that improves the rapid contraction ability of the MG
during the early push-off phase. Although no significant change in
PT was observed, we found a tendency for normalized PT to increase
in both groups after training (p < 0.1). Previous studies demonstrated
that PT is significantly greater in FFS than in RFS (Kulmala et al.,
2013; Melcher et al., 2017; Gonzales et al., 2019). A large PT
contributes to providing sufficient propulsion during running,
accelerating the forward movement of the body (Gonzales et al.,
2019). Given the 12-week duration of GR in our study, it might be
necessary to further consolidate the effects of GR through long-term
training, yet this requires further investigation.

The study found that the normalized FL increased significantly in
the GR group after training, and the FL of the MG increased
significantly in both groups after training. A prior study has also
provided evidence that long-term running with FFS could
significantly influence the architecture of MG, resulting in runners
having a longer FL (Li et al., 2023). Compared with running with RFS,
running with FFS requires more active involvement from the MG (Lin
et al., 2021). This condition may increase the range of muscle
stretching and contraction during running, resulting in adaptive
changes in the muscle and an increase in FL. FL is a major factor in
dictatingmuscle contraction velocity (Wickiewicz et al., 1984; Abe et al.,
2000), and a long FL can result in shortening velocity and mechanical
power greater than those in a short FL (Arampatzis et al., 2006).
Theoretically, a longer FL is considered to have more serially linked
sarcomeres (Cigoja et al., 2022), and the simultaneous contraction of
these sarcomeres can result in a large overall change in FL. The result
suggested that adaptive changes in the FL of MG after GR may play an
important role in increasing the velocity of contraction. Longer fascicles
also facilitate a slower shortening of sarcomeres within the muscle
fibers, allowing the muscle to operate higher on its force-velocity curve
and generatemore force during contraction (Lin andPandy, 2022). This
indicated that the increased normalized FL after GR may benefit RTD,
which was supported by the results of this study showing increased
RTD50 after GR. Moreover, short fascicles are associated with an
increased risk of microscopic muscle damage during repetitive
eccentric actions in running (Timmins et al., 2016). From the
perspective of muscle architecture, despite the increased demand on
the triceps surae with the FFS, the change in FL suggests that GR can
potentially reduce the risk of injury associated with high mechanical
stimulation by lengthening fascicles. The absence of a significant
difference in FL between the GR and CON groups might be
attributed to the influence of variability in leg length.

The result showed a significant increase in Vmax duringMVIC in
the GR group after 12 weeks. This increase can be attributed to

increased FL, broadening the operating range of active muscle
within the length–tension relationship and thereby resulting in
an increased Vmax of MG (Lieber and Friden, 2000). However, it
is essential to emphasize that in this study, Vmax measurement was
conducted during MVIC and did not assess MG behavior during
running. A previous study reported that forefoot strikers exhibited a
slower fascicle contraction velocity of MG during ground contact
compared to rearfoot strikers (Swinnen et al., 2019). Therefore,
future research should prioritize investigating the behavioral
changes of MG during actual running in vivo. The force–velocity
relationship is a crucial factor influencing the performance of muscle
contraction, and the maximum power output of muscles is
constrained by this relationship (Daley et al., 2009; Fletcher and
MacIntosh, 2017). For a given required muscle strength, the
maximum power output increased with Vmax. In this study, Vmax

significantly increased after GR, whereas PT had no significant
change. Despite the absence of a significant increase in PT, the
observed increase in Vmax may reflect optimization for power to
some extent, suggesting that GR has a positive effect that enhances
the mechanical efficiency of MG. We observed a significant increase
in ΔL and Δθ of the MG in both groups after GR. Specifically, ΔL
increased by 30.1% (GR) and 25.4% (CON), and Δθ increased by
44.9% (GR) and 23.0% (CON). During active muscle contraction,
fascicle shortening generates force. Meanwhile, the accompanying
fascicle rotation adjusts the direction of muscle force, contributing to
the efficient generation of force in various directions. The rotation
during fascicle shortening provides a certain degree of freedom,
which affects muscle strength and the ability to generate force
(Lieber and Friden, 2000). This result suggested that GR leads to
changes in ΔL and Δθ of MG, which may contribute to the rapid
generation of sufficient force to support body weight and generate
propulsion during the stance phase of running. Considering that
muscle behavior also affects the metabolic costs of running (Fletcher
et al., 2013), future research could consider combining a contactless
monitoring system for monitoring energy expenditure (Huang
et al., 2024).

Several limitations remain in this study. Owing to the unique and
crucial role of the MG in the plantar flexor muscle group, the study
was limited to the MG as the target muscle. Future research may
consider extending the focus to other plantar flexor muscles, such as
the soleus and lateral gastrocnemius. Only the in vivo ultrasound and
mechanical characteristics of MG during MVIC were examined, and
the muscle behavior and mechanical characteristics during running
should be explored in the future. The study recruited only male
runners, so the influence of gender on the training effect remains
unclear. Furthermore, the duration of GR in this study was 12 weeks,
and no follow-up was conducted to assess the maintenance of GR.
Therefore, future research could explore gender differences in
behavior and mechanical properties of lower limb muscles during
running, as well as the long-term effects of periodic training.

5 Conclusion

After 12-week gait retraining, significant increases were
observed in the rate of torque development within the early
50 ms, as well as in normalized fascicle length and maximal
fascicle shortening velocity of the medial gastrocnemius. These
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findings suggest that gait retraining positively influences the
architecture and contraction behavior of the medial
gastrocnemius, thereby improving the ability to rapidly develop
strength and muscle contraction velocity. Therefore, rearfoot
strikers could consider gait retraining as a strategy to potentially
improve muscle function and mechanical efficiency, with a
particular focus on enhancing the capacity of the medial
gastrocnemius to generate and transmit force as well as
improving rapid contraction ability. Furthermore, future
investigations should delve deeper into understanding the
behavior of the medial gastrocnemius during running in vivo.
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Patients with scars face a grave threat to their mental and physical health.
Negative pressure has been used for scar therapy in medical care and
provides a microenvironment conducive to scar healing while stimulating cell
regeneration. Negative pressure may disrupt scar tissue regeneration when the
pressure is too high or too low, so finding a suitable negative pressure is
important. We hypothesized that different negative pressure magnitudes
would affect scar tissue properties differently. This research aimed to provide
practical recommendations for scar therapy. This study used three negative
pressures (−105 mmHg, −125 mmHg, and −145 mmHg) to compare scar
material properties. We measured scar tissue thickness and viscoelasticity with
a motor-driven ultrasound indentation system. According to the results of this
study, scar thickness is most effectively reduced at a negative pressure
of −105 mmHg. In comparison, scar viscoelasticity continuously increases at a
negative pressure of −125 mmHg. Negative pressure therapy can be
recommended to scar care clinics based on the results of this study.

KEYWORDS

scar therapy, ultrasound, indentation system, scar thickness, scar viscoelasticity

Highlights

1. This study investigates the magnitude of effective negative pressure in scar treatment.
2. Scar thickness is most effectively reduced with −105 mmHg, and scar viscoelasticity is

most steadily increased with −125 mmHg in clinical negative pressure therapy.
3. The stress-strain curve of the toe regions showed a significant decrease after negative

pressure therapy at −125 mmHg compared to −145 mmHg in viscoelasticity.
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1 Introduction

Scars affect people everywhere and often impact patients’ quality
of life. Three to four people out of one thousand develop a scar from
one or more wounds (Jørgensen et al., 2013). Scars can highly impact
the patient psychologically and physically (Brewin and Homer,
2018). For example, Brown et al. demonstrated that scars
significantly affect patients’ social functioning (82%), emotional
wellbeing (76%), and physical comfort and functioning (59%)
(Brown et al., 2008). The physical discomfort effects of a scar
include dryness, itching, tenderness, and pain, whereas its
functional effects include altered viscoelasticity (Jourdan et al.,
2019). The process from the wound to complete scar healing has
four consecutive stages: inflammation, proliferation, remodeling,
and maturation. It takes 3–5 days after the wound to enter the
proliferation stage (Diegelmann et al., 1981), and the scar tissue
continues to remodel from 3–6 months after the injury until
12 months (DeJong et al., 2020). Figure 1 shows the scar healing
stages and the physiological factors involved.

A hypertrophic scar results from excessive collagen deposition,
which results in an exaggerated wound-healing response and a
progressive increase in collagen synthesis (Doillon et al., 1985).
Such scars are characterized by increased thickness, itchiness, and
pain will persist after an injury (Bombaro et al., 2003). Keloids and
hypertrophic scars can be reduced by combining injected medicine,
postoperative care, and alternative approaches (Son and Harijan,
2014). The goal of scar treatment is to obtain a flat scar with less
fibrosis and scar contraction (Son and Harijan, 2014). Symptoms of
scars are also affected by how they are treated after recovery. The

healing process can take up to 6–12 weeks, and even scars occlusive
to the wound surface may require this period before tissue
remodeling occurs (Jourdan et al., 2019).

Studies have shown that apoptotic processes can help reduce
scar thickness (Darby et al., 2016). Apoptosis is a natural process
that eliminates unnecessary cells and tissues without triggering an
inflammatory response. This process prevents excessive
accumulation of endothelial cells remaining in fibroblasts, which
helps flatten the scar tissue (Greenhalgh and biology, 1998). If a scar
is damaged again during the healing process, apoptosis will be
delayed, and excessive collagen deposits will build up (Torkian
et al., 2004; Feng et al., 2020). Currently, a scar is understood to
be soft tissue composed primarily of collagen and myofibroblasts
that seals a wound (Feng et al., 2020). The collagen and elastin fibers
in the scar are thinner, fragmented, and more disorderly than the
normal skin (Chen et al., 2015). In addition, the fragmented and
disorganized collagen and elastin fibers can cause the gap between
fibers to thicken and increase scar thickness (Feng et al., 2022).

Scars are often weaker and have less tensile strength than healthy
skin (Shumaker et al., 2012). Scar contracture occurs due to
disorderly fibers interfering with fiber sliding, causing decreased
extensibility and increased tension around the scar (Corr and Hart,
2013; Feng et al., 2022). Due to a lower tensile strength, the scar
tissue is more vulnerable to tensile damage (Tan and Wu, 2017).

Increasing dermal regeneration and modifying fibroblast
alignments may improve tensile strength performance (Almine
et al., 2012; Hosseini et al., 2022). Atkinson et al. discovered that
aligning scar fibers can increase the tensile strength of scars by 20%–

80%, and the increased tensile strength helps resist tension damage

FIGURE 1
Physiological factors affecting scar healing.
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and accelerates scar healing (Atkinson et al., 2005). The tensile
strength is expressed mechanically as a stress–strain curve, while
viscoelasticity deformation is considered skin deformation under
stress (Hussain et al., 2013). Viscoelasticity refers to the nonlinear
relationship between the applied force and the deformation of soft
tissues and has been used for research purposes (Hendriks, 1969; Jan
et al., 2013). Estimating scar viscoelasticity may provide new insight
into changes in scar mechanical properties on the progression of scar
healing and treatment outcomes (Feng et al., 2022).

Scar treatments can be categorized into noninvasive and invasive
methods. Common noninvasive treatments include silicone gel
sheeting, compression therapy, massage, and pressure therapy.
The negative pressure therapy (NPT) in this study is one kind of
noninvasive treatment. The common invasive treatments involve
intralesional corticosteroid injections, surgery, and radiotherapy
(Kim, 2021). Interventions that alter the scar thickness and
viscoelasticity are common in physical therapy (e.g., massage,
silicone gels, and pressure therapy) (Poetschke and Gauglitz,
2016). Although these treatment methods can improve local
scarring, certain limitations remain (Heppt et al., 2015). Due to
practical medical principles, scar treatment techniques can be
combined safely and synergistically with optimal patient results
(Zaleski-Larsen et al., 2016). Therefore, developing a simple and
feasible treatment method to improve the healing quality of scars is
of practical significance.

Scars may benefit from NPT. Many scholars have used negative
pressure to slow the formation of scars, and the technique has been
shown to be effective (Zwanenburg et al., 2021). The NPT may
increase microcirculation and reduce local skin stiffness (Nicoletti
et al., 2017; Wilkes et al., 2012; Al-Bedah et al., 2019). Various
mechanisms have been proposed to explain the potential benefits of
NPT (Grinnell et al., 1999; Melis et al., 2002; Chen et al., 2015; Mehta
and Dhapte, 2015; Moortgat et al., 2016; Al-Bedah et al., 2019). NPT
can produce a massage effect when suction forces are applied to
tissues (Mehta and Dhapte, 2015), and stretching the local skin
prompts a rapid parallel rearrangement of collagen (Chen et al.,

2015). The NPT may release the mechanical stress associated with
scar retraction by rearrangement of the collagen and elastin, thus
inducing apoptosis to decrease scar thickness (Grinnell et al., 1999;
Moortgat et al., 2016). Additionally, related research demonstrated
that NPT could improve burn scar viscoelasticity, but its quality was
poor compared to influencing factors (Moortgat et al., 2016). Both
routine and polarized light microscopy can observe negative
pressure stretching forces during NPT, resulting in histological
and histomorphological changes that rapidly realign fiber tissue
(Melis et al., 2002). Figure 2 illustrates how the concept is generally
conceptualized. Various magnitudes are currently used in NPT for
treating scars (Fraccalvieri et al., 2011), but the lack of standardized
application guidelines hampers the use of NPT in scar treatment
(Cirocchi et al., 2016). When NPT was increased at intervals
of −35 mmHg in animal research of magnitude
under −10 to −175 mmHg, blood flow gradually increased until
it reached a 90% increase at −80 mmHg (Borgquist et al., 2010).

However, the studies of these treatments often focus on wound
healing (inflammation stage) and reduce attention once scarring has
occurred (Borgquist et al., 2010). Therefore, the effectiveness of NPT
magnitude after scar tissue appears remains unclear. Themechanical
dilation of superficial capillaries caused by higher negative pressure
is thought to lead to ecchymosis and eventual rupture of these
vessels, leaving erythema (Zhao et al., 2009). Negative pressure is
one of the intensity factors that change the cupping therapy andmay
influence the effectiveness of NPT (Lowe, 2017). To improve scar
healing while preventing new blood vessels from rupturing, a testing
program is needed to clarify the NPT magnitude.

Overall, NPT is considered a possible treatment for scars due to
its ability to relieve scar contracture and allow for the rearrangement
of scar fibers. However, how NPT’s negative pressure affects scar
thickness and viscoelasticity has not been extensively studied. We
hypothesized that various NPT magnitudes would cause different
treatment responses to the scar. The research aimed to provide a
basic skin care plan and practical recommendations for the
mechanical properties of scar therapy. The research would check

FIGURE 2
Negative pressure therapy may benefit scars: Conceptual diagram.
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the different treatment magnitudes of NPT in scar tissue and the
effect of scar thickness and viscoelasticity on a basic skin care plan
and provide practical recommendations for the mechanical
properties of scar therapy.

2 Materials and methods

2.1 Research design

Most clinic wound NPTs currently being conducted are medical
cases or animal experiments (Zhao et al., 2009; Scalise et al., 2015;
Boriani et al., 2018). A limitation of this study was that the subjects
were recruited in outpatient clinics, and most of them were injury
victims in their early stages of healing. Fewer patients meet the
recruiting criteria. Therefore, this study refers to Cupping’s NPT
comparative study. According to other research, 15 subjects were
invited per group (Wang et al., 2020; Tehseen et al., 2022). Because

the NPT was divided into three treatment groups
(−105, −125, −145 mmHg), 45 subjects were recruited. The
recruitment targets are people with hypertrophic scars assessed
by clinic doctors. The subject ethnicity and other body
information were obtained by self-description. All participants
signed a consent form before participating. The inclusion criteria
were adults aged at least 18 years old. The wound must have been
present for at least 21 days to ensure it was scar tissue (Sorg et al.,
2017). Subjects had not received any other treatment plans in the
short term, such as pressure garments, silicone scar gel, intra-scar
steroid injections, etc. The exclusion criteria included incomplete
wound healing, edema, or scars in limited sites such as fingertips.
Individuals with diabetes or decubitus were also excluded from this
study. Furthermore, as the contraction resulting from the scar can
create tension on the surrounding skin, it may influence the
viscoelasticity of the scar (Flynn and McCormack, 2008). To
avoid the impact of skin tension around scars on viscoelasticity
measurements, the scar area (greater than 2.5% of body surface area)

FIGURE 3
(A) Example of defining the scar area by using the reference object area in the image and (B) the scar area in the image. Using ImageJ software, we
calculated the scar area, using a tape of 20 mm2 around it as a reference. (C) An example of a scar in a B-mode ultrasound image of a schematic diagram
showing the scar. (D) B-mode ultrasound signals showing the scar.
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was used primarily as a criterion for selecting and recruiting subjects.
The skin is the largest organ in the human body. The skin area of
men with normal BMI is approximately 1.88 ± 0.14 square meters,
and that of women is approximately 1.66 ± 0.20 square meters
(Verbraecken et al., 2006). Because the treatment equipment used in
this study cannot attach to all scar areas, this article will use the
thickness and viscoelasticity of the treatment area, which can be
evaluated based on the internal structure of the soft tissue, as a main
criterion for scar treatment evaluation. Patients were informed that
they could terminate the trial at any time if they felt ill during the
treatment. The scar area is calculated using ImageJ analysis software
version 1.34e (National Institutes of Health, Bethesda, MD) from the
reference object attached to the body surface (Figure 3). Because
participants were recruited from clinic visits, scar type and injury
location were randomized. The participants were randomly assigned
to all three treatment groups using a simple random sampling
procedure. A total of 36 subjects were evaluated at the end of the
study. The negative pressure of −125 mmHg is the clinically
recommended NPT (Gupta et al., 2016). The interval between

increments in negative pressure therapy is commonly 20 mmHg
(Anesäter et al., 2011; Malmsjö et al., 2011). Therefore, this study’s
NPT group was established based on the increased and decreased
intervals of negative pressure. Thickness and viscoelastic data from
each subject were recorded three times in a relaxed state at every
step. Each subject received only one treatment. The Research Ethics
Committee of the China Medical University & Hospital, Taichung,
Taiwan (CMUH110-REC3-086) approved the study.

2.2 Participants

Ultrasonic propagation properties of tissues are widely reported
to be sensitive to the alterations of tissue compositions and structure
(Huang et al., 2007; Lee et al., 2022). Scars are identified in the site
and thickness by B-mode ultrasound image recognition. A linear
ultrasound probe with 12 MHz frequencies (5–12 MHz,
128 elements, 39 mm array footprint, Telemed, Vilnius,
Lithuania) was attached to a PC-based ultrasound system (ArtUs

FIGURE 4
Diagram of the motor-driven ultrasound indentation measurement system.

FIGURE 5
An example of a scar in a B-mode ultrasound image. (A) Schematic diagram showing the scar and (B) B-mode ultrasound signals showing the scar.
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EXT-1H scanners, Telemed, Vilnius, Lithuania). The research
reliably documented scar tissue thickness with 12 MHz
ultrasound equipment (Li et al., 2013).

A standoff gel pad was used to cushion and uniform the
squeezing effect of the ultrasound probe above the scar during

the test. We can identify scars through ultrasound images
because a scar has a smaller strain value than normal skin (Aya
et al., 2014). Therefore, under the coverage of a standoff gel pad, it
shows a higher thickness than the surrounding skin, as shown
in Figure 3.

FIGURE 6
(A) The concept map of the motor-driven ultrasound indentation system that compresses the tissue. (B) B-mode ultrasound image time axis array.
(C) Time-lapse image extraction of ultrasound beam data changes. (D) A soft tissue anchor point compression transformation of the time axis diagram. (E)
An example of indentation data obtained from the soft tissue on the scar using the tissue ultrasound palpation system. It shows the M-mode ultrasound
signals. The first echo is associated with the ultrasound transducer–skin interface, while the second represents the tissue–bone interface. The
thickness of the soft tissue is calculated from the distance between the first and second echoes. (F) The real-time ultrasound signals reflected from the
tissue–bone interface. (G) The time-series information of force under cyclic loadings.
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2.3 Experimental procedures

Scar viscoelasticity was measured by indentometric curves,
which responded to pressure loading, while creep and stress
relaxation processes were analyzed quantitatively following
methods described in previous research (Jan et al., 2013;
Pusparani et al., 2022). Each test consisted of five loading cycles.
During loading and unloading, the thickness of the scar tissue
changes, and the ultrasound echo signal displays and records the
thickness and deformation of the real-time soft tissue layer
(Jan et al., 2013). A motor-driven ultrasound indentation system
was developed to measure the scar tissue’s viscoelasticity. This
system includes an ultrasound and load cell that measures the
force-deformation responses of the scar tissue. The ultrasound
echo signal determines the thickness and on-time deformation of
the soft tissue layer. A compressive load cell is connected in series
with the ultrasound transducer to record the corresponding force
response (Zheng Y. and Mak A. F. J. I. T. O. R. E., 1999). The system
uses 12 MHz frequencies (5–12 MHz, 128 elements, 39 mm array
footprint, Telemed, Vilnius, Lithuania) attached to a PC-based
ultrasound system (ArtUs EXT-1H scanners, Telemed, Vilnius,
Lithuania) with a 49-N load cell (Model UKA-E-005, Li-Chen
Measure Co., Ltd., Kaohsiung, Taiwan) in series applied to
indent the soft tissue. The ultrasonic signal is collected to extract
the tissue’s initial thickness and force-deformation responses, as
shown in Figure 4.

The sampling rate of the image frame and force data were
recorded at 22.5 Hz and 100 Hz with a DAQ data acquisition device
(USB-6218, National Instrument, Austin, TX, United States of
America). In this indentation system, a stepper motor (Model
TL-SL1010-X, Tanlian Electro Optics Co., Ltd., Taoyuan,
Taiwan) and a stepper motor driven (Model TL-1T, Talian
Electro-Optics Co., Ltd., Q17 Taoyuan, Taiwan) with a 1600
micro stepper per revolution, with a step travel of 0.000625 mm
and a total travel of 50 mm. The adopted to accomplish an automatic
cyclic indentation instead of a manual operation. A standoff gel pad
was mounted on the ultrasound transducer probe with a standoff

holder (coupling medium, cylinder with 4.5 mm radius and 20 mm
thickness, Aquaflex ultrasound gel pad, Parker Laboratory, Orange,
NJ) (Jan et al., 2013). The equipment diagram is shown in Figure 5.

Subjects were asked to lie supine on a hospital bed. Before the
measurement, the ultrasound indentation apparatus comprised a
9 mm gel pad diameter and the indenter. After a preload force of less
than 0.5 N was applied to the skin perpendicular to the underlying
bone, the indent compress was set to 20% of the total subcutaneous
soft tissue thickness from real-time ultrasound images (Hayes et al.,
1972; Zheng Y. and Mak A. J. J. O. B. E., 1999). Every cyclic load of
40 s was applied with approximately 8 s per loading cycle (Figure 6).
Variables related to strain are adjusted based on individual subjects’
characteristics immediately before testing. As the area where the
probe contacts the scar is fixed, the stress can be calculated after the
load cell has recorded it (Zheng Y. and Mak A. J. J. O. B. E., 1999).
The strain in this study was set around 2–4 mm per 4 s, and the
response force was 400–600 g.

The effective Young’s modulus (E) is a traditional material
constant to quantify the elastic properties of soft tissues (Hayes
et al., 1972; Zheng Y. and Mak A. J. J. O. B. E., 1999). According to
the Egorov et al. research, certain tissue types exhibit similar degrees
of nonlinearity regarding effective Young’s modulus, while others
exhibit varying degrees (Egorov et al., 2008). Therefore, an effective
Young’s modulus can be used to determine whether the structure of
soft tissue has changed after scar treatment. We followed the other
research with regard to segmentation and performed different
compressive strain rates (Ayyildiz et al., 2015). Microstructural
composition is complicated (Joodaki and Panzer, 2018), and the
different compositions may show the different lead microstructures
in the viscoelastic mechanical response of skin tissue. The equation
used to extract E is:

E � 1 − v2( )
2a · k v, ah( ) · P

w
(1)

where v is the Poisson’s ratio; a is the indenter radius; k is a
scaling factor dependent on the Poisson’s ratio, indenter radius, and
tissue thickness; h is the soft tissue thickness; P is the force of

FIGURE 7
The process of identifying the viscoelasticity value of scar skin. (A) Deformation with force showing the viscoelasticity. (B) Schematic diagram
showing the viscoelasticity. E1, approximately 5% of the initial tissue thickness as the toe region’s viscoelasticity; E2, approximately 10% of the initial tissue
thickness as the heel region’s viscoelasticity; E3, approximately 15% of the initial tissue thickness as the linear region’s viscoelasticity.
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pressure loading (indentation); and w is the depth of indentation.
Generally, 0.45 has been used as the Poisson’s ratio for biological soft
tissues, and the radius of the indentor, that is, the ultrasound
transducer, was 4.5 mm (Zheng Y. and Mak A. J. J. O. B. E.,
1999). The k value was obtained from the information extracted
from Hayes et al. (1972).

In this study, the data image processing software MATLAB
R2020b (MathWorks Inc., MA, US) is used to convert the ultrasonic
value and the pressure using the above formula to obtain the elastic
coefficient E for analysis. According to Egorov et al., certain tissue
types exhibit similar degrees of nonlinearity regarding effective
Young’s modulus, while others exhibit varying degrees (Egorov
et al., 2008).

As shown in Figure 7A, due to its microstructural composition,
the mechanical response of skin tissue is highly nonlinear (Joodaki
and Panzer, 2018). The microstructural composition of skin tissue is
complex, and different compressive strain rates may change its
viscoelasticity by altering the leading microstructures in the
viscoelastic mechanical response (Joodaki and Panzer, 2018).
Based on other research, the segmentation was performed at
different compressive strain rates (Ayyildiz et al., 2015). The
stress–strain curve of the skin of collagenous tissues is J-shaped
and usually divided into the toe region (E1), the heel region (E2),
and the linear region (E3) (Fratzl and Weinkamer, 2007; Aziz et al.,
2016; Sharabi, 2022), as shown in Figure 7B. In the toe region (E1),
the skin is relatively soft, and much of the structural response of the
skin is carried by elastin components because collagen fibers are
slack and non-load-bearing (Joodaki and Panzer, 2018). In the heel
region (E2), elastic fibers begin to stretch and realign in the direction
of the applied force. As the stress–strain curve progresses, collagen in
the gap regions begins to resist deformation. In the linear region
(E3), collagen fibrils have already realigned. The sliding of elastin or
collagen causes deformation under stress (Aziz et al., 2016;
Sharabi, 2022).

2.4 Data analysis

The subjects lay on a ward bed to avoid altering mechanical scar
properties through posture. The cup applies negative pressure to the
scar, and a sputum extractor (TC-2000V, Taiwan Fukang Assistive
Device Leasing Co., Ltd., Taiwan) controls the magnitude of the
negative pressure. Before the NPT, each participant’s scar thickness
and viscoelasticity were measured. To avoid blisters during cupping
therapy, the duration was 10 min, which is considered a short-term
effective duration for NPT (Wang et al., 2020). The participant’s scar
thickness and viscoelasticity were measured again after NPT. The
same expert researcher measured scar thickness and viscoelasticity
to avoid inter-observer variability. Although NPT ranges
from −75 to −225 mmHg have been reported (Borgquist et al.,
2010), the magnitude of −125 mmHg was chosen based on a
previous study (Astasio-Picado et al., 2022) to provide the best
wound-healing environment for granulation tissue growth (Zhu
et al., 2021). Therefore, this study used −125 mmHg as the base
magnitude. To prevent new microvessels from being damaged by
negative pressure magnitudes greater than −150 mmHg (Zhao et al.,
2009), we refer to related studies to determine the 20 mmHg
increments and decrements applied (Anesäter et al., 2011).T
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2.5 Statistical analysis

The differences between pre-treatment and post-treatment in
the scar tissue thickness and three viscoelasticities (E1, E2, and
E3) were examined by using the t-test. For the post hoc
comparisons, a one-way repeated measures analysis of
variance (ANOVA) was used to compare the ratio of pre-
treatment and post-treatment between different NPT
magnitudes and determine whether the main effect exists. In
addition, Pearson’s correlation was used to examine the main
effects of the NPT magnitude. The significance level was set at p <
0.05. SPSS version 22 (Version 22, IBM, Armonk, NY,
United States) was used to implement all statistical tests.

3 Results

3.1 Effect of air insole on PPG

Following the withdrawal of some invited participants,
36 subjects were enrolled in this study. This study ultimately
recruited 17 women and 19 men. There were 11 subjects in
the −105 mmHg magnitude group, 13 subjects in
the −125 mmHg magnitude group, and 12 subjects in
the −145 mmHg magnitude group included in this study. The
demographic data of the three groups are shown in Table 1,
which lists the amount of scar type and percentages of cause of
injury: accident, 44.4%; abrasions, 41.6%; and burns, 14.0%. Total
scar locations were torso = 13.9%, upper limbs = 52.7%, lower
limbs = 33.4% (−105 mmHg: torso = 18.2%, upper limbs = 36.4%,
lower limbs = 45.5%; −125 mmHg: torso = 15.4%, upper limbs =
46.1%, lower limbs = 38.5%; −145 mmHg: torso = 8.3%, upper
limbs = 75.0%, and lower limbs = 16.7%). The study included
several types of scars. The surgeries in this study include open
wound suturing or surgeries to treat conditions like tumors.
Abrasions in this study referred to injuries caused by wear
and tear, usually resulting from accidents like falls or traffic

collisions. Burn types in this study exclusively involved
hydrothermal burns. Among the insect bite cases in this study,
scarring occurred only in the case of an allergic reaction. The
statistics are shown in Table 2.

3.2 Effect of air insole on PGA

There is a significant decrease in scar thickness in all three NPT
magnitudes. However, in the −125 mmHg magnitude, the
viscoelasticity of the overall soft tissue increases significantly
(Table 3). In the −125 mmHg group, the E2 and E3 post-
treatment viscoelasticity significantly increased compared to pre-
cupping. Based on the paired t-test, the effect of −105 mmHg
magnitude significantly decreased thickness (3.7 ± 0.2 mm vs.
2.8 ± 0.1 mm, p < 0.001) between pre- and post-treatment. The
effect of −125 mmHg magnitude also significantly decreased
thickness (4.3 ± 0.5 mm vs. 3.9 ± 0.5 mm, p < 0.001), E2 had a
significant increase (64.3 ± 12.9 kPa vs. 99.6 ± 18.1 kPa, p = 0.032),
and E3 had a significant increase (75.8 ± 13.9 kPa vs. 125.5 ±
19.2 kPa, p = 0.009) between pre- and post-treatment. The effect
of −145 mmHg magnitude significantly decreased thickness (3.5 ±
0.3 mm vs. 2.9 ± 0.2 mm, p = 0.001).

3.3 Effect of walking duration on the PPG
and PGA

Based on the one-way ANOVA, the effect of −105 mmHg
magnitude on thickness significantly differed from
the −125 mmHg (74.5 ± 3.3 percentage ratio vs. 91.3 ±
2.2 percentage ratio, p < 0.001) and −145 mmHg (74.5 ±
3.3 percentage ratio vs. 84.4 ± 2.2 percentage ratio, p = 0.010).
The viscoelasticity of the E1 showed significant differences between
the −125 mmHg and −145 mmHg magnitudes (184.0 ±
36.0 percentage ratio vs. 413.7 ± 65.6 percentage ratio, p = 0.019)
(Figure 8; Table 4).

TABLE 2 Scar information of subjects on NTP magnitudes.

Magnitude

−105 mmHg (%) −125 mmHg (%) −145 mmHg (%)

Type of injury

Surgeries 63.6 61.5 8.3

Abrasions 27.3 30.7 58.4

Burns 9.1 7.6 25.0

Insect bites 0.0 0.0 8.3

Location of injury

torso 18.2 15.4 8.3

upper limbs 36.4 46.1 75.0

lower limbs 45.5 38.5 16.7

Note: This study included 11 subjects in the −105 mmHg magnitude, 13 subjects in the −125 mmHg magnitude, and 12 subjects in the −145 mmHg magnitude groups.
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3.4 Correlation between the PPP, PPG,
and PGA

There was a significant correlation between the E1, E2, and E3 for
all NPTmagnitudes (r = 0.99–0.866, p < 0.05). However, there was no
correlation between viscoelasticity and thickness ratio change. E1 and

E2 showed a high correlation in three pressure magnitudes (r =
0.99–0.91, p < 0.01). E1 and E3 were highly correlated (r = 0.97–0.87,
p < 0.01) in the −105 and −125 mmHg pressure magnitudes and were
moderately correlated (r = 0.66, p < 0.05) in the −145 mmHg pressure
magnitude. E2 and E3 were highly correlated in three pressure
magnitudes (r = 0.99–0.88, p < 0.01) (Table 5).

TABLE 3 Statistical results of the paired t-test with pre- and post-treatment.

Magnitude (mmHg) Factor Treatment Paired t-test

Pre-treatment
(mean ± SE)

Post-treatment
(mean ± SE)

p-value

105 Thickness (mm) 3.7 ± 0.2 2.8 ± 0.1 0.000 **

E1 (N/mm2) 51.2 ± 21.5 72.1 ± 26.9 0.159

E2 (N/mm2) 54.4 ± 21.3 85.2 ± 30.4 0.097

E3 (N/mm2) 57.9 ± 21.0 93.5 ± 30.7 0.082

125 Thickness (mm) 4.3 ± 0.5 3.9 ± 0.5 0.000 **

E1 (N/mm2) 52.6 ± 10.6 77.4 ± 18.9 0.144

E2 (N/mm2) 64.3 ± 12.9 99.6 ± 18.1 0.032 *

E3 (N/mm2) 75.8 ± 13.9 125.5 ± 19.2 0.009 **

145 Thickness (mm) 3.5 ± 0.3 2.9 ± 0.2 0.001 **

E1 (N/mm2) 42.1 ± 13.2 81.0 ± 20.8 0.146

E2 (N/mm2) 86.2 ± 29.4 120.9 ± 23.6 0.411

E3 (N/mm2) 114.4 ± 31.0 163.8 ± 25.8 0.273

Note: E1, approximately 5% of the initial thickness of the soft tissues as superficial layer viscoelasticity; E2, approximately 10% of the initial thickness of the soft tissues as medium layer

viscoelasticity; E3, approximately 15% of the initial thickness of the soft tissues as deep layer viscoelasticity. Data are shown as mean ± standard errors; * significant difference (p < 0.05); **

significant difference (p < 0.01).

FIGURE 8
The ratio of thickness and viscoelasticity for NPT pre- and post-treatment. (A) Effect of NPT magnitudes on thickness. (B) Effect of NPT magnitudes
on viscoelasticity. E1, approximately 5% of the initial tissue thickness as the toe region’s viscoelasticity; E2, approximately 10% of the initial tissue thickness
as the heel region’s viscoelasticity; E3, approximately 15% of the initial tissue thickness as the linear region’s viscoelasticity. NPT, negative
pressure therapy.
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4 Discussions

This study had three important findings: NPT reduced scar
thickness and increased viscoelasticity. Furthermore, NPT could
effectively increase scar viscoelasticity in E2 and E3 in
the −125 mmHg group. Finally, after NPT, the correlation
between the E1 and E3 elasticity was reduced in
the −145 mmHg group.

This study’s first finding supports the hypothesis that NPT
reduces scar thickness and increases viscoelasticity (Figure 8).
NPT may reduce scar thickness by releasing scar contractures
(Wilkes et al., 2012). Furthermore, external mechanical
stimulation from NPT could release scar contractures by altering
collagen compliance and aligning scar collagen fibers (Xu and Lu,
2011; Weidenhamer and Tranquillo, 2013). NPT external
mechanical stimulation could also increase scar by improving
tensile strength (Corr and Hart, 2013). The results are similar to
those of current studies (Moortgat et al., 2016).

The increase in viscoelasticity may also be due to negative
pressure promoting oxygenated hemoglobin to flood into the
treatment site and increase blood volume (Li et al., 2023).
However, the scar elastin is usually avascular (Franzeck et al.,
1984; Almine et al., 2012), which would result in a difficult flow
of blood into the avascular scar tissue, so the viscoelasticity appears
unchanged after −125 mmHg treatment in E1 (Joodaki and Panzer,
2018). This contention conforms to the research that demonstrated
in animal experiments that an NPT magnitude of −125 mmHg can
increase blood volumemore than other magnitudes (Borgquist et al.,
2011). Therefore, the increasing viscoelasticity is noticeable in the E2
and E3 as blood volume increases, and increased blood volume
could stimulate endothelial proliferation and angiogenesis, which in
turn promotes the growth of capillaries in scar tissue (Chen et al.,
2005) and actuate scar fibers, which would then grow faster to heal.

The second finding was that the scar viscoelasticity ratio
showed −145 mmHg significantly increased the response of
elastin fibers’ structural (E1) more than the resistance of elastin
fibers stretch (E2) after NPT (Figure 8B). There was no sign in the E2
and the sliding of elastin or collagen (E3) (Fratzl and Weinkamer,
2007; Aziz et al., 2016; Joodaki and Panzer, 2018; Sharabi, 2022).
Negative pressures between −125 and −145 mmHg may reach a
critical point for the mechanical properties of the scar. An analysis of
correlations was performed in this study to examine the changing
factors of the NPT magnitudes. The scar viscoelasticity ratio
changed after NPT and showed a significantly increased E1 in
the −125 mmHg and −145 mmHg treatment groups. There was
no indication of change in the E2 and E3 values. This result may
indicate that different NPT magnitudes have different effects on
elastin structure (Joodaki and Panzer, 2018). However, there should
be both sliding and realignment effects on elastin and collagen exist
in E2 and E3 (Aziz et al., 2016; Sharabi, 2022). Because scarring
usually occurs on the surface of the skin, negative pressures
between −125 and −145 mmHg may reach a critical point for the
mechanical properties of the scar. An analysis of correlations was
performed in this study to examine the changing factors of the NPT
magnitudes.

This study’s third finding is the correlation between E1 and
E3 under NPT magnitude −145 mmHg. In a correlation test, we
further explored differences in the scar viscoelasticity of differentT
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soft tissues. Their correlation is significant because the E1, E2, and
E3 viscoelasticities belong to the same soft tissue category.
Interestingly, the correlation coefficients between the E1 and E3
viscoelasticities were significantly reduced to 0.66 (moderate) in
the −145 mmHg treatment, while they were more than 0.85 (very
strong) in the other two magnitudes.

According to the correlation of NPT magnitudes, the
viscoelasticity of the elastin stretch (E1) compared with the
viscoelasticity of the effect of sliding and the alignment of
collagen and elastin (E3) decreased in the −145 mmHg group
(Gupta et al., 2010; Aziz et al., 2016; Sharabi, 2022).

In the test of scar viscoelasticity, the soft tissue may have an
elongation limit. When it reaches its limit, it can no longer extend or
damage itself (Hendriks, 1969). The elastin fiber represented by E1
exceeds its maximum elongation limitation when stretched during
the elastic test and does not follow changes caused by a negative
pressure change. A decline in correlation occurs because E1 and E3
have not yet reached the extension limit and still follow the effect
caused by negative pressure. The mechanism is shown in Figure 9.
Thus, although the magnitude at −145 mmHg showed a higher
trend toward elastic improvement, to avoid rupture of superficial
scar tissue or capillaries caused by negative pressure, we believe
that −145 mmHg should not be used in clinical therapy
(Zwanenburg et al., 2021).

Further scar developments may require different restoration
effects (Gauglitz et al., 2011). Therefore, when prescribing NPT for
scars, this study may help determine the appropriate magnitude.
When scar fibers are maturing, the −105 mmHg magnitude therapy
could facilitate their realignment (Corr and Hart, 2013). The
proliferation stage may benefit from a negative pressure
magnitude of −125 mmHg to increase their tensile strength
(Iheozor-Ejiofor et al., 2018). The mechanism and clinical advice
of the scar healing stage is shown in Figure 10.

There are some limitations in this study. The first limitation is
that despite describing the post-treatment effects of different NPT
magnitudes in this study, therapy of a longer duration may have
different effects (Shen et al., 2022). As noted, scar growth typically

spans approximately 1 year (Feng et al., 2020). Because our
treatment tracking data were only collected once, they may not
be adequate to capture this phenomenon fully. Furthermore, as the
negative pressure increases, the therapy duration may induce
different physiological responses (Lowe, 2017). Although 10 min
is a valid NPT duration, longer NPT seems to have a greater clinical
impact (Wang et al., 2020). Future studies in long-term follow-up
scar populations and the effect of different therapy durations (10/
20 min) are needed to improve clinical benefit.

Another limitation is that one-way ANOVA and paired t-tests
were used for analysis in this study. However, the two- and three-
way ANOVAs offer significant analytical power for stress–strain
experiments. Future analyses could benefit from incorporating these
statistical techniques as standard methods. Taking a broader view of
stress–strain analysis may enhance the robustness and depth of our
findings, leading to more nuanced insights and avenues for future
research to improve statistical power. Another limitation of this
study is the possible potential intervention of scar viscoelasticity,
although it passed the reliability test. Surrounding undisturbed scar
tissue was used for comparison.

The other limitation of this study is that even the viscoelastic
recording method used in this study was adapted from a previous
study (Zheng Y. and Mak A. J. J. O. B. E., 1999). This study also
describes the post-treatment effects of different NPT magnitudes.
However, the age of the subjects cannot be ruled out (Vexler et al.,
1999), and the subject’s innate scar tissue viscoelasticity may
interfere when measuring. Comparing the surrounding
undisturbed scar tissue and treatment scar tissue of the same
subjects may be a solution to this limitation in the future.
Overall, this study is the first phase of our research to determine
the effect of NPT treatment on scar tissue recovery and investigate
potential effective therapeutic magnitudes. We intend to expand the
subjects in the future to classify scar factors such as scar size, scar
duration, and the cause of injury (Goodarzi et al., 2020). We also
intend to consistently classify the different types of scars as
immature, mature, atrophic, hypertrophic, or keloid (Mustoe and
technologies, 2020).

TABLE 5 Correlation coefficients among the E1, E2, and E3 in the three NPT magnitudes.

Parameter Magnitude

−105mmHg −125 mmHg −145 mmHg

Correlation p-value Correlation p-value Correlation p-value

Thickness & E1 0.20 0.537 −0.30 0.327 −0.10 0.735

Thickness & E2 0.21 0.516 −0.14 0.638 −0.19 0.538

Thickness & E3 0.25 0.440 −0.09 0.778 −0.23 0.443

E1 & E2 0.99 0.000 ** 0.94 0.000 ** 0.91 0.000 **

E1 & E3 0.97 0.000 ** 0.87 0.000 ** 0.66 0.014 *

E2 & E3 0.99 0.000 ** 0.98 0.000 ** 0.88 0.000 **

Note: The relationship between compression and deformation determines viscoelasticity. E1, approximately 5% of the initial thickness of the soft tissues as superficial layer viscoelasticity; E2,

approximately 10% of the initial thickness of the soft tissues as medium layer viscoelasticity; E3, approximately 15% of the initial thickness of the soft tissues as deep layer viscoelasticity. Data are

shown as mean ± standard errors; * significant difference (p < 0.05); ** significant difference (p < 0.01). NPT, negative pressure therapy.
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5 Conclusion

In comparing the absolute changes pre- and post-treatment using
negative pressure on the scar, our result showed that scar thickness
significantly decreased in all negative pressure magnitudes, and the
magnitude of −105 mmHg is the most significant, followed
by −125 and −145 mmHg. The viscoelasticity of the scar was
significantly increased in the −125 mmHg magnitude but not in
the −105 and −145 mmHg magnitudes. Our findings support the
hypothesis that the NPT magnitude change may contribute to the
therapeutic effect. Overall, we present an effective −125 mmHg
magnitude recommendation for improving scar viscoelasticity that
can be applied to clinical practice. This study followed scientific
research practices and proved that NPT could potentially treat
scars, leading to more advances and new treatments.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the
Research Ethics Committee at the China Medical University
& Hospital, Taichung, Taiwan (CMUH110-REC3-086). The
studies were conducted in accordance with the local
legislation and institutional requirements. The participants
provided their written informed consent to participate in
this study.

Author contributions

W-CS: methodology and writing–original draft. H-TC:
methodology, supervision, and writing–review and editing. Y-KJ:
conceptualization and writing–review and editing. B-YL:
supervision and writing–review and editing. C-WH: methodology
and writing–review and editing. J-GB: methodology and
writing–review and editing. C-CT: supervision and
writing–review and editing. C-WL: conceptualization and
writing–review and editing.

FIGURE 9
The different NPT magnitudes affect tissue viscoelasticity. (A) NPT magnitudes of −105 mmHg interfere with scar tissue’s superficial and heel
regions. (B) NPT magnitudes of −125 mmHg interfere with superficial, medium, and deep scar tissues. (C) NPTmagnitudes of −145 mmHgmay interfere
more effectively with deep soft tissue. It probably extends beyond the upper limit of the toe region of the soft tissue, so it does not showmore extension
than magnitudes of −125 mmHg NPT.

FIGURE 10
Scar healing phase and negative pressure intervention suggestions. NPT, negative pressure therapy.
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The aging process is commonly accompanied by a general or specific loss of
muscle mass, force and/or function that inevitably impact on a person’s quality of
life. To date, various clinical tests and assessments are routinely performed to
evaluate the biomechanical status of an individual, to support and inform the
clinical management and decision-making process (e.g., to design a tailored
rehabilitation program). However, these assessments (e.g., gait analysis or
strength measures on a dynamometer) are typically conducted independently
from one another or at different time points, providing clinicians with valuable yet
fragmented information. We hereby describe a comprehensive protocol that
combines both in vivo measurements (maximal voluntary isometric contraction
test, superimposed neuromuscular electrical stimulation, electromyography, gait
analysis, magnetic resonance imaging, and clinical measures) and in silico
methods (musculoskeletal modeling and simulations) to enable the full
characterization of an individual from the biomechanical standpoint. The
protocol, which requires approximately 4 h and 30min to be completed in all
its parts, was tested on twenty healthy young participants and five elderlies, as a
proof of concept. The implemented data processing and elaboration procedures
allowing for the extraction of several biomechanical parameters (including
muscle volumes and cross-sectional areas, muscle activation and co-
contraction levels) are thoroughly described to enable replication. The main
parameters extracted are reported asmean and standard deviation across the two
populations, to highlight the potential of the proposed approach and show some
preliminary findings (which were in agreement with previous literature).

KEYWORDS

biomechanical assessment, MVIC, dynamometry, SNMES, musculoskeletal modeling,
aging population

1 Introduction

As we age, our muscles tend to lose mass and to reduce in volume/size (Clark and
Manini, 2008; 2010; Seene and Kaasik, 2012; Clark, 2019). This natural process, referred to
with the term sarcopenia, may be accelerated or aggravated by ongoing neural diseases or
musculoskeletal disorders (Fukagawa et al., 1995; Kemmler et al., 2015). For decades,
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sarcopenia has been identified as the major determinant of physical
frailty in the elderly, and often used as univocal term to define the
typical loss of muscle strength observed in the aging population. In
the early 2000s, the paradigm changed, as it became apparent that
muscles did not simply (or necessary) exhibit a reduced strength
secondary to a loss of mass. Thus, a new term was introduced in the
attempt to describe the complexity of the phenomenon of the loss of
muscle strength: dynapenia. Today, with the term dynapenia,
clinicians and research scientists refer to all those factors
associated with the loss of muscle strength other than sarcopenia,
e.g., changes in contractile properties or neural activation
impairments (Clark and Manini, 2008). Although the decline in
muscle function in the elderly is commonly related to a combination
of sarcopenia and dynapenia, several studies have shown that the
two can manifest independently on one another and that usually the
decline in muscle strength is more rapid than the concomitant loss
of muscle mass (Frontera et al., 2000; Delmonico et al., 2009).
Furthermore, a number of pathological conditions typical of the
elderly, such as osteoarthritis, may lead to further impairments in
the neural system which go beyond the neural alterations common
to the aging process (Rice et al., 2011). Thus, it is clear that the
conundrum is not only on the semantics. The distinction between
sarcopenia and dynapenia is necessary to appropriately identify and
quantify the causes and impairments related to muscle weakness,
and in turn to improve the clinical management of the elderly. In
fact, several rehabilitation/nutritional/pharmacological
interventions may be better set up to address either the loss of
muscle mass or the abnormalities in neural function. To date, the
clinical assessment is based on a number of measures which
comprehensively assess muscle weakness, thus leaving uncertainty
on muscle weakness determinants which are majorly affected by the
aging process (Dent et al., 2018; Beaudart et al., 2019).

The gold standard measures to quantify the (loss of) muscle
volume and the residual muscle force of a person
are—respectively—the acquisition of medical imaging data
(typically magnetic resonance images, MRI) to extract muscle
volumes (Barnouin et al., 2014; Pons et al., 2018; Davico et al.,
2023) and the maximal voluntary isometric contraction (MVIC) test
on a dynamometer (Meldrum et al., 2007; O’Brien et al., 2009; Harbo
et al., 2012). Alternatively, the outcome of a hand-grip test may be
employed as a surrogate measure of generalized sarcopenia (Porto
et al., 2019; Lee and Gong, 2020), and bio-impedance devices may be
used to estimate the body mass composition (Khalil et al., 2014).
Last, the activation inhibition may be identified with a superimposed
electrical stimulation (Clark and Taylor, 2011). While informative,
these measures—each requiring a specific instrumentation or not
common in the clinical practice, thus often performed
separately—do not provide a full characterization of the
biomechanical determinants of dynapenia. Nonetheless,
leveraging on these common clinical examinations, and
complementing the assessment with novel musculoskeletal (MSK)
modeling techniques it is possible to achieve a complete
characterization of the health status of an individual from a
biomechanical standpoint.

Therefore, we set out to design an experimental and
computational protocol which provides information on
various key domains, from the loss of muscle mass
(sarcopenia) and force (dynapenia), to inhibited or altered

muscle activation and internal biomechanics. Our aim was
threefold: 1) to develop a comprehensive framework which
combines in vivo assessments and in silico simulations to fully
characterize the biomechanics of an individual, 2) to test the
feasibility of the developed framework in a clinical context and on
an elderly population and 3) to highlight any correlations
between the various measured or predicted biomechanical
parameters.

2 Methods and protocol

The data and results hereby presented have been developed in
the framework of the Proto-Aging project. The study protocol
was approved by the local Ethical Committee (CE AVEC: EM37/
2023_30/2021/Sper/IOR_EM2) and has been recorded on the
ClinicalTrials registry (ClinicalTrials ID: NCT05854316). The
study was conducted in accordance with the Declaration of
Helsinki and a written informed consent was signed by each
of the participants before participating in the study.

2.1 Participants

Twenty healthy young individuals (age: 28.39 ± 4.97 years,
BMI: 22.19 ± 2.79 kg/m2) and five elderlies (age: 68.04 ±
2.01 years, BMI: 25.57 ± 2.73 kg/m2) participated in the study
(Table 1). Were excluded from the study subjects who had 1)
neurological, rheumatic or tumoral diseases, 2) present or
previous injuries to bones, muscles and tendons of the lower
limbs which required surgical interventions or led to
abnormalities in the structure or the function of the lower
limb, 3) sedentary behavior as defined by level 1 of the Saltin
and Grimby physical activity level scale (Grimby et al., 2015),
and/or 4) physical conditions or health issues not compliant with
MRI assessment and electrical stimulation use.

2.2 Study protocol

The experimental data collection was organized in three separate
sessions, to respectively collect full lower limb MRI data, maximal
voluntary and involuntary knee extension and flexion torques and to
perform a full gait assessment (Figure 1).

2.2.1 MRI data acquisition
With the subjects in supine position, full lower limb MRI

data, from the 4th lumbar vertebra (L4) to the toes, were acquired
on a 3T MRI scanner (DISCOVERY MR750w with XP, GE
Healthcare, Chicago, IL-USA), using a Dixon sequence
specifically optimised to highlight muscle boundaries (slice
thickness: 2 mm, Minimum overlap: 20 slices, matrix size:
240 × 240 px, TR: 3.74 ms, TE: 2.2 ms, NEX: 1). Axial images
were acquired in multiple separate stations (4 stations for people
below 170 cm, 5 stations for people taller than 170 cm). A footrest
was used to ensure that the ankles were in neutral position,
i.e., with the angle between foot and tibial bone approximately
at 90°.
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TABLE 1 Participants demographics, including height, mass, body mass index (BMI), age, sex and physical activity (PA) level. The PA level is a 1 to 4 score
according to the Saltin-Grimby scale (Grimby et al., 2015), where 1 = sedentary; 2 = light physical activity; 3 = moderate activity; 4 = agonistic level. Pre =
previous PA level, cur = PA level at the time of the visit.

ID Height (m) Mass (kg) BMI (kg/m2) Age (years) Sex PA level

pre cur

HYA01 1.70 83.00 28.72 26.64 M 3 3

HYA02 1.60 54.00 21.09 27.41 F 3 3

HYA03 1.73 73.00 24.39 40.95 M 3 2

HYA04 1.70 59.00 20.42 27.93 M 4 3

HYA05 1.77 68.00 21.71 27.12 M 4 4

HYA06 1.84 70.00 20.68 23.27 M 4 3

HYA07 1.75 75.00 24.49 29.52 M 3 3

HYA08 1.66 63.00 22.86 38.92 F 4 4

HYA09 1.65 45.00 16.53 23.26 F 3 3

HYA10 1.77 77.00 24.58 33.57 M 4 3

HYA11 1.54 50.00 21.08 34.29 F 3 3

HYA12 1.63 50.00 18.82 23.07 F 3 3

HYA13 1.81 83.00 25.34 26.67 M 4 4

HYA14 1.70 55.00 19.03 27.83 F 3 2

HYA15 1.78 75.00 23.67 23.85 M 4 4

HYA16 1.69 59.00 20.66 30.82 F 4 3

HYA17 1.92 82.00 22.24 22.21 M 4 4

HYA18 1.81 68.00 20.76 26.95 F 4 3

HYA19 1.58 51.00 20.43 27.14 F 4 4

HYA20 1.55 63.00 26.22 26.46 F 3 3

OLD01 1.73 80.00 26.73 70.13 M 3 2

OLD02 1.80 78.00 24.07 64.96 M 3 3

OLD03 1.80 84.00 25.93 69.69 M 3 2

OLD04 1.70 62.00 21.45 66.40 F 3 3

OLD05 1.58 74.00 29.64 69.03 F 3 3

FIGURE 1
Schematic representation of the study protocol, involving three different data acquisition sessions. First, full lower limbMRI data are acquired on a 3T
scanner. Then, a MVIC test is performed on a dynamometer, in various knee configurations (i.e., with knee flexed at 75° and 90° degrees), whilst recording
surface EMG data from eight major lower limb muscles. This includes the delivery of a superimposed neuromuscular electrical stimulation. Last, a gait
assessment in conducted.
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2.2.2 Muscle force assessment
On a separate day, the subjects were asked to perform a maximal

voluntary isometric contraction (MVIC) test to quantify the muscle
force of the knee extensor and flexor muscles.

2.2.2.1 Subject preparation
At subject’s arrival, the operators identified the placement sites

for surface EMG electrodes on eight primary lower limb muscles
(i.e., rectus femoris - RF, vastus medialis—VM, vastus lateralis—VL,
caput longum of the biceps femoris—BFL, semitendinosus—ST,
lateral gastrocnemius LG. EMG data from the VL and BFL were
collected on both sides), according to SENIAM recommendations
(Hermens et al., 2000). Following skin preparation (shaving and
cleaning), pairs of Ag-AgCl EMG electrodes (10 mm diameter) were
placed on the selected locations with a 20 mm interelectrode
distance (centre-to-centre).

2.2.2.2 Muscle strength assessment
Prior to skin preparation, the subjects were asked to sit on the

physiotherapy bed and to perform a hand-grip test. Holding a
hydraulic dynamometer (Jamar) in their dominant hand, with
the elbow flexed at 90°, the participants performed three maximal
contractions. After each contraction, the maximum force value, in
kg, was noted and a 90 s break was allowed for the arm to rest. Verbal
encouragement was provided to elicit maximal contractions. If the
level of force kept increasing, a fourth attempt was requested.

Upon electrodes placement, and prior to the actual MVIC test,
subjects performed a 10-min warm-up session on an ergometer at
low resistance. Then, one electrogoniometer (Biometrics Ltd.,
Gwent, United Kingdom) was placed on the lateral side of the
dominant limb with the two arms aligning with the thigh and leg
axes. Both the electrogoniometer and the bipolar electrodes were
connected through cables to the EMG system (Sessantaquattro,
OTBioelettronica, Torino, Italy. Sampling frequency: 2000 Hz).
Baseline EMG data were collected with the subjects sitting on a
chair and relaxing for 30 s.

Subsequently, the subjects were seated on an isokinetic
dynamometer (Biodex System 4 Pro, Biodex Medical Systems,
New York, United States) and strapped to the chair using belts
across the chest, waist, thigh and ankle of the dominant (assessed)
limb. With the dynamometer arm at 75° flexion, the subjects were
asked to perform a series (n = 8) of short (i.e., 3 s) sub-maximal
contractions at 50% of self-perceived maximal effort. Consecutive
contractions were separated by a 2-s pause.

Following warm-up, the subjects were asked to perform aMVIC
test in different configurations (i.e., with the knee flexed at 75° and
90°, where 0° is full extension), first in extension then in flexion. To
execute the test, all participants were instructed to exert their
maximal strength as fast as possible. Verbal encouragement (e.g.,
Go!, Forza!) and visual feedback were provided to elicit maximal
contractions and to help participants maintaining the level of force
for at least 3 s before relaxing. Three trials were performed at each
angle and for eachmuscle group (knee extensors and knee flexors). If
the force expressed (i.e., the measured torques) in the third trial
exceeded by 5% or more the values achieved in the previous trials,
the participants were asked to perform a fourth trial (Ditroilo et al.,
2010; Senefeld et al., 2017). To avoid muscle fatigue, a 90 s resting
period was allowed between contractions.

2.2.2.3 Neuromuscular electrical stimulation
Quadriceps muscle voluntary activation deficit was assessed by

means of superimposed neuromuscular electrical stimulation
(SNMES). While the participants performed a maximal
contraction, with the knee flexed at 75°, a doublet of single
square-wave stimuli (2 square pulses; interpulse interval: 10 ms;
pulse duration: 100-µs; maximal voltage: 330 V; intensity: from
200 to 500 mA) were delivered by a constant current high-
voltage stimulator (Digitimer DS7AH, Hertfordshire,
United Kingdom), through a couple of reusable synthetic
chamois leather electrodes (FIAB spa, Vicchio, Italy) applied over
the thigh. The size of the electrodes (12 × 8 or 21 × 11 cm) was
chosen according to each participant’s size to warrantee the
stimulation of a representative portion of the quadriceps muscle.
The intensity of the stimulation was determined in accordance with
previous studies (Malloggi et al., 2019; Catino et al., 2021). First, the
peak torque was recorded during MVIC contraction with the knee
flexed at 75°; then, the subjects were asked to rest and relax their
muscles. To identify an adequate intensity for each participant,
stimulations at increasing intensity (of current), and with a 2-min
rest between, were delivered until a torque value equal to or greater
than 25% of the recorded peak torque (MVC25) was observed. Once
the intensity of stimulation had been selected, the participants were
asked to perform three MVIC of the knee extensor muscles. The
stimulation was delivered when the plateau (maximum torque level)
was reached andmaintained for at least 2 s. A resting period of 2 min
between repetitions was granted to avoid muscle fatigue. The
dynamometry and SNMES data were synchronized through the
Power1401 data acquisition system (CED, Cambridge,
United Kingdom), and visualized and recorded in Spike II v10
(Cambridge Electronic Designed Limited-CED, Cambridge,
United Kingdom).

2.2.3 Gait assessment
On the same day or later, the participants underwent a full gait

assessment.
An expert operator removed eventual hair from the skin which

was then cleansed with ethyl alcohol to reduce impedance. Then the
correct location for the Ag-AgCl EMG electrodes was identified in
accordance with SENIAM recommendations. Overall, 16 muscles
were identified (9 on the limb of interest—i.e., soleus, tibialis
anterior, gluteus medius, and the six acquired during the MVIC
test—and 7 on the contralateral side. The EMG signals from the
soleus and gluteus medius muscles were solely collected on the leg of
interest) and wireless EMG sensors (EMG Wave, Cometa®, Milan,
Italy) were placed and secured in position with a hypoallergenic
double-sided tape. Then, 49 retro-reflective spherical markers were
placed on anatomical landmarks on the upper body (torso, spine,
shoulders, arms) and lower limbs (pelvis, femurs, tibiofibular
complexes and feet) (Leardini et al., 2007), as well as on thighs
and shanks.

Once instrumented, the subjects were asked to perform few
simple locomotor tasks, including 1) one calibration trial with the
subjects standing in T-pose in front of the cameras (16 camera
system, Vicon), and 2) a minimum of 10 walking trials over a 10 m
walkway at self-selected (habitual) walking speed. The trials were
deemed acceptable if characterized by clean strikes on the force
plates (Kistler, Kistler Instrumente AG, Winterthur, Switzerland).
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3 Data analysis

3.1 Muscle volumes

The axial MRI scans, saved in DICOM format, were imported in
the Mimics Innovation Suite software (Materialise, Leuven, BE), and
organized to ensure consecutive stacks of images were merged
together. Then, using the software Mimics (v23, Mimics
Innovation Suite, Materialise, Leuven, Belgium), the volumes of
the major knee extensor and flexor muscles of the limb of interest,
respectively the quadriceps (vastus medialis, vastus lateralis, vastus
intermedium, and rectus femoris) and the hamstrings
(semitendinosus and biceps femoris) were semi-automatically
segmented, and exported in STL file format. A custom written
python script was ultimately run to extract all muscle volumes
and maximal cross-sectional areas (CSA).

3.2 Maximal isometric torques

The experimental data collected during theMVIC test, originally
saved in a proprietary format (OTB), were exported in MATLAB
files from within the OTBiolab+ software v1.5.7 (OT Bioelettronica,
Turin, Italy). In MATLAB 2022b, the torques data were first filtered
with a zero-phase shift 4th order Butterworth lowpass filter
(fcutoff = 20 Hz) and converted in Nm:

TNm � Outdyn × fV Ft−lb × fFt−lb Nm

� Outdyn V[ ] × 102.4
ft − lb

V
[ ] × 1.3558

Nm

ft − lb
[ ]

� Outdyn × 138.834

where Outdyn is the output torque from the dynamometer (in V),
while fV_Ft-lb and fFt-lb_Nm are the conversion factors from Volts to
foot-pounds (according to the vendor) and from foot-pounds to
Nm, respectively.

Then, for each subject, task and knee configuration, the
dynamometry data were segmented to separate the different trials
(repetitions). To this end, a threshold value was set to identify the start
and end of the contraction (i.e., the analysis window), as follows:

threshold � μnoise + 3σnoise

where μnoise and σnoise are, respectively, the mean and standard
deviation of the signal where, according to the protocol, there
was no contraction (i.e., noise).

Last, a zero-phase shift 4th order Butterworth lowpass filter at
2 Hz was applied to smooth the signal, so to avoid overestimation of
the maximal torques due to sudden bursts, and the maximum value
was extracted. The overall maximum among the three trials (per task
and configuration) was considered to be the MVIC torque value.

3.3 Central activation ratio

A similar approach was employed to quantify any activation
deficit, on the dynamometry data recorded while the SNMES was
delivered. The dynamometry data were filtered with a low-pass
Butterworth filter at 20 Hz, and the offset removed. The Central

Activation Ratio (CAR) was calculated as in (Kent-Braun and Le
Blanc, 1996):

CAR � MVC

MVC + superimposed stimulus
( ) × 100

where MVC is identified as the torque value occurring in
correspondence of the plateau, right before the stimulation, while
the stimulated torque is derived from the amplitude of the
superimposed twitch.

For this analysis, only the trials where the electrical stimulation
was delivered during the maximum voluntary contraction were
considered.

3.4 Muscle activity

The EMG signals recorded while the subjects performed the
MVIC test and the dynamic tasks (e.g., overground walk) during the
warm-up phase prior to the test, were filtered within the 20–300 Hz
band using a zero-lag 5th order Chebyshev high-pass filter followed
by a 8th order Chebyshev lowpass filter (Merletti and Cerone, 2020).
A recursive filter was then applied to remove the 50 Hz noise
frequency and its higher harmonics. The filtered signal was thus
rectified and lowpass filtered with a 2 Hz zero-lag 4th order
Butterworth filter to extract its linear envelope, which was later
normalized by the maximum value observed during the task. Finally,
the co-contraction index (CCI) was computed as suggested by
Rudolph and colleagues (Rudolph et al., 2000):

CCI t( ) � inputL
inputH

( ) × inputL + inputH( )
where inputL and inputH are respectively the activation levels of the
less active and more active antagonist muscle (between BFL and VL)
during the execution of the analyzed task.

For the overground walking trials, the CCI was computed
separately for each of the four phases of the gait cycle (i.e., initial
double support—0%–10%, single support: 10%–50%, pre-swing:
50%–60%, swing phase: 60%–100%). Of note, the CCI ranges
from 0 to 2.

3.5 Musculoskeletal modeling and
simulations

All data collected during the gait assessment were pre-processed
in Vicon Nexus, where any gaps due to partial marker occlusion
were filled to ensure continuous marker trajectories. Then, the data
were exported in c3d file format and later processed in MOtoNMS
(Mantoan et al., 2015), to obtain one file containing the data from
the force plates and one file containing the trajectories of all markers
(respectively, in MOT and TRC file format), ready for use in the
OpenSim software (Delp et al., 2007; Seth et al., 2018).

For each subject, a musculoskeletal model was generated by
linearly scaling the generic modified full body model (Rajagopal
et al., 2016; Uhlrich et al., 2022). Motion capture data from a single
calibration trial where the subjects were standing in T-pose were
used to guide the scaling process (i.e., to identify the scaling factors).
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The models were employed within the OpenSim (v4.1)
environment to perform biomechanical simulations of gait. For
each participant, data from 10 overground walking trials were
analyzed. Joint angles, external moments and contact forces were
predicted via the Inverse Kinematics, Inverse Dynamics and Joint
Reaction Analysis tools. Muscle forces and activations were
estimated hypothesizing optimal muscle control, i.e., implementing
a cost function to identify the solution that minimized the overall
metabolic cost expenditure (sum of squared muscle activations)
(Crowninshield and Brand, 1981).

All parameters (muscle volumes and CSAs, MVIC torque values
in extension and flexion with the knee flexed at 75° and 90°, CAR and
CCI during maximal contractions, hand-grip force, average walking
speed, and hip, knee and ankle ROMs on the sagittal plane),
extracted at participant’s level, were pooled together to compute
the mean and standard deviation for the two populations under
study (young and elderly individuals) (Table 3).

The OpenSim output were 1) normalized to each subject’s mass
(joint moments) or body weight (joint contact forces), 2)
interpolated to vectors of 101 points (0–100) to express the data
in percentage of the gait cycle, and 3) organized in structures to
facilitate subsequent analyses. Statistical Parametrical Mapping
techniques (SPM, spm1d in Matlab)(Pataky, 2012) were
employed to identify any statistically significant differences
between the ankle, knee and hip joint kinematics, kinetics and
contact force profiles of the two cohorts under study (i.e., healthy
young individuals and elderlies). Significance for the t-tests was
set to 0.05.

4 Results

All participants successfully completed the entire protocol.
The average time to complete the MRI acquisition was 30 min,
while approximately 1 h and 2 h were respectively allocated for
the gait assessment and the MVIC test (mostly spent for the
participants’ preparation and warm-up). Approximately 20 min
were required to fully process the dynamometry data (i.e., sEMG
and torques) for one subject, using custom written MATLAB
scripts. Similarly, the elaboration of the gait data for each
participant, which was fully automated through MOtoNMS
(Mantoan et al., 2015), took on average 15 min. The
segmentation of medical imaging data was performed with a
semi-automatic (atlas-based) approach in Mimics v23 and took

up to 6 h per subject to completely segment the muscles of
one lower limb.

Due the breadth of the dataset and the main aim of this work, to
keep this section brief and easy to read, only a subset of the data and
results will be presented in the following. Our intent is to show the
type of data and parameters that can be extracted following the
proposed framework (Table 2, Table 3). For more comprehensive set
of results, the reader is referred to the Supplementary Material and
Data availability sections.

4.1 Muscle volumes

The volumes of the quadriceps muscles, with the only exception of
the VM, were smaller in the elderly participants compared to the young
adults (e.g., 597.0 ± 162.3 cm3 vs. 510.1 ± 92.622 cm3, for the VL.
Table 4). Similarly, in the HYA cohort, the maximal CSA of the RF, VL
and VI muscles were larger than on the elderlies. Similar findings were

TABLE 2 Summary of the methods employed to process the experimental data and list of parameters thus extracted. BP = band-pass filter, CAR = central
activation ratio, CCI = co-contraction index, EMG = electromyography, LP = low-pass filter, MRI = magnetic resonance image, MSK = musculoskeletal,
MVIC = maximum voluntary isometric contraction, RMS = root mean squared, SNMES = superimposed neuromuscular electrical stimulation.

Data type Elaboration method Parameter extracted

Surface EMG RMS envelope (BP 20–300 Hz, 50 Hz noise removal, rectification, LP 2 Hz) CCI

Torques Filtering (LP 20 Hz), segmentation (on/off signal to define window) Filtering (LP 2 Hz) MVIC (overall max)

MRIs Semi-automatic segmentation Volumes (both sides)

SNMES Filtering (LP 20 Hz), identification voluntary and involuntary torques CAR

MSK modeling Scaled generic models and biomechanical simulations in OpenSim Joint kinematics, kinetics and contact forces

TABLE 3 Example of parameters that can be extracted from the
experimental tests and in silico simulations. CAR = central activation ratio,
JCF = knee joint contact force characteristic (1st/2nd) peak value, MVIC =
maximal voluntary isometric contraction in extension, PWS = preferred
walking speed, ROM = range of motion on the sagittal plane, Volume =
quadriceps muscles volume, SS = single leg support phase.

Parameter Unit HYA OLD

MVIC75° Nm 236.1 ± 68.6 183.1 ± 44.4

MVIC90° Nm 222.8 ± 76.1 160.6 ± 39.7

CAR - 0.96 ± 0.04 0.98 ± 0.01

CCIMVIC
75°

- 0.15 ± 0.21 0.13 ± 0.10

CCIWalk
SS

- 0.13 ± 0.07 0.31 ± 0.06

Hand-grip kg 40.55 ± 8.93 36.80 ± 10.05

Volume cm3 1673.7 ± 475.1 1482.2 ± 127.0

PWS m/s 1.25 ± 0.12 1.32 ± 0.09

ROMSag
Ankle

deg 31.44 ± 6.14 28.88 ± 3.72

ROMSag
Knee

deg 64.07 ± 4.13 58.85 ± 1.99

ROMSag
Hip

deg 40.69 ± 4.34 37.55 ± 3.30

JCF1st peakKnee
BW 3.08 ± 0.52 3.73 ± 0.57

JCF2nd peakKnee
BW 3.14 ± 0.24 2.62 ± 0.30
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observed when the volumes were normalized to the BMI of each
participant, to remove the confounding effect of the
height and mass.

4.2 MVIC test

The MVIC test was successfully conducted on all participants, in
both configurations (i.e., with the knee flexed at 75° and 90°). In general,
with the knee flexed at 75° rather than 90°, the participants were able to
generate their overall maximum extension torques (i.e., 236.1 ± 68.6 Nm
and 183.1 ± 44.4 Nm, respectively, for the HYA and OLD cohort)
(Table 5). The torques generated by the elderlies were the smallest overall.

4.3 Hand-grip

The results of the hand-grip test were in line with the MVIC test
(i.e., HYAmales>HYAfemales>OLD), with values ranging between
40 and 56 kg for young males, between 28 and 40 kg for young
females, and between 20.5 and 47 kg for the elderlies. A positive and
linear relationship was found between the maximal extension
torques and the maximal strength measured with the hand-grip
test (Figure 2).

4.4 Muscle activity and activation deficit

All participants were able to fully recruit their muscles
voluntarily, as highlighted by the CAR values (larger than
0.90 for all subjects). Of note, the young adults, on average,
showed a CAR of around 0.96, a little less than what was
observed on the older participants (i.e., CAROLD ~0.98).

The CCI was in general low, for all participants, independently
on their age. Muscle co-contraction was minimal when the subjects
performed the MVIC test (CCIHYA = 0.15 ± 0.21, CCIOLD = 0.13 ±
0.10), and during the swing phase of the gait cycle (CCIHYA

<0.30 and CCIOLD<0.13). The maximum level of co-contraction
was observed during the double support phase of the gait cycle (see
Supplementary Material).

4.5 Gait assessment and biomechanical
simulations

All participants walked at a similar speed, with the elderly
participants walking slightly faster than the young adults (1.32 ±
0.09 m/s vs. 1.25 ± 0.12 m/s, respectively), when instructed to
select their preferred walking speed. Overall, young and older
individuals exhibited similar joint kinematics, kinetics and
contact force profiles (on the sagittal plane), as highlighted by
the results of the simulations. However, statistically significant
differences were found during the stance phase and the push-off
phase of the gait cycle for what concerns the hip and knee joint
contact forces, respectively (the models predicted larger second
peaks for the HYA participants, compared to the
elderlies. Figure 3).

5 Discussion

In this manuscript we proposed a framework that combines
both experimental measurements and computational simulations to
enable the full biomechanical characterization of an individual.
Medical imaging, dynamometry, EMG and motion capture data
were collected on 25 subjects (20 healthy young adults and
5 elderlies) to demonstrate the feasibility of the protocol.
Furthermore, we indulged on the detailed description of the data
elaboration and data analysis to enable replication and to highlight
the type of information that can be extracted, allowing to get insights
on five domains: loss of muscle mass (sarcopenia), loss of muscle
force (dynapenia), presence of abnormal muscle activation patterns
and muscle activation inhibition, loss of function (e.g., in terms of
gait deviation) (Figure 4). All data were acquired and processed
according to international guidelines.

The protocol took approximately 4 h and 30 min per subject,
including the preparation time: 2 h30 for the dynamometry test, 1 h
for the gait assessment and 30–60 min for the MRI acquisition. All
participants completed the protocol and compliance to the protocol
was high. Of note, the protocol can be easily tailored to the
experimenter’s needs, and reduced in time e.g., performing the
MVIC test in one single configuration (or focusing on one
motion direction: leg extension or flexion), or complemented
with additional tests (e.g., high-density EMG, ultrasound,
isokinetic tests).

A comprehensive set of parameters was extracted, allowing to
get insights on different biomechanical domains of clinical interest
(Figure 4). The experimental findings are in line with previous
studies. In particular, the maximal extension torques closely
approximate those reported by O’Brien et al. (O’Brien et al.,
2009), while the gait kinematics and kinetics is typical of a

TABLE 4 Muscle volumes reconstructed from the MRI data, expressed as
mean and standard deviation across each cohort, and reported in cm3. RF =
rectus femoris, VI/VL/VM = vastus intermedius/lateralis/medialis.

Muscle Volume (cm3) CSAmax (mm2)

HYA OLD HYA OLD

RF 224.0 ± 75.4 117.8 ± 36.1 1233.5 ± 340.3 949.9 ± 189.1

VL 597.0 ± 162.3 510.1 ± 92.6 2807.4 ± 634.5 2421.1 ± 384.4

VI 430.2 ± 110.2 365.7 ± 87.9 2080.0 ± 496.6 1807.2 ± 461.4

VM 422.4 ± 127.2 432.5 ± 110.4 2283.3 ± 541.2 2284.2 ± 359.0

TABLE 5 Maximum extension torques values (in Nm) and knee flexion angle
(in degrees) measured by the dynamometer and the electrogoniometer
(internal angle), respectively, for the cohort of young healthy adults (HYA)
and elderly individuals (OLD), in the two tested configurations (with the
dynamometer angle set at 75° and 90°). The values are reported as mean
and standard deviation across the respective cohort.

Maximal torques (Nm) Internal angle (°)

HYA OLD HYA OLD

75° 236.1 ± 68.6 183.1 ± 44.4 60.9 ± 8.6 57.3 ± 4.2

90° 222.8 ± 76.1 160.6 ± 39.7 72.8 ± 9.3 68.1 ± 7.1
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healthy adult population (Bovi et al., 2011; Moissenet et al., 2019;
Rowe et al., 2021). In addition, as expected, and in accordance
with previous studies (Rozand et al., 2020), none of the
participants showed signs of poor muscle control or activation
deficits (CCI<0.30 and CAR >0.96 in all cases, while performing

the MVIC test at 75°), which could have been identified through
the combination of electromyography and superimposed
electrical stimulations. Indeed, the correct application of the
stimulation is not trivial, as it is not uncommon to observe
within- and between-subjects variability in terms of maximal

FIGURE 2
Relationship between themaximal extension torques recorded during theMVIC test in extension and the hand-grip test, for both young (HYA, black)
and elderly (OLD, grey) participants. The solid and dashed lines represent the trend line of the data considering the results of theMVIC test performedwith
the knee flexed at 75° and 90°, respectively.

FIGURE 3
Hip, knee and ankle joint kinematics, kinetics and contact forces during overground walking predicted by the musculoskeletal models. The results
are reported as mean (solid line) and standard deviation (shade) across each population (black = young adults, red = elderlies). Ten trials per participant
were analysed. Joint contact force values are normalised to the body weight, to enable comparisons. The black bars on top identify statistical significance
(p < 0.05) according to the SPM analysis.
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torques profiles (despite analogous instructions and
familiarization).

Furthermore, the predicted joint contact forces were within the
normative ranges, i.e., approximately 3–4 N (van Rossom et al.,
2018). Nonetheless, the use of musculoskeletal models enabled to
appreciate some differences in both joint kinematics and joint
loading during walking. This is quite important. Atypical contact
force profiles and/or abnormal peak values are secondary to altered
biomechanics and could serve as early predictor/indicator of
neuromuscular pathologies (Pizzolato et al., 2017; Killen et al.,
2020; Davico et al., 2022; Uhlrich et al., 2022).

Last, the availability of MRI data allowed for the reconstruction of
3D muscle volumes, better predictor of muscle strength than CSA
measurements (Akagi et al., 2009). As highlighted in previous works
(Trappe et al., 2001; Fuchs et al., 2023), elder participants had smaller
muscles than their younger counterparts. With a larger dataset at
hand or combining different datasets, population-specific atlases and
robust regression models can be generated (e.g., Handsfield et al.,
2014), which would expedite the process to estimate muscle volumes,
thus, to identify and quantify the presence of sarcopenia. The
possibility to detect fat infiltrations, which new algorithms promise
to enable, would add more informative value. Alternatively,
bioimpedentiometry measurements may be used to estimate the
percentage of muscular and fat tissues.

Extending the investigation (and validation) of the proposed
framework to other populations (e.g., subjects affected by
musculoskeletal conditions and/or neuromuscular disorders) may
lead in the long run to an improvement in the management of
patients and consequently to an improvement in their general health
and quality of life. From a clinical point of view, the discrimination
of the determinants leading to muscle strength decline is essential to
personalize clinical interventions. For example, if the tests show that
the low muscle strength is mainly related to the loss of muscle mass
nutritional and strength trainingmay need to be implemented, while
pharmacological interventions may be further required if the loss of
muscle strength is mainly, or partly, related to abnormal or declined
neural function.

To the authors’ knowledge, this is the first study showing such a
comprehensive set of experimental measures and parameters,
collected with the aim to fully characterize an individual from a
biomechanical and neuromuscular standpoint. With a larger sample
size at hand, one could apply data extraction and analytics
approaches—eventually supported by machine learning or AI-
based methods—to get insights into the mechanisms behind the
loss of muscle force (Giarmatzis et al., 2020; Yeung et al., 2020; Liew
et al., 2023; Moghadam et al., 2023; Rabbi et al., 2024).

The small sample size (and the limited number of elderly
subjects enrolled) was the main limitation of this preliminary
investigation, which was however devised to test the feasibility of
the proposed workflow in a clinical setting.

There are some additional limitations to the study. For instance,
as reported, the internal knee joint angle did not correspond to the
theoretical angle of the dynamometer (see the reported internal
angle versus nominal angle, Table 5). However, this is in line with
previous works. The availability of a motion capture system would
enable for a better control of the experiment, and/or to correct for
movements. Moreover, the use of an isokinetic dynamometer to
execute a MVIC test is the current gold standard. Second, the EMG
data were—at times—noisy. This was due to the EMG system being
wired, with the cables causing artifacts. However, the data
elaboration pipeline allowed for a proper data cleaning. In
addition, EMG data was also collected during a range of dynamic
tasks, which enabled to compute important parameters, such as the
CCI, during more common tasks/activities of daily living (including
walking). Third, the groups were unbalanced and the numerosity
was not sufficient to reach statistical significance for many
comparisons (except for the results of the simulations), but this
was not a primary objective for the study. A larger cohort and dataset
would enable to use linear mixed models or decisional trees (e.g.,
classification and regression trees) to highlight any relationships/
correlations between the extracted parameters. Fourth, the MSK
models used in this study were generic models linearly scaled from a
template model (Rajagopal et al., 2016; Uhlrich et al., 2022).
Although their use was motivated by their application to two
cohorts of healthy adults, and by an easier and faster
development compared to personalized MSK models built off
medical imaging data (Smith et al., 2015; Modenese et al., 2018;
Princelle et al., 2023), the latter would yield more physiologically
plausible estimate (particularly when employed to study individuals
with MSK disorders) and may incorporate patient-specific
characteristics (e.g., sarcopenia). Last, the criterion employed to
estimate muscle forces and activations, which identified the solution
that minimized the sum of squared muscle activations, may not be
the most appropriate to simulate many motor tasks. However, as
none of the participants was affected by/diagnosed with
neuromuscular disorders, it was reasonable to assume that they
performed a minimally demanding and easy task such as walking
with minimal energy consumption. Also, it should be mentioned
that the gait assessment was performed barefoot. Future studies
should also investigate if some differences between barefoot or
wearing shoes walking exist.

In conclusion, we hereby proposed a protocol and framework to
enable the full biomechanical characterization of an individual,
combining both in vivo and in silico approaches and we
demonstrated its feasibility, in a clinical context. The same or

FIGURE 4
Schematic of the domains that can be extracted and/or explored
through the proposed framework.

Frontiers in Bioengineering and Biotechnology frontiersin.org09

Davico et al. 10.3389/fbioe.2024.1356417

219

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1356417


similar framework can provide quantitative evidence to support
clinical management and decision-making.
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The effects of a 12-week
combined motor control exercise
and isolated lumbar extension
intervention on lumbar multifidus
muscle stiffness in individuals with
chronic low back pain

Audrey Tornblom1, Neda Naghdi1, Meaghan Rye1,
Chanelle Montpetit1 and Maryse Fortin1,2*
1Department of Health, Kinesiology and Applied Physiology, Concordia University, Montreal, QC,
Canada, 2School of Health, Concordia University, Montreal, QC, Canada

Introduction: Exercise therapy is the primary endorsed form of conservative
treatment for chronic low back pain (LBP). However, there is still conflicting
evidence onwhich exercise intervention is best. Whilemotor control exercise can
lead to morphological and functional improvements of lumbar multifidus muscle
in individuals with chronic LBP, the effects of exercise prescription on multifidus
stiffness assessed via shear wave elastography are still unknown. The primary aim
of this study is to determine the effects of a combinedmotor control and isolated
lumbar extension (MC + ILEX) intervention on lumbar multifidus muscle stiffness.

Methods: A total of 25 participants aged 18 to 65 were recruited from local
orthopedic clinics and the university community with moderate to severe non-
specific chronic LBP. Participants performed a 12-week MC + ILEX intervention
program. Stiffness of the lumbar multifidus muscle (primary outcome) at L4 and
L5 was obtained at baseline, 6-week, and 12-week using shear wave
elastography. Changes in stiffness ratio (e.g., ratio of lumbar multifidus muscle
stiffness from rest to contracted) were also assessed at both time points. Pre to
post-intervention changes in lumbar multifidus muscle stiffness were assessed
using a one-way repeated measure ANOVA.

Results: Following the 12-week intervention, therewere no statistically significant
changes in lumbar multifidus muscle stiffness at rest on the right side at L4 (p =
0.628) and the left side at L4 and L5 (p = 0.093, p = 0.203), but a statistically
significant decreasewas observed on the right side at L5 (p=0.036). Therewas no
change in lumbar multifidus muscle stiffness ratio.

Conclusion: This study provides preliminary evidence to suggest that a 12-week
MC + ILEX intervention had minimal effect on lumbar multifidus muscle stiffness
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in individuals with chronic LBP. Further investigations are needed to confirm our
findings and clarify the relationship between muscle stiffness and functional
outcomes.

KEYWORDS

low back pain, motor control exercise, lumbar multifidus muscle, isolated lumbar
extension, shear wave elastography

1 Introduction

Low back pain (LBP) is a leading cause of disability worldwide, with
up to 80% of the adult population experiencing it at some point in their
lives (Meucci et al., 2015; Fortin et al., 2021; Maselli et al., 2020). LBP
places a significant financial burden on the healthcare and economic
system due to the costs associated with ongoing care and work
absenteeism (Meucci et al., 2015; Fortin et al., 2021). Although the
multifaceted nature of LBP is well recognized, there are few effective
conservative management programs available (Hartvigsen et al., 2018).
The lumbar multifidus muscle is crucial for maintaining both lumbar
segmental stability and dynamic stability of the spine (Hildebrandt
et al., 2017). Growing evidence suggests that individuals with chronic
LBP frequently exhibit impairments in the lumbar multifidus muscle
(Deodato et al., 2024). These impairments are characterized by
morphological changes, including fatty infiltration (Stokes et al.,
2007), decreased cross-sectional area (Hides et al., 2008), and
asymmetries along with functional deficits including increased
stiffness and decreased strength (Fortin et al., 2021; Hildebrandt
et al., 2017; Deodato et al., 2024; Nandlall et al., 2020; Murillo et al.,
2019). The degenerative changes in the lumbar multifidus muscle can
significantly impair function, leading to reduced motor control,
diminished force production and delayed muscle activation
(Hildebrandt et al., 2017; Danneels et al., 2002; Ehsani et al., 2017;
Taljanovic et al., 2017). Such impairments may contribute to the
persistence and exacerbation of chronic LBP symptoms. Given such
findings, there is a growing interest in using diverse imaging modalities
to investigate and quantify mechanical, morphological, and functional
characteristics of the paraspinalmuscles and their potential associations
with LBP disability and related spinal pathologies (Deodato et al., 2024;
Hodges et al., 2021). Understanding these characteristics could guide
the development of targeted interventions aimed at improving muscle
health and reducing LBP symptoms.

Shear wave elastography is a reliable non-invasive imaging tool
used in research to quantify the mechanical and elastic properties of
tissues such as stiffness and elasticity (Murillo et al., 2019; Taljanovic
et al., 2017). The imaging tool complements conventional
ultrasound techniques by enhancing the initial assessment and
ongoing monitoring of various musculoskeletal conditions
(Taljanovic et al., 2017). In a recent study, Murillo et al. (2019)
reported increased lumbar multifidus muscle stiffness (i.e., higher
shear modulus values) in individuals with chronic LBP as compared
to healthy asymtomatic controls. The stiffness was also associated
with a deficit in activation/contraction during isometric trunk
extension. Koppenhaver et al. (2018) also found that lumbar
multifidus muscle stiffness at rest was greater in individuals with
LBP and that stiffness measures during lumbar multifidus muscle
contraction/activation were correlated with self-reported pain and
disability levels, but not with physical exam findings. Given that

shear wave elastography is a valid and reliable tool to assess the
biomechanical and viscoelastic properties of skeletal muscle in
healthy and pathological conditions it could effectively be
implemented in clinic and research settings to evaluate the effects
of different therapeutic interventions (Creze et al., 2019).

Conservative treatment for chronic LBP encompasses a variety of
approaches, including manual therapy, exercise therapy, electrical
modalities, and pharmacological interventions, among others.
Exercise therapy is the most common form of conservative
treatment for individuals with chronic LBP (Hayden et al., 2021;
Searle et al., 2015; Pinto et al., 2021; Shahtahmassebi et al., 2014). It
has been shown to effectively reduce pain, disability and depression
while also addressing compensatorymotor patterns associated with LBP
(Searle et al., 2015; Airaksinen et al., 2006; Steele et al., 2015; Rainville
et al., 2004; Gordon and Bloxham, 2016; van Middelkoop et al., 2010;
Koes et al., 2006; Shnayderman and Katz-Leurer, 2013). Given the
extensive evidence linking LBP to muscular alterations (i.e., atrophy,
fatty infiltration, asymmetry) in the trunk and paraspinal muscles, many
exercise therapies are designed to improve the activation and control of
thesemuscles (Steele et al., 2015; vanMiddelkoop et al., 2010; Koes et al.,
2006; Ranger et al., 2017; Cuellar et al., 2017; Prins et al., 2018). While a
recent systematic review suggested that Pilates and McKenzie therapy
may be superior to other forms of exercise to improve pain and function
in individuals with chronic LBP, the effect of such interventions on
paraspinal muscle health (e.g., morphology, composition and stiffness)
warrants further attention (Hayden et al., 2021; Searle et al., 2015; Pinto
et al., 2021; Shahtahmassebi et al., 2014). Evidence supports motor
control exercise and resistance training to improve lumbar multifidus
muscle morphology such as increasing cross-sectional area and
thickness (Searle et al., 2015; Pinto et al., 2021; Shahtahmassebi et al.,
2014; Thibault et al., 2022). However, there is limited research on the
impact of motor control exercise on lumbar multifidus muscle stiffness
in individuals with chronic low back pain, aside froma recent case report
demonstrating postoperative rehabilitation improvements in pain,
disability and muscle morphology following lumbar total disc
replacement (Searle et al., 2015; Pinto et al., 2021; Shahtahmassebi
et al., 2014; Thibault et al., 2022). The case report also found a general
decrease in muscle multifidus muscle stiffness in the prone position,
whereas standing measurements remained relatively constant or
increased post-surgery.

Individuals with LBP exhibit higher lumbar multifidus muscle
stiffness (i.e., higher shear wave elastography values) compared to
healthy controls, likely due to increased intramuscular fat and muscle
spasms, which can negatively affect muscle strength by resisting
muscle fiber shortening during contractions (Thibault et al., 2022).
However, it is unknown if motor control combined with isolated
lumbar extension (MC + ILEX) can modulate lumbar multifidus
muscle stiffness/elasticity in individuals with chronic LBP. Therefore,
the objective of this study was to assess the effects of a 12-week MC +
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ILEX intervention on lumbar multifidus muscle stiffness at L4 and
L5 levels in individuals with low back pain (LBP). We hypothesized
that a significant decrease in lumbar multifidus muscle stiffness at
L4 and L5 levels would be observed post-intervention.

2 Methods

2.1 Study design and setting

This prospective intervention study was part of a larger two-arm
randomized control trial (RCT) with a test-retest design, however,
only data from the motor control and isolated lumbar extension
(MC + ILEX) group was included in the current study. The larger
RCT protocol has been previously published (Fortin et al., 2021),
and the trial was prospectively registered (NTCT04257253). The
larger RCT is now completed (Fortin et al., 2023), and all authors
have authorized the data extrapolation for this study. All research
activities were conducted at the School of Health, Concordia
University. This study was approved by the Central Ethics
Research Committee overseen by the Quebec Minister of Health
and Social Services (#CCER-19-20-09). Each participant provided
their informed consent by signing a consent form. This study was
reported following the CONSORT guidelines (Schulz et al., 2010).

2.2 Participants

Individuals were eligible to participate in this study, provided
they met all of the following inclusion criteria: 1) nonspecific chronic
low back pain (LBP) for a minimum of 3 months (with or without
accompanying leg pain), 2) were aged between 18 and 65 years old,
3) spoke in either English or French, 4) were seeking LBP care, 5)
scored “moderate” or “severe” on the modified Oswestry Low Back
Pain Disability Questionnaire, 6) not engaged in any physical
activity or training targeting the lower back muscles within
3 months before the trial commenced (i.e., can be seen by a
healthcare professional if core-specific exercises were not completed).
Individuals were excluded if they met any of the following exclusion
criteria: 1) sign of nerve root compression or motor reflex deficits; 2)
history of spinal surgery, lumbar steroid injections, or vertebral
fractures; 3) significant structural abnormalities in the lumbar spine
(e.g., spondylosis, spondylolisthesis, scoliosis >10°); 4) pregnancy; 5)
comorbidities that hinder safe participation in physical exercise, as
determined by the Physical Activity Readiness Questionnaire. A
physical examination was conducted by a Certified Athletic
Therapist to confirm participants’ eligibility, if necessary (e.g., rule
out neurological involvement) (Maselli et al., 2022).

A total of 25 participants (20 female, five male) were included in
this study and selected from the larger RCT. Only participants
enrolled in theMC + ILEX group were included in the current study.
An a priori sample size calculation for the larger RCT was
established based on the effect size (significant pre–post-
difference in cross-sectional area measurements of the lumbar
multifidus muscle following a motor control intervention)
obtained from a prior study (Hides et al., 2012). G*power
software (version 3.1) was used to calculate the sample size based
on a power of 80%, a mean effect size of d = 0.90, a significance level

of alpha 0.05, and a 10% buffer for potential loss to follow-up and
10% treatment non-adherence (Fortin et al., 2023).

2.3 Procedures

Participants underwent a 12-week intervention program
involving two supervised exercise sessions weekly, each lasting
approximately 45 min. The intervention was delivered by a
certified athletic therapist with 1 year of experience. Throughout
the intervention period, participants were asked to avoid seeking other
forms of treatment (e.g., massage therapy, osteopath, chiropractor)
and medication, although this did not hinder participation.
Participants were asked to report any cointerventions at the end of
the trial. Participants The participants completed a demographic
questionnaire and questionnaires regarding their LBP history, pain,
and disability during their first visit.

2.4 Ultrasound imaging protocol

Ultrasound measurements were acquired at baseline, 6 weeks,
and 12 weeks at the School of Health using the Aixplorer ultrasound
unit combined with shear wave elastography. The lumbar multifidus
muscle shear elastic modulus (measure for muscle stiffness in kPa) at
L4 and L5 and levels was measured using an SL10-2 curvilinear
ultrasound transducer with a 5 MHz frequency. The measurements
were taken on the left and right sides both at rest and during
submaximal contraction. Each image received two types of waves
from the Aixplorer Multiwave: a compression wave which created a
high-quality B-mode image and a shear wave that travelled through
the tissue. The combination of these two waves on the image permits
the shear wave modulus to be calculated and results in a quantitative
colour-coded map of tissue stiffness (Figure 1).

FIGURE 1
Shear wave elastography.
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2.5 Ultrasound lumbar multifidus muscle
measurements at rest

The lumbar multifidus muscle measurement at rest was measured
with the participants lying prone on the table with a pillow placed under
their pelvis to decrease lumbar lordosis and maximize the contact
between the transducer and the tissue. Before starting the
measurement, the spinous processes (L4, L5 and S1) were identified
through palpation andmarked as a reference point. The ultrasound head
was positioned around 2 cm lateral to the level of the lumbar spinous
process in the sagittal plane. From this position, the ultrasound headwas
rotated 10° counterclockwise towards the frontal plane. The ultrasound
head was then tilted by 10° from the sagittal plane to ensure that the
ultrasound head was positioned medially towards the facet joint of the
targeted spinous process. This position ensured that the transducer was
placed approximately parallel to the lumbar multifidus muscle fibers.
During themeasurements, the clinician appliedminimal pressure on the
ultrasound probe to ensure it did not affect the shear wave elastography
measurements. The shear wave elastography measurements were taken
three times on the right and left sides at all levels.

2.6 Ultrasound lumbar multifidus muscle
measurements during submaximal
contraction

Participants were lying prone on the therapy table, with their
elbows flexed to 90°, shoulders abducted to 120° and externally
rotated to 90°. The ultrasound probe was placed in the same position
as at rest. The submaximal contraction involved instructing the
participants to perform a contralateral lift 5 cm above the table using
a hand-held weight based on the participant’s body mass (Fortin
et al., 2021; Naghdi et al., 2021). All contractions were held for 3–5 s
with a minimum 30-s break between each contraction. Shear wave

elastography measurements during submaximal contraction were
taken 3 times per side at each spinal level and the mean was used in
the statistical analysis. The shear elastic modulus means of each
participant were divided by three (Koppenhaver et al., 2022).

All ultrasound images were downloaded onto a computer and
transferred to theHOROS software for imaging analysis. The examiner
analyzing the images was blinded to the participants’ demographic
information, including age, gender, and any clinical history. To ensure
objectivity, the images were coded with random identifiers.

2.7 MC + ILEX exercise intervention

The MC + ILEX intervention was split into two: the cognitive
phase (Phase 1) and functional movements combined with ILEX
(Phase 2). The motor control exercises covered the fundamental
basics of muscle activation and breathing patterns, specifically
addressing the identified deficiencies found during the
assessment. The goal of the first phase was to decrease the
activity of the global muscles and increase the activity of the
deep trunk muscles. The starting positions for each exercise were
progressed based on the abilities of the participants. Before moving
to the second phase, participants were required to complete
10 repetitions while holding for 10 s, with minimal feedback or
cues, and maintain a normal breathing pattern throughout the
exercise. Both phases included diaphragmatic breathing that was
incorporated into the exercises. In the second phase, the exercises
were progressed towards functional activities. The exercises were
performed while maintaining proper lumbar positioning and
coordination of the deep trunk muscles consistently. The goal of
the second phase was to automate the activation of the deep trunk
muscles while coordinating the activation of the superficial muscles.

The participants completed ILEX along with the motor control
exercises. The ILEX (Figure 2) was completed on the MedX

FIGURE 2
Schematic illustration of the MedX lumber medical machine.
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machine. The participants’ 1 RM was measured at baseline. To start,
the participants completed two sets of 15–20 repetitions at 55% of
their baseline 1 RM at 24°. Once the patients were able to complete
15-20 repetitions, they progressed by increasing the load by 5%.
Refer to another study authored by Fortin et al., 2021 for a more
comprehensive description of the completed intervention (Fortin
et al., 2021).

2.8 Statistical analysis

Baseline characteristics were evaluated using descriptive
statistics. Pre to post-intervention changes in lumbar multifidus
muscle stiffness at rest and during contraction (e.g., lumbar
multifidus muscle stiffness ratio) were assessed. The lumbar
multifidus muscle stiffness ratio (%) for each side and spinal
level was calculated using the following formula:

Stiffness ratio %( )
� Lumbarmultifidusmuscle stiffness rest

Lumbarmultifidusmuscle stiffness contracted

Pre to post-intervention changes in lumbar multifidus muscle
stiffness at rest and stiffness ratio were assessed using one-way
repeated measure ANOVA using “time” as the within factor. A
separate analysis was performed for each side and spinal level. All
statistical analyses were performed using IBM SPSS (version
28.0.0.0(190). New York, NY, USA); a p-value of <0.05 was
considered statistically significant.

3 Results

3.1 Demographics

In total, 25 participants were enrolled in the MC + ILEX
intervention and each of them successfully completed the 12-
week intervention (no dropouts). The mean age of the
participants was 45.16 years old (range 26–61 years old) and 20
(80%) were females (Refer to Table 1). Characteristics, clinical signs,
symptoms, demographics, and questionnaire scores are presented in
Table 1. Lumbar multifidus muscle stiffness measurements before
and after the intervention are presented in Table 2. The mean
stiffness measurement values of the 25 participants at both levels
(L4 and L5) at rest and contracted are presented in Table 2. The
lumbar multifidus muscle stiffness ratio values at L4 and L5 are
presented in Table 3.

3.2 Lumbar multifidus muscle stiffness at
L4 and L5

The Greenhouse-Geisser correction revealed a non-statistically
significant change in the right (p = 0.628) and left (p = 0.093) lumbar
multifidus muscle stiffness at L4 (Refer to Table 2 and Figure 3).
Similarly, there was no statistically significant change in lumbar
multifidus muscle stiffness at L5 on the left side (p = 0.203) (Refer to
Table 2; Figure 4). The Greenhouse-Geisser correction showed a

statistically significant decrease in right lumbar multifidus muscle
thickness at L5 (p = 0.036).

3.3 Lumbar multifidus muscle stiffness ratio

The Greenhouse-Geisser correction showed a non-statistical
change in the lumbar multifidus muscle stiffness ratio at L4 on the
right (p = 0.792) and left (p = 0.133) sides (Refer to Table 3). Similarly,
the Greenhouse-Geisser correction showed a non-statistical change
in the lumbar multifidus muscle stiffness ratio at L5 on the right
(p = 0.372) and left (p = 0.339) sides (Refer to Table 3).

4 Discussion

4.1 Chronic low back pain and motor
control exercise

Low back pain (LBP) represents a significant global health concern
and cause of disability worldwide (Buchbinder et al., 2018). Amid
increasing evidence revealing lumbar multifidus muscle dysfunction,
including increased fatty infiltration, asymmetries, stiffness and
decreased strength in individuals with chronic LBP (Fortin et al.,
2021; Hildebrandt et al., 2017; Nandlall et al., 2020; Murillo et al.,
2019), extensive research has aimed to discover interventions
countering these morphological and functional changes. The
dysfunction in the lumbar multifidus muscle leads to reduced motor
control, diminished force production and delayed muscle activation
(Hildebrandt et al., 2017; James et al., 2022). Exercise therapy serves as a
potential way to counteract these dysfunctional changes. As such, recent
systematic reviews demonstrated that Pilates, McKenzie therapy and
functional reconditioning are considered the leading exercise forms to
improve paraspinal muscle health (Hayden et al., 2021). Additionally,
motor control exercise and resistance training are recommended to
improve lumbar multifidus muscle morphology (Pinto et al., 2021;

TABLE 1 Demographic characteristics of participants (n = 25).

Demographic
characteristics

Mean (SD) or
frequency (%)

Sex
Male
Female

20%
80%

Age (years) 45.16 ± 10.66

Height (cm) 169.68 ± 10.92

Weight (kg) 75.08 ± 16.39

BMI (kg/m2) 26.08

LBP duration (months) 73.52 ± 82.81

ODI Scores
Baseline
6 weeks
12 weeks

29.40
22.96
19.08

LBP, low back pain; ODI, oswestry low back disability questionnaire; BMI, bodymass index;

BMI, units = kg/m2.

SD, standard deviation.
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Shahtahmassebi et al., 2014). However, previous studies have mostly
investigated the effects exercise on lumbar multifidus muscle
morphology such as cross-sectional area and thickness (Pinto et al.,
2021). This was the first study to investigate the effect of a 12-week
intervention ofMC + ILEX on the lumbarmultifidusmuscle stiffness at
rest and contracted at L4 and L5 levels via shear wave elastography in
participants with chronic LBP.

4.2 Lumbar multifidus muscle stiffness
at rest

Inconsistent with our hypothesis, we did not find a decrease in
lumbar multifidus muscle stiffness following the 12-week motor

control and isolated lumbar extension (MC + ILEX) exercise
intervention. This study revealed no significant change in
resting lumbar multifidus muscle stiffness following the 12-
week intervention program, except on the right side at L5,
where a small decrease in resting lumbar multifidus muscle
stiffness was observed. Previous studies showed that individuals
with LBP have an increased lumbar multifidus muscle stiffness
compared to healthy individuals (Murillo et al., 2019;
Koppenhaver et al., 2018). Other studies have used cross-
sectional area, thickness, and EMG to measure the effects of an
exercise intervention on lumbar musculature in individuals with
LBP. However, to our knowledge, this study is the first to use shear
wave elastography to measure the effects of an exercise
intervention on lumbar multifidus muscle stiffness. The lack of

TABLE 2 One-way repeated measures ANOVA for lumbar multifidus muscle stiffness at rest.

Variables Baseline (mean ± SD) 6 weeks (mean ± SD) 12 weeks (mean ± SD) p-value

L4
Right
Left

4.35 ± 2.08
4.06 ± 1.52

4.41 ± 2.09
4.55 ± 2.05

4.85 ± 2.21
4.19 ± 1.62

0.628
0.093

L5
Right
Left

5.19 ± 2.40
3.83 ± 1.32

3.82 ± 1.57
4.55 ± 2.50

4.55 ± 2.13
3.84 ± 0.74

0.036
0.203

SD, standard deviation, *p-value < 0.05 statistically significant.

TABLE 3 One-way repeated measures ANOVA for lumbar multifidus muscle stiffness ratio.

Multifidus level Baseline (mean ± SD) 6 weeks (mean ± SD) 12 weeks (mean ± SD) p-value

L4
Right
Left

0.32 ± 0.48
0.26 ± 0.30

0.33 ± 1.10
0.29 ± 0.54

0.35 ± 0.44
0.31 ± 0.48

0.792
0.133

L5
Right
Left

0.36 ± 0.61
0.24 ± 0.35

0.28 ± 0.38
0.30 ± 0.37

0.35 ± 0.42
0.28 ± 0.38

0.372
0.339

SD, standard deviation, *p-value < 0.05 statistically significant.

FIGURE 3
Mean stiffness of right lumbar multifidus muscle (LMM) at L4 at rest before, during and after the intervention.
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significant change in lumbar multifidus muscle stiffness may be
attributed to an insufficient exercise volume, an aspect
highlighted by Pinto et al., which they proposed as a crucial
factor influencing the impact of motor control on lumbar
multifidus muscle morphology (Pinto et al., 2021).
Furthermore, Mannarino et al. conducted a study to determine
the effects of resistance training on the patellar tendon stiffness
(Mannarino et al., 2019). Participants performed an 8-week
resistance training program for the quadriceps femoris muscles
which included free-weight squats and knee extensions.
Mannarino et al. found no detectable change in mechanical
properties of the patellar tendon using shear wave
elastography following the 8-week resistance training program
(Mannarino et al., 2019). They suggested that the lack of effect on
the patellar tendon stiffness may be attributed to the short
intervention duration, aligning with the viewpoint expressed
by Pinto et al., who indicated that an inadequate amount of
exercise dosage might contribute to the minimal change observed
in lumbar multifidus muscle stiffness while at rest (Pinto et al.,
2021). Our study findings align with Akagi et al. (2015), who
reported no change in the shear modulus of the triceps brachii
muscle following a 6-week resistance training program. The lack
of significant change in lumbar multifidus muscle stiffness in our
study may also be due to the low exercise intensity (i.e., low load)
and frequency (i.e., 2 times/week), which may not have been
sufficient to induce changes in collagen content, collagen linking
and tissue fluid (Buchbinder et al., 2018; Mannarino et al., 2019;
Akagi et al., 2015). Additionally, we did not observe any changes
in the percentage of fatty infiltration following the MC + ILEX
intervention, as reported by Fortin et al. (2023). Although there
was a significant increase in muscle cross-sectional area, the
critical factor in altering muscle stiffness may hinge on
improving muscle quality and composition rather than size
alone. These findings suggest that targeted interventions,
potentially involving higher intensity or frequency, are
necessary to effectively alter muscle stiffness by improving
muscle quality and composition.

4.3 Lumbar multifidus muscle stiffness ratio

The lumbar multifidus muscle stiffness ratio in individuals with
chronic LBP defines the comparison between muscle stiffness at rest
and during contraction. Prior research has often identified an
alteration in this ratio, showcasing a difference in stiffness ratio
between individuals with chronic LBP and those without chronic
LBP (Murillo et al., 2019). Individuals with chronic LBP often
exhibit a reduced ability of the lumbar multifidus muscle to
effectively increase stiffness during muscle contraction compared
to its resting state (Murillo et al., 2019). This reduction in the
muscle’s ability to adequately stiffen when activated suggests a
potential impairment in the muscle’s function, which could
contribute to difficulties in providing spinal stability and
movement support. The altered stiffness ratio in the lumbar
multifidus muscle could contribute to difficulties in maintaining
proper posture, executing coordinated movements, and providing
essential spinal support during various activities. According to
Murillo et al. (2019), individuals with chronic LBP exhibit a
deficiency in contractile force due to a limited increase in
muscular stiffness, potentially linked to the proliferation of
collagen content or changes in connective tissue. However, our
investigation did not reveal a significant change in the contractile
ratio following the intervention, suggesting that the specific
intervention had minimal impact on the lumbar multifidus
muscle biomechanical and viscoelastic properties.

Presently, a universally recognized standard for the normal
stiffness ratio in the lumbar multifidus muscle has not been
established. Studies in the field primarily involve comparing
stiffness ratios among various groups rather than establishing a
definite benchmark for what constitutes a standard stiffness ratio in
lumbar multifidus muscle. Therefore, future research should focus
on differentiating between a typical stiffness ratio versus an altered
one. Understanding the changes in the stiffness ratio of the lumbar
multifidus muscle is essential for evaluating the functional
limitations and developing targeted interventions to address the
challenges individuals face due to chronic LBP.

FIGURE 4
Mean stiffness of right lumbar multifidus muscle (LMM) at L5 at rest before, during and after the intervention.
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4.4 Potential confounding variables

Potential confounding variables in this study include participant
demographics such as age and sex, which may influence muscle
stiffness and response to the motor control and isolated lumbar
extension (MC + ILEX) exercise intervention (Viecelli and Ewald,
2022). Daily activities and lifestyle factors, such as occupational
tasks, sleep, and stress levels, may impact muscle stiffness and overall
intervention effectiveness (Stults-Kolehmainen and Sinha, 2014;
Eijckelhof et al., 2013; Vinstrup et al., 2018). While operator
variability and the timing of shear wave elastography assessments
can introduce error, (Vaisvilaite et al., 2022), these factors remained
consistent in our design. Furthermore, environmental factors like
temperature and humidity may also influence shear wave
elastrography measures, (Rasker et al., 1986), however, we
suspect that this had minimal impact on our findings as all
measurements were acquired in the same room (e.g., temperature
remained constant).

4.5 Strengths and limitations

This study presented several strengths that contribute to its
relevance in the field of chronic LBP management. First, the high
adherence to the exercise intervention among participants
underscores the feasibility and acceptability of the exercise
intervention, ensuring that the observed outcomes are reflective
of the intervention’s effects rather than non-compliance. Second, the
study employed a valid and reliable outcome measure, shear wave
elastography, a cutting-edge imaging modality known for assessing
muscle stiffness, which adds depth to the analysis of the lumbar
multifidus muscle. Additionally, the longitudinal design allows for a
thorough analysis of the lumbar multifidus muscle changes
throughout a 12-week exercise intervention. Nonetheless, there
are some limitations including, a small sample size which may
limit the generalizability of the findings, and the absence of a
control group restricting the ability to establish a causal
relationship between the intervention applied and lumbar
multifidus muscle changes. Another limitation is the exclusive
focus on lumbar multifidus muscle measurements taken at the
L4 and L5 spinal levels, without the inclusion of the upper
lumbar levels (i.e., L1-L3), which may not fully capture the
effects across other spinal regions. Furthermore, the research
did not stratify results by sex, potentially affecting the study’s
applicability to different populations experiencing musculoskeletal
dysfunction and pain.

4.6 Future research

Future research should aim to address potential confounding
variables to gain a clearer understanding of the effects of exercise
interventions on lumbar multifidus muscle stiffness in individuals
with chronic LBP. A larger, more diverse sample size should be
recruited to improve the generalizability of findings, and a control
group should be included to compare the effects of various exercise
interventions. Examining multiple lumbar spine levels (i.e., L1-S1)
and stratifying participants by sex could provide more nuanced

insights into how exercise interventions impact different subgroups.
Exploring the impact of various exercise intensities and frequencies,
as well as individual responses to motor control and isolated lumbar
extension exercises, will provide deeper insights into the optimal
exercise prescriptions for improving muscle stiffness and functional
outcomes in patients with chronic LBP. Furthermore, future studies
should incorporate longer follow-up periods to evaluate the
sustainability of the intervention’s effect over time. This
comprehensive approach will contribute to developing more
effective, evidence-based conservative treatment programs for
chronic LBP.

4.7 Clinical implications

The 12-week motor control and isolated lumbar extension (MC
+ ILEX) exercise intervention had minimal effect on lumbar
multifidus muscle stiffness in patients with chronic LBP,
indicating that while motor control and isolated lumbar
extension exercises may improve muscle morphology (Fortin
et al., 2023), it did not significantly alter muscle stiffness. This
underscores the need for further research to confirm these findings
and clarify the relationship between muscle stiffness and exercise
interventions. Clinically, this suggests that a multifaceted approach
to exercise therapy, tailored to individual patient needs and focusing
on overall morphological and functional improvements and quality
of life, may be beneficial.

5 Conclusion

The findings from this study suggest that a 12-week MC + ILEX
intervention program had a minimal effect on lumbar multifidus
muscle stiffness at L4 and L5 spinal levels. Further research should
examine if different exercises with a longer intervention and higher
loads can modulate lumbar multifidus muscle stiffness. While our
study focused on the combination of motor control with isolated
lumbar extension exercise on the lumbar multifidus muscle, it is
important to note that chronic low back pain (LBP) is a multifaceted
problem, which underscores the need for a comprehensive approach
to understand and address the condition effectively. Our findings
serve as a starting point for clinicians to expand upon and further
investigate the effects of various exercises on lumbar multifidus
muscle stiffness in individuals with chronic LBP.
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