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1. Introduction

Biomechanics-based motion analysis provides the foundation for understanding hu-
man movement, from diagnosing pathological gait to optimizing athletic performance.
The field is now evolving from traditional subjective observation to objective data-driven
analysis, through advanced technologies in real-world environments. This special issue
compiles ten original research articles that not only refine measurement methodologies
but also demonstrate their significant impact on addressing clinical and sports-related
challenges. The contributions examine two complementary areas: advanced methodology
development and their practical implementation. Through technologies such as deep
learning, wearable sensors, and computational modeling, these studies collectively en-
hance the precision, accessibility, and ecological validity of motion analysis across diverse
movement contexts.

2. Contributions to This Special Issue
2.1. Methodological Innovations in Motion Analysis

A prominent focus in motion analysis is the continuous improvement of the tools
and techniques for data acquisition and analysis, which prioritizes accuracy, accessibility,
and applicability. Several studies in this Special Issue showcase significant progress in
measurement technologies and computational modeling. Torvinen et al. [1] validated a
deep learning-based 3D markerless motion capture system for skate skiing, demonstrating
high agreement with marker-based systems. This system provides a promising tool for
performance analysis and technique monitoring in sports. Similarly, Buckley et al. [2]
validated the wearable Inertial Measurement Units (IMUs) against the clinical standard of
overnight videography for assessing sleep biomechanics, confirming their reliability for
efficient, home-based sleep monitoring.

Furthermore, Del Vecchio et al. [3] identified and mitigated movement artifacts in
chronic pallidal local field potential recordings using IMU regression, which is a critical step
to ensure the fidelity of neural biomarkers in adaptive deep brain stimulation. In parallel,
Liang et al. [4] utilized a finite element model incorporating Hill-type muscle dynamics to
simulate forearm flexion. Their simulations identified reduced fast-twitch fiber percentage,
muscle strength, and neural excitation as key factors to diminished forearm mobility in the
aging population, providing a computational framework to diagnose movement disorders.

Bioengineering 2025, 12, 1200 https://doi.org/10.3390 /bioengineering12111200
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2.2. Applications in Clinical and Sports Science

The ultimate value of biomechanical analysis lies in its application to address clinical
and performance challenges. Some studies provide critical insights into pathophysiology,
rehabilitation, and injury prevention through motion analysis. Ablove et al. [5] demon-
strated that standing position produces the lowest pelvic floor pressures, with peak pressure
localized at the symphysis. These biomechanical patterns explain both the protective nature
of upright posture and the predisposition for anterior compartment prolapse. Meanwhile,
Triantafyllou et al. [6] reported that IMU-based kinematic analysis during lumbar bridge
tests were different in patients with chronic low back pain and healthy controls, which
provides quantifiable diagnostics for evaluating rehabilitation efficacy. Further advancing
neurorehabilitation, Joshi et al. [7] illustrated the potential of targeted neuromodulation,
showing that trunk-specific spinal cord epidural stimulation can restore upright postural
control in individuals with spinal cord injury.

In sports science, Zhang et al. [8] identified lower leg and knee stiffness in female
athletes during a badminton landing task. The reduced dynamic stiffness indicated dimin-
ished joint stability and presented a biomechanical mechanism for the possible gender-
related differences in non-contact anterior cruciate ligament injuries. Complementing this,
Tong et al. [9] investigated the neuromuscular responses during standing balance chal-
lenges, and found that agonist muscles, particularly ankle muscles, activated fastest to
counter perturbations, with muscle reaction speeds scaling with perturbation intensity.
This hierarchy of control provides valuable insights for developing evidence-based fall-
prevention protocols. Shim et al. [10] examined motor control in the absence of visual
feedback, and demonstrated the remarkable capacity of the proprioceptive system to
maintain bilateral symmetry and execute precise reaching movements under elastic loads,
providing important implications for visual-deprived rehabilitation protocols.

3. Conclusions

This Special Issue presents a collection of studies that bridge advanced measurement
technologies with critical applications in rehabilitation and sports science. These devel-
opments point toward increasingly personalized, data-driven approaches that translate
biomechanical insights into optimized rehabilitation protocols and enhanced performance
outcomes, thereby advancing both human health and athletic achievement.
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Abstract: In this study, we developed a deep learning-based 3D markerless motion capture system for
skate skiing on a treadmill and evaluated its accuracy against marker-based motion capture during
G1 and G3 skating techniques. Participants performed roller skiing trials on a skiing treadmill. Trials
were recorded with two synchronized video cameras (100 Hz). We then trained a custom model using
DeepLabCut, and the skiing movements were analyzed using both DeepLabCut-based markerless
motion capture and marker-based motion capture systems. We statistically compared joint centers
and joint vector angles between the methods. The results demonstrated a high level of agreement for
joint vector angles, with mean differences ranging from —2.47° to 3.69°. For joint center positions and
toe placements, mean differences ranged from 24.0 to 40.8 mm. This level of accuracy suggests that
our markerless approach could be useful as a skiing coaching tool. The method presents interesting
opportunities for capturing and extracting value from large amounts of data without the need for
markers attached to the skier and expensive cameras.

Keywords: kinematics; motion analysis; artificial intelligence; treadmill skiing; markerless mo-
tion capture

1. Introduction

Marker-based motion capture systems have been used extensively in biomechanics
research. Infrared marker-based systems are considered an accurate method, but with some
challenges and disadvantages. Traditionally, marker-based systems are time-consuming,
often limited to laboratory environments, and require expensive equipment and high-level
expertise. It is challenging or impossible to use marker-based motion capture systems
in several cases, for example, in sports competitions or games. There are also challenges
related to the use of markers, such as soft tissue artifact and marker placement errors [1-3].
Moreover, marker-based systems show errors when compared with biplanar videoradio-
graphy [1,2]. For example, root mean squared error (RMSE) angular differences ranging
between 1.06° and 8.31° have been observed during walking and running [2].

Deep learning-based human pose estimation methods have been extensively studied
in the computer vision literature, especially during the past 10 years [4], and this provides
opportunities for applying these methods to multiple use cases like markerless motion
capture. Nowadays, several deep learning-based markerless methods provide opportuni-
ties for detecting human movements with moderate accuracy [5,6]. Markerless methods
can facilitate the understanding of human movement in different contexts, for example, in
sports biomechanics, sports medicine, injury risk assessment, and rehabilitation [7,8]. There
are several open-source pose estimation algorithms available such as OpenPose [9] and
DeepLabCut [10], and also some commercial products such as Theia3D (Theia Markerless
Inc., Kingston, ON, Canada) and Microsoft Kinect V2. Naturally, there are some challenges
with markerless methods, such as mistakes in manual labelling during model training and
issues related to the training data quantity and quality [11].

Bioengineering 2024, 11, 136. https:/ /doi.org/10.3390/bioengineering11020136 https:/ /www.mdpi.com/journal /bioengineering
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Several studies have used markerless open-source deep learning-based methods to
perform 2D kinematic analyses using a single-camera view [12-15]. For example, high
Pearson correlations (>0.97) were found for shoulder and knee angles during static hold
arm-raises and squats when evaluated against marker-based motion capture [14]. With
multiple calibrated cameras, 2D open-source pose estimation methods can be used to
successfully detect the 3D position of human joint centers, joint angles, and segment
angles [16-20]. When compared with marker-based motion capture data, differences in
joint center locations were approximately 15-50 mm for activities such as throwing, walking,
running, and jumping [16-18]. Some differences were also found between different pose
estimation algorithms such as OpenPose, AlphaPose, and DeepLabCut during walking,
running, and jumping [17]. The characteristics of markerless video cameras were also
found to have small effects on the results [16]. In some studies, lower limb joint angles and
segment angles were primarily calculated when evaluating markerless motion analyses
against marker-based systems [18,19]. In a fully automated 3D markerless motion capture
workflow with OpenPose, lower limb joint angles were detected with mean differences
ranging between —3.9° and 10.5°, and RMSEs ranging between 1.2° and 7.4° for hip,
knee, and ankle joint rotations during jumping, walking, and running [19]. In a clinical
approach, lower limb joint angles were detected with an RMSE ranging between 3.16° and
11.90° [18]. In addition, studies using the commercial markerless product Theia3D obtained
quite similar results than with open-source methods [21-23]. For example, RMSDs were
less than 2.5 cm for joint centers except the hip, and less than 5.5° for segment angles
when comparing Theia3D markerless to marker-based motion capture during treadmill
walking [22].

Cross-country skiing and especially skate skiing is a complex movement involving
both lower and upper body muscles and skiing equipment. To date, studies have focused
on the biomechanics of skiing when skiers need to quickly modify skiing techniques at
different speeds and on different terrains [24]. It would be of interest to study whether a
markerless system would be accurate enough to analyze and provide feedback on a skier’s
skiing technique.

This study presents a DeepLabCut-based method that can be used for the 3D kinematic
analysis of skate skiing on a treadmill. The method was used to determine joint centers and
joint angles. The aim of this study was to compare our markerless motion capture system
with a marker-based system in terms of skate skiing on a treadmill. It was hypothesized
that our markerless motion capture system would be able to detect the joint centers and
joint angles with about the same level of accuracy as previous similar studies, i.e., mean
differences less than 50 mm for joint centers and mean differences between —5° and 5° for
joint angles.

2. Materials and Methods
2.1. Participants and Experimental Protocol

Data from 13 female [Age: 21.7 £ 4.6 years] and 19 male [Age: 20.6 & 7.5 years]
athletes roller skiing with the G3 skating technique on a skiing treadmill were used to train
the markerless model. The athletes were part of the Finnish junior national teams in cross-
country skiing, biathlon and Nordic combined, and some were part of Vuokatti-Ruka sport
academy. The athletes provided their consent to use their skiing videos in the development
of the markerless models. Training data were collected during the athletes’ normal training
sessions. The angle of the skiing treadmill ranged between two and three degrees, and the
speed ranged between 12 and 30 km per hour in the training sessions. Two 20 s videos
were recorded with two cameras from each athlete.

A total of 10 experienced skiers who were familiar with roller skiing on a skiing
treadmill (5 females [Age: 21.0 & 3.1 years; height: 1.73 £ 0.49 m; weight: 63.9 7.3 kg] and
5 males [Age: 24.4 & 10.7 years; height: 1.85 &= 0.69 m; weight: 81.0 & 4.1 kg]) volunteered
in the evaluation study and provided written informed consent. The participants used
the same pair of roller skis (Marwe, Skating 620 XC, wheel No. 0) and poles of suitable
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length (Swix, Triac 3.0). Each participant had a single testing session, which included a
static calibration where the participant stood still on the skiing treadmill to make sure that
all markers were visible, and that the systems were working correctly. Then, the participant
performed four roller skiing trials with the G1 skating technique (two for both sides),
and three roller skiing trials with the G3 skating technique. The G1 skating technique is
“a skating form of the diagonal stride technique of classic skiing, in which the leg and
arm are employed diagonally, with a single pole-push with each contra-lateral leg-push
in a skating-like fashion” [25]. With the G3 skating technique, the skier performs “one
double-pole together with every leg push” [25]. Each roller skiing trial started when the
skier struck the treadmill with the ski pole to enable the systems to be synchronized, and
then included at least thirty seconds of skiing. G1 trials included about 20 skiing cycles, and
G3 trials included at least 15 skiing cycles. A skate skiing cycle includes each leg pushing
once. A G1 cycle includes one impact of the poles, and G3 cycle includes two impacts of
the poles. The roller skiing trial protocol is shown in Table 1.

Table 1. Protocol of roller skiing trials, including the skiing technique, speed of treadmill, and angle
of treadmill for each trial. Note that for G3, treadmill speeds differed for males (m) and females (f).

Trial Skiing Technique Speed of Treadmill (km/h)  Angle of Treadmill (deg)
1 G1 8 5
2 G1 6 8
3 Gl 8 5
4 G1 6 8
5 G3 12f/14 m 2
6 G3 18£/20 m 2
7 G3 24 £/26 m 2

2.2. Motion Capture Systems and Laboratory Configuration

This study was conducted at the Skiing Laboratory of the University of Jyvaskyld
in Vuokatti, which is equipped with a 2.7 m x 3.5 m skiing treadmill (RL3500E, Rodby
Innovation AB, Vinge, Sweden). In this study, we used two motion capture systems concur-
rently. Marker-based data were captured using an infrared 8-camera marker-based motion
capture system (100 Hz, Vicon, Oxford, UK) and NEXUS 2.8.1 software (Vicon, Oxford,
UK). The cameras were positioned around the skiing treadmill on the ceiling at a height of
about 2.5 m. In addition, the Skiing Laboratory was equipped with video cameras (LILIN,
Taiwei, New Taipei City, Taiwan) and a Coachtech online measurement and feedback
system [26]. In this study, two video cameras capable of capturing 1280 x 720 resolution
videos at 100 Hz were used for markerless motion capture. Videos were recorded using
the Coachtech system. A sampling frequency of 100 Hz was used in both motion cap-
ture systems, as this was the maximum rate possible for the video cameras. The video
cameras were positioned to the right side (Cam0, perpendicular to skiing direction) and
right obliquely (Cam1, 45 degrees to skiing direction) from the skiing treadmill. Cam0 was
at a height of 1.05 m and a distance of 2.00 m from the skiing treadmill. Cam1 was at a
height of 2.5 m and a distance of 1.90 m from the skiing treadmill. The Skiing Laboratory
configuration and both system’s camera placements are shown in Figure 1.
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Cam0O
* Cam1 ! !

Skiing Treadmill

,Origin
u

- = Markerless

Direction of Skiing

B4 = Marker-based

Figure 1. Skiing Laboratory configuration, camera placements, and coordinate system configuration.

2.3. Markerless Model Development

A total of 64 videos from both markerless video cameras were used in the development
of the markerless model. Markerless 3D models were developed using DeepLabCut, which
is an open-source pose estimation method based on transfer learning with deep neural
networks [10]. Two-dimensional models were trained for both video cameras separately
using DeepLabCut, and pixel coordinates were later transformed to global 3D coordinates
using the Direct Linear Transformation (DLT) algorithm [27]. Training images were selected
randomly from the videos using DeepLabCut’s frame extraction method and imgaug
algorithm. From each video, 15-20 images were selected, and about 1000 images per
camera were used to train each 2D model. The images were manually labeled using
DeepLabCut’s graphical user interface. Manually labeled markers were placed on the joint
centers of the wrist, elbow, shoulder, hip, knee, and ankle. In addition, the tip of the skiing
boot was labeled to reflect toe position. In the 2D models, only the right side of the skier
was detected, as well as the right pole and right roller ski. Examples of the output of both
2D models are shown in Figure 2.

The labeled images were then used to train deep neural networks. Labeled images
were collected and divided randomly into a 95% training and 5% test split using DeepLab-
Cut’s training set creation method and imgaug algorithm. DeepLabCut’s default network
configuration parameters were used. ResNet50 models for both video cameras were initial-
ized with weights trained on ImageNet, and the cross-entropy loss between the predicted
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score map and the ground truth score map was minimized using stochastic gradient de-
scent. The deep neural networks were trained with 700,000 iterations, and after training, the
2D models were evaluated using the 5% test split. The mean training error was 1.80 pixels
(approximately 0.61 cm), and the mean test error was 2.27 pixels (approximately 0.77 cm)
for the model of Cam0. The mean training error was 2.10 pixels (approximately 0.72 cm),
and the mean test error was 2.63 pixels (approximately 0.89 cm) for the model of Cam].

(b)

Figure 2. Examples of images labeled by our 2D models: (a) from Cam0 and (b) from Cam].

2.4. System Calibration Procedure

Both motion capture systems were calibrated before the measurements. The same
origin and axis directions were used for both systems. The configuration of the coordinate
system is shown in Figure 1. The origin was defined at the left side of the skiing treadmill.
The x-axis (black in Figure 1) was defined as the latitudinal axis of the treadmill, the y-axis
(gray in Figure 1) as the longitudinal axis of the treadmill, and the z-axis (black dashed line
in Figure 1) as perpendicular to the treadmill, pointing upward.

With the markerless system, a calibration procedure was performed using an alu-
minum calibration cube that was 2 m long in each dimension. The calibration cube was
placed on the skiing treadmill with one corner placed at the origin. The placements of the
calibration cube and origin are shown in Figure 3. Eight points were selected, marked,
and measured from the calibration cube. The selected points were used as calibration
points resulting in eight known 3D coordinates. These calibration points were manually
digitized from both markerless video cameras. Using these calibration coordinates, both
video camera’s x- and y-coordinates were transformed to global 3D coordinates using the
DLT algorithm [27].

Figure 3. Placements of the calibration cube and origin (red circle) in the Skiing Laboratory: (a) from
Cam0 and (b) from Cam1.

For the marker-based system, the coordinate system was defined by placing a Vicon
L-Frame on the treadmill, allowing the coordinate system origin and axis directions to be
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defined. The marker-based system calibration was performed using Vicon NEXUS 2.8.1
software.

2.5. Data Collecting and Processing

In the evaluation study, markerless data were captured using the Coachtech system
with two video cameras. Videos were analyzed using the developed 2D models, and mark-
erless data were filtered using a 4th order low-pass Butterworth filter (cut-off frequency,
12 Hz). The synchronization of the videos was ensured using the strokes of the pole on
the treadmill from the beginning of each trial. The pixel coordinates were transformed to
global 3D coordinates with the DLT algorithm. These 3D coordinates were further filtered
with a 4th order low-pass Butterworth filter (cut-off frequency, 6 Hz). The filtering and
coordinate transformation were performed using Matlab (v2021b, MathWorks, Inc., Natick,
MA, USA).

Marker-based data were captured using a modified marker set comprising 39 individ-
ual passive reflective markers on the participant and 12 markers on the skiing equipment:
three markers on both roller skis and three markers on both poles. The marker set is shown
in Appendix A. The recorded data were labeled and visually verified using Vicon NEXUS
2.8.1 software. Marker trajectory data gap filling and marker-based data filtering with
a 4th order low-pass Butterworth filter (cut-off frequency, 6 Hz) were performed using
Vicon NEXUS 2.8.1 software. The joint centers of the wrist, elbow, knee, and ankle were
computed from the mid-points of the lateral and medial markers. The shoulder joint center
was computed from the mid-points of the anterior and posterior shoulder markers. The
hip joint center was calculated using the method described by Bell et al. (1989) [28]. Toe
markers were placed on top of the skiing boots due to the movement of the skiing boots
and roller skis during skiing, so the toe marker positions slightly differed from the points
detected by the markerless system. The toe marker placements for both systems are shown
Figure 4. Static calibrations were used to determine the difference in each participant’s
right toe placement between systems, and this was considered before statistical analysis.
The joint center calculation and defining displacements of the right toe placement between
systems were performed using Matlab.

(b)

Figure 4. (a) Toe marker placements for both the markerless and marker-based systems are shown

in the red circle. The markerless toe marker is indicated by the yellow circle, and the marker-based
marker appears as a gray circle. (b) Marker-based toe marker placement viewed from a different
direction.

From each skiing trial, 10 skiing cycles were selected and time normalized. The skiing
cycles were defined using the right pole markers. The start of each skiing cycle was defined
as the point at which the right pole touched the treadmill. To compare the performance of
the markerless and marker-based systems, the 3D Euclidean distances of each right-side
joint center and toe placement at each time point were calculated. In addition, the vector
angles at the elbow, shoulder, hip, knee, and ankle were calculated from both systems to
describe the movements of skiing. The elbow angle was defined as the supplement of the
angle between the two 3D vectors connecting the elbow position to the wrist and shoulder
positions. The hip angle was defined as the supplement of the angle between the two 3D
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vectors connecting the hip position to the shoulder and knee positions. The knee angle was
defined as the supplement of the angle between the two 3D vectors connecting the knee
position to the hip and ankle positions. These are thus a simplified proxy for the elbow,
hip, and knee flexion angles. The shoulder angle was defined as the angle between the
two vectors connecting the shoulder position to the elbow and hip positions. The shoulder
angle thus reflects the angle between the upper arm and the upper body. The ankle angle
was defined as the complement of the angle between the two vectors connecting the ankle
position to the knee and toe positions. The ankle angle is thus a simplified proxy for the
ankle plantar/dorsiflexion angle. All angles were calculated using Matlab.

2.6. Statistical Analysis

The systems were compared using Bland—Altman analyses [29]. For the joint centers
and toe placements, the mean difference (bias), standard deviation (SD) and 95% limits
of agreement (LoA) were calculated with a one-sample t-test. For the vector angles, the
bias, SD, and LoA were calculated with a paired-sample ¢-test. Additionally, for the vector
angles, the root mean squared errors (RMSE), Pearson correlations (r), and intra-class
correlation coefficient (ICC) were computed to indicate validity between systems. For
the Pearson correlations, coefficients were interpreted with values of <0.30, 0.30-0.50,
0.50-0.70, 0.70-0.90, and >0.90 representing negligent, low, moderate, high, and very high
correlations, respectively [30]. The ICCs for absolute agreement were estimated based on a
single measurement and two-way mixed effects model. The ICCs were used to indicate the
agreement, with values of <0.50, 0.50-0.75, 0.75-0.90, and >0.90 representing the quality
thresholds for poor, moderate, good, and excellent validity, respectively [31]. The statistical
analyses were performed using SPSS 28.0.1.1 (IBM Corporation, Armonk, NY, USA), and
the significance level was set at p < 0.05.

3. Results

A total of 70 trials with 700 skiing cycles were compared between the markerless and
marker-based systems: 40 trials with the G1 technique and 30 trials with the G3 technique.
The results from the participants’ right sides are reported below.

3.1. Joint Centers and Toe Placements

The results of the comparisons between the systems for joint centers and toe place-
ments are shown in Table 2.

Table 2. Mean difference, standard deviation, and 95% limits of agreement for joint centers and toe

placements.
Detected Point Skiing Technique Mean Difference (Bias) [mm] £SD [mm] 95% LoA Lower/Upper
Wrist G1 403 30.1 40.4/40.5
s G3 38.3 226 38.1/38.5
Elb G1 33.6 28.9 33.3/33.8
ow G3 29.5 17.5 29.4/29.7
Should Gl 26.6 19.7 26.4/26.8
oulder G3 24.0 14.1 23.9/24.1
i Gl 31.9 14.9 31.8/32.0
P G3 313 16.1 31.2/315
» G1 30.5 16.6 30.4/30.7
nee G3 30.2 20.2 30.0/30.4
And Gl 315 17.0 31.4/31.6
nide G3 32.4 229 32.2/32.6
. Gl 408 213 40.6/41.0
oe G3 39.4 29.7 39.1/39.7
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For all participants, the mean difference ranged from 24 to 41 mm at the wrist, elbow,
shoulder, hip, knee, and ankle joint centers and toe positions. For both techniques, the
smallest systematic differences and LoA were observed at the shoulder joint center (G1:
26.6 mm; G3: 24.0 mm) with standard deviations of 19.7 mm (G1) and 14.1 mm (G3). The
wrist joint center and toe placement displayed the largest systematic differences with the
highest standard deviation and LoA with both techniques. The elbow, hip, knee, and ankle
joint center mean differences were typically larger than those at the shoulder but smaller
than that at the wrist or toe with their standard deviation and LoA following the same
trend.

For both techniques, the mean (black) &= SD (gray, shaded area) time-series differences
in the joint centers and toe placements are shown for a single participant in Figure 5. Two
trials were selected from both techniques, so 20 time-normalized skiing cycles are included

for each.
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Figure 5. Example mean + SD differences between markerless and marker-based joint centers and
toe placements of a single participant (P03) during G1 and G3 skating technique cycles. The mean
difference is shown as a black line, and the standard deviation as the shaded gray area.
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3.2. Joint Vector Angles

The results of the comparisons between the systems for joint vector angles are shown
in Table 3.

Table 3. Mean difference, standard deviation, 95% limits of agreement, RMSE, Pearson correlation,
and intra-class correlation coefficient for joint vector angles.

Skiing Mean 95% LoA  RMSE ! ICC [Mean (95%
Angle Technique Difference  £SD [deg] Lower/Upper [deg] Pearson p-Value Confidence
1 (Bias) [deg] PP 8 Correlation Interval)]

Elb Gl 0.99 7.16 0.94/1.06 7.23 0.96 <0.001 0.96 (0.95/0.96)
ow G3 0.60 5.69 0.55/0.66 5.72 0.97 <0.001 0.97 (0.96/0.97)
Should Gl 3.69 3.84 3.66/3.72 5.33 0.94 <0.001 0.92 (0.87/0.97)
owlder G3 2.71 3.76 2.68/2.74 4.64 0.96 <0.001 0.97 (0.95/0.98)
i Gl 1.08 4.06 1.05/1.12 421 0.94 <0.001 0.94 (0.92/0.95)
p G3 0.74 3.48 0.72/0.78 3.56 0.97 <0.001 0.97 (0.96/0.97)
K Gl 1.15 3.06 1.13/1.18 3.27 0.96 <0.001 0.95 (0.93/0.97)
nee G3 0.82 2.89 0.80/0.85 3.01 0.96 <0.001 0.96 (0.95/0.97)
A Gl —2.47 431 —251/-244 496 0.82 <0.001 0.77 (0.59/0.86)
nxie G3 -2.03 423 —2.07/-199  4.69 0.84 <0.001 0.80 (0.68/0.86)

Good levels of agreement were observed between the markerless and marker-based
results. The Pearson correlations showed high to very high agreement between systems
with the highest agreement in the elbow (0.97) and hip (0.97) angles for the G3 technique.
The lowest Pearson correlations were observed for ankle angles with r-values of 0.82 and
0.84. The Pearson correlations were statistically significant (p < 0.001) for all joint vector
angles and for both techniques. The ICC values also showed good to excellent validity
between systems with the highest agreements in the elbow (0.97), shoulder (0.97), and hip
(0.97) angles for the G3 technique. The lowest ICCs were observed for ankle angles with
values of 0.80 and 0.77.

The mean differences in joint vector angles ranged between —2.47 and 3.69 degrees.
The lowest systematic differences were observed at the elbow (<1°), but the standard
deviation was the largest (>5°). For hip and knee angles, good agreement was observed
with low mean differences (<1.1°) and a low standard deviation (<4°). The largest mean
differences were observed for shoulder angles, most notably with the G1 technique with a
mean difference and standard deviation of 3.69° + 3.84°.

RMSE values ranged between 3.01 and 7.23 degrees for the joint vector angles. The
lowest RMSE values were observed at the knee (<3.5°). For hip and knee angles, quite good
agreement was observed with RMSE values < 5°. The largest RMSE values were observed
for elbow angles (>5°).

For both skating techniques, time-normalized markerless (blue) and marker-based
(red) joint vector angles and mean (black) £ SD (gray, shaded area) time-series differences
for a single participant (P03) from a single skiing trial are shown in Figure 6. For both
techniques, two trials and 20 skiing cycles are included.

12
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Figure 6. Columns 1 and 3—Example time-normalized markerless (blue) and marker-based (red)
joint vector angles for a single participant (P03) during G1 and G3 skating technique cycles. Columns
2 and 4—Mean (black) and + SD (gray, shaded area) differences for each calculated joint vector
angle during G1 and G3 skating technique cycles. For both skating techniques, two skiing trials are
included, so 20 skiing cycles are visualized.

4. Discussion

This study presents an evaluation of a 3D markerless motion capture system for skate
skiing on a treadmill, focusing on the skier’s right-side joint centers and joint vector angles.
Our markerless motion capture system was able to detect 3D kinematics with a good level
of agreement relative to the marker-based motion analysis, most notably for the joint vector
angles (Table 3).

13
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Our markerless motion capture system can correctly detect joint centers during skate
skiing (Table 2). The mean differences and standard deviations were generally lower with
the G3 skating technique compared to with the G1 technique, which is probably because
the markerless model was developed using videos from the G3 skating technique. It is note-
worthy that during the skiing cycle, the accuracy of the markerless method varied slightly,
even for the same participant (Figure 5). These results are in line with earlier studies, where
the joint centers were detected using open-source markerless methods and marker-based
systems during throwing, jumping, walking, and running [16-18]. Quite similar results
were observed in an earlier study in detecting joint centers using OpenPose, AlphaPose,
and DeepLabCut during walking, running, and jumping, with mean differences between
14 and 58 mm [17]. Similar results were also obtained in another previous study, where
joint centers were detected using OpenPose with multiple synchronized video cameras
during walking, countermovement jumping, and ball throwing, with mean absolute errors
(MAE) of less than 30 mm in 80% of the trials [16]. Compared to a commercial markerless
product, Theia3D, the results of joint center detection are also quite similar to those obtained
with open-source markerless methods. For example, Theia3D detected lower limb joint
centers with a root mean square of the 3D distances (RMSD) between 20 and 30 mm during
countermovement jumping [21]. In another study, Theia3D detected lower and upper limb
joint centers with average 3D Euclidean distances between 11 and 36 mm [22].

In the present study, the elbow, shoulder, hip, and knee joint vector angles consistently
demonstrated very high levels of agreement between the markerless and marker-based
systems, while the ankle joint vector angles demonstrated high levels of agreement (Table 3).
These findings demonstrate that our 3D markerless motion capture system can correctly
reproduce the movements of skate skiing. Additionally, the calculated joint vector angles
differ slightly between systems during the skiing cycle (Figure 6), because joint center
detection varies between systems (Figure 5). Our joint angle results are quite similar to those
of previous studies using open-source markerless methods and commercial markerless
products [19,23,32]. For example, joint angles have been detected using OpenPose during
jumping, walking, and running with higher mean differences (between —3.9° and 10.5°)
but lower standard deviations (between 1.8° and 4.4°) than in this study [19]. In another
study, lower limb joint angles during gait in clinical patients were detected using Theia3D
with RMSDs generally less than 6° [23]. Upper limb joint angles have been detected during
static postures and basic movements (holding boxes) using Microsoft Kinect V2 with MAEs
from 2.5° to 12.9° and using the Captiv system (L7000) with MAEs from 1.9° to 14.9° when
compared to a goniometer [32]. The results of our study are therefore in line with those of
previous studies related to open-source markerless methods and commercial markerless
products.

The results of this evaluation study are highly promising, and the differences between
systems typically fell within the known uncertainties of marker-based motion capture. The
development process of the markerless model influences the system’s accuracy because
the training images were labeled by a human and may thus include errors of judgement.
In addition, the number, placements, and characteristics of the video cameras can affect
the accuracy of a markerless motion capture system. However, marker-based systems also
have inherent errors, which are mainly due to skin artifact. In previous studies, errors of
up to ~8° have been reported when comparing marker-based motion capture to biplanar
videoradiography for ankle joint rotations during walking and running [2], and knee
flexion/extension angles during jumping [1]. Additionally, one previous study reported
marker displacements of up to ~20 mm due to the effects of soft tissue artefacts at the knee
during stair ascent using 3D fluoroscopy and a marker-based system [3]. It is noteworthy
that the accuracies of marker-based systems also vary during the detected cycles (walking,
running, jumping, and throwing) [1-3].

The differences observed in this study generally fall within the known challenges of
marker-based motion capture, and it seems that our markerless motion capture system
could be used especially as a skiing coaching tool. Cross-country skiing is developing
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all the time, with new modifications of subtechniques such as the “double-push” skating
technique [33]. Race speeds have also increased, and this increases the importance of
both skiing technique and skiing equipment [24]. Our markerless motion capture system
presents interesting opportunities for cross-country skiing technique research and coaching.
The markerless system combined with Coachtech system provides the results automat-
ically [26], so changes in skiing technique could be viewed during training. There are
several possibilities for using the markerless system from the coaching perspective. For
example, the system provides possibilities for analyzing several parameters connected to
technique in addition to joint angles, like body position and forward lean. Typically, the
coach provides some instructions to the skier to change the skiing technique during training.
With this markerless system, it can be determined whether the athlete has modified their
skiing technique accordingly. In addition, it can be monitored how these technique changes
influence, for example, the skiing economy and/or maximal skiing performance. In addi-
tion, this approach provides opportunities for capturing large amounts of skiing technique
data. In the future, we could develop markerless models for other skating techniques (G4
and G5) and classic skiing.

Previous studies have provided information about propulsive forces during skiing [34,35].
In addition, the analysis of propulsive forces is important in the biomechanics of cross-
country skiing, because it significantly affects the skiing speed. In the future, our markerless
motion capture system could be used simultaneously with force sensors, for example, with
the recently developed force measurement roller skis [36]. Thus, a more comprehensive
analysis of the biomechanics of cross-country skiing could be obtained without additional
equipment or markers.

In conclusion, we present and validate a markerless motion capture system that is low
cost and easy to use for researchers and coaches. This markerless motion capture system
could be used as a real-time coaching tool to monitor and improve skiing techniques.
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Appendix A

The marker set that was used in the evaluation study is shown in Table A1.
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Table A1. Names, definitions, and positions for markers.

Marker Name Definition Position on Participant/Skiing Equipment
OFFSET Right back Anywhere over the right scapula
LSHO Left shoulder On the acromioclavicular joint
LSHF Left shoulder front Humerus lesser tubercle
LSHB Left shoulder back Same position as LSHF on the posterior side
LUPA Left upper arm On the upper lateral 1/3 surfzj;ic }(:f Rt{l}elz) k)ft arm (placed asymmetrically
LELB Left elbow On the lateral epicondyle
LELBM Left elbow medial On the medial epicondyle
LFRM Left forearm On the lower la;cs;a:rll Iln/e?;rsigflayciv cl)f ;flfl:lliit/[ gorearm (placed
At the thumb side of a bar attached to a wristband on the posterior of the
Lk Lt marr A 40Vl 0 he it ot eer posile Lo ks o
recommended.
At the little finger side of a bar attached to a wristband on the posterior
LWRD Leftwristmarker B e bt fo btier racking of e axia rtions, bar i
recommended.
RSHO Right shoulder On the acromioclavicular joint
RSHF Right shoulder front Humerus lesser tubercle
RSHB Right shoulder back Same position as RSHF on the posterior side
RUPA Right upper arm On the lower lateral 1/3 Surfa(‘:/\e,zif}f1 Elé Il;iAg)ht arm (placed asymmetrically
RELB Right elbow On the lateral epicondyle approximating the elbow joint axis
RELB Right elbow On the lateral epicondyle
RERM Right forearm On the lower lataeé";ir} r; i ;1;;5;(}::3 V(\)}i’ﬁ\ﬁ ll;iRgl\};;)forearm (placed
At the thumb side of a bar attached symmetrically with a wristband on
RWRA Right wrist marker A the posterior of the right wrist, as close to the wrist joint center as
possible
At the little finger side of a bar attached symmetrically with a wristband
RWRB Right wrist marker B on the posterior of the right wrist, as close to the wrist joint center as
possible
garsis S peeorsuperoracpine (el o i
RASI Right ASIS Right anterior superior iliac spine
Lt pstrruperir e (mmedely bl e el
LASI Left ASIS Left anterior superior iliac spine
LTHI Left thigh Over the lower lateral 1/3 surface of the left thigh
LKNE Left knee On the flexion—extension axis of the left knee
LTIB Left tibia Over the lower 1/3 surface of the left shank
LANK Left ankle On the lateral malleolus along an imaginary line that passes through the

transmalleolar axis
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Table A1. Cont.

Marker Name Definition Position on Participant/Skiing Equipment
LHEE Left heel On the calcaneus at the same height above the plantar surface of the foot
as the toe marker
Over the second metatarsal head, on the mid-foot side of the equinus
LTOE Left toe break between forefoot and mid-foot
RTHI Right thigh Over the upper lateral 1/3 surface of the right thigh
RKNE Right knee On the flexion—extension axis of the right knee.
RTIB Right tibia Over the upper 1/3 surface of the right shank
RANK Right ankle On the lateral malleolus along an 1mag1nary.11ne that passes through the
transmalleolar axis
RUEE Right heel On the calcaneus at the same height above the plantar surface of the foot
as the toe marker
. Over the second metatarsal head, on the mid-foot side of the equinus
RTOE Right toe break between forefoot and mid-foot
LKNEM Left knee medial Left medial femur condyles
RKNEM Right knee medial Right medial femur condyles
LANKM Left ankle medial Left medial malleolus
RANKM Right ankle medial Right medial malleolus
. On the front side of the binding of the left roller ski, on the left edge, on
LSKIl Left Skil the front side of LSKI2
. On the front side of the binding of the left roller ski, on the left edge, on
LSKI2 Left Ski2 the back side of LSKI1
. On the front side of the binding of the left roller ski, on the right edge,
LSKI3 Left Ski3 placed asymmetrically with LSKI1
. . On the front side of the binding of the right roller ski, on the right edge,
RSKI1 Right Ski 1 on the front side of RSKI2
. . On the front side of the binding of the right roller ski, on the right edge,
RSKI2 Right Ski 2 on the back side of RSKI1
. . On the front side of the binding of the right roller ski, on the left edge,
RSKI3 Right Ski 3 placed asymmetrically with RSKI1
LPOLE1 Left Pole 1 At the top of the left pole, below the handle of the pole
LPOLE2 Left Pole 2 In the middle of the left pole, below LPOLE1
LPOLE3 Left Pole 3 At the bottom of the left pole, below LPOLE2
RPOLE1 Right Pole 1 At the top of the right pole, below the handle of the pole
RPOLE2 Right Pole 2 In the middle of the right pole, below RPOLE1
RPOLE3 Right Pole 3 At the bottom of the left pole, below RPOLE2
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Abstract: Upper limb movement is vital in daily life. A biomechanical simulation of the forearm with
consideration of the physiological characteristics of the muscles is instrumental in gaining deeper
insights into the upper limb motion mechanisms. In this study, we established a finite element model
of the forearm, including the radius, biceps brachii, and tendons. We simulated the motion of the
forearm resulting from the contraction of the biceps brachii by using a Hill-type transversely isotropic
hyperelastic muscle model. We adjusted the contraction velocity of the biceps brachii muscle in the
simulation and found that a slower muscle contraction velocity facilitated forearm flexion. Then, we
changed the percentage of fast-twitch fibers, the maximum muscle strength, and the neural excitation
values of the biceps brachii muscle to investigate the forearm flexion of elderly individuals. Our
results indicated that reduced fast-twitch fiber percentage, maximum muscle strength, and neural
excitation contributed to the decline in forearm motion capability in elderly individuals. Additionally,
there is a threshold for neural excitation, below which, motion capability sharply declines. Our
model aids in understanding the role of the biceps brachii in forearm flexion and identifying the
causes of upper limb movement disorders, which is able to provide guidance for enhancing upper
limb performance.

Keywords: upper limb; forearm flexion; muscle contraction; Hill-type transversely isotropic
hyperelastic material; finite element method

1. Introduction

Upper limb movement is an essential part of daily life. Biomechanical simulations of
the forearm, incorporating the salient physiological attributes of the upper limb muscles,
serve as a pivotal tool for acquiring profound insights into the mechanisms governing
upper limb motion. Many researchers have employed various methods for biomechanical
simulations related to the upper limb. Ambrosio et al. [1] developed a multibody biome-
chanical model of the upper limb and conducted simulations to predict the muscle forces
during humeral elevation. Teran et al. [2] developed a comprehensive upper limb model
using finite volume methods and the finite element method, and conducted an inverse
dynamics analysis. However, they adopted a simple constitutive model for muscle without
consideration of the force-velocity relationship. Dereshgi et al. (2022) [3] investigated
the mechanical behaviors of muscle fibers during dumbbell curl exercises with varying
dumbbell weights. Later, they investigated the rest-pause biceps curl exercise effect on
the biceps brachii muscles of women [4]. However, they simplified the upper limb model
into basic geometric shapes, failing to accurately depict the true structural characteristics
of the upper limb. Chen et al. [5] constructed a realistic upper limb model from MRI
images and simulated forearm movements using the finite element method. However,
the accuracy of the results was low due to the small number of elements used in their
simulation. Blemker et al. [6] utilized the finite element method to simulate the contraction
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of the biceps brachii muscle and investigated the nonuniform shortening behavior of the
biceps brachii muscle.

The finite element method is a common approach for simulating upper limb move-
ments. In finite element modeling, the paramount component governing the kinetics of
forearm flexion resides in the biceps brachii muscles. In general, muscular contraction is ini-
tiated through the cerebral transmission of neural excitation to the muscle fibers. [7,8]. After
muscle contraction, tendons transmit tension to the bones, enabling joint movement and
the motion of flexion. Muscles exhibit complex mechanical behavior, and they are usually
regarded as incompressible transversely isotropic hyperelastic materials [9]. Additionally,
there is a strain rate effect on the mechanical response of the muscle tissue [10,11]. The
modeling of the biomechanical behavior of muscles is the key point for the finite element
simulation, which includes both passive and active behavior. Passive behavior pertains to
the intrinsic elasticity and compliance of both muscle fibers and the isotropic matrix. These
properties enable muscles to undergo elongation and subsequently revert to their initial
length in response to externally applied forces. This passive behavior can be delineated
by nonlinear hyperelasticity, which elucidates the connection between muscle forces and
the degree of stretching. On the other hand, active behavior represents the contractile
characteristics of muscle fibers driven by neural excitation. The muscle forces generated
by active behavior are associated with muscle contraction velocity and neural excitation
level. The biomechanical behavior of muscles encompasses dynamic interactions between
passive and active components. Therefore, the muscle force is a function of contraction
velocity, neural excitation from the active part and stretch ratio from the passive part. The
mathematical modeling of muscles needs to carefully consider these factors [12].

The Hill-type muscle model integrates both active and passive behaviors of muscles,
and it is widely applied in biomechanical research [12,13]. However, the original Hill-type
model is one-dimensional. Its applicability to real muscles, characterized by intricate
three-dimensional (3D) structures, is limited. Many researchers have extended the one-
dimensional Hill-type model to three dimensions to simulate the mechanical properties
of various muscle tissues with real geometries [13-18]. Kojic et al. [14] proposed a 3D
Hill-type model in which passive elastic behavior was simplified to be 3D linear elastic
and isotropic, without considering the hyperelastic behavior of muscles. Furthermore, they
did not consider the incompressibility of muscle tissue. Tang et al. [15] used this model to
simulate the mechanical behavior of skeletal muscles considering fatigue factors. In contrast,
Johansson et al. [16] proposed a 3D Hill-type model that considered the incompressibility
of muscles. However, the passive behaviors of muscle fibers and the matrix that embeds
these fibers were conflated in this model. Martins et al. [17] introduced an incompressible,
transversely isotropic hyperelastic 3D muscle model that included both active and passive
muscle behavior. However, this model did not consider the strain rate effects of muscles.
Subsequently, Martins et al. [18] improved this model by incorporating the effects of strain
rate on muscles. This muscle model appeared to simulate muscle contraction under real
conditions. However, muscle fiber types, in terms of fast-twitch and slow-twitch fibers, have
not been considered yet in this model. Research about the effect of muscle fiber composition
on motion ability remains limited. Additionally, sarcopenia, defined as the loss of muscle
mass and strength with age, is recognized as a major cause of disability and morbidity in
elderly individuals, such as IADL (instrumental activities of daily living) disability [19].
Sarcopenia results from a combination of changes in muscle fiber composition, reduced
muscle strength associated with muscle atrophy, and neurological dysfunction [20,21].
These factors have not been quantitatively investigated. The objective of this study was to
extend the improved Hill-type muscle model [18] and employ the finite element method to
simulate the effect of sarcopenia on forearm flexion movements.
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2. Materials and Methods
2.1. Forearm Finite Element Model

We utilized CT images and the image processing software ScanIP (simpleware ScanlIP,
version M-2019.06; Synopsys Inc., Mountain View, CA, USA) to construct a 3D model of
the forearm, which included the biceps brachii, tendon, and radius bone. The radius bone
was automatically segmented using a single threshold segmentation method, while the
biceps brachii muscle and tendon were manually segmented. Subsequently, a smoothing
procedure was applied to the entire forearm model. Finally, we used the meshing software
HyperMesh (Altair HyperMesh, version 2019.1.2; Altair Engineering Inc., Troy, MI, USA)
to create a mesh for the forearm model (Figure 1a). The forearm finite element model
comprises 16,001 tetrahedral elements and 4580 nodes. In this study, we considered a
simplified model only composed of the radius bone, the biceps brachii, and tendon, which
is enough to reproduce the forearm flexion motion.

Tendon

Biceps brachii

s
//Z," Y44
___— Radius bone /4/%//
o /
(a) (b)

Figure 1. Finite element model of the forearm: (a) tetrahedral mesh elements of the model and (b)
muscle fiber direction of the biceps brachii.

To reproduce the contraction motion of the biceps brachii muscle, the muscle fibers’
direction information is necessary. As described later, the active contractile force will
be generated along the fibers” direction. Therefore, we solved a Laplace’s equation to
determine the direction of the biceps brachii muscle fibers. The direction of the resulting
gradient is assumed to be able to mimic the direction of the muscle fibers (Figure 1b). The
obtained fiber directions (Figure 1b) exhibit a reasonable concordance with the anatomical
literature [22].

2.2. Constitutive Models of the Muscle, Bone, and Tendon

The muscle was modeled as a fiber-reinforced composite in which the strain energy
density function includes the contribution from the isotropic matrix embedding the muscle
fiber and the contribution from the muscle fibers [23]. The strain energy density function of
the muscle contains the following terms:

UZUV+UI+Uf ey

where Uj represents the strain energy in the isotropic matrix embedding the muscle fiber
and Uy represents the strain energy of the muscle fiber. Uy means the strain energy related
to the volume change, given as:

Uy =2(J - 1) @

where | represents the determinant of the deformation gradient F (] = detF).
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As for Uj, we used the constitutive model proposed by Humphrey et al. [24]:
Uy = cexptlc=3) —1 3)

where [ is the first reducing invariant of the right Cauchy-Green deformation tensor C,

defined as I¢ = J~2/3trC. The right Cauchy-Green deformation tensor C is defined as
C = 2E + I, where E and I are the Green-Lagrange deformation tensor and the identity
tensor, respectively. ¢ and b are the constants of this model. In this study, we used
¢ =3.795 x 10~* Mpa and b = 23.46 [24].

As for Uy, we employed the skeletal muscle fiber strain energy function proposed
by Martins et al. [18]. This function utilizes the Hill-type three-element model (Figure 2),
incorporating a realistic representation of muscle mechanics. The Hill-type model com-
prises three core components: a Contractile Element (CE), a Series Element (SE), and a
Parallel Element (PE). The CE is responsible for generating contractile force during muscle
activation and does not contribute to passive forces when subjected to passive stretching.
It is typically recognized as the sliding actin and myosin filaments. The SE, linked in series
with the CE, behaves as a non-linear spring and is attributed to the inherent elasticity found
within the myofilaments and cross-bridges. The PE, connected in parallel with the CE,
functions as another non-linear spring. It is associated with the elasticity of connective
tissues (epimysium, perimysium, and endomysium), as well as the sarcolemma.

PE (parallel elastic element)

AVAVAVAV

——AAN—]

SE (series elastic element) CE (contractile element)

Figure 2. Hill-type three-element model of the muscle.

The total nominal stress T along the muscle fiber direction can be considered as the
sum of the nominal stress produced by the PE and either the CE or SE elements.

T=TPF 4 758 = TP 4 TCF (4)

The stress TTE related to the PE elements is defined as follows:

TPE — TMfpp (Xf) )

- 2] /-~ -
fox (Xf) _ J2aAexp a(Af—l) ](Af—1> Af>10 ©

0 other

where A f is the stretch ratio in the direction of the muscle fibers, which is calculated by

~ 1/2
Af = []’2/ 3C: (Np® Nm)} . Ny, is the initial direction of the muscle fibers. TM is

the maximum nominal stress of the muscle fibers, using the values TM = 0.535 Mpa. A
and a are material constants. In this study, we used the values A = 8.568 x 10~* and
a =12.43[18].

The stress T¢F of the CE element comprises three components: (1) the stretch-ratio-

related part f°F, which is a function of the stretch ratio of the muscle fibers A £, (2) the
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contraction-velocity-related part £, which is a function of the contraction velocity of the

muscle fibers A¢, and (3) the activation level &, which is a function of the time #:

TCE (Xf,Xf,lX(f)) = Té\AfEE (Xf) ‘(/:E (/N\f>¢x(t) (7)

The stretch-ratio-related function f-F and the contraction-velocity-related function
fSE are defined as follows:

~ 2 ~

N —4(Ar—1) +1 05<A,<15

tF (Af) = ( / ) == (8)
0 other

0 Ap < —10s71

GE (Af> - 2ltar11(5)atan<0.5)xf> +1 —-10s1< Af < 251 ©9)
i 1
4atarr(1(5) +1 Af > 2s

where A £ > 0 during muscle fiber lengthening and A £ < 0 during muscle fiber contraction.

The absolute value of A represents the rate of muscle fiber lengthening or contraction. The
activation level o controls the muscle contraction intensity. Our study adopted the same
activation formula as Pandy et al. [25], and its expression is as follows:

u 1 . _
_ Trise u+ ﬁ?mm (1-u) . (1 — eit[ﬁJrTfa]u (1u)]> (10)
Trise + ﬁ(l o 1/{)

where T;ise and T, represent the characteristic time constants governing the activation
and deactivation processes of the muscle, respectively. They determine how quickly the
muscle reaches its peak activation level and how rapidly it returns to its resting state after
activation. The experimental values Tjsc = 0.02 and 1,;; = 0.2 were provided by Pandy
et al. [25]. u represents the neural excitation, taking values from 0 to 0.5.

The strain energy produced by the muscle fibers can be written as follows:

Uf </\f,)\f,a> = Upg (/\f) + Uck </\f,)\f,0é> (11)
where,

) Lo
e (A ) =1 [ foe (37 ) i (12)

~ L A ~ 2\ o~
Uce ()\f,/\f,ﬂ() = - TNA fEE ()\f) ‘(;E ()\f) d)\f (13)
In summary, the biceps brachii muscle can be regarded as an incompressible, trans-
versely isotropic, hyperelastic material which is assumed to be governed by a constitutive
law linking the second Piola—Kirchhoff stress tensor S and the Green-Lagrange deformation

tensor E. The final second Piola—Kirchhoff stress tensor of the biceps brachii muscle is
as follows:
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_u BUJ au; |, Uy auyay | auy a1 BUf EMf
S —Y-F+H+H -FE+ B+ LY
Al © aAf : (14)
=2JC '+ {bceb<1c—3>} (21—3/21— §1cc1> + z% (]_2/3Af (N @ Ny — ;Afc1>
f

Furthermore, the radius bone and the tendon were treated as isotropic elastic materials,
and the constitutive equation can be written as:

S = Aptr(E) + 2uE (15)

where fr means the trace. The Lame parameters y and A, were 6154 and 9231 MPa,
respectively, for the radius bone, and 56 and 9296 MPa, respectively, for the tendon [26,27].

2.3. Finite Element Discretization

Skeletal muscles are typically regarded as incompressible materials [13]. We employed
the Lagrange multiplier method to constrain the volumetric changes in the muscle. The
incompressibility condition was treated by introducing a constraint function W = J? — 1.
The total potential energy of the muscle can be expressed as a function concerning the
displacement u# and the Lagrange multiplier A:

D, \) = /QUQ n /Q/\WdQ _ /rt-udS (16)

where () and I indicate the volume and boundary surface, respectively. t represents the
external conservative force on the boundary. The Lagrange multiplier A is responsible for
enforcing the incompressible constraint. According to the principle of minimum potential
energy, the variation in the total potential energy ® is equal to zero:

5P = / 5Ed0+/ ( W5E+(5AW> 0 — /rt~(5udS —0 (17)

The necessary condition for the satisfaction of Equation (17) with arbitrary du and
oA is:

f adE : S;,:Q) = fri’ -ouS (18)
[ QéAWdQ =0
where the second Piola—Kirchhoff stress tensor under incompressible conditions can be
written as: SU oW
Sinc = SE T )\ﬁ (19)

The Galerkin procedure was adopted for spatial discretization. The shape function
matrix for displacement # and virtual displacement du is denoted as N. Similarly, the shape
function matrix for Lagrange multiplier A and virtual Lagrange multiplier 6\ is denoted as
M. The discretization of u, du, A, and dA within each element is as follows:

u = Nu™ Su = Néu" (20)

A= MA(M SA = MsAU™ (21)

where 1 and m are the number of nodes and the number of the Lagrange multipliers within
each element, respectively. The final discretized equation can be expressed as follows:

{ {6u}T [ o[B]" J' {Sinc}dO2 = {ou}" [ r[N]"{t}ds (22)
(oM f alM]" W2 = 0

where [B] is the strain-displacement matrix for a large deformation problem [28].
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Our finite element model was validated by performing uniaxial passive stretching
and active contraction simulations. More details can be referred to in Appendix A.

3. Results and Discussion
3.1. The Effect of Biceps Brachii Contraction Velocity on Forearm Flexion

Analyzing the elbow joint flexion angle under certain load condition offers valuable
insights into the forearm’s mobility and muscle performance [29,30]. Our developed finite
element model can reproduce the forearm flexion motion (Video S1). The elbow joint
flexion angle is defined as the difference between the final joint angle (right side of Figure 3)
and the initial joint angle (left side of Figure 3).

Tendon fendon

Distal radius

Final joint angle

Initial joint angle

Elbow joint flexion angle 6 L

<z

"
Distal radius Proximal radius Proximal radius

Figure 3. The definition of elbow joint flexion angle.

The maximum contraction velocity of muscles is related to their activation level [31].
A more rapid increase in muscle activation level results in a quicker muscle contraction
velocity. Therefore, we controlled the muscle’s contraction velocity by changing the activa-
tion level increase rates (Figure 4). We simulated the impacts of the contraction velocities
(fast, medium, and slow) on the forearm flexion by using the linearly increasing activation
level with different rates, as shown in Figure 4. The temporal duration for attaining the
pinnacle of activation, denoted as amax, within the fast, medium, and slow cases, amounted
t0 0.05s,0.20 s, and 1.00 s, correspondingly. For the boundary conditions, we imposed full
constraints on the long head of the biceps brachii tendon and the proximal end of the radius.
To restrict the supination of the forearm, we also constrained the Y-axis displacement of the
nodes near both ends of the radius. Additionally, a vertically downward load was applied
at the anterior end of the radius (Figure 5). This load was gradually applied from zero to
the maximum value (100 N) along with the increase in the activation level.
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Figure 4. Temporal variations in muscle activation level with different increasing rates (fast,
medium, and slow). The uniformity of the maximum activation level was maintained for each

case (&max = 0.91).
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A : Full constraint
J : Load

a2 o

100N

Figure 5. Forearm simulation boundary conditions: complete constraints were imposed on the nodes
located at the distal extremities of the biceps brachii tendon heads, as well as the single node at the
proximal end of the radius; displacement along the Y-axis was restricted at both ends of the radius; a
vertical downward force, with a maximum magnitude of 100 N, was applied at the anterior end of
the radius.

The results showed that the elbow joint flexion angle increased over time until the
activation level reached its maximum value in all cases (Figures 6 and 7). In the medium
and slow cases, the rate of increase in the elbow joint flexion angle gradually decreased
over time. The highest degrees of elbow joint flexion achieved in the fast, medium, and
slow cases were recorded as 28.47, 62.10, and 65.35 degrees, respectively. The force—velocity
(F-V) curve of the skeletal muscles during concentric contraction demonstrates that muscle
force decreases with an increasing contraction velocity [32]. This decrease in muscle force
leads to a reduction in the elbow joint flexion angle. In other words, an increase in the
contraction velocity leads to a diminishing maximum elbow joint flexion angle. Our results
agreed with the F-V curve.
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Figure 6. Temporal variations in elbow joint flexion angle for different muscle contraction velocities.
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t=0.05s t=02s t=1.0s

Elbow joint flexion angle: 15.33 (deg) Elbow joint flexion angle: 43.11 (deg) Elbow joint flexion angle: 65.35 (deg)

Slow

Elbow joint flexion angle: 28.43 (deg) Elbow joint flexion angle: 62.10 (deg)

3.88

I —207.43

Medium

Elbow joint flexion angle: 28.47 (deg)

x-axis displacement (mm)

Fast

Figure 7. The displacements of the forearm along the x-axis and the elbow joint flexion angles
at various times (fast: t = 0.05 s, medium: t=0.05s and t=0.2's, and slow: t=0.05s, t=02s,
and t=1.0s).

From these results, we observed that larger contraction velocities of the biceps brachii

muscle are less advantageous for promoting forearm flexion. When A < —10, the strain
energy produced by the CE element remains constant at zero (Equations (9) and (13)),
leading to diminished contraction stress (Equation (14)) of the muscle fibers, ultimately
resulting in a reduction in the elbow joint flexion angle. According to Alcazar et al. [33],
standard subjects exhibit a negative relationship between muscle force and contraction
velocity during forearm flexion. When the velocity of muscle contraction surpasses a
critical threshold, the muscle becomes incapable of exerting substantial force under a
particular load [33]. Our simulation results matched with this previous finding. There-
fore, we confirmed that our forearm model can reasonably reproduce the forearm’s
flexion movement.

3.2. Simulation of Forearm Flexion Movement in Elderly Individuals

Sarcopenia (muscle loss with aging) is a common disease in elderly individuals,
leading to functional decline, disability, frailty, and falls. Changes in muscle fiber com-
position, muscle strength decline, and neurological dysfunction are the characteristics of
sarcopenia [21,34,35]. By adjusting the relevant parameters of the biceps brachii model, we
quantitatively investigated the influences of sarcopenia on functional decline by simulating
the forearm’s flexion movement: (1) changing the composition of the muscle fibers, i.e., the
percentage of fast-twitch muscle fibers (refer to Section 3.2.1); (2) adjusting the maximum
nominal stress TV to reproduce muscle strength decline; and (3) modifying the neural exci-
tation u to mimic neurological dysfunction. We further conducted a comparative analysis of
the influence of these parameters on the forearm flexion motion. All simulation boundary
conditions remained consistent with those detailed in the preceding section, except that
the load (100 N) was constantly applied throughout the simulation period, mimicking the
condition of the dumbbell curl exercise.

3.2.1. Changes in Muscle Fiber Composition

Muscles consist of two primary types of fibers: fast-twitch (Type II) and slow-twitch
(Type I) fibers. Slow-twitch fibers contract slowly and are fatigue-resistant, making them
well-suited for endurance activities such as long-distance running or maintaining posture.
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Conversely, fast-twitch fibers contract rapidly but fatigue more quickly. The number of
fast-twitch motor units have been found to decrease with human aging [36]. The proportion
of slow-twitch and fast-twitch muscle fibers exhibits interindividual variability and can be
influenced by factors such as genetics and training [37].

In this study, we differentiated between the two categories of muscle fibers in our
muscle model by adjusting the values of T;ise and T, in Equation (10). We set Tj5e = 0.1
and 1, = 1.0 for fast-twitch muscle fibers, while for slow-twitch muscle fibers, T;i5e = 0.3
and 1 = 3.0. Neural excitation u = 0.5 was used for both types of muscle fibers. The
temporal variations in the muscle activation level for fast-twitch and slow-twitch muscle
fibers are shown in Figure 8.
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Figure 8. Temporal variations in muscle activation level for fast-twitch and slow-twitch muscle fibers.

Based on Equations (4), (5) and (7), the nominal stress of muscle, including the contri-
butions of both fast-twitch and slow-twitch muscle fibers, is as follows:

T<)\f,/\f/0€soflxpc> = Tso (Afr/\f/“50> + TG (Af,/\f,rxpc>
= T"uso fPE(M) +fEE()\f) GE (Af/)\f>“50 (23)
+TMurc | fre <)\f> + ftF (/\f>f1§E (M/M)“PG

where T, and Trg represent the muscle stresses generated by slow and fast-twitch muscle
fibers, respectively. Furthermore, ysp and prg denote the percentages of slow-twitch and
fast-twitch muscle fibers within the cross-sectional area, respectively. agp and arg represent
the activation levels of slow-twitch and fast-twitch muscle fibers (Figure 8), respectively.
Alterations in the proportions of fast-twitch fibers play a pivotal role in the age-
related decline of muscle function [20,34,35]. As individuals age, there is a proclivity
for an augmentation in the proportion of slow-twitch muscle fibers, concomitant with a
diminishing trend in the proportion of fast-twitch muscle fibers [38]. In this study, we
employed the biceps brachii muscle fiber composition data of young participants (aged
29 + 5 years), as quantified by Monemi et al., as a baseline (Young in Table 1) [38]. Referring
to Hakkinen et al.’s measurements of muscle fiber composition in elderly individuals
(61 £ 4 years) [39], we systematically decreased the percentage of fast-twitch muscle fibers
by 7%, taking into account the specific context of aging (Elderly I and II in Table 1).
Assuming a linear decline in the percentage of fast-twitch muscle fibers during the aging
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process, we supposed the young case at 30 (5 years), Elderly I at 45 (£5 years), and
Elderly II at 60 (£5 years).

Table 1. Muscle fiber compositions of each case.

Case Young Elderly I Elderly II
Fast-twitch [%] 58 51 44
Slow-twitch [%] 42 49 56

The simulation results showed an increasing trend in the elbow joint flexion angle
over time (Figure 9). An increased percentage of fast-twitch muscle fibers resulted in
an elevated elbow joint flexion angle throughout the entire time frame. Additionally, at
approximately t = 0.1 s, the initiation of forearm elevation was observed. The sequence
of forearm initiation unfolded as follows: Young individuals led the way, followed by
Elderly I, and finally, Elderly II. A reduced percentage of fast-twitch muscle fibers led to
a delay in the onset of forearm elevation. In instances where fast-twitch muscle fibers
were scarce, forearm flexion movements were predominantly governed by slow-twitch
muscle fibers, which possess a reduced stress generation capacity. It is noted that this
conclusion presupposed the maintenance of all other factors in a constant state. According
to Mannion et al. [40], the predominant factor influencing high-intensity exercise capacity
is the proportion of fast-twitch muscle fibers. A greater proportion of fast-twitch muscle
contributes to a superior dynamic exercise performance. Our findings substantiated the
pivotal role of muscle fiber composition in the context of forearm flexion dynamics.
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Figure 9. Temporal variations in the elbow joint flexion angle under different muscle fiber compositions.

The maximal degrees of elbow flexion for the Young, Elderly I, and Elderly II cases
corresponded to 41.17, 39.28, and 37.19 degrees, respectively (refer to Figure 10). A linear
relationship was found between the percentage of fast-twitch muscle fibers and the peak
elbow joint flexion angle. As elucidated by Equation (23), there exists a direct linear
correspondence between the percentage of fast-twitch muscle fibers and muscle stress.
Under the same forearm loading conditions, the greater the proportion of fast-twitch
muscle fibers in the biceps brachii, the larger the muscle stress generated, facilitating
forearm flexion and resulting in an increased elbow joint flexion angle. The simulation
results were consistent with the theoretical model.

We also noted that, with every 10% augmentation in the percentage of fast-twitch
muscle fibers, there ensued a corresponding increment of 2.84 degrees in the maximal
elbow joint flexion angle. This quantitative analysis introduces a novel methodology for
exploring the impact of muscle fiber composition on forearm dynamics. Our findings
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substantiate the notion that a training program focused on fast-twitch muscle fibers can
enhance the forearm flexion ability among older individuals when performing activities
under forearm loading conditions. In accordance with Wilson et al. [41], high-intensity, low-
volume, and/or high-velocity training programs contribute to an increase in the proportion
of fast-twitch muscle fibers. Therefore, engaging in brisk-paced dumbbell bicep curls with
lightweight resistance may mitigate the mobility decrease induced by alterations in muscle
fiber composition [41,42], aiding in preserving independence and autonomy in the daily
lives of elderly individuals.
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Figure 10. The relationship between the percentage of fast-twitch muscle fibers and peak elbow joint
flexion angles.

3.2.2. Biceps Brachii Strength Decline

The aging progression also triggers a conspicuous decline in both muscle mass and
strength. This decline becomes particularly evident beyond the age of 40. In comparison to
young individuals, those surpassing this age threshold encounter a diminution in muscle
strength ranging from 16.6% to 40.9% [43,44]. To elucidate the impact of the decline in the
biceps brachii strength on forearm flexion, we introduced a reduction in the maximum
muscle stress parameter TM (Equation (23)) from 100% to 70%. The remaining parameters
of the simulation remained consistent with those applied to the Young case (refer to
Section 3.2.1). The temporal evolution of the elbow joint flexion angle under varying
percentages of maximum muscle stress is depicted in Figure 11.

45

40 ..ll...lllllllllll

----——-c

35 52 om —
.'.”’ a— —_—
30 ‘-'
-.,’
25 57

esees 100%
- e «90%
s 80%

20

15

10 7 0%

Elbow joint flexion angle 6 (deg)

0.0 0.2 0.4 6 0.8 1.0

* Time (s) 2

Figure 11. Temporal evolution of the elbow joint flexion angle under varying percentages of maxi-
mum muscle stress.
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It is noted that an elevated maximum muscle stress TM led to a greater elbow joint
flexion angle throughout the entire temporal duration (Figure 11). Additionally, at approxi-
mately t = 0.1 s, the forearm started to elevate. A reduction in the maximum muscle stress
triggered a delayed commencement of forearm elevation. This delay is attributed to the
diminished maximal muscle stress, resulting in a smaller actual muscle force at an equiva-
lent level of activation (Equation (23)). This reduction necessitated an extended duration
to reach the requisite muscle force for the elevation of the load, ultimately introducing a
temporal lag in the initiation of forearm elevation.

The elbow joint flexion angles under different maximum muscle stresses are illustrated
in Figure 12. As the maximum muscle stress T diminished, the peak elbow joint flexion
angle also decreased. A nearly linear relationship was observed between the maximum
elbow joint flexion angle and the magnitude of the maximum muscle stress. According to
Equation (23), the maximum muscle stress parameter acts as a coefficient for generating
the muscle force during muscle contraction. Therefore, a greater maximum muscle stress
promotes forearm flexion. According to Jung et al. [45], there exists a positive correlation
between muscle strength and range of motion. Our simulation results were consistent with
this observation.
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Figure 12. The relationship between the percentage of maximum muscle stress and the peak elbow
joint flexion angle.

It was also observed the peak elbow joint flexion angle exhibited a decrement of
3.59 degrees for every 10% reduction in the maximum muscle stress. This quantitative
analysis provides a novel perspective for comprehending the impact of diminishing muscle
strength on forearm movements. Our study showed that the maximum muscle stress plays
an important role in forearm flexion movements. According to Kalapotharakos et al. [46],
the continuation of a strength training program is essential for maintaining muscle strength
and functional performance in old individuals. Moderate resistance strength training
from 2 to 3 days per week can effectively prevent age-related muscle strength decline and
improve the quality of life for elderly individuals [47,48].

3.2.3. Neurological Dysfunction

From the generation of neural signals to the initiation of muscle contractions, numer-
ous age-related changes occur in the nervous system. These changes collectively contribute
to neurological dysfunction [49-53]. Within the framework of this investigation, we fine-
tuned the neural excitation parameter u to emulate the manifestation of neurological
dysfunction. It was posited that neural excitation would diminish incrementally from 0.5
to 0.1 in discrete 0.1 intervals, with the aim of replicating the progression of neurological
dysfunction. The rest of the simulation conditions were the same as for the Young case
(refer to Section 3.2.1). The temporal variations in the forearm flexion angle under different
neural excitations are shown in Figure 13.
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Figure 13. Temporal variations in the elbow joint flexion angle under different neural excitations.

Our observations indicated a positive relationship between the magnitude of neural
excitation and the degree of elbow flexion during forearm movement (Figure 13). At
approximately 0.1 s, the forearm endowed with the highest neural excitation level (1 = 0.5)
commenced its elevation. The forearm with the smallest neural excitation (z = 0.1) com-
menced its elevation at 0.42 s. A greater neural excitation level led to an earlier initiation
of forearm elevation. Furthermore, we observed that, in comparison to u = 0.2, when
u = 0.1, there was a significant reduction in the elbow joint flexion angle, accompanied by
a noticeable postponement in the timing of forearm elevation. This reduction in neural ex-
citation corresponds to diminished muscle activation levels and muscle stresses (Equations
(10) and (23)), resulting in a decline in forearm motion capability. As elucidated by Kwon
et al. [54], age-related nervous system changes affect the entire process, from neural signal
generation to muscle contraction, further impacting motor performance and muscle force.
Our simulation results were consistent with the experimental findings.

The relationship between peak elbow joint flexion angle and neural excitation is
illustrated in Figure 14. As the neural excitation decreased, a corresponding reduction
occurred in the peak elbow joint flexion angle. This relationship is notably nonlinear,
due to the fact that, muscle stress, which has a direct relationship with the peak flexion
angle, exhibits a nonlinear association with neural excitation (Equations (10) and (23)).
Especially when u < 0.2, there was a marked decrease in the peak elbow joint flexion
angle. These findings suggest that u = 0.2 serves as a critical threshold, below which, the
forearm’s motion capability undergoes a substantial diminishment. When neural excitation
u surpasses the 0.2 threshold, each 10% reduction in neural excitation u corresponds to a
concomitant decrease of 1.76 degrees in the peak elbow joint flexion angle. Conversely,
when u falls below the threshold of 0.2, each 10% reduction in neural excitation leads to a
more pronounced decline of 7.44 degrees in the peak elbow joint flexion angle.
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Figure 14. The relationship between peak elbow joint flexion angles and neural excitations.
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Clark et al.’s [49] research indicated that age-related strength decline is not only linked
to muscle atrophy, but also depends on neurological factors. Our findings can help to
explain the impact of neural excitation on forearm movement under loading conditions.
Furthermore, our simulation provided valuable information for determining the critical
threshold of neural excitation.

3.2.4. Implication of Our Simulations

We succinctly encapsulated the repercussions of a 10% decrement in the investigated
factors on the peak flexion angle (Table 2). In instances where the neural excitation value
exceeded the threshold (u > 0.2), our findings revealed that the most significant influence on
forearm flexion kinetics stemmed from the reduction in the biceps brachii strength, resulting
in a reduction of 3.59 degrees. Subsequently, alterations in muscle fiber composition
contributed to a decrease of 2.84 degrees, while neurological dysfunction exerted the least
impact, with a decline of 1.76 degrees. Conversely, when the neural excitation value
fell below the threshold (u < 0.2), neurological dysfunction emerged as the paramount
determinant affecting forearm flexion movements in older individuals, manifesting a
substantial reduction of 7.44 degrees.

Table 2. The peak elbow joint flexion angle reduction in elderly subjects under different factors.

Muscle Fiber Biceps Brachii Neurological Neurological
Composition Change Strength Decline Dysfunction (1 > 0.2) Dysfunction (1 < 0.2)
Reduced angle (deg) 2.84 3.59 1.76 7.44

When the neural excitation value exceeded the threshold (u > 0.2), the decline in the
biceps brachii strength became the most significant factor influencing forearm movement,
compared to changes in muscle fiber composition. The reason is that the decrease in muscle
maximum stress caused by muscle strength decline directly affected the muscle force output
(Equation (23)). However, changes in muscle fiber composition indirectly influenced the
muscle force and had a smaller impact. When the neural excitation value was under the
threshold (1 < 0.2), the non-linear relationship between neural excitation and the activation
level led to a significant decline in muscle stress (Equations (10) and (23)), making it the
main factor influencing elbow flexion movement.

According to Clark et al. [49], the aging process is accompanied by a gradual reduction
in motor neurons, which impacts the motion capabilities of elderly individuals. When the
critical threshold for the number of motor neurons is reached (typically occurring between
the ages of 65 and 80), functional disabilities manifest [55]. Our simulation results hold
the promise of providing assistance in the development of targeted exercise programs
for elderly individuals across different age groups. For elderly individuals under the age
of 65, focusing on muscle strength training has proved to be the most effective method
for enhancing their motion capabilities, which encompasses implementing progressive
strength training or moderate resistance strength training [46]. For those aged 65 and older,
exercise programs aimed at improving neurological system functionality become the most
effective means for improving their motion capabilities. For instance, developing a training
regimen that combines high-resistance training with explosive exercises is an effective
approach [56,57].

4. Conclusions

In this study, we developed a simplified forearm finite element model including
radius, biceps brachii, and tendons to simulate the forearm flexion motion. Since only
the biceps brachii muscle was considered in our study, the synergistic interactions among
other tissues were neglected. Therefore, the more complicated motions such as the neck
behind-arm flexion extension and bench press movement cannot be reproduced by this
model. In this work, we also conducted a parametric study to quantitatively investigate the
effects of factors including muscle contraction speed, the proportion of fast-twitch fibers,
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maximum muscle stress, and neural excitation on the flexion angle with a dumbbell load
based on the developed model. In the future, a comprehensive experimental investigation
to quantitatively measure these parameters will be necessary for validating the accuracy of
our simulation results.

From the simulation results produced by this simplified model, we observed that a
slow muscle contraction velocity facilitates the forearm flexion movement, which agreed
with the trend of the F-V curve. By analyzing the influence exerted by various factors on
forearm motion, we also obtained the subsequent findings:

e  Alarger percentage of fast-twitch muscle fibers and a greater maximum muscle stress
value are benefits for forearm flexion movement;

e  The fast-twitch muscle fibers’ percentage and maximum muscle stress are linearly
correlated with the maximum elbow joint flexion angle;

e  The enhancement of neural excitation levels yields advantages in forearm flexion,
showcasing a non-linear interplay between neural excitation and the maximum elbow
joint flexion angle;

e  Moreover, our findings indicated that, when neural excitation levels surpass the
threshold, the preeminent factor governing arm flexion movements is the maximal
muscle stress. Conversely, in situations where neural excitation levels fall below the
threshold, neural excitation takes precedence as the dominant influence on forearm
flexion dynamics. Our findings hold significant implications for understanding the
mechanisms of forearm motion and guiding rehabilitation training for sarcopenia.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bioengineering11010023/s1, Video S1: Animation of the forearm
flexion movement simulated by our finite element model.
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Appendix A. Validation

To validate the muscle finite element model, a single hexahedral element with a 1 mm
side length (Figure Al) was used to simulate the muscle stretching in the passive state and
contraction in the active state. The muscle fiber direction was aligned along the Z-axis. The
boundary conditions for uniaxial passive stretching and active contraction of the muscle
model are illustrated in Figure Al. Additionally, by applying enforced displacement, the
upper four nodes underwent the following conditions: a. they were uniformly stretched
along the Z-axis at a rate of 0.1 mm/s from 0 to 1 s (passive stretching). b. from 1 to
1.2 s, they experienced uniform contraction at a rate of —1 mm/s (active contraction). In
this simulation, we utilized the maximum muscle stress TM = 0.6688 Mpa. The neural
excitation value was set as u = 0 during 0-1 s (passive stretching) and u = 0.5 during
1-1.2 s (active contraction), while the rest of the simulation parameters were the same as in
Section 2.2.
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Figure A1. The boundary conditions for the uniaxial passive stretching and active contraction of the
muscle model.

We also computed the theoretical value of the second Piola—Kirchhoff stress S, as
shown in Equation (A1):
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where, under uniaxial passive stretching and active contraction condition, there exist:
~ ~—2 ~ ~2 ~—1 < ~
Cy_y1 = Af, CZ_Z1 = Af , e = /\f + 2)\f , Af =0.1s"! (passive stretching), /\f = —1s71
(active contraction). Additionally, according to Equation (10), during passive stretching
« = 0, where during active contraction, 0 < a < 0.905.
The simulated results in terms of the second Piola—Kirchhoff stress S,, are compared
with the theoretical values in Figure A2. Figure A2 illustrates the relationship between the

+o

e
(A1)

+ o

1 ~

S:z and the muscle fiber stretch ratio A during passive stretching and active contraction.
The simulated S, results matched the theoretical curve throughout the entire process,
which validated the finite element discretization.
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Abstract: This study departs from the conventional research on horizontal plane reach movements by
examining human motor control strategies in vertical plane elastic load reach movements conducted
without visual feedback. Here, participants performed shoulder presses with elastic resistances at low,
moderate, and high intensities without access to visual information about their hand position, relying
exclusively on proprioceptive feedback and synchronizing their movements with a metronome set at
a 3 s interval. The results revealed consistent performance symmetry across different intensities in
terms of the reach speed (p = 0.254-0.736), return speed (p = 0.205-0.882), and movement distance
(p = 0.480-0.919). This discovery underscores the human capacity to uphold bilateral symmetry
in movement execution when relying solely on proprioception. Furthermore, this study observed
an asymmetric velocity profile where the reach duration remained consistent irrespective of the
load (1.15 s), whereas the return duration increased with higher loads (1.39 s-1.45 s). These findings
suggest that, in the absence of visual feedback, the asymmetric velocity profile does not result from the
execution of the action but rather represents a deliberate deceleration post-reach aimed at achieving
the target position as generated by the brain’s internal model. These findings hold significant
implications for interpreting rehabilitation approaches under settings devoid of visual feedback.

Keywords: elastic resistance; shoulder press; proprioception; reaching; OpenPose; skewness; exercise
intensity; symmetry

1. Introduction

In everyday life, humans execute numerous reaching movements, employing a combi-
nation of the brain’s internal model [1], visual information [2], and the intricate interplay
of the musculoskeletal system [3] to achieve precise targeting. Notably, among all body
joints, the shoulder joint offers the highest degree of freedom for these movements [4]. The
control of the shoulder joint during reaching movements is primarily influenced by two
key factors: muscle fatigue [5] and visual feedback [6]. Muscle fatigue can significantly
diminish the force-generating capacity of the shoulder’s surrounding muscles, posing a
challenge to maintaining movement performance. Within this context, visual feedback
assumes a pivotal role. It refers to the sensory information received through the eyes, which
aids in coordinating and adjusting movements based on visual cues [7]. However, when
visual feedback is unavailable, reliance shifts to proprioception. Proprioception, or the
proprioceptive sense, recognizes body position and the necessary force adjustments with-
out relying on visual inputs [8,9]. While proprioception is crucial for movement control,
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it inherently lacks the precision offered by visual feedback [10]. When visual feedback is
unavailable and elastic resistance is introduced as an external force, an essential component
of proprioception, known as movement feedback, experiences enhancement [11]. This
enhancement results in an increased level of accuracy in reaching movements. Elastic bands
provide a resistance that intensifies as the distance from the neutral position increases,
thereby furnishing finely tuned feedback for joint position and muscle force control [12].
This directly contributes to the enhancement of proprioception.

Past studies have predominantly examined the influence of load on reaching move-
ments within a two-dimensional horizontal plane with visual feedback [13,14]. Human
movements typically follow straight trajectories from the initial point to the target, char-
acterized by symmetric, bell-shaped velocity profiles [15], as elucidated by the minimum
variance model [16] and the minimum torque-change model [17]. When an elastic load is
applied, the minimum variance model predicts asymmetrical velocity profiles due to the
influence of the elastic force, whereas the minimum torque-change model anticipates sym-
metrical velocity profiles regardless of the magnitude of the external force. Nevertheless,
human movements encompass not only horizontal but also vertical components. Thus,
for a comprehensive understanding of human reaching movement control, it becomes
imperative to analyze reaching movements across various planes, considering the presence
or absence of visual feedback.

The primary objective of this study was to examine the strategies governing movement
control during reaching motions within a vertical plane, particularly when visual feedback
was absent and elastic resistance was introduced. In this context, participants engaged
in shoulder presses utilizing elastic bands, emphasizing the compensatory role played
by somatosensory feedback and the impact of muscle fatigue when experiencing elastic
resistance. Generally, when individuals rely solely on somatosensory feedback, an expected
outcome is an asymmetry in the movement speed between the dominant and non-dominant
arms, attributable to differences in sensory reliance [18]. Furthermore, exercises that
primarily employ somatosensory feedback are anticipated to prioritize the minimization
of muscle force fluctuations over the reaching accuracy, likely resulting in symmetrical
velocity profiles [19]. This approach can advance our comprehension of proprioception
development in diverse reaching movement contexts and offers a more intuitive framework
for movement analysis.

2. Materials and Methods
2.1. Subjects

Thirty healthy participants, with an average age of 22.8 + 1.97 years and no physi-
cal impairments, were selected for this experiment. All participants were provided with
comprehensive written and verbal explanations detailing the experiment’s purpose, back-
ground, precautions, and procedures. Subsequently, written informed consent was ob-
tained from each participant. This study received approval from the Institutional Review
Board of Handong Global University (Approval No. 2022-HGUA020) on 25 September
2023. Table 1 provides a summary of the participants” information. The participants were
recruited through the use of advertisements. During the initial screening process, ques-
tionnaires were employed to evaluate all participants for the presence of any physical
injuries. Only those individuals without injuries were considered eligible for participation
in the experiment. The inclusion criterion for participation in the study was either no prior
experience in resistance exercises or less than two months of experience. Exclusion criteria
included a maximum muscle strength lower than 2.63 kgf for each arm and the presence of
physical or mental disabilities.
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Table 1. Information on the participants.

Male (n =17) Female (n = 13) Total (n = 30)
Age (years) 240+4.2 262 +49 249+4.6

. . . Right (n = 12) Right (n = 29)

Dominant hand Right (n = 17) Loft (n = 1) Loft (n = 1)

Body length (cm) 409+£23 36.6£2.1 402+24
Left arm length (cm) 56.3+22 49.0+24 54.7+ 3.0
Right arm length (cm) 56.6 £2.8 491425 548 £3.2
Maximal strength 18.3 +£3.19 81425 13.9+5.8

2.2. Experimental Setup

In this experiment, participants performed a band shoulder press. The bands used
were TheraBand elastic bands (TheraBand, Performance Health, Akron, OH, USA) with
seven different resistance levels ranging from the yellow-colored band with minimum
tension (1.36 kgf, 100% of elongation) to the gold-colored band with maximum tension
(6.44 kgf, 100% of elongation). As the elastic bands stretched, the resistance increased.
The maximum joint range of motion (ROM) of the participants was measured to ensure a
consistent maximum band tension in the experiment. Half of the measured length from the
arm to the body was set as the length of the elastic band. This helped ensure that the elastic
load did not exceed 100% during exercise.

To analyze the participants’ movements, we captured videos using an RGB camera
(STREAMCAM, Logitech, Lausanne, Switzerland). The camera supported a resolution
of 1080 p and recorded 60 frames per second (fps). The LogiCapture software 2.08.12
(Logitech, Lausanne, Switzerland) was used to record videos at 60 fps. The camera was
positioned on a tripod at a height of 1 m from the ground and a distance of 2.2 m away
from the participants in the frontal view.

To validate the accuracy of the joint positions estimated by OpenPose (version 1.6.0)
from the camera data, inertial measurement units (IMUs) were attached to both forearms in
front of the elbows of the participants. The IMUs consisted of a transmitter (EBIMU24GV5,
E2BOX, Hanam-si, Gyeonggi-do, Republic of Korea) and a receiver (EBIMU24GV5, E2BOX,
Hanam-si, Gyeonggi-do, Republic of Korea) capable of recording quaternion, gyro, and
acceleration data. The IMUs were sampled at 60 fps to match the camera data. The receiver
was attached to the ground and placed approximately 50 cm in front of the participants to
ensure that it did not interfere with their movements (Figure 1).

Receiver

RGB camera
Height 1m

Figure 1. Schematic of the experimental environment. The RGB camera was positioned 2.2 m from
the participants and at a height of 1.1 m from the ground. Each participant repeatedly performed
lifting and lowering actions in sync with a metronome that rang at 3 s intervals.
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To minimize the influence of psychological factors and individual variations in exercise
repetition speed, a metronome with a tempo set at 20 beats per minute was employed [20].
Per the metronome’s auditory cues, participants raised and lowered the elastic band in
synchrony with each sound. The metronome function was programmed using MATLAB
R2021b and transmitted through the speakers of the measurement equipment, a Precision
7760 laptop (Dell Technologies Inc, Round Rock, TX, USA).

2.3. Experimental Procedure
2.3.1. 1-Repetition Maximum Measurement Session

Initially, a session was conducted to measure the 1-repetition maximum (1 RM) to
set the weights according to different exercise intensities. First, an explanation of the
shoulder press posture was provided to the participants. A familiarization session followed
this to ensure accurate performance in terms of the movements. Female participants
performed the exercises without employing an elastic band, whereas male participants
utilized a yellow band, and each group completed the exercise regimen five times. This
methodological choice was based on the hypothesis that the lower maximum muscular
strength typically observed in females might impede their ability to attain accurate posture
when guided by the lightest resistance band. By contrast, considering that the maximum
muscular strength in males is estimated to surpass the weight of the lightest band by more
than five-fold, using a yellow band was deemed suitable for this group. Subsequently,
starting with the yellow band, the participants incrementally performed a single shoulder
press for each stage. The posture was considered correct when the elbow level exceeded
the height of the nose when the arms were fully extended. A successful lift was recorded if
the participant performed the shoulder press within a sufficient range of motion; otherwise,
it was considered a failure. Upon successfully lifting the weight, the participants rested
for 2 min before attempting to lift the next weight in the following order: yellow, red, blue,
green, black, gray, and then gold. The measurement was repeated after successful attempts
with the gold band, starting with the lighter bands. The weight in the previous successful
attempt was considered 1 RM if the participant could no longer perform a single repetition
or failed to achieve the standard range of motion.

2.3.2. Intensity-Specific Exercise Sessions

After a 3-day rest period, intensity-specific exercise sessions (low, high, and moderate)
were conducted. The intensity criteria were as follows:

Low intensity: bands with a weight less than or equal to 40% of 1 RM [21].
Moderate intensity: bands with a weight greater than or equal to 50% of 1 RM but less
than high-intensity bands.

e High intensity: bands with a weight greater than or equal to 80% of 1 RM [22].

The experiment was conducted in the following order: low, high, and moderate in-
tensity. Eston et al. reported, using the Borg-15 scale, that individuals perceived weight
as “low” in intensity when it corresponded to 40% of their 1 RM (one-repetition max-
imum). Furthermore, Morishita, S. documented that a weight perceived as “high” in
intensity aligned with over 80% of the 1 RM. Because a paucity of research explicitly defines
the percentage of 1 RM associated with the “moderate” intensity level, an intermediate
weight falling between the “low” and “high” categories was established for this categoriza-
tion. This was repeated for a maximum of 15 times [22] or until the participant could no
longer lift.

If the elbow did not touch the height of chin or the movement did not match the beats
per minute, the number of repetitions was recorded, and the participant was asked to rest
for a certain period. After each session, a 5 min rest period was allowed, during which
participants assessed their exercise intensity using the Borg 15-point RPE scale. After 5 min,
the participants were asked about muscle fatigue. If fatigue was experienced, an additional
2 min rest period was allowed to minimize the impact of muscle fatigue.
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2.3.3. Openpose Validation Session

Eight randomly selected participants were chosen to validate the OpenPose data
following the intensity-specific exercise sessions. The selected subjects wore IMU sensors
in front of their elbows and performed 15 repetitions with a yellow band.

2.4. Data Analysis
2.4.1. Data Processing

The recorded videos were processed using the OpenPose to estimate the joint positions.
The exercise data of the participants were represented as individual positional data using
the Body_25 format. Upon conversion of the data to the Body_25 format, matrices repre-
senting pixel data x;, y; for joints in the human body were obtained. The vertical positions
of the endpoints of the right and left hands were denoted as y, and y, respectively.

A first-order low-pass filter with a cutoff frequency of 0.5 Hz was applied to remove
outliers and high-frequency noise from the data of the participants. The transformed data
were recorded in terms of pixels. Notably, individual body lengths or situational factors
can influence the analysis of the data in pixel coordinates. Therefore, the z-score technique
was employed to normalize the OpenPose data for each participant. Each normalized joint
position was obtained using the following:

)

Here, x; refers to the joint position data, while i and o denote the mean and standard
deviation of the joint position data during one trial, respectively.

2.4.2. Openpose and IMU Comparison

To validate the precision of the OpenPose technology, a comparison was conducted
between the shoulder angle measurements obtained from both the IMU and OpenPose.
The OpenPose approach involved the computation of the shoulder angle utilizing vector
mathematics.

vector; = (Poy — Pix P2y = P1y
vectory = { P3y — P1xP3y — P1y

_ —1( _vector; -vector,
0 = cos (|vector1\~\vector2\>

P1xP1y = X2 0r5: Y2 or 5/ Paxs Pay = X9 0r 12/ Y9 or 12/ Pax Pay = X3 0r 6/ Y3 0r 6

This process facilitated accurate estimation of joint positions and the computation of
joint angles by utilizing OpenPose’s advanced pose estimation algorithms. By contrast, the
IMUs yielded a distinct yet complementary angle estimation. The quaternions recorded by
the IMUs were meticulously converted into Euler angles, representing roll, pitch, and yaw.
When the IMUs were placed on the participants during the band shoulder press exercise,
the roll angle corresponded to the shoulder angle in the frontal plane. This specific angle
was then compared to the angle derived from OpenPose.

e RMSE (Root Mean Square Error): To understand the error between the two mea-
surement techniques, the root mean square error method was employed. Here, ypp
represents the estimated angle of the shoulder from Openpose, and yp,; is the angle
estimated from the IMU. n denotes the length of data for each measurement.

1 2
RMSE = \/HZ?_1 (YPP - YIMU)

e  Correlation coefficient (CC): To analyze the correlation, the CC for the angle of the
shoulder measured using both the IMU and OpenPose was calculated. A CC value of
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0.8 or above indicated a strong correlation between the two measurement methods.
The coefficient was calculated using the following formula:

cC — Yita (yep — pr) (Yvu — Yimu) . 2)
\/ Lit1 (Yep — Yop) \/ Yt (Yimu — Yimu)

Here, ypp is the angle of the shoulder obtained from OpenPose, yy; is the angle
obtained from the IMU, and ypp and yy,; are the mean angles of the shoulder calculated
from each respective source.

2.4.3. Skewness

The skewness of the velocity profile indicates whether the speed distribution is sym-
metric or biased in one direction. If the skewness is close to zero, the speed distribution is
symmetric. If it is not zero, the distribution is biased in one direction. The skewness was
calculated using the density function of the gamma distribution [23].

it ti-v(t)-At

H= Y180 v(t)-At ©)
180 t 2
2 11<180 ())() | w

032180 v( ) At

In this formula, p is the expectation value of the velocity profile, o2 is the variance of
the velocity profile, v(t;) is the velocity profile, and At is the measuring interval, i.e., 1/60
of a second. The skewness was calculated for the velocity profile within the 0-3 s interval,
and the calculation was repeated every 6 s from the neutral position to the maximum
elastic load.

2.5. Statistical Analysis

IBM SPSS Statistics 21 (IBM Corp., New York, NY, USA) was employed for data
analysis using the two-way repeated analysis of variance (ANOVA) technique. In this
analysis, the first factor was “hand”, representing the dominant hand (DH) and non-
dominant hand (NDH), and the second factor was “intensity”, categorized into three levels:
low (I1), moderate (12), and high intensity (I3). This analysis determined the main effects of
each factor and the interactions between the two factors. Statistical significance was set at
<0.05. In cases where the main effects or interaction effects were statistically significant, post-
hoc tests were conducted to determine where significant differences occurred. Bonferroni
correction was applied to mitigate errors resulting from multiple comparisons. Additionally,
the mean (M), standard error (SE), and standard deviation of the data were computed.
Furthermore, Mauchly’s sphericity test assessed the assumption of sphericity for the
ANOVA results obtained from repeated measurements.

3. Results
3.1. Comparison of Bilateral Performance in Lifting and Lowering Speeds at Various Intensities

In Section 3.1, our primary interest lies in assessing the symmetry between the DH
and NDH. The study focused on lifting and lowering movements and aimed to investi-
gate whether hand dominance would impact performance when participants interacted
with a resistance of varying intensity levels. This inquiry was particularly relevant in
proprioceptive feedback, where visual cues were absent, and the primary emphasis relied
on the body’s internal sensory feedback mechanisms. Our analysis utilized a two-way
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repeated-measures ANOVA to discern any significant disparities in performance between
DH and NDH across low, moderate, and high intensity levels (Figure 2).

4 Lifting & Lowering Speed of Hand Y Coordinate
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Figure 2. Boxplot for the lifting and lowering speeds at each intensity level and hand dominance.

The boxplot comparison in Figure 2 illustrates normalized speeds for both lifting
and lowering at each intensity level, categorized by hand dominance. The results of the
two-way repeated-measures ANOVA indicated no significant interaction effect on the
lifting speed of the hand’s y-coordinate (F(2,58) = 0.854, p = 0.431, partial n> = 0.029, as
detailed in Supplementary Table S1). Specifically, no discernible performance differences
were observed between DH and NDH across the intensity levels. At low intensity (I1),
DH and NDH demonstrated equivalent lifting speeds (DH: M = 2.747, SE = 0.636; NDH:
M = 2.727, SE = 0.595; p = 0.490), and this pattern persisted across moderate (I2) and
high intensities (I3) with minimal variance. Likewise, the lowering speeds exhibited a
similar trend, with no significant interaction effect between hand dominance and intensity
(F(2,58) = 1.159, p = 0.321, partial n? = 0.038, as detailed in Supplementary Table S2). This
finding indicates that the process of returning from the vertical target point to the starting
position remained consistent between DH and NDH at all tested intensities. For instance,
at low intensity, both hands displayed comparable results (DH: M = 1.928, SE = 0.552;
NDH: M =1.955, SE = 0.490; p = 0.205), a pattern that was also valid at moderate and
high intensities. In summary, the lifting and lowering speeds between DH and NDH were
statistically indistinguishable under various loading conditions. This suggests that hand
dominance does not significantly impact the speed of arm movement coordination in tasks
performed without visual feedback.

3.2. Comparison of Lifting Speed, Lowering Speed, and Range of Motion at Various Intensities

This section expands beyond the bilateral symmetry focus discussed in Section 3.1.
It delves into how the body reacts to differing levels of imposed load. By classifying
intensity into three distinct levels—low, moderate, and high—we can pinpoint noteworthy
variations in performance, especially in lifting speed, which exhibit significant differences
at higher intensities. Figure 3 displays a boxplot analysis structured to elucidate the effects
of exercise intensity on three kinematic parameters: lifting speed, lowering speed, and
range of motion.
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Figure 3. Boxplot for the (a) lifting speed, (b) lowering speed, and (c) range of motion at each
intensity level.

(a) Lifting Speed: The analysis revealed a noteworthy reduction in lifting speed at
high intensity (I3), with the DH exhibiting a mean speed of 2.311 (SE = 0.720) and the
NDH displaying a mean speed of 2.293 (SE = 0.666). This represents a significant decrease
from the lifting speeds observed at low intensity (I1), where DH had a mean speed of
2.747 (SE = 0.636), and NDH had a mean speed of 2.727 (SE = 0.595). Both DH and NDH
demonstrated statistically significant differences (DH: p = 0.001; NDH: p = 0.001) when
comparing the high-intensity to low-intensity conditions.

A similar pattern of significant reduction in lifting speed was observed when compar-
ing high intensity to moderate intensity (I12). DH had a mean speed of 2.758 (SE = 0.604),
and NDH had a mean speed of 2.714 (SE = 0.467), with both DH and NDH again show-
ing statistically significant differences (DH: p < 0.001; NDH: p < 0.001). However, it is
worth noting that the transition from low to moderate intensity did not yield significant
differences in lifting speed (DH: p = 1.00; NDH: p = 1.00). This suggests that the impact
of exercise intensity on lifting speed becomes more pronounced at the higher end of the
intensity spectrum.

(b) Lowering Speed: In contrast to the findings related to lifting speed, no significant
differences were observed in the lowering speed across the various intensity levels. This
consistent pattern was observed for both the DH, with a mean speed of 1.928 (SE = 0.552) at
low intensity, and NDH, with a mean speed of 1.955 (SE = 0.490). These results suggest that
the presence of elastic resistance does not significantly influence control during the lowering
phase. Statistical analysis supported this observation, with no significant differences
found for DH (p = 0.544 at moderate intensity and p = 0.303 at high intensity) or NDH
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(p = 0.066 at moderate intensity and p = 0.181 at high intensity) when comparing different
intensity levels.

(c) Range of Motion: The range of motion remained consistent across all intensities,
with low intensity (I1) demonstrating a mean value for DH at 2.394 (SE = 0.078) and for
NDH at 2.388 (SE = 0.081). This consistency persisted through moderate intensity (12) (DH:
M =2.367, SE = 0.086; NDH: M = 2.363, SE = 0.083) and high intensity (I3) (DH: M = 2.391,
SE = 0.096; NDH: M = 2.393, SE = 0.105), with no statistically significant differences (DH:
p = 0.150; NDH: p = 0.160 between low and moderate, and DH: p > 0.99; NDH: p > 0.99
between moderate and high).

In summary, these observations highlight that, except for a noticeable reduction in
lifting speed at the highest intensity, the participants” performance in terms of both speed
and range of motion remained relatively unaffected by the intensity of the exercise.

3.3. Changes in the Velocity Profile with Varying Intensities

Among the kinematic data previously categorized into low, moderate, and high
intensities, we specifically compare the velocity profiles under low- and high-intensity
conditions. Figure 4 depicts the velocity profile of the lifting speed by intensity level.

Velocity Profile

25
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Figure 4. Modulation in velocity profiles with a shift in exercise intensity from a low to high level.

In Table 2, indicators representing the characteristics of velocity profiles for each
intensity level are organized and recorded.

Table 2. Skewness, peak velocity, and the time to peak velocity during reaching.

. . Time to Exercise
Intensity Skewness Peak Velocity Peak Velocity Duration
Low 0.294 2.200 1.122 2.514
High 0.351 1.982 1.151 2.601

The low-intensity condition exhibited a velocity profile with a skewness of 0.294, indi-
cating a relatively symmetrical distribution of speeds with a peak velocity of 2.200 reached
within 1.122 s after movement initiation. This profile was captured during the phase of
motion, where participants stretched upwards in response to a metronome cue over a3 s
interval. Notably, the exercise duration for the low-intensity condition averaged 2.514 s.

By contrast, the high-intensity trials displayed a velocity profile with a skewness of
0.351, reflecting a slightly more asymmetrical distribution of speeds. The peak velocity
observed was lower at 1.982, and the time to reach this peak was slightly longer, at
1.151 s. The exercise duration for these trials was, on average, marginally longer at 2.601 s.

48



Bioengineering 2024, 11, 1

Comparing these two profiles underscores the impact of intensity on the dynamics of
movement execution. Specifically, the increase in skewness and the decrease in peak
velocity at higher intensities may suggest a shift in strategy to accommodate the greater
resistance, potentially implicating the recruitment of different muscle groups or changes in
neuromuscular control.

3.4. Comparative Analysis of Shoulder Angles Using OpenPose and IMU

To determine the positional accuracy of OpenPose in kinematic assessments, we
conducted a comparison with the established IMU-based measurements of upper arm
inclination angles during repetitive exercises. Figure 5 illustrates this comparison across
15 exercise repetitions, visually representing the agreement between the two methods.
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Figure 5. Alignment of shoulder angle measurements obtained from OpenPose and IMU during a
series of upper arm movements.

In Table 3 we present a comparison of the results obtained from OpenPose and IMU,
utilizing the root mean square error (RMSE) and the CC as key metrics for evaluation.
Remarkably, the CC values, indicative of the degree of correlation between the two mea-
surement techniques, consistently remained at a high level of 0.99 across all conditions. This
remarkable level of correlation underscores an excellent agreement between the OpenPose
and IMU methods, suggesting that OpenPose is a dependable tool for the real-time capture
of upper arm kinematics.

Table 3. Comparison Result of Openpose and IMU.

1 2 3 4 5 6 7 8
RMSE 8.65 9.03 9.25 11.85 11.30 9.59 11.68 9.84
CC 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99

The RMSE values, which ranged from 8.65 to 11.85, demonstrate a relatively narrow
margin of error between the readings obtained from OpenPose and IMU across the par-
ticipants. This consistent RMSE range indicates that OpenPose can estimate the upper
arm shoulder angle with an accuracy similar to that of the IMU. Furthermore, the con-
sistent maintenance of relatively low RMSE values strengthens the assertion that both
methodologies closely align when estimating kinematic data.

4. Discussion

The findings of this study make a substantial contribution to our comprehension
of motor control in situations lacking visual feedback, particularly in the presence of
elastic loads. The notable preservation of symmetry in reaching movements, regardless
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of hand dominance, represents a remarkable aspect that calls into question the traditional
understanding of proprioception’s role in motor coordination.

4.1. Symmetry under Elastic Load

Our experiment has substantiated that symmetry in reaching movements persists
even when an elastic load is applied without visual information. Conventionally, bilateral
coordination in movements with visual feedback has been acknowledged for its symmetry,
attributed to the substantial influence of visual cues on trajectory generation and adjust-
ment [24]. However, our study has unveiled that even without visual feedback, humans can
uphold movement symmetry through proprioception. This finding suggests that internal
motor control mechanisms are pivotal in preserving symmetry rather than relying solely
on external visual feedback. The physical positioning and load detected under elastic
resistance are communicated to both arms through commands generated in the primary
motor cortex (M1). Arm dominance introduces disparities in the sensory information that
each arm targets.

Previous research has indicated that the DH prioritizes visual targets, whereas the
NDH prioritizes proprioceptive targets [25]. Consequently, in high-intensity exercises
where muscle fatigue is a factor, it is anticipated that control by the NDH would become
more prominent, potentially leading to asymmetric movements. However, our results
demonstrate that even without visual targets, proprioception does not bestow dominance
upon the NDH; instead, reaching control strives to engage both arms symmetrically, utiliz-
ing somatosensory feedback. This discovery, in contrast to prior theories, underscores the
pivotal role of proprioception in upholding bilateral symmetry.

4.2. Elastic Load and Velocity Profile during Reaching

Our findings revealed that in the absence of visual feedback and when external forces
were applied, the velocity profile during reaching movements exhibited a forward skew,
indicative of an asymmetric form. This was observed through increased skewness and
movement time, whereas the time required to reach peak velocity and the range of motion
remained unchanged. These results imply that even without visual feedback, individuals
adjust their speed to attain a position virtually generated by the brain’s internal model.

If we had observed that the velocity profile remained unaffected by external forces,
as predicted by the minimum torque-change model, it could have suggested that humans
prioritize muscle control generated by the brain’s internal model regardless of visual
feedback. However, the results are per the minimum variance model, which posits that
smaller target sizes result in speed control with an asymmetric velocity profile. This
model is typically applied in situations involving visual feedback. However, our findings
demonstrate its applicability even without visual feedback, underscoring the prioritization
of reaching accuracy. Furthermore, as corroborated by our statistical analysis, the absence
of significant differences in the movement range across different intensities suggests that
the brain’s internal model prioritizes reaching accuracy over mitigating muscle fatigue
induced by increased load.

4.3. Openpose Validation by Comparing with IMU

Two primary methodologies are commonly employed in biomechanical motion track-
ing: motion capture using OpenPose and the Inertial Measurement Unit (IMU) approach.
In our study, the accuracy of OpenPose in estimating the upper arm shoulder angle was
compared with that of the IMU. The Root Mean Square Error (RMSE) values, ranging
from 8.65 to 11.85, demonstrate a relatively narrow margin of error between OpenPose
and IMU measurements across participants. This consistency in RMSE values suggests
that OpenPose can estimate the upper arm shoulder angle with an accuracy comparable to
the IMU.

In the analysis of arm and forearm movements, OpenPose data exhibited fewer joint
tracking errors under static conditions, while IMU data showed reduced errors during dy-
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namic movements. Furthermore, the angles derived from video recordings using OpenPose
displayed a robust positive correlation with those obtained through inertial sensors, with
a correlation coefficient (CC) greater than 0.95. This strong correlation not only confirms
the reliability of OpenPose in capturing accurate kinematic data but also strengthens the
assertion that OpenPose offers valuable measurements for biomechanical motion tracking.
These findings suggest that even with a single 2D camera, OpenPose provides reliable data
that closely align with the measurements obtained from more complex IMU systems.

4.4. Limitations and Future Work

One of the primary limitations of our study was the overrepresentation of right-handed
participants. This demographic bias could potentially limit the generalizability of our
findings. Coordination dynamics vary between left-handed and right-handed individuals
due to inherent neurological and biomechanical differences associated with handedness.
Future research would benefit from a more balanced inclusion of left-handed individuals,
which could offer a broader perspective on how handedness influences coordination in
response to different force fields and proprioceptive demands.

Our study’s focus on proprioceptive feedback in movement coordination under elastic
load aligns with the increasing emphasis on proprioception in rehabilitation. Research,
such as that published Smith et al. [26], has underscored proprioceptive impairments in
various populations and the potential benefits of proprioceptive training in enhancing
motor function. Similarly, findings by Johnson and Lee [27] emphasize the significance of
proprioception in neurological rehabilitation. These studies resonate with our observations,
suggesting that exercises centered on proprioception, particularly in environments devoid
of visual feedback, can play a crucial role in rehabilitation programs.

From a practical perspective, our findings indicate that rehabilitation exercises utilizing
elastic resistance in a vertical plane can be effectively conducted with reduced reliance on
visual feedback. This approach may be especially advantageous for patients recovering
from injuries or conditions that impair their visual perception. By leveraging proprioceptive
cues, therapists can tailor rehabilitation programs to enhance movement accuracy and
control, thus compensating for reduced or absent visual inputs. This underscores the
potential of proprioceptive training in improving motor control and facilitating recovery in
visually impaired populations.

5. Conclusions

The findings of this study offer valuable insights into human motor control strategies
during vertical plane elastic load reach movements, particularly when visual feedback is
absent. The bilateral symmetry in performance across different intensities highlights the
human capacity for precise proprioceptive-based movement control. Despite variations in
the load intensity, participants consistently demonstrated symmetric reaching movements,
indicating a robust internal model of movement execution within the brain.

However, an asymmetrical velocity profile, characterized by varying return durations
at higher loads, suggests an adaptive strategy for controlled deceleration. This adaptation
underscores the brain’s ability to adjust motor outputs in response to changing mechanical
demands, ensuring accurate target achievement.

These results hold implications for the understanding of motor control in diverse
sensory conditions and could inform rehabilitation practices where proprioception plays a
critical role in the absence of visual cues.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/bioengineering11010001/s1, Table S1: Summary of Statistical Analysis for
Lifting Speed of the Hand Y Coordinate. Table S2: Summary of Statistical Analysis for Lowering
Speed of the Hand Y Coordinate. Table S3: Summary of Statistical Analysis for Range of the Hand
Y Coordinate.
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Abstract: Cervical spinal cord injury (SCI) leads to impaired trunk motor control, negatively impact-
ing the performance of activities of daily living in the affected individuals. Improved trunk control
with better sitting posture has been previously observed due to neuromuscular electrical stimulation
and transcutaneous spinal stimulation, while improved postural stability has been observed with
spinal cord epidural stimulation (scES). Hence, we studied how trunk-specific scES impacts sitting
independence and posture. Fourteen individuals with chronic, severe cervical SCI with an implanted
neurostimulator performed a 5-min tall-sit task without and with trunk-specific scES. Spine posture
was assessed by placing markers on five spine levels and evaluating vertical spine inclination angles.
Duration of trunk manual assistance was used to assess independence along with the number of
independence changes and average independence score across those changes. With scES, the sacrum-
L1 inclination and number of independence changes tended to decrease by 1.64 + 3.16° (p = 0.07;
Cohen’s d = 0.53) and 9.86 & 16.8 (p = 0.047; Cohen’s d = 0.59), respectively. Additionally, for the par-
ticipants who had poor sitting independence without scES, level of independence tended to increase
by 12.91% [0%, 31.52%] (p = 0.38; Cohen’s d = 0.96) when scES was present. Hence, trunk-specific
scES promoted improvements in lower spine posture and lower levels of trunk assistance.

Keywords: epidural stimulation; sitting posture; independence

1. Introduction

Spinal cord injury (SCI) is generally associated with impaired sensorimotor control
below the level of injury. Consequently, injuries at the cervical level affect the ability to
recruit hip and trunk musculature to maintain postural stability, which further limits upper
extremity function during activities of daily living [1,2]. Sitting postural stability is also
influenced by posture kinematics [3,4]. Upright posture in sitting is accomplished by
activation of muscles to counteract the movement of the center of gravity of the trunk [3,5].
This ability is severely impacted by injuries above the C4 level, and it is also affected to
varying degrees by injuries in the lower cervical and upper thoracic levels [6]. As a result,
individuals with thoracic level SCI employ compensatory strategies such as using the upper
limbs and non-postural muscles to maintain upright sitting posture [7]. If erect posture
cannot be achieved, individuals adopt a more kyphotic posture that increases static sitting
stability whilst also increasing the risk of low back conditions [1,6,8]. Better sitting posture
is thus crucial to re-gaining trunk stability, which is one of the top rehabilitation goals of
individuals with SCI [9].

Recovery of the ability to maintain sitting upright posture has been achieved to vary-
ing degrees with the reactivation of hip and trunk musculature via different electrical
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stimulation modalities [10-15]. Neuromuscular electrical stimulation (NMES) applied to
the hip and trunk muscles of individuals with SCI led to improvements in pelvic tilt and
shoulder height in static sitting [10,11]. Furthermore, it also led to the anterior shift of max-
imum interface pressure from the posterior sacral region of sacral sitters. This potentially
reduced the risks of pressure ulcers for sacral sitters, while upright sitters demonstrated
low interface pressure in the sacral region [12]. Closed-loop control systems have also been
developed to maintain erect posture in static and dynamic sitting by stimulating abdominal
muscles when the trunk is flexed over a pre-set threshold [1,16,17]. A combination of
NMES with mat-based exercises also led to higher independence in reaching tasks [18]. In
contrast to NMES that directly stimulates the agonist muscle responsible for the movement,
transcutaneous spinal cord stimulation re-engages spinal neurocircuitry at different sites
of the spinal cord that, in-turn, innervates the required muscles [13-15]. Consequently,
stimulation of T11 and L1 regions in adults with SCI led to better static sitting posture
characterized by decreased trunk angle and trunk curvature [14]. Stimulation at the same
spinal levels in children with SCI also led to improved lower trunk angles in comparison to
baseline relaxed sitting, and volitional effort to maintain erect posture without stimulation
while postural control did not improve even with decreased lower trunk inclination in-
duced by a passive anterior pelvic tilt [15]. Another neuromodulation modality, spinal cord
epidural stimulation (scES), has also been used to re-engage spinal circuitry in individuals
with motor complete SCI [19]. Previous studies have established that the lumbar spinal
cord has the potential to evoke coordinated motor outputs similar to synergistic locomotor
activity [20,21]. Optimization of scES parameters has led to the recovery of activation
patterns for weight-bearing standing and locomotion [22,23]. However, the effects of scES
on sitting posture or level of independence have not been studied. Increased trunk control
and reach distances have been observed in individuals with thoracic SCI [24]. Decreased
lumbar curvature was observed when scES was applied targeting the erector spinae and
quadratus lumborum muscles during repeated trunk flexion/extension in reaching and
retrieving tasks and during four-point kneeling movement [25]. Thus, scES has the poten-
tial to improve posture of individuals with SCI in static sitting which in turn could enable
them to perform activities of daily living (ADLs) with increased independence.

Effects of epidural stimulation in stand, step, and reaching activities have been studied,
while its effects on sitting posture and independence has not been explored [22-24]. This
study aims to analyze the effects of trunk-specific scES on sitting posture and trunk control
of individuals with chronic severe cervical SCI. We hypothesize that trunk-specific scES
will improve spine curvature and level of independence compared to no stimulation.

2. Materials and Methods
2.1. Experimental Protocol

Fourteen individuals with chronic severe cervical SCI (Age: 37.8 £ 10.9 yrs.; time post-
injury: 13.1 £ 10 yrs.; injury levels: C4-C6; American Spinal Injury Association Impairment
Scale (AIS): A-C; body mass index (BMI) 16.7-27.9) were implanted with a scES unit
(Table 1, Appendix A). Based on the BMI, eight participants were classified as normal,
while three were classified as overweight and three as underweight. All the participants had
sedentary lifestyles. Among them, eight participants used power wheelchairs; four used
manual wheelchairs; and two used manual wheelchairs with SmartDrive. Caregivers were
required on a 24-h basis for seven participants, and on a periodic basis for six participants,
while one participant was independent. Seven participants required one assistant and a
transfer board to perform transfers, while six participants required two assistants. The
participant who did not require caregivers performed independent transfers using the
transfer board. As previously reported, implantation consisted of a 16-electrode array
implanted at the L1-51 spinal cord level connected to an Intellis neurostimulator (Medtronic,
Minneapolis, MN, USA) internalized in the lower back [26]. All participants provided
written informed consent as described in the study protocol approved by the University of
Louisville’s Institutional Review Board. The study was registered in clinical trials.gov prior
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to participant enrollment (NCT03364660). The participants had not undergone any training
to improve sitting posture before enrollment. At the time of assessment, the participants
were at different stages of a randomized controlled trial with 5 out of the 14 participants
having received an intervention comprising trunk exercises.

Table 1. Participant Demographics.

Time
ID Gender Age Since 1:::3) AIS BMI Mobility Lifestyle  Caregiver Transfers
Injury
A64 M 55.7 38.6 C4 A 21.6 Power — gedentary 24h Two-person
wheelchair
A97 M 38.6 154 C4 A 16.7 Power . Sedentary 24h Two-person
wheelchair
Manual L One person
A127 F 40.6 13.1 C4 A 23.9 wheelchair Sedentary  Periodic Transfer board
Manual L One person
A128 M 38.6 8.7 C4 A 23.7 wheelchair Sedentary Periodic Transfer board
Al119 F 26.4 11.5 C5 A 17.6 Power . Sedentary  Periodic Two-person
wheelchair
Power L One person
A133 M 34.6 13.1 C5 A 27.9 wheelchair Sedentary  Periodic Transfer board
B38 M 21.9 3.3 C4 B 26.8 Power . Sedentary  Periodic Two-person
wheelchair
B40 M 36.0 47 C4 B 20.3 Power — gedentary 24h Two-person
wheelchair
B42 M 58.7 7.5 C4 B 26.8 Power . Sedentary 24h Two-person
wheelchair
Manual L One person
B212 F 47.9 29.7 C4 B 24.8 wheelchair Sedentary ~ Periodic Transfer board
Power One person
B213 F 25.1 5.4 C4 B 19.5 wheelchair Sedentary 24h Transfer board
Manual Independent
B194 F 37.8 18.2 C5 B 17.9 wheelchair +  Sedentary Independent P
- Transfer board
SmartDrive
Manual One person
C193 F 411 8.9 C4 C 244  wheelchair+ Sedentary  Periodic € perso
. Transfer board
SmartDrive
Manual One person
C231 F 26.8 5.7 Cé6 C 23.5 wheelchair Sedentary 24h Transfer board

Note: AIS—American Spinal Injury Association Impairment Scale, BMI—Body Mass Index.

A full-body motion capture marker set (modified Helen Hayes model—Helen Hayes
Hospital, West Haverstraw, NY, USA) and eight Kestrel motion capture cameras (Motion
Analysis Corporation, Santa Rosa, CA, USA) were used to capture kinematics. Markers
were placed on five spine levels—the C3/C4 marker was placed behind the neck, and
the sacral marker was placed on the mid-point of the posterior superior iliac spines. The
other three spine markers were placed on estimated locations on T10, T3/T4, and L1 spine
levels such that the five markers divided the spine into four equidistant segments. Marker
placements were carried out by experienced research staff. Participants were seated on a
standard experiment mat to perform the designated activity.

Data were acquired at 100 Hz using Cortex software Version 6.2.3.1732 (Motion Anal-
ysis Corporation, Santa Rosa, CA, USA). The participants were instructed to sit as tall
and stable as possible without upper limb support for 5 min. They were asked to call out
the start of the activity which was initially performed without scES and then repeated
with optimal trunk-specific scES. The stimulation configuration was optimized for each
participant in order to enable sitting postural control. Due to the customization, configu-
rations contained either a single cohort to facilitate maintenance of static sitting posture,
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as well as trunk extension and leaning, or multiple cohorts running simultaneously with
specific functionalities (Appendix B). Since the implantation occurs at the L1-S1 spinal
region that innervates primarily lower extremity muscle fibers, the electrode configurations
are rostrally arranged such that the stimulation can be directed at the superior from the
lumbar region towards the trunk and abdominal muscles.

Research staff provided assistance as needed to maintain safety or upright sitting
during the assessments by supporting lower to midback to maintain posture (maximum
assistance) or to prevent a backward fall (minimum to moderate assistance) or by support-
ing the sternum in case they were falling forward (Figure 1). The support was removed if
the participant could regain sitting balance. Participants were also allowed to place their
hands on the mat or their legs in case of loss of balance. A manual pulse was used to record
changes in the level of external assistance provided to accomplish the task.

Figure 1. A participant requiring various levels of assistance to complete the task: (a) posterior trunk
assistance from research staff, (b) anterior assistance by placing hands on legs, and (c) no external
assistance.

2.2. Data Analysis

Marker identification in the kinematic data was performed in the Cortex software
Version 6.2.3.1732 (Motion Analysis Corporation, Santa Rosa, CA, USA). In case of motion
capture frames missing any marker data when blocked from view by research staff pro-
viding assistance, linear and polynomial interpolation techniques were used to remove
missing gaps. Ortho Trak software Version 6.6.4 (Motion Analysis Corporation, Santa Rosa,
CA, USA) was then used to generate 3D locations of the markers. A custom MATLAB code
written in MATLAB Version R2017b (MathWorks, Natick, MA, USA) was used to isolate
planar locations of the markers at the five spine levels (Sacrum, L1, T10, T3/T4, and C3/C4)
in the sagittal plane (Figure 2a). Vertical inclination angles of the four spine segments were
also calculated as below:

1, X1 — Xs
0s_11 = tan e — 1)
! (Zu —Zs
1, X110 — X111
Or1-T10 = tan (== )
! ( Zt10— Z11
X — X
Or10_Ta74 = tan~ (S22 ZTIO0 3)

Z13/T4 — ZT10

Xc3/ca — X13/T4 @
Zcsyca — 21374

1
071374 C3cs = tan” ~(

where X,1/ker & Zyarker are the horizontal and vertical coordinates of the specified marker,
respectively; Oy ferior marker—superior marker 1S the inclination angle of the spine segment joining
the specified inferior and superior spine markers. To quantify curvature of the spine, a
least-squares circle was fitted onto the sagittal plane coordinates of the five markers, and a
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radius of the fit circle (radius of curvature) was obtained (Figure 2b). The method used to
determine the radius of the fit circle was by the minimization of the equation of the circle
after substituting the equation with the available five marker locations. Consider if the
equation of the circle was:

(x—k)>+ (y—m)* =7 )

where (k, m) is the center of the circle, and 7, the radius, the following equation expressed
in the sagittal (XZ) plane was minimized to obtain best-fit values for k, m, and 7cyroature:

2
F(kr m, rCWUﬂtWé’) = 2[(Xmarker - k)z + (Zmarker - m)2 - rcurvuturez} (6)

where F(k, m, tcurvature) is the function to be minimized with respect to k, m, and rcyrvature-
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Figure 2. Calculation of (a) vertical spine inclination angles for the spine segments, and (b) least-
squares fit circle to obtain radius of curvature.

From the manual pulse data, events were separated where the participants were fully
independent (labeled as “independent”). Likewise, the label “assisted” was assigned when
they were externally supported by research staff due to loss of postural stability (“assisted
trunk”) or if they placed their hands on their legs/the mat (“assisted hand/hands”).
The duration of these events was summed up to obtain the fraction of the total 5 min
duration where the participants were independent or needed to be assisted. The number of
independence changes was also calculated from the events. For each event due to a change
in independence, a custom independence score was used to rate the level of assistance
needed. The ratings were from 0 (fully independent) to 6 (fully assisted on the trunk and
both hands down). An average score was obtained by summing individual independence
scores for all the events and dividing the sum by the number of events.

2.3. Statistical Comparisons

Prior to statistical analysis, normality was evaluated using visual examination of
variable distribution supplemented by evaluation of skewness and kurtosis. Acceptable
normality was defined as having a distribution visually with normal and skewness between
—2 and 2 and kurtosis between —7 and 7 [27]. Variables that satisfied these criteria were
summarized with mean and standard deviation (SD) and analyzed by paired t-tests. Those
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that did not were summarized with interquartile range (25th and 75th percentiles) and
analyzed by the signed rank test. The significance level was set to 5%. To quantify
the observed changes, Cohen’s d effect sizes (ES = mean/SD) were used for normally
distributed outcomes [28]. For non-normally distributed variables, a non-parametric
equivalence to Cohen’s d was calculated as the median divided by the median absolute
deviation (MAD), i.e., ES = median/MAD. Sawilowsky’s extension to Cohen’s criteria
was used to classify the obtained effect sizes as very small (<0.2), small (0.2-0.49), median
(0.5-0.79), large (0.8-1.19), very large (1.2-1.99), and huge (>2.0). The threshold of 0.5
was used for meaningfulness as it was found to be the minimally important difference in
health-related quality of life [29,30].

3. Results
3.1. Posture Outcomes

There were no statistically significant differences observed for all four spine inclina-
tion angles as well as the radius of curvature when scES OFF and scES ON conditions
were compared (Figure 3; Table 2). However, there was a medium-effect size change of
1.64 + 3.16° (p = 0.07; Cohen’s d = 0.52) in the sacrum to the L1 inclination angle between
scES OFF and ON conditions (Figure 3a). There was also a medium-effect-size increase
of 1.9 + 3.35° (p = 0.054; Cohen’s d = 0.57) in the L1 to T10 inclination angle when scES
was applied (Figure 3b). There were no statistically significant changes observed in the
anterior-posterior or vertical coordinate of all the spine markers between scES OFF and
scES ON with all effect sizes being small or very small. Even though statistically significant
differences were not found, the S.D. of the anterior-posterior and vertical coordinates of
all the spine markers were lower in the scES ON condition compared to the scES OFF
condition (Figure 3c).

Table 2. Inferential statistics for posture and independence outcomes.

Parameter scES OFF scES ON Change p-Value Effect Size  Classification
0511 (°) —7.6 £8.02 —5.96 + 7.68 1.64 £ 3.16 0.07 0.52 ** Medium
011110 (°) 2.46 + 6.67 436 +5.78 1.9 +£3.35 0.054 0.57 ** Medium
07101374 (°) 24.32 +10.76 25.46 + 8.9 114 + 46 0.37 0.25 Small
Or3rac3c4 (°) 51.16 4+ 10.48 52.15 4+ 10.34 1+ 6.06 0.55 0.16 Very small
Teurvature (€M) 42.72 + 6.26 43.15 + 6.79 0.42 + 4.41 0.72 0.1 Very small
% Independent 98.5[22.81,100] 100 [71.74, 100] 0.12 [0, 12.65] 0.18 0.12 Small
% Assisted 1.5[0, 77.19] 010, 28.26] —0.12 [-12.65, 0] 0.18 0.12 Small
No. of Independence 1329 +22.1 3.43 + 846 —9.86 +16.8 0.047 * 0.59 ** Medium
Changes
Independence Score 0.93 [0, 2.33] 010, 2] —0.17 [-0.67, 0] 0.34 0.43 Small

Note: Statistics are mentioned in the formats—mean 4 SD or median [IQR] depending on the validity of
assumption of normality. * implies p-value < 0.05. ** implies Cohen’s d > 0.5.

59



Bioengineering 2023, 10, 1065

scESOFF:  Mean—— +S.D.------
scES ON: Mean—— +S.D. ------
0 0
Sacrum-L1 L1-T10
= 20 60
(] Kk
g = &
q) 77777
@ E 15 * * 50
o < 5 =
g 5 = 40
m -—
% & 5
© a =
E 96.;) n(_z 30
8 —
& 85 8 20
o =
2 @
8 = 10
o
=25 -15 0 v
scES OFF scES ON scES OFF scES ON -10 0 10 20 30
AP Position (cm)
@) (b) ©
Or1o-rama Orsta-caca Radius of Curvature
50 70 60

2 30
scES OFF sCES ON scES OFF scES ON scES OFF scES ON
(d) (e) ()

o o A v > < * & L * A v > <
| 1 | | | L 1 | | | 1 1 | ]

AB4 A97 A127 A128 A119 A133 B38 B40 B42 B212 B213 B194 C193 C231

Figure 3. Comparison of spine inclination angles, spine posture, and radius of curvature between
scES OFF and scES ON conditions: (a) sacrum to L1 angle, (b) L1 to T10 angle, (c¢) mean + S.D. of
spine marker coordinates, with sacrum as reference origin, (d) T10 to T3/T4 angle, (e) T3/T4 to
C3/C4 angle, and (f) radius of curvature obtained from least-squares fit circle. Note: ** implies
p-value not significant but Cohen’s d > 0.5.

3.2. Level of Independence

In the scES OFF condition, the participants performed the task independently for a
median [IQR] duration of 98.5% [22.81%, 100%] of the total time and needed assisted for
1.5% [0%, 77.19%] (Table 2; Figure 4a). In the scES ON condition, they were independent for
100% [71.74%, 100%] and assisted for 0% [0%, 28.26%]. The 0.12% [0%, 12.65%] change in
duration of independence (p = 0.18; Cohen’s d = 0.12) between the scES OFF and scES ON
conditions was not statistically significant. However, there was a statistically significant
mean decrease of —9.86 &+ 16.8 in the number of independence changes (p = 0.047; Cohen’s
d = 0.59). On the other hand, the —0.17 [-0.67, 0] change in median [IQR] independence
score was not statistically significant (p = 0.34; Cohen’s d = 0.43) (Figure 4b,c).
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Figure 4. Comparison of independence outcomes between scES OFF and scES ON conditions: (a) per-
centage duration of independence and needing assistance, (b) independence score, and (c) number of
independence changes. Note: * implies p-value < 0.05.

3.3. Subset Analysis

Based on the number of independence changes, a subset analysis was performed on
N = 6 participants (A64, A97, A133, B40, B42, C193) by excluding the other 8 participants
who showed a relatively better sitting postural control with scES OFF, as they were in-
dependent for more than 98% of the total time performing the task and had fewer than
4 independence changes in both scES OFF and scES ON conditions. There were no sta-
tistically significant changes observed in the spine inclination angles and the radius of
curvature of the trunk (Table 3). However, compared to the scES OFF condition, there were
medium-effect size changes of 2.25 £ 3.54° (p = 0.18; Cohen’s d = 0.63) in the sacrum to
L1 inclination angle and of 1.62 £ 3.21° (p = 0.27; Cohen’s d = 0.5) in the T10 to T3/T4
inclination angle in the scES ON condition (Figure 5a,d). In addition, there was a large-
effect size change of 3.2 + 3.72° (p = 0.09; Cohen’s d = 0.86) in the L1 to T10 inclination
angle (Figure 5b). There were no statistically significant changes observed in the anterior-
posterior or vertical coordinate of all the spine markers between scES OFF and scES ON
with effect sizes being small or very small. Interestingly, the S.D. of the anterior-posterior
and vertical coordinates of all the spine markers were lower in the scES ON condition
compared to the scES OFF condition (Figure 5c).

When comparing the level of independence and assistance, there were no statistically
significant changes observed between the scES OFF and scES ON condition. However, a
large-effect-size increase of 12.91% [0%, 31.52%] in median [IQR] duration of independence
was observed (p = 0.38, Cohen’s d = 0.96). In addition, there was a statistically significant
decrease of 22 £ 20.48 in the mean (SD) number of independence changes (p = 0.047,
Cohen’s d = 1.07), along with a medium-effect-size change of 0.39 [-1.27, 0.08] in median
[IQR] independence scores (p = 0.69, Cohen’s d = 0.57) from scES OFF to scES ON conditions.
There was also a medium-effect-size change of 0% [—15.6%, 0%] in the median [IQR]
duration of assistance with one hand on the mat (p = 0.5, Cohen’s d = 0.63) and a large-
effect-size change of —4% [—8.87%, 0%] in duration of assistance on the trunk by research
staff and one hand on the mat (p = 0.25, Cohen’s d = 1).
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Figure 5. Comparison of spine inclination angles, spine posture, and radius of curvature between
scES OFF and scES ON conditions for the subset (N = 6): (a) sacrum to L1 angle, (b) L1 to T10 angle,
(c) mean =+ S.D. of spine marker coordinates, with sacrum as reference origin, (d) T10 to T3/T4 angle,
(e) T3/T4 to C3/C4 angle, and (f) radius of curvature obtained from least-squares fit circle. Note:

* implies p-value < 0.05; ** implies p-value not significant but Cohen’s d > 0.5.

Table 3. Inferential statistics of the subset (N = 6) for posture and independence outcomes.

Parameter scES OFF scES ON Change p-Value Effect Size  Classification
0511 (°) —9.97 +8.84 —7.73 £ 6.36 2.25+3.54 0.18 0.63 ** Medium
Or1-110 (°) —0.55 £ 7.46 2.65 £ 6.95 32+372 0.09 0.86 ** Large
07107374 (°) 17.78 £ 7.92 19.4 + 8.9 1.62 £ 3.21 0.27 0.5 ** Medium
Orsracica ©) 51.13 + 8.05 51.7 £ 11.9 0.58 & 6.21 0.83 0.09 Very small
Teurvature (CM) 43.86 £ 6.97 45.77 £ 8.36 1.9 £ 4.67 0.37 0.41 Small
% Independent 11.88 [0, 40.23] 53.87 [0, 100] 12.91 [0, 31.52] 0.38 0.96 ** Large
% Assisted 88.12 [59.77, 100] 46.13 [0, 100] —12.91[-31.52, 0] 0.38 0.96 ** Large
% Assisted ot ;
(1 Hand Only) 01[0, 15.6] 0[0, 0] 0[-15.6,0] 0.5 0.63 Medium
% Assisted (2 Hands) 5.94 [0, 17.44] 010, 5.97] 0[—11.47,0] 1 0.23 Small
% Assisted
(Trank Only) 22.89[1.33,53.59] 1.18[0,20.58]  —1.21 [—21.75,0] 0.38 0.19 Very Small
o )
o Assisted 410,14.73] 0[0,0] —4[—8.87,0] 0.25 1% Large

(Trunk + 1 Hand)
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Table 3. Cont.

Parameter scES OFF scES ON Change p-Value Effect Size  Classification
% Assisted
(Trunk + 2 Hands) 8.87 [0, 31.4] 061[0,1.7]  —0.38[—15.75,1.7] 1 0.06 Very Small
No. of 29.67 £ 26.52 7.67 £12.16 —22 +20.48 0.047 * 1.07 ** Large
Independence Changes
Independence Score 3.14 [1.64, 4.92] 2.09 [0, 3.5] —0.39 [—1.27,0.08] 0.69 0.57 ** Medium

Note: Statistics are mentioned in the formats—mean + SD or median [IQR] depending on the validity of
assumption of normality. * implies p-value < 0.05. ** implies Cohen’s d > 0.5.

Among the participants in the subset analysis, one participant (C193) was assisted

fully during the scES OFF condition and was fully independent during scES ON condition.

During the 1st minute of the 5-min task, the assistance on the trunk enabled her to obtain
upright posture in the scES OFF condition (Figure 6a), but her trunk tilted progressively
anteriorly until the last minute (Figure 6c). In contrast, with scES, she started in an
anteriorly tilted trunk posture to begin but corrected it progressively until she was fully
upright especially in the lower back without needing any assistance (Figure 6b,c).
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Figure 6. Comparison of spine posture for different 1-min periods for participant C193: (a) 1st minute,
(b) 3rd minute, and (c) 5th minute.

4. Discussion

The participants of this study were able to obtain more erect sitting posture in the
lower spine with the aid of scES targeted at trunk stability compared to sitting without
stimulation. The effects of scES on upper spine posture as well as overall curvature of the
spine, however, were not statistically significant. In the presence of scES, the participants
had decreased frequency in independence changes, indicating that stimulation enabled
them to hold a certain independence level for longer periods. When a subset of participants
was analyzed by excluding those participants with almost full independence and no
more than four independence changes, sitting posture of the lower spine improved with
stimulation along with obtaining a higher level of trunk independence, lower frequency of
independence changes, and better independence scores. Results from one participant in
the subset indicated that scES substituted the need of external trunk assistance throughout
the 5-min task, and sitting posture progressed from an anterior trunk tilt in the first minute
to an erect lower spine in the last minute. This target was unachievable for the participant
without stimulation even with full assistance provided by research staff.
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4.1. Posture and Independence with scES

Epidural stimulation optimized for trunk stability targets abdominal muscle groups
responsible for trunk flexion and extension. This neuromodulation approach provides
excitability to the muscles in the lower abdomen, and with the assistance of innervation
from the residual circuitry, causes a resultant motor output [19-21]. For the tall-sit activity
in our study, the excitation to the rectus abdominus and paraspinal muscles enabled the
participants to modulate motor output and improve postural stability, independence, and
maintain upright lower spine evidenced by a decrease in spine inclination of the Sacrum to
L1 segment. The improved ability of the participants to hold an assistance or independence
level with stimulation was reflected in the trend of the decreased spread of the anterior-
posterior coordinates of spine markers from scES OFF to scES ON conditions. Analogous
to these results, a previous study conducted with functional electrical stimulation of the
trunk and hip extensors led to improved static shoulder height, pelvic tilt, and trunk lean
in a fraction of participants [10]. Improved lower trunk extension, trunk curvature, and
angle were observed along with increased activity in L3 level-erector spinae and oblique
muscles as a result of transcutaneous stimulation of T11 and L1 spinal regions [13]. Upright
posture of the L5 to S1, and pelvic to T8 segments, were observed due to transcutaneous
stimulation of the T11 and L1 regions of children with SCI [15]. While achieving erect
posture helps to maintain sitting stability, being able to perform the task without external
assistance is also important.

Not many studies have investigated the effects of stimulation on the level of inde-
pendence; instead, the individuals with SCI were asked to perform certain tasks until
they lost control or independence [11,13,24]. In one study, upon application of functional
electrical stimulation on the quadriceps and gastrocnemius muscles, individuals with SCI
were able to perform mat-based reaching and retrieving tasks with more independence
scores in the Spinal Cord Independence Measure-III (SCIM-III) scale [18]. In our study, the
median [IQR] level of independence was 98.5% [22.81%, 100%] without stimulation and
100% [71.74%, 100%] with stimulation. Because a fraction of participants (8/14) showed
good independence without stimulation, the changes were statistically not significant.
Hence, when we performed a subset analysis for the rest of the participants, there were
improvements seen in the level of independence, number of independence changes, and
independence score when scES was applied (Figure 5d—f, Table 3). The pattern of assistance
provided also changed with decreases in the duration of one hand needing support with
or without trunk support with stimulation (Table 3). It is likely that without stimulation,
participants needed to put a hand on the mat to maintain stability more often than when
stimulation was present. Even though there were no significant changes in spine marker
coordinate locations in the presence of stimulation, the lower spine tended to be more erect
(Figure 5c). Without stimulation, the lower spine tended to be more inclined even when
more assistance was provided to aid in posture. This result reflected the strategy of the
participants focusing on gaining independence and then on maintaining posture, a strategy
that was highlighted in one participant (C193). In particular, without stimulation, she was
fully assisted, but even with assistance, her posture progressively became anteriorly tilted.
With stimulation, she did not need any external assistance, and her lower spine posture
progressively became more erect from an initial anterior tilt (Figure 6a—c). These opposing
responses indicate that epidural stimulation has the potential to substitute external assis-
tance with an immediate effect. Continuous stimulation allows the individual to modulate
neuromuscular activation resulting in spinal posture improvements along with improved
independence. The transition from an anteriorly tilted to an erect posture also highlights the
differences due to the intended duration of the task. Previous studies asked the participants
to maintain static sitting bouts for as few as 10 s to a maximum of 1 min [13,15]. While
smaller intended durations may maximize immediate improvements due to stimulation,
the desirable effect would be steady improvements that last for a longer period. The ability
to maintain better posture for a longer duration helps to perform other functional tasks
that start from unsupported sitting such as trunk movements or reaching for objects [31].
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Better sitting posture would also conceivably decrease the likelihood of pressure ulcers that
arise from poor postures such as sacral sitting [6,8,12]. Given the participants” sedentary
lifestyles with around half of them requiring power wheelchairs, 24-h caretakers, and two
persons to transfer, epidural stimulation has the potential to increase the range of potential
achievable seated tasks that the participants could perform (Table 1). When taken together,
these improved outcomes can help achieve better quality of life for individuals with SCI.

4.2. Physiological Response to scES

As previously reported, the epidural stimulator was implanted between L1 and S1
spinal cord levels, a section typically responsible for innervating hip muscle fibers [19-23].
On the other hand, nerve and muscle fibers responsible for trunk functions are present in
the thoracic spinal cord. Consequently, trunk specific scES configurations are generally
rostral with cathodes lining up the first row of the implanted electrode array and allowing
for tonic stimulation to be projected from the lumbar region towards the pelvis and the
trunk muscles (Appendix B). Tonic stimulation in combination with residual descending
supraspinal drive across the lesion enables the participant to maintain static balance,
independence, and posture [19,23,24]. This approach leads to a focal pattern of motor unit
recruitment to maintain posture, analogous to the autonomous regulation of posture in
uninjured population [24,32]. This coordinated activation pattern as a result of L1 level
epidural stimulation was most likely responsible for improving lower spine posture, and
the ability to hold a level of independence/assistance, as well as drastically improving the
level of independence for the participants who did not have a high level of pre-existing
trunk independence without stimulation.

The potential of epidural stimulation to improve seated posture and independence
had not been investigated previously. Our results highlight the need for further research
on neurophysiological changes leading to changes in seated posture in various functional
tasks brought about by epidural stimulation, in a manner similar to generation of locomotor
patterns with stimulation of the lumbosacral spinal cord [20-22]. Comparatively more pro-
nounced improvements in posture were observed in past studies that used transcutaneous
spinal cord stimulation for neuromodulation [13]. However, the increased ease of using the
trunk-specific scES configuration in home and community environments implies the need
for further studies to link stimulation with posture improvements in seated tasks, as well as
improvements in execution of activities of daily living. All the participants in the study had
sedentary lifestyles with 5 out of 14 participants having undergone an intervention program
comprising trunk exercises at the time of assessment of spine posture (Appendix A). The
improvements seen in lower spine posture regardless of different stages of intervention
suggests that trunk-specific scES could be a beneficial tool for them to increase their level
of activity overall and potentially increase independence during activities of daily living
(Table 1).

4.3. Limitations

There was a lack of validated assessments of sitting posture as well as limited past
literature. Hence, comparative analysis of the results of our study with past studies was
not intuitive. The participants” characteristics in the current study ranged in age, gender,
level of injury, time since injury, and AIS scores and sitting ability prior to implantation.
All these add to the variability in our sample population.

5. Conclusions

The effect-size analysis of sitting posture suggested that epidural stimulation targeted
at gaining trunk stability led to improved upright lower spine control in the individuals
with SCI enrolled in the present study. Given the variations in participant demographics,
their injury levels, and initial trunk control, the primary hypothesis of improvements in
overall trunk curvature was not achieved. The stimulation did lead to improved inde-
pendence in performing the static sitting for individuals who did not already have good
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independence without stimulation, while also significantly reducing the frequency of
changes in independence levels of all participants to maintain balance and posture. These
results validate our second hypothesis that trunk-specific stimulation leads to improved
independence in those with more severe motor control impairments. Further research
should focus on standardization of the assessment of sitting posture. Future work can
also entail how stimulation substitutes external assistance needed to maintain posture and
if/how it stabilizes with time. The long-term effects of stimulation can also be manifested
in rehabilitation programs aimed at improving trunk control and posture, which would in
turn lead to better quality of life for the individuals with SCI.
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Appendix A. Additional Demographics

Table A1. Participant Spine Characteristics.

PID Spine Characteristics Trunk-Specific Intervention?

- Mildly desiccated intervertebral discs throughout lumbar spine with small posterior
Ab4 bulges at L3-S1. No
- No significant stenosis.

- S-shaped scoliosis, dextroscoliotic in the thoracic spine with levoscoliotic
compensation at the cervical-thoracic junction. Additional levoscoliotic
A97 compensation in lumbar spine. No
- No significant spinal stenosis or foraminal narrowing in thoracic spine.
- Partial fusion of the lower sacroiliac joints bilaterally.
- Generalized osteoporosis involving the sacrum and iliac bones.

- Counterclockwise rotary scoliosis of C2 relative to C1. Alignment returning to
Al127 normal at C5 through the thoracic inlet. Yes—80 sessions
- Minimal disc bulge at L5-51.
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Table A1. Cont.

PID

Spine Characteristics

Trunk-Specific Intervention?

A128

L5-S1 intervertebral disc mildly desiccated and associated with a minimal bulge that
results in no significant stenosis.

No

Al119

Cervical lordosis mildly reversed at C3 and C4.
Lumbar spine alignment is near anatomic with minimal retrolisthesis of L5 relative
to S1 and hyper-lordosis of the L5-51 level.

A133

Trace retrolisthesis of C3 on C4 with posterior disc bulge and ligamentum flavum
buckling contributing to moderate spinal stenosis at the C3—4 level.

Lumbar lordosis is mildly reversed at the L1-L2 level.

L5 is minimally subluxed posteriorly relative to S1.

The L5-51 disc is desiccated and mildly narrowed, with a posterior central
protrusion.

B38

Cervical lordosis is straightened from C1 through T1.
Mild broad dextroscoliosis is centered at about T8.

Yes—160 sessions

B40

Cervical lordosis is focally reversed at C4-5.
Dextroscoliosis is moderate to marked in the thoracic spine with the apex at T5-6.
L5 is minimally posteriorly subluxed relative to S1.

B42

Mild endplate irregularities at the inferior endplate of T8 and the superior endplate
of T11.

Minimal central to anterior compression at T12.

Sharp osteophyte at the T6-7 level that results in moderate spinal stenosis.
Lumbar spine is mildly hyper-lordotic at the lumbosacral junction.

There is minimal retrolisthesis of L5 relative to L6 with an associated bulge.

B212

Cervical lordosis is mildly focally reversed at C5-6.
Small posterior disc bulges are at T2-3 and T3—4. A minimal inferior extrusion at
T3-4 results in no significant stenosis.

Yes—80 sessions

B213

Cervical lordosis is straightened from C1 through C6 with minimal angulated
reversal of lordosis at C7-T1.

Yes—80 sessions

B194

Mild dextroscoliosis in the dependent thoracic spine, centered at T5-T6. Small
posterior central protrusions are at T1-T2 and T6-T7. Disc bulges eccentric to the
left at T3—4 and T4-5. None resulting in significant stenosis.

Small posterior bulges at L3—4 and L4-5

Yes—80 sessions

C193

Cervical lordosis is straightened and mildly lordotic from C1 through Cé.
Mildly accentuated kyphosis at T11-12 and T12-L1.

Intervertebral discs are partially desiccated from T8-9 through L1.

Mild endplate irregularities at the inferior endplates of T9-T11 and the superior
endplates of T11-L1.

C231

Cervical lordosis is smoothly reversed with the reversal centered at
approximately C4.

Appendix B. scES Electrode Configurations for Trunk Stability

Electrode configurations for trunk stability contain either a single cohort (for 4 out of

14 participants) that enables all aspects of sitting postural control such as trunk extension
and leaning in addition to the maintenance of static sitting posture, or multiple cohorts (for
10 participants) that run simultaneously with specific functionality of each cohort (Table A2).
Additional cohorts can be added to target weaker muscle groups or balance agonists and
antagonists. For example, if a cohort meant for extension leads to trunk hyperextension,
another cohort is added to increase the strength of abdominal muscles. Similarly, a cohort
can be added to aid the participant’s weaker side during lateral leaning activities. Cohorts
that decrease muscle activity in the lower extremities or aid in cardiovascular functions also
help participants achieve better sitting posture for longer periods. All these variations lead
to specific optimization of the stimulation parameters unique to the participants. However,
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a common arrangement of cathodes (0-/5-/11-) and anodes (2+/7+/13+) is seen as part of a
cohort for most of the participants (Figure Al). This arrangement allows for the stimulation
to be projected upward from the lumbar region towards the trunk.

1 12

. 13]

3 14

5 15
10

Figure Al. An arrangement of cathodes (in red) and anodes (in grey) commonly seen within the
scES configurations based on Table Al. 8/14 participants had 0-/5-/11- as a part of the cathode
arrangement, and 9/14 participants had 2+/7+/13+ as a part of the anode arrangement for at least

one cohort. 6 participants had both in a single cohort.

Table A2. List of optimized scES configurations for each participant.

PID Configuration Frequency Pulse Width ~ Amplitude

C1: (0-/5-/11-//1+/2+/7+/8+/12+/13+) 21.67 Hz 800 ps 11.2 mA
Abd C2: (0-/5-/11-//2+/3+/8+/9+/13+/14+) 21.67 Hz 800 ps 13.5 mA
C1: (0-/5-//2+/7+) 20 Hz 650 ps 6.9 mA

A% C2: (6-//0+/1+/2+/3+/4+/5+/7+/8+/9+/10+/11+/12+/13+/14+/15+) 100 Hz 500 us 5.5 mA
A127 C1: (5-/11-//0+/1+/6+/7+/12+) 35Hz 650 ps 18.8 mA
C1: (5-//0+/11+) 16.67 Hz 1000 ps 25.5mA

Al28 C2: (8-//0+/1+/2+/3+/4+/5+/6+/7+/9+/10+/11+/12+/13+/14+/15+) 100 Hz 500 ps 10 mA
C1: (0-/5-/11-//2+/7+/8+/13+) 37.5Hz 600 ps 12.1 mA

ALY C2: (3-/8-/14-//1+/2+/4+/7+/9+/10+/12+/13+/15+) 150 Hz 300 ps 10 mA
C1: (0-/1-/5-/11-/12-/ /2+/3+/8+/13+/14+) 25Hz 600 ps 12. 9mA

A3 C2: (0-/11-//7+/8+/9+/10+) 16.67 Hz 600 ps 5mA
B38 C1: (0-/5-/11-//2+/3+/7+/8+/13+/14+) 30Hz 950 ps 15.3 mA
C1: (5-//0+/114) 30 Hz 850 us 3.5 mA

B40 C2:(7-//0+/1+/2+/3+/4+/6+/8+/9+/10+/11+/12+ /13+ /14+ /15+) 90 Hz 450 us 8 mA
C3: (0-//6+/12+) 225 Hz 700 pus 44 mA
B42 Cl: (1-/6-/12-//2+/3+/7+/8+/13+/14+) 32 Hz 650 ps 129 mA
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Table A2. Cont.

PID Configuration Frequency Pulse Width ~ Amplitude

B212

C1: (5-/11-//0+/6+/12+) 21.67 Hz 900 ps 8.2 mA
C2: (1-/7-/12-//0+/2+/3+/4+/6+/8+/9+/10+/11+/13+/14+/15+) 130 Hz 300 ps 6.2 mA

B213 C1: (0-/5-/11-//1+/6+/12+) 16.67 Hz 1000 ps 17 mA

B194

C1: (0-/5-/6-/11-/12-/ /1+/2+/7+/13+) 28 Hz 700 ps 7.8 mA
C2: (0-/1-/2-//5+/6+/7+) 140 Hz 300 ps 2mA

C193

C1: (0-/5-/11-//1+/2+/6+/7+/12+/13+) 25 Hz 800 ps 10.1 mA
C2: (0-/1-/5-/6-/11-/12-/ /2+/3+/13+/14+) 25 Hz 700 ps 11.5 mA

C231

C1: (0-/5-/11-//2+/7+/8+/9+/13+) 19.17 Hz 700 s 6.1 mA
C3: (10-//2+/3+/4+/7+/8+/9+/13+/14+/15+) 9.58 Hz 300 s 3.1mA
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Abstract: Falls and fall-related injuries are significant public health problems in older adults. While
balance-controlling strategies have been extensively researched, there is still a lack of understanding
regarding how fast the lower-limb muscles contract and coordinate in response to a sudden loss
of standing balance. Therefore, this pilot study aims to investigate the speed and timing patterns
of multiple joint/muscles’ activities among the different challenges in standing balance. Twelve
healthy young subjects were recruited, and they received unexpected translational balance perturba-
tions with randomized intensities and directions. Electromyographical (EMG) and mechanomyo-
graphical (MMG) signals of eight dominant-leg’s muscles, dominant-leg’s three-dimensional (3D)
hip/knee/ankle joint angles, and 3D postural sways were concurrently collected. Two-way ANOVAs
were used to examine the difference in timing and speed of the collected signals among muscles /joint
motions and among perturbation intensities. This study has found that (1) agonist muscles resisting
the induced postural sway tended to activate more rapidly than the antagonist muscles, and ankle
muscles contributed the most with the fastest rate of response; (2) voluntary corrective lower-limb
joint motions and postural sways could occur as early as the perturbation-induced passive ones;
(3) muscles reacted more rapidly under a larger perturbation intensity, while the joint motions or pos-
tural sways did not. These findings expand the current knowledge on standing-balance-controlling
mechanisms and may potentially provide more insights for developing future fall-prevention strate-
gies in daily life.

Keywords: translational balance perturbation; moving platform; muscle activation; muscle co-
contraction; onset latency; time to peak; electromyography (EMG); mechanomyography (MMG)

1. Introduction

Falls are one of the major public health problems in the world. Approximately one
in three older adults fall worldwide [1], and 28.7% of older adults fall in the United
States annually [2]. Every year, there are around 684,000 fatal falls, and it is the second
leading cause of unintentional injury death [1,3]. For the non-fatal injuries, about one in
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ten older adults experiences a fall-related injury annually [4]. Falls cause physical and
mental impacts on older adults and can further heavily burden society [1]. Balance and
gait disorder is the major cause of falls excepting accidents [5]. The appropriate and
timely postural adjustments and lower-limb muscle activities are vital to maintain postural
balance. The in-depth investigation into these strategies for how a person reacts to sudden
balance perturbations can facilitate our understanding of the underlying mechanisms
of falls. This could also provide more insights and inspire the future development of
fall-prevention strategies.

Humans have different patterns of lower-limb joint motions in response to varied
intensities of balance perturbations. Previous studies have identified three fundamental
strategies to maintain the static standing balance, i.e., the ankle strategy, hip strategy,
and stepping strategy [6]. The ankle strategy is reached mainly by the dorsiflexion and
plantarflexion of ankle joint, with minimal movement of the other proximal joints [7].
This strategy is dominantly employed when no external perturbation exists [8]. The
hip strategy is used when the ankle strategy is not enough to keep the center of mass
(COM) within the base of support (BOS) [7]. If the ankle and hip muscles cannot contract
sufficiently to compensate for the large balance perturbations, the stepping strategy would
be employed [9]. Sometimes a “mixed strategy” can also be used to maintain balance with
typical characteristics of using the combined above-mentioned strategies depending on the
specific situation [10].

An investigation of the rapidity and appropriate sequence of movements in the hip,
knee, and ankle joints is crucial for understanding the balance-controlling strategy, es-
pecially during unexpected and intense balance perturbations. Previous studies have
primarily focused on the peak responses of postural sways and joint angles in maintain-
ing standing balance [11-13], and only a few studies have analyzed the onset sequence
of various lower-limb joint motions in response to balance perturbations in the sagittal
plane [14]. When specifically looking at the lower-limb responses following the transla-
tional perturbations induced by a suddenly forward-moving platform, the lower-limb
joints commonly react with the sequence of ankle dorsiflexion, knee flexion, and finally
hip flexion [14]. However, research on the timing and speed of lower-limb joint responses
to balance perturbations in the frontal plane remains inadequate. Therefore, a study of
the temporal parameters, such as onset latency and time to peak, of whole-body postural
sways as well as lower-limb joint motions in response to the balance perturbations with
various intensities and directions is warranted.

In addition to examining the lower-limb joint motions, analyzing the lower-limb
muscle activities can provide greater insights into the underlying balance-controlling
strategies. Irrespective of the balance-controlling strategy utilized, the acceleration of any
body segment resulting from a perturbation must be generated by the contraction of the
corresponding skeletal muscles. Most previous studies investigated the signals of only
one or a couple of lower-limb muscles for maintaining balance [15-21]. Specifically, most
previous studies on static balance control mainly investigated the EMG signals of the ankle
dorsiflexor and plantarflexor [6,15-17]. During the walking task with unexpectedly induced
slipping, the previous literature has reported that older adults who failed to maintain
balance tended to have delayed EMG onset in the knee flexors/extensors of the slipping
legs [18,19]. Some other studies also reported that the large rate of EMG rise in the ankle
plantarflexor and knee flexor of the stance leg was important for preventing tripping [20]
and that in the hip abductors/adductors was important for protective stepping [21] in
older people. However, until now, there has been insufficient evidence on how fast the
major hip, knee, and ankle muscles can react to the balance perturbations with varying
intensities and directions.

Meanwhile, one of our recent works investigated the rapid responses of eight dominant-
leg muscles following the sudden loss of balance induced by waist-pull perturbations, by
quantifying the EMG-onset latency, time to peak EMG amplitude, and rate of EMG rise of
the captioned muscles [22]. It mainly identified that the agonist muscles exhibited quicker
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activation than the antagonist muscles, and ankle muscles tended to activate faster than
the remaining six muscles (i.e., hip flexor/extensor, hip abductor/adductor, and knee
flexor/extensor) in response to the waist-pull balance perturbation in young adults [22].
However, it has remained unclear whether young adults would adopt similar strategies
in response to the moving-platform balance perturbation, which mimics a more real-life
situation of standing in the buses/trains/boats and merits further study.

Apart from the joint reactions and muscle electrical activities, the response of other
events along the motor output pathway during balance control has been less explored.
The generation of a joint motion goes through activation in neuromuscular junctions,
muscle mechanical activities (shortening and lateral vibrations), and force propagation to
tendons [23]. However, it is unknown whether the timing of muscle mechanical activities
plays a role in the recovery from balance perturbations of varying intensities and directions.
Mechanomyography (MMG) can detect such mechanical activities of a contracting muscle
by recording the lateral vibrations that are perpendicular to the muscle fiber direction on the
skin surface [24]. Previous research has reported that the onset of the MMG signal was later
than that of the EMG signal during the isometric contraction [24]. For dynamic situations,
MMG signals have been investigated in the tasks of maintaining walking balance [25,26]
and standing balance [22]. The MMG peak timing was found to be later than the EMG peak
timing for the ankle plantarflexor during a gait cycle [25]; however, the onset and peak
timing of MMG signals were found generally earlier than that of EMG signals following
the sudden perturbations induced by waist pulls, which might be affected by the noise of
passive body-segment movements induced by perturbations [22]. Therefore, this study
made further attempts to explore the timing and coordination patterns of major lower-limb
muscles” mechanical activities during balance control.

To bridge the above research gaps, this study aimed to explore how healthy young
adults respond to the moving-platform-induced balance perturbations with multiple di-
rections and intensities from the perspectives of postural sways, lower-limb joint mo-
tions, and lower-limb muscle activities. The objectives of this study were to examine
the differences in speed (onset latency, time to peak, and/or rate of rise) and peak re-
sponses of (1) the forward/backward, medial/lateral, and upward/downward COM
displacements; (2) the eight lower-limb joint motions (i.e., hip flexion/extension, hip abduc-
tion/adduction, knee flexion/extension, and ankle dorsiflexion/plantarflexion); and (3) the
eight dominant-leg muscles” electrical and mechanical activities (i.e., hip flexor/extensor,
hip abductor/adductor, knee flexor/extensor, and ankle dorsiflexor/plantarflexor) under
the different perturbation intensities. Such comprehensive analysis of kinematics and
muscle activities under the sudden loss of balance that simulates daily scenarios is expected
to uncover the more in-depth mechanisms underlying standing-balance control. We hy-
pothesized that (1) agonist muscles resisting the induced postural sway would have faster
activation than antagonist muscles; (2) involuntary/passive joint motions and postural
sways induced by the unexpected perturbation would occur earlier than voluntary/active
ones for balance recovery; and (3) higher intensities of unexpected perturbations would
induce faster muscle activities, joint motions, and postural sways.

2. Materials and Methods
2.1. Study Design and Subjects

This is an observational / cross-sectional and exploratory study. A total of 12 young
healthy adults aged between 18 to 24 were recruited through the method of convenience
sampling. Ethical approval was granted by the Institutional Review Board (IRB) of The
Hong Kong Polytechnic University (HSEARS20201230002). The subjects satisfied the
following inclusion criteria [27]:

No high-intensity sports within 24 h before the experiment;

No known neurological or musculoskeletal deficits;

No history of balance disorders, walking disorders, or dizziness;
No history of lower-limb injuries within a week;
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e  No sight or hearing disorders;
e No medication intake that could affect muscle activities.

2.2. Equipment
2.2.1. Moving-Platform Perturbation System

A moving-platform perturbation system was developed to induce the unexpected
balance perturbations (see Figure 1). It consisted of (1) an aluminum alloy frame, (2) four
servo motors (130-07725AS4, Wenzhou Guomai Electronics Ltd., Wenzhou, China), (3) a
customized circular wooden platform (diameter: 80.0 cm; thickness: 3.5 cm), (4) four
braided polyethylene wires (diameter: 1.2 mm), (5) a set of rails, and (6) a safety harness
system (PG-360, Physio Gait Dynamic Unweighting System, Healthcare International Ltd.,
Langley, WA, USA). An Arduino UNO board (Arduino Uno Rev3, The Arduino Team,
Somerville, America) and a customized Arduino program were used to control the servo
motors and deliver the unexpected balance perturbations via the wires. Each of the four
wires connected the edge of the platform with a motor, and the motor would pull the
platform to slide along the rails so as to induce the horizontal balance perturbation in one
of the four directions with regard to the subject’s body (anterior, posterior, left, and right).
Figure 2 shows the flow of generating one perturbation. Firstly, the system delivered a
sudden pull to the wooden platform with a randomized direction and intensity. Then,
the platform would remain stationary for 8 s. Finally, the system pulled the wooden
platform to return to its original position. The direction, intensity, and starting time of each
perturbation were randomized.

e I Aluminum alloy frame ‘
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Figure 1. The moving-platform perturbation system with a subject.
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Figure 2. The flow of a pulling perturbation.

2.2.2. Data Sampling Equipment

A three-dimensional capture and analysis system, i.e., the Vicon system (Nexus 2.11,
Vicon Motion Systems Ltd., Yarnton, UK), with eight cameras, was applied to capture the
whole-body kinematics. The sampling rate was 250 Hz. A total of 39 reflective markers were
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adhered to the subject’s body based on the full-body plug-in-gait dynamic model, including
twelve on the bilateral lower limbs (bilateral thigh, lateral condyle of femur, shank, lateral
malleolus, heel, and 2nd metatarsal head), four on the pelvis (bilateral anterior superior
iliac spine [ASIS], and bilateral posterior superior iliac spine), five on the torso (sternal
notch, xiphoid process of the sternum, spinous process of the 7th cervical vertebra, spinous
process of 10th thoracic vertebra, and right scapula), fourteen on the bilateral upper limbs
(bilateral acromion, upper arm, lateral epicondyle of humerus, forearm, radial styloid
process, ulnar styloid process, and 3rd metacarpal head), and four on the head (bilateral
temples and bilateral back head) [28]. To ensure the reflective markers were firmly fixed
on the subject’s body surface, tight clothes and shorts were provided for subjects to wear
during the experiment.

Eight major lower-limb muscles’ activities were collected by an eight-channel Trigno
Wireless Biofeedback System (SP-W02D-1110, Delsys Inc., Natick, MA, USA). Each Delsys
Trigno Avanti sensor (mass: 14 g; dimension: 37 mm x 27 mm x 13 mm) consisted of an
EMG sensor (double-differential silver bar electrodes; inter-electrode distance: 10 mm; each
electrode size: 5 mm X 1 mm; analogue Butterworth filter bandwidth: 20-450 Hz) and a
3-axis accelerometer (range: +16 g; resolution: 10 bits) to serve as the MMG sensor [29]. The
sampling rates of the EMG and MMG were 2000 Hz and 250 Hz, respectively. According
to the Surface ElectroMyoGraphy for the Non-Invasive Assessment of Muscles (SENIAM)
recommendation [30], the subject’s skin was shaved to remove the hair, and alcohol wipes
were used to clean the skin surface. After the alcohol vaporized and when the skin was
dry, the eight EMG and MMG sensors were placed over the investigated eight lower-
limb muscles, respectively (see Table 1), and firmly fixed using double-sided adhesives
(Adhesive Interfaces for Trigno Sensors, Delsys, Boston, MA, USA) and pressure-sensitive
tapes (Haishi Hainuo Group, Qingdao, China). The Trigno Wireless Biofeedback System
was commercially synchronized with the Vicon system. Infrared light bulbs were connected
to the moving-platform perturbation system, and the flash of infrared light indicating each
perturbation could be detected by the Vicon system. In this way, the three systems were
synchronized during data collection.

Table 1. Eight investigated muscles and the corresponding EMG/MMG sensor placement.

Muscle EMG/MMG Sensor Placement

e One-third of the way from the tip of the fibula to the tip
of the medial malleolus [30];

Ankle dorsiflexor:
tibialis anterior (TA)

Ankle plantarflexor: e On the most prominent bulge of the muscle [30];
medial gastrocnemius (MG)

Knee extensor:
rectus femoris (RF)

Knee flexor:
semitendinosus (ST)

Hip flexor:
sartorius (SA)

Hip extensor:
gluteus maximus (GMax)

Hip abductor:
gluteus medius (GMed)

Hip adductor:
adductor maximus (AM)

Halfway from the superior boarder of the patella to the
ASIS [30];

Halfway from the medial epicondyle of the tibia to the
ischial tuberosity [30];

At 8 cm distal from the ASIS along the line between the
ASIS and the median of the tibial tuberosity [31];

Halfway from the greater trochanter to the sacral
vertebrae [30];

Halfway from the greater trochanter to the highest point
of iliac crest [30];

Halfway from the medial femoral epicondyle to the
pubic tubercle [32].
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2.3. Protocol
2.3.1. Subjective Assessment

Each subject firstly accomplished the demographic data collection and the subjective
assessments. Body mass and height were measured using a standard scale (DETECTO
3P704, Webb City, MI, USA), and other anthropometrics such as leg length were measured
using a tape measure and a caliper. The International Physical Activity Questionnaire—
Short version (IPAQ-S) [33] and the Falls Efficacy Scale—International (FES-I) short ver-
sion [22,34-36] were used to evaluate the physical and mental factors that might affect
the balance performance in each subject, respectively. A larger value calculated from the
IPAQ-S reflects a higher level of physical activity in the past 1 week, and a higher score
of the FES-I short version (7 items; full score: 28 points) reflects greater concerns over
falling [33,34]. The Mini-Balance Evaluation System Test (Mini-BEST) was also performed
to evaluate the subject’s balance capacity in four categories: anticipatory postural control,
reactive postural control, sensory organization, and dynamic gait [37]. A higher score of
the Mini-BEST (14 items; full score: 28 points) indicates better balance capacity. Finally, the
subject’s dominant leg was ascertained using the balance recovery test, ball-kick test, and
step-up test [38]. The leg used most frequently in nine total trials (3 trials x 3 tests) was
considered the dominant leg [38].

2.3.2. Instrumented Data Collection

Before the perturbation experiment, the reflective markers and the EMG and MMG
sensors were attached to subjects, and instructions and explanation of the experimental
protocol were given. To simulate the daily situation, the subject was asked to wear his/her
usual shoes during the whole perturbation experiment. The subject was instructed to
stand naturally with two feet shoulder-width apart in the middle of the platform and
knees fully extended; subjects were instructed that when the platform moved, he/she
should try his/her best to maintain balance without stepping or return to the original foot
position as soon as possible if stepped. The subject held a light bar in front of the body at
the waist level, and the reflective markers was not blocked during data collection in this
way [11]. Dark-colored tapes were adhered below the subject’s shoes to mark the original
foot position on the wooden platform.

Each subject received a total of 48 unexpected balance perturbations induced by the
moving platform (4 directions x 4 intensities x 3 repetitions), and the kinematic, EMG,
and MMG data of the subject’s responses were collected. These balance perturbations were
randomly allocated into four perturbation trials during the experiment, and there was a
5 min rest between the two trials to avoid the effects of fatigue. For each perturbation, the
starting time, direction (anterior, posterior, medial, or lateral), or intensity (highest, high,
low, or lowest) was random. The direction of a balance perturbation was defined as the
moving direction of the platform in reference to the subject’s dominant leg. For example,
for a subject with the right leg as the dominant leg, pulling the platform toward the left
was regarded as a “medial” perturbation, while pulling toward the right was a “lateral”
perturbation (see Figure 1). Different intensities of balance perturbations were induced by
the different displacements and velocities of the moving platform. Based on previous works
and our pilot studies, the displacements under the “highest” intensity for the perturbations
in anterior, posterior, medial, and lateral directions were set as 4%, 2.67%, 5.33%, and 5.33%
of the subject’s height, respectively [22,39-41]. The displacements under the “high”, “low”,
and “lowest” intensities corresponded to 3/4, 2/4, and 1/4 of that under the “highest”
intensity, respectively. The pulling duration of each perturbation was measured from the
flash time of the infrared light (see Table S1 in Supplementary Material). The displacement,
velocity, and acceleration of each perturbation were measured based on the trajectory of the
reflective marker fixed on the moving platform (see Figure S1 in Supplementary Material).
By examining these parameters, the moving-platform perturbation system showed good
reliability in delivering three repetitive balance perturbations with the same direction
and intensity (see Table S1 in Supplementary Material). Videos were taken during the

76



Bioengineering 2023, 10, 831

entire perturbation experiment to evaluate the subject’s stepping strategy following the
unexpected perturbations.

2.4. Data Processing

The kinematic data, i.e., the whole body’s center of mass (COM) and the hip, knee, and
ankle angles, were firstly processed by the plug-in-gait dynamic model of the Vicon system
and then zeroed to the baseline, i.e., mean signal value over the 1000 ms interval before each
perturbation via a customized MATLAB program (MATLAB 2019b, The MathWorks, Inc.,
Natick, MA, USA). The COM displacement was further subtracted from the displacement
of the platform to obtain the COM displacement relative to the base of support (BOS).

For the muscle activity data, the raw EMG data were firstly zeroed to the mean signal
value over the whole perturbation trial, then full-wave rectified, and low-pass filtered by
a bi-directional 4th-order Butterworth filter (cut-off frequency: 4 Hz) to obtain the EMG
signal envelopes [22]. To extract MMG data, the z-axis accelerometry signals were firstly
filtered through an adaptive filter in an attempt to eliminate the noise caused by limb
motion by removing the trajectory of the reflective marker that was close to the MMG
sensor. Next, the signals were further band-pass filtered by a 4th-order Butterworth filter
(5-50 Hz) [25,26], full-wave rectified, and low-pass filtered by a bi-directional 4th-order
Butterworth filter (cut-off frequency: 4 Hz) to obtain the MMG signal envelopes [42]. The
EMG and MMG signal envelopes were further divided by the 1000 ms baseline mean
values before the whole perturbation trial for normalization.

The onset latency, time to peak amplitude, peak amplitude, and/or rate of rise were
analyzed for the kinematic, EMG, and MMG data (see Figure 3). The onset and peak points
were identified within 2 s after the start of each perturbation. The onset point of a signal was
determined as the first time point when the corresponding amplitude exceeded five times
of standard deviation (SD) plus the mean of baseline (mean + 5 SD) [43,44]. The mean of
baseline was calculated from the 1000 ms signal values before the start of each perturbation.
The onset latency indicated the delayed time between the start of each perturbation and
the onset point of a signal. The time to peak indicated the delayed time between the start
of each perturbation and the peak point of a signal. The rate of rise indicated the slope
of signal rise over the 50 ms interval after onset. For each parameter (i.e., onset latency,
time to peak, peak value, or rate of rise), each subject’s mean of the three values in three
repetitive perturbation trials with the same direction and same intensity was used for the
statistical analysis.
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Figure 3. An example of EMG signal showing the examined parameters for one balance-perturbation
trial.
2.5. Statistical Analyses

The IBM SPSS version 25 was used for statistical analyses, and the significance level
was set as 0.05. For each of the four perturbation directions, two-way analysis of variance
and post hoc pairwise comparisons with Bonferroni corrections were applied to analyze
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the effects of the below two factors on the onset latency, time to peak, peak amplitude, or
rate of rise of the investigated signals:

1. EMG signal difference among the eight different muscles and among the four different
perturbation intensities (muscle x perturbation intensity);

2. MMG signal difference among the eight different muscles and among the four differ-
ent perturbation intensities (muscle x perturbation intensity);

3.  Joint angle difference among the eight different joint motions and among the four
different perturbation intensities (joint motion x perturbation intensity);

4. COM trajectory difference among the six different postural sway directions and among
the four different perturbation intensities (postural sway direction x perturbation
intensity).

3. Results

The demographic data and the subjective assessment results of 12 subjects are shown
in Table 2. All subjects had the right leg as the dominant leg. No fall or disastrous event took
place during experiments. All subjects reported that the safety harness system provided
adequate protection while not restricting their motions.

Table 2. Demographic data and subjective assessments (mean + SD) of twelve subjects.

Male (1 = 6) Female (1 = 6) Total (n =12)
Age (year) 21.2+1.2 215+ 0.5 21.3+0.9
Height (cm) 174.8 £5.8 166.1 £ 4.9 1704 £ 6.9
Body Mass (kg) 59.2 £ 89 56.8 £ 3.6 58.0 + 6.6
BMI (kg/m?) 193 £22 20.6 £ 1.0 20.0 £ 1.7

Dominant Leg Right (n = 6) Right (n = 6) Right (n =12)
Leg Length (cm) 88.8 +4.6 85.0 £ 3.2 869 +4.3

IPAQ-S (Kcal /week) 2017.3 4+ 1253.3 1238.2 + 883.6 1627.8 + 1111.0

FES-I Short Version 10.8 £34 10.0 £ 2.8 104 £ 3.0
Mini-BEST Score 27.0+0 275+ 0.5 273+ 0.5

Note: BMI, body mass index; IPAQ-S, International Physical Activity Scale—Short Version; FES-I, Fall Efficacy
Scale—International; Mini-BEST, Mini-Balance Evaluation System Test.

Under the lowest, low, and high perturbation intensities, all young subjects were
able to maintain balance without stepping or lifting their feet (0/432). Under the highest
intensity of perturbations, eight subjects stepped for a total of 14 times following the
anterior perturbations (14/36), no subject stepped following the posterior perturbation
(0/36), one subject took a step with the non-dominant leg following the medial perturbation
(1/36), and one subject took a step with the dominant leg following the lateral perturbation
(1/36). Among the stepping responses following anterior perturbations, six subjects took
two steps to maintain balance (7/14), three took one step with the dominant leg (4/14), and
three took one step with the non-dominant leg (3/14).

3.1. COM Displacements

Figure 4 plots the mean whole-body COM displacement relative to the BOS of twelve
subjects following unexpected balance perturbations in each of the four directions and four
intensities (n = 12). A red dotted line specifies the start of the balance perturbation (t =1 s).
The mean and standard error (mean =+ SE, n = 12) values of onset latencies, time to peak,
and peak values are also plotted against the different directions of COM displacement in
Figure 5.
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Figure 4. The mean whole-body COM displacements of twelve subjects following the unexpected
perturbations with four directions and four intensities (1 = 12). (Note: COM, center of mass; red
dotted line specifies the start of the balance perturbation).

For each of the four perturbation directions, the initial COM displacement was found
in the direction opposite to the perturbation, followed by the COM displacement toward
the perturbation significantly (p < 0.05). Perturbation intensity showed significant effect on
the peak COM displacement (p < 0.05) but not on the timing of COM displacement.

The unexpected perturbation also induced the early response of COM displacement
in the vertical direction. Following anterior perturbations, the COM displacement had
significantly earlier onset and significantly shorter time to peak in the upward direction
than in downward/forward/medial/lateral directions (p < 0.05). Following posterior
perturbations, the significantly shorter time to peak COM displacement was observed
in the downward direction compared to the upward/backward/medial/lateral direc-
tions (p < 0.05). Following medial perturbations, the COM displacement in the upward
direction had significantly earlier onset and significantly shorter time to peak than in
downward/forward /backward direction (p < 0.05). Following lateral perturbations, the
COM displacement had significantly earlier onset and significantly shorter time to peak in
the upward direction than in downward/lateral/forward /backward direction (p < 0.05).

3.2. Dominant-Leg Joint Motions

Figure 6 plots the mean dominant-leg joint angle changes of the twelve subjects
following unexpected translational balance perturbations (n = 12). Figure 7 shows the mean
and standard error (mean =+ SE, n = 12) values of onset latencies, time to peak, and peak
values of the dominant-leg joint angles.

79



Bioengineering 2023, 10, 831

Onset latencies of COM displacement (ms)

g

*k

*k

:

:

g

By
Hy

Following anterior pulls

f

#E gy
Y

Y

3
>k

i* 1500+

I 1000

500+

2000+

Time to peak COM displacement (ms)

1 2500+ L T T T 1

Peak COM displacement (mm)

L]

i
L Ll L

L} L) T Al T T
Forward Backward Medial Lateral Upward Downward

T T T T T
Forward Backward Medial Lateral Upward Downward

ke

o = s
=§1m_ —
- -
Pl Hty Fpg. o
: R

1 1

] T L T L] T
Forward Backward Medial Lateral Upward Downward

15004

1000

F—
e
[

e

500+

Following medial pulls

°o

-

[ )
]

L ]

RS

1500+

} ]E 1000+
HII {I 500+

1204
100

1
T T T T
Forward Backward Medial Lateral Upward Downward

EOZE s0%F guix gyzx
1 1 1 1 ] 1

1 0

T T T T T T
Forward Backward Medial Lateral Upward Downward

1404 r T " Low, High, Highest T 1
120 >
r T T 1

100- . i

80+ R

60 B }

i1
40 i%
20

1 :
o_;iH }HI

t s g

0

Forward Backward Medial Lateral Upward Downward

%1500- .I—II‘ ' I : l 20007

:;1°°°-§§{} { I} i3 }{}{ 1099

3 so0- § §

g P Le
oL, M

T T T L T T
Forward Backward Medial Lateral Upward Downward

.
ti't EIII It

T3¢

11
fid 1

140+
1204
100

80

40+
20

JE i

Forward Backward Modlal Lalual Upward Dvwnward

~— #1F {i

T L}
Forward Backward Medial Lahral Upward Downward

T T T T T T
Forward Backward Medial Lateral Upward Downward

@ Lowest Intensity

Perturbation B Low Intensity

Intensity

A High Intensity
% Highest Intensity

Forward Backwam Medtal Laleral Upward meavd

Figure 5. The onset latency of COM displacement, time to peak COM displacement, and peak COM

displacement following unexpected horizontal perturbations (mean + SE, n = 12). (Note: — or
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Figure 6. The mean dominant-leg joint angle changes of twelve subjects following the unexpected
perturbations with four directions and four intensities (n = 12). (Note: The red dotted line specifies
the start of the balance perturbation; Add., adduction; Abd, abduction; Flex., flexion; Ext., extension;
Dorsi., dorsiflexion; Plantar., plantarflexion.)

When anterior perturbation was induced, significant differences within joints existed
in the angle-onset latencies (hip flexion < hip extension; hip adduction < hip abduction;
p <0.05) and in the time to peak angles (hip flexion < hip extension; hip adduction < hip
abduction; knee flexion < knee extension; p < 0.05). Generally, the peak angles of hip flexion,
knee flexion, and ankle dorsiflexion significantly increased with the perturbation intensity
(p <0.05).

When posterior perturbation was induced, ankle dorsiflexion had significantly earlier
angle onset and significantly shorter time to peak angle than ankle plantarflexion (p < 0.05).
Among the eight joint motions, the significantly largest joint motion occurred in hip flexion
(p < 0.05). Generally, larger perturbation intensity induced larger dominant-leg joint
motions (p < 0.05).

When medial perturbation was induced, hip adduction showed the significantly
earliest angle onset among the eight joint motions (p < 0.05). Hip adduction also showed
significantly shorter time to reach peak angle than hip abduction under the low, high, and
highest perturbation intensities (p < 0.05), while ankle dorsiflexion showed significantly
shorter time to reach peak angle than ankle plantarflexion under the highest perturbation
intensity (p < 0.05). Generally, the peak angles of hip flexion, knee flexion, and ankle
dorsiflexion significantly increased with the perturbation intensity (p < 0.05).

81



Bioengineering 2023, 10, 831

Angle onset latencies (ms)

2000 T

2500+

15004

1000+

500+ EEII

Following anterior pulls

2000

1500+

1000
I_‘

¥

1

Time to peak angle change (ms)

1
T ey T T T T 1

1
T T oy T T T 1
*k T l
*k

e ag i
1 ¥
}EI EHI i EH ﬁH 0-

51

I
o,

L] 500+

1 1 1 Il 1 1 Il 1

Peak joint angles (degree)
1

T T * Low T

T  High, Highestl

|_H|1lgh

 High

1
T T ‘* Highest

;
gt i’ 8
'_'_'_’

1

1

1
* Highest |

i T

3 i

wi aht gi
— e

1 1 1 1 Il Il

18
1

T
Hip
Add.

2000 r

T T T T T T .
Hip Hip Hip Knee Knee Ankle Ankle

Abd. Flex. Ext. Flex. Ext. DorsiPlantar.

1 2500~

T *% T 1

1500

1000

500+

Following posterior pulls

T ** 1

2000+

15004

T T T T T T T T
Hip Hip Hip Hip Knee Knee Ankle Ankle
Add. Abd. Flex. Ext. Flex. Ext. DorsiPlantar.

T
Hip

Add. Abd. Flex.

T
Hip

T T T T T T
Hip Knee Knee Ankle Ankle
Ext. Flex. Ext. DorsiPlantar.

Hip

*I* 1 207

T

o T T T T 1
1

*% T 1

J .

i 3 ¥
ﬁ HL} I ;& _—
1 1ot

T

’
gt
t 3 -

1 1 1 Il 1 1 Il 1

T 1
*% f

T

*%

#H

T

aBE guiE gWAE

ix

suix

1 1 1 1 1 1

Hip
Add.

T T T T
Hip Knee Knee Ankle Ankle
Ext. Flex. Ext. DorsiPlantar.

Hip Hip
Abd. Flex.

2000 L

T T T T T T 1 25001

1500+
1000
500+

oPH

Following medial pulls

2000+

15004

’
1

”fE

; H # { 1000
E E I} Eiﬁ iH EE}E 500

1

T T
Hip Hip Hip Hip Knee Knee Ankle Ankle
Add. Abd. Flex. Ext. Flex. Ext. DorsiPlantar.

1
I * Low T 1
L

Hip

Add. Abd. Flex.

Hip

T U T T T T
Hip Hip Knee Knee Ankle Ankle
Ext. Flex. Ext. DorsiPlantar.

L
| T * Highest T T 1

shigh T 1 T T
L

T * Highest

* Highest 1

;Hﬁﬁﬁ# I Hl
Pt ThE

104

51

o

st

Il 1 1 ! 1 1 !

1 ! Il Il 1 1 ! 1

*Highest T T 1

# # #

o

= x

- * gk = X
ojom=T on™ o gmik am® omz™ gak  gmrx

T
Hip
Add.

T T T T T T T 0
Hip Knee Knee Ankle Ankle

Hip Hip
Abd. Flex. Ext. Flex. Ext. DorsiPlantar.

2000 T

s 1 2500

*k

1500

1000

EEH

500

Following lateral pulls

T
T *k
1
1

: 2000

*k

1500+

H

i 1000

iiﬁ

T T T T T T T T
Hip Hip Hip Hip Knee Knee Ankle Ankle

Add. Abd. Flex. Ext. Flex. Ext. DorsiPlantar.

1
T s T T 1

10+

)
LIv

L]
¥
¢

.t L

0

5
i 500
gt HE o

1 1 1 1 1 1 Il 1

T
Hip

Add. Abd. Flex.

T
Hip

T T T T T T
Hip Hip Knee Knee Ankle Ankle
Ext. Flex. Ext. DorsiPlantar.

L
| T x Highest, High, Low!

¥ Low T T T 1
1

#

—q

H
oWz

#

—

X
o

 Highest, High | T T 1

#

.

Jore

i
xx x

u
X
® o mzs gt att gt

T
Hip
Add.

T T T T T T T
Hip Hip Hip Knee Knee Ankle Ankle
Abd. Flex. Ext. Flex. Ext. DorsiPlantar.

T T
Hip Hip Hip Knee Knee Ankle Ankle
Add. Abd. Flex. Ext. Flex. Ext. DorsiPlantar.

T T T T T T
Hip

@ Lowest Intensity

Perturbation B Low Intensity

Intensity

A High Intensity
% Highest Intensity

T T 1 U T T T T
Hip Hip Hip Hip Knee Knee Ankle Ankle

Add. Abd. Flex.

Ext. Flex. Ext. DorsiPlantar.

Figure 7. The angle-onset latencies, time to peak angle, and peak angles of eight lower-limb joint

motions following unexpected horizontal perturbations (mean & SE, n = 12). (Note: — or

[

indicates post hoc pairwise comparison; SE, standard error. ## indicates significant main effects of

intensity factor; # indicates significant simple main effects of intensity factor; ** indicates significant

main effects of joint motion factor; * indicates significant simple main effects of joint motion factor.)

When lateral perturbation was induced, significant differences within joints existed in
both the angle-onset latency and the time to peak angle (hip abduction < hip adduction;
hip flexion < hip extension; knee flexion < knee extension; ankle dorsiflexion < ankle
plantarflexion; p < 0.05). Under the low, high, and highest perturbation intensities, hip
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flexion and knee flexion had significantly larger peak angles than the rest of the joint
motions (p < 0.05).

3.3. EMG Signals of Eight Dominant-Leg Muscles

Figure 8 shows the mean EMG signal of the twelve subjects for each of the eight
dominant-leg muscles following the unexpected balance perturbations (n = 12). Figure 9
plots the mean and standard error (mean + SE, n = 12) values of EMG-onset latencies,
time to peak EMG amplitude, as well as rate of EMG rise against the eight dominant-leg
muscles.

Following sudden anterior movement of the platform, significant differences within
the agonist-antagonist muscle pairs were found in EMG-onset latency (ankle dorsiflexor <
ankle plantarflexor for the lowest, low, and high perturbation intensities; hip flexor < hip
extensor for the lowest perturbation intensity; p < 0.05) and in time to peak EMG amplitude
(ankle dorsiflexor < ankle plantarflexor for all perturbation intensities; knee extensor < knee
flexor for the lowest perturbation intensity; p < 0.05). The rate of EMG rise was remarkably
highest for the ankle dorsiflexor compared to the other muscles (p < 0.05).

Following sudden posterior movement of the platform, the ankle plantarflexor had a
significantly shorter EMG-onset latency compared to the knee extensor, hip extensor, and
hip adductor (p < 0.05). Among the eight dominant-leg muscles, the ankle plantarflexor
had the significantly largest rate of EMG rise (p < 0.05). Generally, larger perturbation
intensities induced significantly shorter EMG-onset latencies (p < 0.05) and a significantly
larger rate of EMG rise (p < 0.05).

Following sudden medial movement of the platform, significant differences within
the agonist—antagonist muscle pairs were found in EMG-onset latency (hip abductor < hip
adductor; p < 0.05) and time to EMG peak amplitude (hip abductor < hip adductor; knee
extensor < knee flexor; p < 0.05). The ankle dorsiflexor had generally the largest rate of EMG
rise among the eight dominant-leg muscles under the low, high, and highest perturbation
intensities (p < 0.05). Generally, larger perturbation intensities induced significantly shorter
EMGe-onset latencies (p < 0.05) and significantly shorter time to EMG amplitude (p < 0.05);
for the ankle dorsiflexor, ankle plantarflexor, and hip abductor, the rate of EMG rise also
significantly increased with the perturbation intensity (p < 0.05).

Following sudden lateral movement of the platform, significant agonist-antagonist
differences were found in EMG-onset latency (ankle dorsiflexor < ankle plantarflexor;
knee extensor < knee flexor; hip flexor < hip extensor; p < 0.05) and in time to peak EMG
amplitude (ankle dorsiflexor < ankle plantarflexor; hip adductor < hip abductor; hip flexor
< hip extensor; p < 0.05). Among the eight dominant-leg muscles, the ankle dorsiflexor
had the significantly largest rate of EMG rise (p < 0.05). Generally, larger perturbation
intensities induced significantly shorter EMG-onset latencies (p < 0.05), a shorter time to
peak EMG amplitude (p < 0.05), and a larger rate of EMG rise (p < 0.05).

3.4. MMG Signals of Eight Dominant-Leg Muscles

Figure 10 shows the mean MMG signal of the twelve subjects for each of the eight
dominant-leg muscles following the unexpected balance perturbations (1 = 12). Figure 11
plots the mean and standard error (mean =+ SE, n = 12) values of MMG-onset latencies,
time to peak MMG amplitude, as well as rate of MMG rise against the eight dominant-leg
muscles.
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Figure 9. The EMG-onset latencies, time to peak EMG amplitude, and rate of EMG rise for eight
dominant-leg muscles following unexpected horizontal perturbations (mean =+ SE, 1 = 12). (Note:
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Figure 11. The MMG-onset latencies, time to peak MMG amplitude, and rate of MMG rise for eight
dominant leg muscles following unexpected horizontal perturbations (mean + SE, n = 12). (Note:
—! or "™ represents post hoc pairwise comparison; SE, standard error; ## indicates significant main
effects of intensity factor; ** indicates significant main effects of muscle factor.)

In general, the onset of MMG signals was significantly earlier in ankle muscles than
in knee or hip muscles (p < 0.05). Such an MMG-onset pattern (activation started from
distal to proximal lower limb) was observed following all the four directions of balance
perturbations. Moreover, following the balance perturbations in the frontal plane, the
hip abductor was in the queue with early onset of the MMG signal. Larger perturbation
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intensities induced significantly shorter MMG-onset latencies (p < 0.05), a shorter time to
peak MMG amplitude (p < 0.05), and a larger rate of MMG rise (p < 0.05).

Following sudden anterior perturbation, the ankle dorsiflexor and ankle plantarflexor
had the significantly shorter MMG-onset latencies compared to the remaining muscles
(p < 0.05). Significant differences within the agonist-antagonist muscle pairs were found
in MMG-onset latency (hip flexor < hip extensor; p < 0.05) and in time to peak MMG
amplitude (hip abductor < hip adductor; p < 0.05). No specific trend was observed when
comparing the rate of MMG rise among muscles.

Following sudden posterior perturbation, the ankle dorsiflexor and ankle plantarflexor
had the significantly shorter MMG-onset latencies compared to the other muscles (p < 0.05).

Following sudden medial perturbation, the ankle dorsiflexor, ankle plantarflexor, and
hip abductor had significantly shorter onset latencies than the remaining dominant-leg
muscles (p < 0.05). Significant differences within the agonist-antagonist muscle pairs were
found in both the MMG-onset latency and the time to peak MMG amplitude (hip abductor
< hip adductor; p < 0.05).

Following sudden lateral perturbation, the ankle dorsiflexor, ankle plantarflexor, and
hip abductor had significantly shorter onset latencies than the remaining dominant-leg
muscles (p < 0.05). Additionally, among the eight dominant-leg muscles, the hip abductor
had the shortest time to peak MMG amplitude (p < 0.05).

4. Discussion

Via the synchronized capture of eight dominant-leg muscles’ electrical and mechan-
ical activities (EMG and MMG signals), eight dominant-leg joint motions (angles), and
whole-body postural sways (COM displacements), this study is novel in its comprehensive
investigation of the timing and the speed of combined reactions in hip, knee, and ankle
muscles and joints following unexpected horizontal/translational perturbations with differ-
ent intensities and directions. In agreement with our hypothesis 1, this study has observed
that (1) agonist muscles resisting the perturbation-induced postural sway activated more
rapidly than antagonist muscles, and among the eight dominant-leg muscles, ankle muscles’
large rate of activation contributed the most to resisting the perturbations in both sagittal
and frontal planes. However, our hypotheses 2 and 3 were not entirely supported, as results
showed that (2) fast responses existed not only in those lower-limb joint motions and COM
displacements that were passively/involuntarily induced by the perturbation but could
also occur in those actively/voluntarily generated ones to counteract the perturbation;
and (3) a larger perturbation intensity evoked the more rapid muscle activities but did not
induce faster joint motion or postural sway:.

These findings build on our knowledge of how fast the hip/knee/ankle muscles
can activate and how the lower-limb joints can coordinate to maintain reactive standing
balance in healthy young adults. This potentially facilitates the understanding of strategies
regarding how humans cope with the varying challenges of losing balance in daily life,
which could provide further evidence and guidance for the development of fall-prevention
approaches in the future; the details are discussed below.

4.1. Faster Activation Existed in Agonist Lower-Limb Muscles, Espaecially Ankle Muscles, to
Resist the Induced Postural Sway (Hypothesis 1)

The primary finding of this study was that earlier EMG onset and shorter time to peak
EMG amplitude occurred in muscles that could resist the involuntary COM shift induced
by the unexpected moving-platform perturbations. On top of this, this study may highlight
the great contribution of ankle muscles’ large rate of activation in balance maintenance
under unexpected perturbation in both the sagittal and frontal planes.

Following the unexpected anterior movement of the platform, while the COM had
a firstly posterior shift relative to the BOS, the ventral muscles that could rotate the body
forward (ankle dorsiflexor, knee extensor, and hip flexor) had a generally earlier onset
of activation and shorter latency to reach peak activation compared to the dorsal mus-
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cles. These observations are consistent with the previously reported EMG-onset patterns
(i.e., EMG-onset latency of ankle dorsiflexor < ankle plantarflexor; knee extensor < knee
flexor) [12,14,45] and time to peak patterns (i.e., time to peak EMG amplitude in ankle
dorsiflexor < ankle plantarflexor; knee extensor < knee flexor) [45,46]. On top of this, this
study also observed that the ankle dorsiflexor had a remarkably large rate of activation after
onset of perturbation (within 50 ms after onset) under all the perturbation intensities, while
the knee extensor showed a large rate of activation under high perturbation intensity. This
indicated the major contribution of the ventral muscles, especially the ankle dorsiflexor,
in rapidly shifting the body forward to resist the unexpected anterior movement of the
supporting platform. In addition, under the highest perturbation intensity, a second peak
was commonly observed for the dominant-leg muscles” EMG signals, which might be
related to the subjects’ stepping action to recover postural balance. This observation is
also in accordance with previous findings that a stepping strategy would be needed to
increase the area of BOS and maintain balance when the ankle and/or hip strategies were
insufficient [9].

Following the unexpected posterior movement of the platform, the dorsal muscle (an-
kle plantarflexor) showed an early onset of activation and quick reaching of peak activation
to resist the induced forward COM displacement relative to BOS. This agreed with the
previous findings that gastrocnemius and hamstrings had faster [10] and greater [15,46]
muscle activities than the ventral muscles to prevent excessive forward postural sways.
In addition, among the eight dominant-leg muscles, this study observed that the ankle
plantarflexor had a notably large rising rate at the early phase of muscle activation. This
corroborated the previous finding that the rate of the ankle plantarflexor’s activation played
a key role in resisting the forward waist-pull balance perturbations [22] and preventing the
forward tripping [20].

Following the unexpected medial movement of the platform, the hip abductor was
evoked earlier and reached the peak activation earlier than the hip adductor to resist
the induced lateral moving of the COM relative to the BOS. The result is consistent with
previous studies that reported the significant relationship between the hip abductor and
balance recovery under lateral waist-pull perturbations [22,47,48]. In addition, this study
observed that the ankle dorsiflexor had a generally larger rate of activation than the other
dominant-leg muscles; under the high and the highest perturbation intensities, a large rate
of activation was further evoked in the hip abductor and ankle plantarflexor, as the body
weight was more quickly transferred to the dominant leg. The dominant-leg distal ankle
muscles have been reported in previous studies to provide the immediate joint torque to
regain balance under the medial perturbation of platform, followed by the proximal hip
muscles with the increasing of perturbation intensity [49-51]. Such kinetic responses could
partially be corroborated by the further neuromuscular evidence in this study.

Following the unexpected lateral movement of the platform, the hip adductor reached
peak activation earlier than the hip abductor to counteract the sudden medial moving of
the COM relative to the BOS. Moreover, among the eight dominant-leg muscles, the ankle
dorsiflexor had the greatest rate of activation. These findings were consistent with previous
studies that indicated the essential contributions of ankle and hip muscles in controlling
mediolateral postural balance [21,22,49,52]. On top of this, in the sagittal plane, this study
further observed that the ventral muscles (ankle dorsiflexor, knee extensor, and hip flexor)
had earlier onset and shorter time to peak activation than the dorsal muscles. These rapid
activation patterns might be related to the attempt at trying to counteract the body weight
unloading from the dominant leg and prevent the excessive medial postural sway induced
by the unexpected lateral moving of platform [53].

To the authors” knowledge, no previous study has investigated the activation pattern
of all the major hip, knee, and ankle muscles to maintain balance over the unexpected
platform movement. By examining the hip adductor/abductor, hip flexor/extensor, knee
flexor /extensor, and ankle dorsiflexor/plantarflexor simultaneously, this study identified
the essential importance of ankle muscles” rapid activation in resisting horizontal per-
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turbations for young adults. It is also expected that this study’s more comprehensive
and in-depth investigation in the eight leg muscles” activities could facilitate the future
development of programs and assistive devices to improve balance and prevent falls in
older adults [53-64].

4.2. Rapid Kinematic Responses Varied with the Perturbation Direction (Hypothesis 2)

The secondary finding of this study was that the rapid responses of lower-limb joint
motions and postural sways varied in different directions of balance perturbations. Follow-
ing the unexpected platform movement, lower-limb joint motions caused by the inertia of
body segments were generally the first to appear and are considered as passive/involuntary,
while sometimes, other active/voluntary joint motions could also appear as early as the
passive/involuntary ones. Among the six directions of COM displacement, COM mov-
ing toward the opposite direction of the balance perturbation was generally the earliest
because of inertia, which is consistent with the previous studies’ findings [10,58,65], while
sometimes, the COM displacement in the vertical direction could also occur as early as in
the horizontal direction either because of inertia or active/voluntary reactions.

Early onset of joint angles and short time to peak angles were generally observed in the
passive/involuntary joint motions induced by the moving platform. Specifically, because
of inertia, faster responses of ankle dorsiflexion (compared to ankle plantarflexion) [10],
hip adduction (compared to hip abduction) [22,65], and hip abduction (compared to
hip adduction) [22,65] were induced under the unexpected posterior, medial, and lateral
perturbations, respectively. However, only under the medial perturbation was the onset
of passively induced hip adduction found to be significantly earlier than the remaining
seven lower-limb joint motions. For the anterior, posterior, and lateral directions, the
passive/involuntary joint motion was usually accompanied by the fast responses of other
active/voluntary joint motions to resist the balance perturbation.

The timing patterns of active/voluntary lower-limb joint motions were different fol-
lowing the four directions of unexpected balance perturbations. Specifically, under the
unexpected anterior perturbation, the passively/involuntarily induced ankle plantarflexion
was accompanied by the consistently early onset of hip flexion (compared to hip exten-
sion). A previous study also reported that early ankle plantarflexion was followed by
the knee flexion, and hip flexion under the sudden forward movement of platform [14].
On top of it, this study observed that knee flexion (compared to knee extension) and
hip flexion (compared to hip extension) reached peak angles more quickly, which further
corroborates the finding in the onset of joint motions. Under the unexpected posterior
perturbation, no consistently fast response within the knee or hip joint accompanied the
passively/involuntarily induced ankle dorsiflexion. However, a previous study reported
that young adults also had an earlier hip extension than hip flexion apart from the ankle
joint motions following the posterior moving-platform perturbation [10]. This may be
because the perturbation intensity induced by the posterior movement of the platform
was not as large as that in the previous study [10,22]. Therefore, this study observed only
the consistently later onset and peak in ankle joint motion (ankle dorsiflexion < ankle
plantarflexion). The corrective reaction, i.e., ankle plantarflexion, was sufficient to recover
from the induced forward loss of balance. Under the unexpected medial perturbation, all
the active/voluntary joint motions appeared after the passively/involuntarily induced hip
adduction. The hip abduction was corrective, as the muscle activity of the hip abductor
was detected, which could work to oppose the passive hip adduction. This reaction was
also supported by a previous study that found the corrective response of hip abduction
momentarily following perturbations in frontal plane [22,65]. Under the unexpected lateral
perturbation, the passively/involuntarily induced hip abduction was accompanied by
the consistently early onset and short time to peak of hip flexion, knee extension, and
ankle dorsiflexion. Similar to the medial perturbation, the hip adductor muscle worked to
oppose the passive hip abduction and produce the later corrective hip abduction [22,65].
In addition, the observations of this study may suggest that when the body weight was
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unloaded from the dominant leg following lateral perturbations, fast joint motions in the
sagittal plane were also required to maintain balance, while they were not required when
the body weight was loaded on the dominant leg following medial perturbations.

The unexpected horizontal perturbation also induced the consistently faster response
of COM in the vertical direction. As far as the authors know, previous studies have rarely
compared the timing of postural sways in horizonal and vertical directions following a
balance perturbation. Specifically, in this study, the faster upward COM displacements
(compared to the downward direction) were observed following the anterior, medial, and
lateral balance perturbations, while the posterior perturbation induced a faster downward
COM displacement. Following the anterior perturbation, the earlier upward COM displace-
ment (compared to downward direction) seemed to be related to the great proportion of
subjects’ stepping strategies and toe-rise strategies in the study. Following the medial or the
lateral perturbation, the faster responses of hip flexion, knee flexion, and ankle dorsiflexion
in the unloaded leg were observed. The fast upward COM displacement could be caused
by the lifting of the unloaded leg. By contrast, following the posterior perturbation, the
COM reached peak displacement more quicky in the downward direction than in the
upward direction. This response was considered to be passive, as the downward and the
passively induced forward postural sways had similar onset latencies and time to peak. The
posterior displacement quickly induced the subject’s forward inclined posture, so the COM
had a firstly downward displacement and was followed by a later upward displacement
to recover the upward posture. Difference in perturbation intensities may explain why
the initial COM displacement in the vertical direction following posterior perturbations
differed from that following anterior/medial/lateral perturbations. Posterior perturbations
were set with smaller intensities than the anterior/medial/lateral perturbations in this
study. The latter ones were challenging enough and induced the faster active/voluntary
reactions that elevated the COM, while the former ones did not.

4.3. Larger Perturbation Intensity Evoked Faster Rosponse in Muscle Activation (Hypothesis 3)

The tertiary finding of this study was that larger perturbation intensity induced an
earlier EMG onset, shorter time to peak EMG amplitude, and larger rate of EMG rise in the
dominant-leg muscles but did not lead to faster responses in postural sways or lower-limb
joint motions. This may suggest that under a larger unexpected challenge to loss of balance,
the lower-limb muscles could activate earlier and more rapidly to restrict excessive joint
motions and prevent excessive COM shifts out of the BOS.

The results in this study indicate that the response rate of lower-limb muscles could
be related to perturbation intensity in general. EMG-onset latencies and time to peak
EMG amplitude were significantly longer under the smaller perturbation intensities than
under the higher ones. Previous studies have reported such a phenomenon mainly in
the sagittal plane (anterior and posterior directions) [10,14,46,66]. Furthermore, this study
suggests that this trend was also applicable to perturbation in the frontal plane (medial and
lateral directions). In addition, this study observed a higher EMG rising rate under a larger
perturbation intensity. Such effects of perturbation intensity seemed to be more prominent
in the agonist muscles that could resist postural sways induced by the unexpected moving-
platform perturbations (e.g., ankle dorsiflexor under the anterior perturbations; ankle
muscles and hip abductor under the medial perturbations). However, the specific type
of correlation between the muscle responses and perturbation intensities has remained
unclear. It would be interesting to establish some models between the two factors in
future studies.

A larger perturbation intensity could evoke larger responses in lower-limb joint mo-
tions and postural sways; however, it may not be able to evoke faster kinematic responses.
For the postural sways, this study found that larger perturbation intensity generally in-
duced larger COM displacement along the line of perturbation direction. An example
was that both the forward and the backward peak COM displacements increased with the
anterior perturbation intensity. This was understandable since the different perturbation
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intensities in the study were position-controlled. However, a larger intensity of perturba-
tion did not evoke an earlier onset or shorter time to peak COM displacement. A similar
amount of time was required to reach a larger postural sway under the greater pertur-
bation intensity. This result partly agreed with a previous study that showed increasing
peak COM velocity and peak COM acceleration with perturbation intensity [61]. For the
lower-limb joint motions, it was found that ankle dorsiflexion, knee flexion, and hip flexion
angles increased with the perturbation intensity for all the four perturbation directions.
Such strategies seemed to be able to reduce the additional horizontal excursions when the
challenge to loss of standing balance became larger [45]. However, the onset or the time to
peak for neither the whole-body postural sways nor lower-limb joint motions were affected
by the perturbation intensity. These may suggest that earlier and faster lower-limb muscle
activation would be adequate for the successful maintenance of balance following a larger
balance challenge. In addition, as these findings indicate that the neuromuscular reaction
time (EMG-onset latency and time to EMG peak amplitude) could be modulated by the
different intensities of perturbations, EMG temporal parameters could potentially be used
as the training outcome or biofeedback in perturbation-based balance training [67].

4.4. MMG Signals Following Balance Perturbations Merit Further Study

Attempts have also been made to process and analyze the MMG signals, aiming
to examine the possible delays between the electrical and mechanical muscle activities
in response to unexpected balance perturbations. A new processing method was used
upon optimizing the one reported in our previous study [22]. However, the MMG signals
obtained in the current study may still not fully reflect the exact mechanical activities of
muscles since the onset of MMG signal was not consistently later than that of EMG signal.
The observed time delay between the EMG and MMG onset was not comparable with the
previous studies either. The delay in the MMG signal after the EMG signal observed in
previous studies ranged from 7 ms to 30 ms instead [68-72]. Thus, it should be noted that
the following discussion of the MMG data might be affected by the current processing
method of MMG signals used in this study. Further attempts are still needed to improve
the MMG data processing method in future studies.

When comparing among the eight muscles, the onset of the MMG signal under all
directions of perturbation was significantly earlier at distal than proximal muscles. Such
onset might be caused by the perturbation induced from a moving platform supporting
standing, i.e., at the distal side of subject’s body. This is further supported by the result
that the value of each parameter in MMG recorded greatly depended on pulling intensity
but not for muscles or pulling directions. Although MMG showed considerable reliability
to detect muscle activities in static conditions [72,73], it might not be effective in dynamic
conditions, as the current processing method of MMG signals can still not effectively
eliminate the noise caused by the moving platform and the movement of body segment.
Further studies and optimization of the set-up are required for MMG technologies to be
applied to muscle-activity measurement in dynamic situations.

4.5. Strengths and Limitations

This study has the below strengths. Firstly, the moving-platform perturbation system
was synchronized with the Vicon system and the Trigno Wireless Biofeedback System,
enabling our accurate analyses of the temporal parameters of multiple signals during
balance control. Secondly, the perturbation intensity (i.e., pulling displacement) was set as a
percentage of the subject’s body height so that the perturbation was a consistent challenge to
postural balance across different individuals. Thirdly, this study comprehensively analyzed
how fast the eight major leg muscles’ activation and eight lower-limb joint motions could
occur during balance control. These findings in healthy young adults can serve as the
foundation and reference for not only further studies of balance-controlling mechanisms
in older adults with high fall risks, but also the further development of assistive/robotic
devices for targeted balance training and fall prevention.
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There are some potential limitations of this study. Firstly, only a small number of
subjects were recruited for this pilot study. Future studies in older adults or a specific pop-
ulation should justify the sample size to make the findings more representative. Secondly,
during the processing of EMG signals, this study used baseline EMG value in normal
standing for normalization. Therefore, it should be noted that the rate of EMG rise in this
study was based on the muscle-activation level in normal standing rather than the capacity
of muscle activation. Maximal voluntary contraction (MVC) tests could be carried out in
the future to examine if the amplitude-normalization methods affect the finding. Lastly,
the current MMG processing method might still be not mature enough to extract the exact
vibrations of lower-limb muscles. Further observation and development are needed. More
tests could be performed on MMG to evaluate the reliability and validity of reflecting the
mechanical muscle activities following the unexpected perturbation.

5. Conclusions

To conclude, among the eight dominant-leg muscles, the ankle muscles’ rapid ac-
tivation contributed the most to resisting the unexpectedly induced postural sways in
both the sagittal and frontal planes. Fast responses of the lower-limb joint motions and
the vertical postural sways were related to the perturbation direction. Under a larger
perturbation intensity, muscles reacted more rapidly, while joint motions or postural sways
were not necessarily faster. These findings provide new insights on the sequence or the
fast responses of multiple lower-limb muscles/joints in coping with the different levels of
balance challenges. The mechanisms underlying reactive standing balance are thus better
understood, which may facilitate future research on developing targeted balance-training
protocol and/or technology or devices for fall prevention in older adults.
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Abstract: In general, at the same level of exercise, female athletes are three to six times more likely to
injure an anterior cruciate ligament (ACL) than male athletes. Female athletes also had higher rates of
ACL injury than males in a single-leg landing task after a backcourt backhand side overhead stroke in
badminton. In many previous studies, stiffness of the musculoskeletal system in the lower limbs has
been reported as a potential factor contributing to differences in ACL injury rates between genders.
The purpose of this study was to describe the differences between genders in leg and knee stiffness in
male and female athletes during a single-leg landing action after the backhand side overhead shot in
the backcourt. Eight male athletes and eight female athletes participated in this test. Leg stiffness and
knee stiffness were calculated separately for male and female athletes during the landing phase. The
results showed that both absolute and normalized leg stiffness were lower in female athletes than in
male athletes (p < 0.05). And both absolute and normalized knee stiffness were also lower than male
athletes (p < 0.05). The low leg stiffness and knee stiffness demonstrated by females in this single-leg
drop task compared to male athletes may indicate that females have lower dynamic leg stability than
males during the drop, which may lead to hypermobility of the knee joint and may put females at a
higher risk of injury in this high-risk maneuver for non-contact cruciate ligament injuries.

Keywords: badminton; single-leg landing; ACL injury; lower extremity stiffness

1. Introduction

Previous investigations have shown that anterior cruciate ligament (ACL) injuries may
be the most severe lower limb injuries in badminton [1,2]. The most common type of injury
among lower extremity ACL injuries is the non-contact ACL injury, accounting for seventy
percent of all cases. This type of injury typically occurs more frequently in rapid sports that
involve lateral cutting, twisting, and landing [3]. Competitive badminton is a complex sport
involving high-frequency, high-intensity sudden stops, changes of direction, and landing.
Furthermore, studies have indicated that female athletes typically experience ACL injury
rates three to six times higher than their male counterparts at the same level of exercise [4].
Previous studies have shown that ACL injuries often occur when most or all of the body
weight is transferred to one foot [5]. Through analysis of videos of badminton competitions,
some academics have found that non-contact ACL injuries are most commonly suffered
when a player lands on a single leg after performing a backhand side overhead stroke in
the backcourt [6]. Additionally, epidemiological studies have indicated that in the sport
of badminton, female athletes are at a higher risk of sustaining injuries during single-leg
landing actions after executing backhand side overhead shots, compared to males. These
injuries appear to occur most frequently during the landing phase [6,7].
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Previous studies have identified both intrinsic and extrinsic risk factors for the occur-
rence of cruciate ligament injuries in different genders. Most authors have proposed various
factors, including the influence of hormones and menstrual cycles, as well as anatomical,
genetic, and neuromuscular differences between male and female athletes [8-10]. How-
ever, as the cause of ACL injury may be attributed to a complex interplay of risk factors,
several studies have suggested that biomechanical factors may partially explain the gen-
der difference in the incidence of ACL injury [11], and it is believed that stiffness of the
musculoskeletal system is one of the biomechanical factors that may contribute to the sex
differences in ACL injury rates [12].

The stiffness of the human body reflects its capacity to withstand the deformations
caused by the ground reaction force (GRF) [13,14]. The spring-mass model reflects the char-
acteristics of human jumping motion and is employed to approximate the musculoskeletal
system of the lower extremity [15]. The term ‘leg stiffness’ is used to describe the resistance
to change in the overall length of the leg following the application of an internal or external
force. Leg stiffness can be controlled by adjusting the stiffness of individual joints. Joint
stiffness is controlled by a variety of biomechanical factors, including muscle activation
and strength [16-18], reflexes [19], antagonist co-activation, and lower limb kinematics
during ground contact [20-23]. Joint stiffness can be controlled by altering the range of
motion of the lower limb joints and the associated muscle activity [24]. Leg stiffness has
been shown to be an important indicator of the risk of sports injury. Through numerous
studies, an increasing amount of evidence indicates that both excessively high and exces-
sively low stiffness can significantly contribute to a higher incidence of musculoskeletal
injuries [7,12,25]. Previous studies have shown that excessive leg stiffness may increase
peak forces and reduce the lower limb range of motion, the combination of which usually
increases loading rates [26]. The combination of increased peak forces, loading rates, and
impact forces can make people more susceptible to skeletal injuries [27]. Moreover, insuffi-
cient leg stiffness may lead to increased pressure on the passive supporting structures of
the knee during the landing process, compromising joint stability and resulting in exces-
sive joint motion. This can elevate the risk of non-contact soft tissue injuries, particularly
knee ligament injuries [13]. Women exhibit lower muscle stiffness than men when con-
trolled open-chain measurements are performed on the isolated knee [25,28]. In addition, a
prospective study found that bilateral differences in preseason leg stiffness increased the
likelihood of non-contact lower limb injuries [29]. Some scholars have found that lower
limb stiffness was generally lower in female than in male athletes when comparing male
and female athletes performing jump landings and volleyball block jump landings. They
suggest that the reduced stiffness in female athletes may result in reduced knee stability,
causing excessive joint motion at the moment of landing, which may put female athletes
at higher risk of ACL injury [30,31]. Therefore, by measuring the variables of lower limb
leg stiffness and joint stiffness, we can gain more insight into the potential risk factors for
multiple cruciate ligament injuries in female athletes than in male athletes during sports.
Previous studies have investigated gender differences in lower extremity stiffness in some
two-legged jumping events [32], however, no gender differences in lower limb stiffness
were investigated during the movement of landing on one leg after a backhand overhead
stroke in the backcourt of badminton, where female athletes are at higher risk of ACL injury
(6 male and 15 female badminton players) [6]. To gain more insight into the possible factors
that place female athletes at a higher risk of ACL injury than male athletes in single-leg
landings after backcourt lateral backhand overhead strokes, a high-risk movement for ACL
injury in badminton, and to provide injury prevention strategies for athletes, coaches, and
rehabilitation practitioners, it is necessary to examine the gender bias in leg stiffness and
knee stiffness during single-leg landings in both male and female athletes.

Therefore, we hypothesized that when badminton players landed on a single leg after
a backhand overhead shot in the backcourt, female athletes may exhibit relatively less
lower extremity stiffness compared with male athletes.
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2. Materials and Methods
2.1. Subjects

In our study, we recruited 16 experienced badminton players, comprising 8 male and
8 female players (Table 1). All participants were members of the university’s badminton
team and trained at least 6 times per week, with each training session lasting for 3 h. None
of the participants had a history of surgery or injury to the trunk, spine, or extremities,
limited range of motion in any joint, or muscle weakness, as confirmed by a review of their
medical records. All subjects held the racket with their right hand. Prior to participating
in the study, all subjects read and signed the informed consent form. This study received
approval from the ethics committee of Jeonbuk University (JBNU2022-04-008-001).

Table 1. Basic information of male and female athletes participating in the experiment.

Males (n = 8) Females (n = 8)
Age (years) 21.5+2.57 20.38 +2.19
Height (cm) 178.5 +2.21 167.6 +5.76
Body weight (Kg) 70.63 + 6.17 61.38 + 6.98
Experiences (years) 9.62 + 1.95 10.75 + 2.87

2.2. Preparation for Testing

The three-dimensional motion data use a motion capture analysis system (OptiTrack,
NaturalPoint, Inc., Corvallis, OR, USA) including 13 high-speed infrared cameras, and
collects experimental data from each participating subject at a sampling frequency of
120 HZ. Each subject’s anatomical landmarks were equipped with 57 reflective markers.
Ground reaction forces were collected by a force plate embedded in the floor (OR6-6-2000
force platform, AMTI Inc., Plano, TX, USA) at a sampling frequency of 1200 Hz. The motion
analysis system and force plate were set up simultaneously before testing. After each test,
the 3D motion data were transferred to Visual3D software (Professional 6.0, C-Motion Inc.,
Germantown, MD, USA) for data analysis of joint angles and other features.

2.3. Test Procedure

We provided clear explanations of the test procedure and purpose to each subject
prior to the commencement of the official test. Additionally, we recorded the subjects’
basic information, including gender, age, weight, height, and years of experience playing
badminton (Table 1). Based on previous research, the actions described by Kimura in
badminton with a higher risk of ACL injury were simulated (Figure 1) [5]. Each subject
performed a task associated with a high-risk posture for ACL injury, which involved taking
one step back to the backhand side of the badminton court to perform an overhead stroke
followed by a single-leg landing. Considering that ACL injuries seem to frequently occur
during the landing phase, we defined the landing phase in this study as the period from
the initial contact point on the force plate to the point of maximum knee flexion during the
testing [33].

To minimize individual differences and ensure the accuracy of our experimental
results, we enlisted the help of an experienced trainer to demonstrate the proper test
movements to all participants. To ensure consistency in every movement, we marked
lines at a 45-degree angle on the badminton court and instructed each participant to land
on the force measuring plate with one leg after hitting the backhand over the ball in the
badminton backcourt. They were then required to quickly return to the starting point (see
Figure 2). To reduce the risk of injury during the test, each participant was asked to perform
a 15 min warm-up session consisting of jogging, jumping, and several high-clear swings
prior to the formal test. Participants were then asked to perform three to five successful
trials, with a 30 s rest period in between each test to avoid fatigue. To further minimize
potential errors in the experiment, we provided each participant with the same badminton
racket and shuttlecock, as well as the same experimental equipment.
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Take off-1 Strick-2 Toe strike-3 Peak GRF-4 Peak knee-5 |

Figure 1. The single-leg landing motion after the backhand side overhead shot in the backcourt of
badminton is divided into five stages: take off, strick, toe strike, peak GRF, and peak knee [5]. Red
boxes indicate the landing stages analysed in this study.

80cm

220cm 220cm 220cm
backc ourt midcourt forecourt

Figure 2. The shuttlecock service machine delivers the shuttlecock to the same location at the same
speed and frequency. The subjects stepped back from the starting point to the backhand side of the
badminton backcourt to perform the landing task. On landing, they dropped their left foot into the
force plate and hit the badminton to the designated area. And quickly return to the starting position
within 3 s of the end of the action. The red dotted lines show the sending line of the shuttlecock, and
the flight path of the shuttlecock after it has been hit, respectively. The different boxes indicate where
the shuttlecock will land and we require that the shuttlecock must land in the blue box after being
struck to be recorded as a successful experiment.

2.4. Leg and Knee Stiffness Calculations

The spring-mass model consists of a body and linear leg springs supporting the body.
Calculations of lower extremity leg stiffness and knee stiffness were performed using a
spring-mass model as presented in previous studies [34]. Leg stiffness is defined as the
ratio of the maximum ground reaction force (GRF) to the maximum leg pressure during
the landing phase. The calculation formula is as follows:

Kleg (N/m) = peak GRF vertical/ALcom
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where peak GRF is the maximum vertical ground reaction force. ALCOM is the vertical
displacement of the center of mass (COM) from initial contact to maximum knee flexion.
We will calculate the center of mass in Visual3D using a full-body biomechanical model
based on the position and inertial properties of each body part. GRF data were normalized
to body weight (BW), COM shifts were additionally normalized to height, and Kleg was
normalized to weight and height. Both will be reported as absolute values and normalized
values, respectively.

Joint stiffness was defined as the ratio of the joint moment changes to joint flexion
during the landing phase. Knee joint stiffness is calculated using the formula:

Kjoint (Nm/rad) = AMjoint/A8joint

In this formula, AMjoint represents the change in joint moment between the moment
of initial touchdown and the peak knee moment, and A6joint is the angular displacement
of the knee joint between the moment of initial touchdown and the peak knee moment.

2.5. Data Processing and Analysis

All marker trajectory data were recorded and digitized using 3D motion capture
system MotiveBody 2.2.0 software (OptiTrack, LEYARD, Buffalo Grove, IL, USA). Sagittal,
frontal, and horizontal kinematic and kinetic data of the left hip, left knee, and left ankle
were processed using Visual 3D Professional 6.0 software (C-Motion, Inc., Germantown,
MD, USA) and presented as mean and standard deviation (SD) of the test. The impact
phase of landing was analyzed first, as it is the critical period for non-contact ACL injuries,
which commonly occur during the early stages of landing [35]. In this study, the landing
phase was defined as the period from initial contact with the force plate to the point of
maximum knee flexion in the test, considering that ACL injuries usually occur during this
phase [33]. The angular position of the knee is defined as the calf relative to the thigh and
using X (flexion/extension), Y (adduction/abduction), and Z (internal rotation/external
rotation), using the right-hand convention. Directions are fixed by sign, being positive for
flexion, negative for extension, positive for adduction, negative for abduction, positive for
internal rotation, and negative for external rotation. Joint torque is calculated using the
inverse dynamics method by combining force plate data with kinematic data. We analyzed
the data collected in the experiment using SPSS19 software. After calculating the data
collected from badminton players, the calculated kinematic and kinetic data were compared
statistically using independent t-tests. p < 0.05 was considered statistically significant.

Absolute leg stiffness and leg stiffness normalized to height and weight, as well as
absolute knee stiffness and knee stiffness normalized to height and weight, were separately
calculated for each subject, including eight male athletes and eight female athletes. Before
conducting an independent sample t-test, normality analysis and chi-square tests were
performed on the data of the male and female athletes. The two sets of data are from nor-
mally distributed populations with flush variance and satisfy independence. Subsequently,
independent sample t-tests were performed on the data from the male and female athletes
to examine gender differences between initial ground contact and maximum knee flexion.
The tests included changes in vertical GREF, vertical COM displacement, leg stiffness, knee
moment change, knee flexion angle displacement, and knee stiffness.

3. Results
3.1. Leg Stiffness

In Table 2, we observe that the absolute change GREF is significantly higher in male
athletes compared to female athletes (p < 0.05). There is no significant difference in the
vertical displacement of the center of gravity between male and female athletes. However,
the calculated absolute leg stiffness in men is significantly higher than that in women, and
this difference is statistically significant (p < 0.05).
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Table 2. Absolute change in vertical GRF, absolute vertical COM displacement, absolute leg stiffness

(mean + SD).
Males Females p Value
Change in vertical GRF (N) 2339.16 £ 549.50 1235.44 + 316.87 0.0002 *
Vertical COM displacement (m) 0.141 + 0.025 0.131 + 0.024 0.3852
Leg stiffness (KN/m) 16.95 + 4.17 9.45 4+ 1.98 0.0004 *

“*” indicates a significant difference p < 0.05.

From Table 3, we can see that the normalized variation in GRF was also significantly
greater in males than in female athletes (p < 0.05). There was no significant difference
between male and female athletes in terms of normalized vertical displacement of the COM.
However, there was also a significant difference in normalized leg stiffness between male
and female athletes (p < 0.05).

Table 3. Normalized change in vertical GRF, normalized vertical COM displacement, normalized leg
stiffness (mean =+ SD).

Males Females p Value

Change in vertical GRF (BW) 3.29 +£0.73 2.03 £0.38 0.0006 *
Vertical COM displacement (ht) 0.079 £ 0.014 0.078 £ 0.013 0.9954
Leg stiffness (KN/m) 16.95 £+ 4.17 9.45 +1.98 0.0004 *

%77

indicates a significant difference p < 0.05.

3.2. Knee Joint Stiffness

In Table 4, we can see that there is a significant difference in the absolute change in
knee torque between male and female athletes (p < 0.05). In addition, the absolute change
in knee flexion angle was significantly smaller in male athletes compared to female athletes,
a significant difference (p < 0.05). Additionally, the absolute knee stiffness calculated from
these measurements was significantly greater in male athletes than in female athletes, a
significant difference (p < 0.05).

Table 4. Absolute change in knee joint moment, absolute knee flexion displacement, absolute knee
stiffness (mean + SD).

Males Females p Value

Change in knee joint moment (N.m) 158.46 £+ 32.31 106.67 £+ 51.57 0.0304 *
Knee flexion displacement (°) 30.511 £ 3.442 40.989 £ 6.770 0.0015 *
Knee stiffness (N.m/°) 5179 +0.789 2.57 +1.099 0.0002 *

%

indicates a significant difference p < 0.05.

In Table 5, we can see that there is no difference between male and female athletes
in the amount of change in knee moment after normalization, but there is a significant
difference between male and female athletes in the calculated normalized knee stiffness
(p < 0.05). Female athletes had significantly lower knee stiffness than male athletes and
there was a significant difference (p < 0.05).

Table 5. Normalized change in knee joint moment, normalized knee flexion displacement, normalized
knee stiffness (mean + SD).

Males Females p Value

Change in knee joint moment (BW.ht) 0.125 £ 0.022 0.104 £ 0.045 0.2713
Knee flexion displacement (°) 30.511 £ 3.442 40.988 £ 6.769 0.0015 *
Knee stiffness (BW.ht/°) 0.0041 £ 0.0008 0.0026 £ 0.001 0.0034 *

%7

indicates a significant difference p < 0.05.

102



Bioengineering 2023, 10, 631

4. Discussion

This study aimed to investigate the differences between genders in regard to leg and
knee stiffness among male and female athletes during single-leg landing after a backhand
overhead shot in the backcourt of badminton. The results of this study support our
hypothesis, as we found that female athletes exhibited lower leg and knee stiffness in
this landing task compared to males. This could be a potential factor contributing to the
higher risk of non-contact ACL injuries among female athletes in this type of landing task
compared to males.

In our study, we observed that during a single-leg landing after a backhand overhead
shot in the backcourt of badminton, male athletes exhibited significantly higher absolute
leg stiffness (16.95 KN/m =+ 4.17) and normalized leg stiffness (42.56 BW /ht £ 10.66)
compared to female athletes, who had lower absolute leg stiffness (9.45 KN/m =+ 1.98) and
normalized leg stiffness (26.07 BW /ht 4 4.72). Similar results have been seen in previous
studies on two-legged landing tasks. Ward, Rachel E et al. compared the stiffness of male
and female dancers and male and female athletes during jumping and landing tasks and
they also found that female athletes had less leg stiffness than male athletes [33]. A previous
study by Padua et al. also found that, compared to males, female athletes had significantly
less stiffness in the lower limbs during jumping compared to males [12]. However, the
mean leg stiffness values for the male and female athletes in this study were higher than in
previous studies, which may be due to differences in our single-leg landing task.

In the single-leg landing task, we investigated and we observed that males had a larger
absolute vertical GRF variation compared to females. This difference may be attributed
to the fact that males generally have significantly higher body weight. However, even
after normalizing the data based on weight, males still exhibited a higher vertical GRF
compared to females. Additionally, there were no significant differences in both absolute
and normalized vertical COM displacement between males and females. However, when
examining both absolute and normalized leg stiffness, calculated based on these variables,
we found that female athletes had significantly lower values than male athletes. When
performing high-intensity functional tasks, the stiffness of muscles and joints plays a
critical role in the stability of the functional joint [36]. Stiffer muscles can more quickly
and effectively resist sudden joint displacement, possibly as a protective mechanism to
prevent acute knee joint injuries [13]. In addition, the passive and dynamic resistance to
joint displacement of larger muscles is associated with a greater muscle cross-sectional
area [37,38].In the same task, female athletes exhibit lower leg stiffness compared to male
athletes, which may indicate a weaker ability for females to resist external compressive
and resistance forces during functional single-leg landing tasks, leading to lower dynamic
stability of the legs than males. As dynamic leg stability can be reflected in leg stiffness,
stiffness is interpreted as the ability of the leg to resist compressive forces from external
forces, such as flexion of the hip, knee, or ankle during landing [31]. And this may be
related to anatomical differences between males and females, as males typically have
greater muscle mass than females. And exhibiting low leg stiffness may increase the
stress on the passive support structures of the knee during landings in women, leading
to hypermobility of the joint and thus increasing the likelihood of non-contact cruciate
ligament injuries in female athletes [31]. However, Granata, Padua, and Wils in their
study [12] it is not clear whether the cause of the gender difference in leg stiffness is due
to the physical characteristics of male and female athletes. However, in our results, the
male athletes still had significantly higher leg stiffness than female athletes even after
normalizing for weight and height.

In the single-leg landing motion following a backhand overhead shot in the backcourt
of badminton, female athletes showed a significant difference in absolute knee joint stiffness
(2.57 N.m/° £ 1.099) compared to male athletes (5.17 N.m/° 4 0.789). Additionally, the
normalized knee joint stiffness of female athletes (0.0026 BW.ht/® £ 0.0001) was signifi-
cantly lower than that of male athletes (0.0041 BW.ht/° £ 0.0008). This finding supports
our hypothesis that in this single-leg landing task, female athletes exhibit lower leg stiffness
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and knee joint stiffness compared to male athletes. These findings in our study align with
similar results observed in another investigation on volleyball blocking jumps [31]. These
results suggest that lower knee joint stiffness may be a potential risk factor for ACL injury
in female athletes during single-leg landings. In this study, the decrease in normalized
knee joint stiffness among female athletes compared to males may be attributed to their
less leg stiffness (absolute and normalized values). Joint stiffness (Kjoint) is a fundamental
measure for all lower extremity tasks, as the stiffness of joint components within the system
ultimately affects the overall system stiffness (i.e., Kvert or Kleg) [39-41]. Joint stiffness
is influenced by various factors, including the stiffness of each tendon unit that crosses
the joint. The stiffness of muscle-tendon units, in turn, depends on both muscle stiffness
and tendon stiffness [20]. It is important to note that muscle stiffness is determined by
the level of muscle activation; in other words, muscle stiffness can be indicated by the
degree of muscle activation [18,42]. During high-intensity lower extremity exercise, the
combined contraction of the hamstrings and quadriceps increases joint contact force, limits
intra-articular motion (thus keeping the joint stable), and provides protection to the knee
joint against movements that carry a high risk of injury, such as knee abduction and twist-
ing movements [43]. During high-load functional tasks, the greater the resistance of the
muscles to knee joint rotation, the higher the likelihood of maintaining dynamic stability
and increased stiffness in the knee joint. Consequently, there is a reduced likelihood of
stressing passive structures, such as the cruciate ligaments. Therefore, knee joint stiffness
may be a significant factor in preventing cruciate ligament injuries. In our study, the
lower knee joint stiffness observed in female athletes may be associated with insufficient
activation of the knee joint antagonist muscles. Co-activation of the lower limb antagonist
muscles is part of a strategy that can increase muscle stiffness and stability [44,45]. Previous
studies have shown that during jump landing tasks, females attempt to partially alter lower
limb stiffness by recruiting more quadriceps, and while large quadriceps activation may be
an effective mechanism for modulating lower limb stiffness during jumping, it may have
a detrimental effect on knee joint stability [32]. In addition, a previous study had found
that an unbalanced recruitment strategy of the quadriceps and hamstrings was used more
significantly in females compared to males during the landing task [32], previous studies
have shown that when the hamstrings are stiffer it may be able to limit tibial anterior
translation and shear forces and can relatively reduce the external forces exerted on the
cruciate ligament [37].

In this single-leg landing task, we observed a significant difference in the knee flexion
angle displacement between female athletes (36.97° & 7.38) and males (28.88° &+ 4.92). This
disparity may be attributed to weaker hamstring strength and lower muscle activation,
which limits the ability of muscle contraction to protect the ligaments, leading to reduced
joint stiffness and lack of stability upon landing. Consequently, female athletes face a
higher risk of cruciate ligament injury compared to their male counterparts during landing.
Notably, our study also found significantly lower normalized knee stiffness in females
compared to males, contradicting some conflicting results in the published literature [32].
This may also be caused by the fact that our present study was a single-leg landing
task, unlike the previous two-leg landing task. Previous research showed that when
knee stiffness was normalized for body weight, the differences between male and female
athletes were not evident, indicating that the increased net external knee flexion moment
after normalization could maintain similar normalized knee stiffness in female athletes
compared to males [46,47]. Moreover, other studies have demonstrated that humans
can autonomously control joint stiffness through muscle recruitment, thereby enhancing
dynamic joint stability by adjusting the joint stiffness [48]. As previously mentioned, female
athletes who used these strategies while jumping showed a more dominant recruitment
pattern for the quadriceps compared to male athletes [32]. A lower knee flexion moment in
female athletes may contribute to lower extremity stiffness and higher injury rates due to
the limited ability of the quadriceps to balance [49].

104



Bioengineering 2023, 10, 631

When interpreting the results of this study, it is important to acknowledge and consider
certain limitations. Firstly, the average age of the athletes we recruited was 20 years,
which is probably younger than the age used in previous studies. As leg stiffness is
influenced by the combined effects of hip, knee, and ankle stiffness [12], we focused solely
on knee stiffness in this study. Furthermore, torsional joint stiffness is regulated by various
biomechanical factors, including muscle activation and strength [16-18], reflexes [19],
antagonist co-activation, and lower limb kinematics during ground contact [20-23]. In this
study, we solely examined lower limb kinematic and kinetic data from male and female
athletes during ground contact. However, it is important to supplement these findings
with lower limb muscle surface electromyography to assess muscle strength and function
during exercise tasks [50,51]. Additionally, future investigations could explore different
muscle activation and exercise strategies to modulate lower limb stiffness under functional
loading conditions.

5. Conclusions

In the single-leg landing motion, after a backhand overhead shot in the backcourt
of badminton, compared with male athletes, female athletes showed significantly less
absolute and normalized leg stiffness and less absolute and normalized knee stiffness
during landing. This suggests that female athletes may be more susceptible to factors
than males to non-contact ACL injuries during landing motion, as female athletes exhibit
lower leg low dynamic stability and high knee hypermobility during landing than male
athletes. In future training, female athletes should appropriately increase the stiffness of
their lower limbs. However, further research is needed to determine the “optimal” stiffness
level required to achieve functional tasks.
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Abstract: Low-frequency oscillatory patterns of pallidal local field potentials (LFPs) have been
proposed as a physiomarker for dystonia and hold the promise for personalized adaptive deep
brain stimulation. Head tremor, a low-frequency involuntary rhythmic movement typical of cervical
dystonia, may cause movement artifacts in LFP signals, compromising the reliability of low-frequency
oscillations as biomarkers for adaptive neurostimulation. We investigated chronic pallidal LFPs with
the Percept™ PC (Medtronic PLC) device in eight subjects with dystonia (five with head tremors).
We applied a multiple regression approach to pallidal LFPs in patients with head tremors using
kinematic information measured with an inertial measurement unit (IMU) and an electromyographic
signal (EMG). With IMU regression, we found tremor contamination in all subjects, whereas EMG
regression identified it in only three out of five. IMU regression was also superior to EMG regression
in removing tremor-related artifacts and resulted in a significant power reduction, especially in the
theta-alpha band. Pallido-muscular coherence was affected by a head tremor and disappeared after
IMU regression. Our results show that the Percept PC can record low-frequency oscillations but also
reveal spectral contamination due to movement artifacts. IMU regression can identify such artifact
contamination and be a suitable tool for its removal.

Keywords: dystonia; tremor; local field potentials; globus pallidus; deep brain stimulation

1. Introduction

Dystonia is a movement disorder characterized by patterned, directional, and often
sustained involuntary muscle contractions that produce abnormal postures or repetitive
movements [1]. Tremor can be a basic feature of a dystonic contraction and is reported in up
to 87% of patients [2]. One of the most common dystonic tremors is head tremor in patients
with cervical dystonia (CD) [3], in which it causes a severe reduction in quality of life.

The pathophysiology of CD and dystonic tremor (DT) is not entirely known. It is still
unclear whether tremor in dystonia has its own pathophysiology unrelated to dystonia
or shares some mechanisms. It is also still debated whether DT, which is the presence of
tremor in a body part affected by dystonia, and tremor associated with dystonia (TAWD),
defined as tremor in a body part not affected by dystonia [4], are distinct entities or simi-
lar syndromes [5,6]. Previous studies revealed increased intermuscular coherence in DT
because of a loss of reciprocal inhibition [7-9], indicating that DT shares some dystonia
pathophysiology [10-12]. Functional imaging studies further showed the involvement of
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the basal ganglia, thalamus, midbrain, and sensory-motor cortex in DT, similar to dys-
tonia without tremor [13,14]. Recently, there has been increasing evidence of cerebellar
involvement and interactions between the cerebellum and basal ganglia in DT and dys-
tonia, and most of the literature converges in supporting the involvement of both basal
ganglia-thalamo-cortical and cerebello-thalamo-cortical pathways in dystonia [15-27]. In
particular, the cerebellum has a critical role in the generation and expression of tremor
and CD [28]. Neuroimaging studies showed greater activation of the anterior cerebellar
regions ipsilateral to the direction of head rotation and decreased activation in the posterior
cerebellar regions [29,30]. Patients with CD and head tremor showed higher clinical scores
of cerebellar dysfunctions, e.g., ataxia, than those without tremor [28], and dystonic tremor
improved after deep brain stimulation (DBS) of the cerebellar thalamus (ventralis interme-
diate nucleus [VIM]) [31]. On the other hand, a recent study comparing patients with CD
without tremor, CD with jerky head oscillations, and sinusoidal head oscillations showed
a distinct pallidal dysfunction in the group with sinusoidal oscillations [32]. This would
favor the hypothesis of a specific contribution of the basal ganglia to the pathophysiology
of DT [15].

Chronic DBS of the globus pallidus pars interna (GPi) is a safe and effective treatment
for advanced, disabling dystonia [33-36]. Despite successful results, pallidal stimulation
for dystonia remains a poorly standardized therapy with variable clinical outcomes [37]. A
significant challenge remains the variability of treatment benefits at an individual level. An
added complexity is that improvement after DBS is typically delayed or progressive over
months or years [35,38,39].

New implantable devices capable of chronically recording local field potentials (LFPs)
during stimulation will enable a better understanding of disease-related brain activity
patterns, their evolution over time, and their modulation in response to therapies [40].
This could dramatically improve tailoring treatment to each patient by adapting stimula-
tion parameters (adaptive DBS, aDBS) in response to an input signal that can represent
symptoms, motor activity, or other behavioral features [41]. In this regard, two aspects
are particularly relevant: (i) the ability to identify robust biomarkers reflecting symptoms
and their fluctuations in the context of activities of daily living and (ii) the reliability of the
device for real-time monitoring of artifact-free recordings and online adjustment of one or
more stimulation parameters [40].

One of the most promising biomarkers for dystonia is an increase in the magnitude of
oscillatory activity in the theta-alpha range (3-12 Hz) embedded in GPi-LFPs [42-44]. Neu-
mann et al. showed a correlation between these oscillations and the severity of dystonia [42],
but their acute suppression might not be followed by a direct change in symptom sever-
ity [45]. Additionally, the reliability of this biomarker in chronically stimulated patients
has yet to be fully explored. Pifia-Fuentes et al. observed a significantly lower theta-alpha
frequency power in (still symptomatic) dystonic patients chronically treated with DBS in
comparison to newly implanted patients, even when stimulation was suspended [45].

The aim of the present study was to investigate pallidal low-frequency oscillatory
activity in our first series of dystonic patients chronically stimulated with the Percept™ PC
device (Medtronic PLC). This is one of the first commercially available devices for chronic
DBS able to continuously record LFP in real time and transmit them wirelessly to a storage
device (a tablet-user interface) [46].

In this study, we particularly focused on dystonic tremor as a possible source of arti-
factual contamination of GPi-LFP recordings. Indeed, consistent and rhythmic movements
are particularly likely to contaminate the power spectrum [47]. This would be critical in
subjects with CD as they may present head tremor at a frequency of 1-6 Hz, which falls in
the same range as the GPi-LFP’s clinically relevant spectral power [48,49].
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2. Materials and Methods
2.1. Subjects, Surgery, and Clinical Evaluation

We reviewed data collected from eight patients with idiopathic dystonia implanted in
the GPi with the Percept PC device (Medtronic, PLC), who were routinely evaluated at our
center. Demographic and clinical data are listed in Table 1. Four patients had CD, three
had myoclonus dystonia (DM), and one had segmental dystonia primarily affecting the
head and the (left and right) arm (MFD). Five of these patients showed dystonic tremors of
the head. This was defined as a spontaneous oscillatory, rhythmical head movement [1].

Table 1. Demographic and clinical data. Abbreviations: T+—patients with head tremor; T——patients
without head tremor; CD—cervical dystonia; MFD—multifocal dystonia; DM—dystonia with my-
oclonus; TWSTRS—Toronto Western Spasmodic Torticollis Rating Scale; DBS—Deep Brain Stimulation;
NA—not available. * Identifies patients studied at battery replacement. ** Age at battery replacement.

. DWO07 * DWO03 * DWo04 * DWOo05
Patients DWO01(T+) DWO02(T+) DWO06 (T+) (T+) DWO08 (T+) (T—) (T—) (T—)
Sex F F F F F M M F
Age 52 44 57 50 33 74 62 65

Age at
onset, 38 36 42 Childhood Childhood 42 Childhood Childhood
years
Age at
50 43 56 48 ** 31 72 ** 62 ** 63
surgery
Disease CD CD CD MFD DM CD DM DM
TWSTRS
pre-DBS, 18 19 13 NA 22 22 NA 18
score
TWSTRS
post-DBS, Stim-off 16 18 8 17 19 16 21 18
score
TWSTRS
post-DBS, Stim-on 15 14 6 8 NA 5 13 6

score

All patients were implanted with standard non-directional DBS leads (3389, Medtronic,
PLC). The surgical procedure for DBS implantation has been described previously. Briefly,
patients underwent simultaneous bilateral stereotactic implantation of DBS electrodes
into the posteroventrolateral internal globus pallidus. The DBS electrode used was model
3389 (Medtronic, PLC), with four platinum-iridium cylindrical contacts of 1.5 mm each
and a contact-to-contact separation of 0.5 mm. The DBS electrodes were connected to an
implantable pulse generator (IPG) during the same or a subsequent surgery [39,50]. Three
out of eight patients received the Percept PC as a battery replacement. Along with GPi-DBS,
one patient with DM received DBS of the motor thalamus (i.e., VIM).

We assessed the severity of symptoms with the Toronto Western Spasmodic Torticollis
Rating Scale (TWSTRS, severity subscale [51,52]). The evaluations were performed before
and after DBS implantation (i.e., on the day of GPi-LFP recordings). After DBS, evaluations
were performed in both stimulation-off (stim-off) and stimulation-on (stim-on) conditions
with the clinically optimized stimulation parameters.

The local Institutional Review Board approved the study and waived review for the
data collection. Informed consent was obtained from all subjects involved in the study
according to the Declaration of Helsinki.

2.2. Experimental Setup and Recordings

We recorded GPi-LFPs from the chronically implanted electrodes in stim-off condition
at least six months after DBS implant. The stimulation was paused for at least 30 min before

110



Bioengineering 2023, 10, 476

the experiment. During the recordings, patients were at rest, comfortably sitting in a chair.
They were asked to keep their eyes open without speaking or performing any voluntary
movement. The average (+standard deviation) recording length was 233.62 s (:141.68 s),
ranging from 66.8 s (patient DW02) to 451.48 s (patient DW03). According to the clinical
evaluation of a neurologist expert in movement disorders (N.P.), the subject was considered
a tremor (T+) or non-tremor (T—) patient. The presence of tremor was further confirmed
by inspecting the video recordings of the experiment (VIXTA, BTS).

For one T+ patient (DW02), we performed three additional recordings aimed at in-
vestigating the effect of head tremor on LEPs. First, during the execution of an alleviating
maneuver (sensory trick or geste antagoniste) [53], namely, a light touch of the face per-
formed with the left hand. This is a peculiar feature of dystonia that enables a temporary
relief of dystonic muscle contractions upon sensory stimulation [53,54]. Second, during
voluntary alternating (left to right and back) rhythmic movements of the head with small
and, third, large amplitude. We limited this second set of recordings to only patient DW02
as she was the only one among the T+ patients with a clinically effective sensory trick.

GPi LFPs were recorded bilaterally from all non-adjacent contact pairs (i.e., 0-3, 0-2,
1-3, where 0 is the lowermost and 3 the uppermost contact, respectively) at a sampling
frequency of 250 Hz (indefinite streaming mode) [46].

Head tremor was recorded bilaterally with surface electromyography (FREEEMG,
BTS) of the sternocleidomastoid and trapezius muscles at a sampling frequency of 1000
Hz. We chose these two muscles because they were affected by tremor in all patients
and could be easily recorded. Additionally, we placed one EMG probe on the left chest
to record heart activity and remove cardiac artifacts from the LFPs [55] and one on the
neck close to the cable connecting the implantable pulse generator (IPG) with the DBS
electrodes for synchronization purposes [46,55]. The method for synchronizing LFP and
EMG recordings has previously been described in [46,56,57]. Briefly, a transcutaneous
electrical nerve stimulation (TENS) burst was delivered at the level of the neck (f = 80 Hz)
at the beginning and at the end of each recording session. We used the abrupt drop-off of
the TENS artifact simultaneously recorded by the DBS electrodes and EMG probe to align
the two signals.

In the T+ group, head tremor was recorded with a triaxial inertial measurement unit
(IMU) (Opal, APDM) placed on the forehead at a sampling frequency of 128 Hz. IMU and
EMG signals were synchronized by aligning the data with respect to the rising edge of a
transistor-transistor logic (TTL) signal going from 0 to 5 V.

2.3. Data Analysis
2.3.1. Data Preprocessing

All data were imported to MATLAB (R2022b, The Mathworks, Natick, MA, USA) and
analyzed offline using custom codes.

EMG recordings were down-sampled to the LFP sampling frequency, i.e., 250 Hz. Al-
though the IPG was located in the right subclavicular region in five out of eight patients [58],
all LFP signals were contaminated by cardiac activity. The cardiac artifacts were removed
from the LFP signals by means of singular value decomposition (SVD). We first detected
the cardiac QRS peaks as recorded by the EMG probe placed on the chest. We then divided
the LFP signals into epochs centered on each QRS peak. For each epoch, we computed
the SVD of the LFP signals and visually identified all the eigenvectors corresponding to
the ECG artifact. We then reconstructed the cardiac artifact from these components and
subtracted it from the raw LFP [55].

To characterize tremor, EMGs were band-pass filtered in the band 1-120 Hz (second
order IIR filter). We used the absolute value of the Hilbert transform of the EMG signals for
the subsequent analysis. The IMU signals were high-pass filtered at 1 Hz (second-order
Butterworth filter).

Figure 1 shows an example of the synchronized recordings of EMG, IMU, and LFP in
one patient (DWO08).

111



Bioengineering 2023, 10, 476

5 x107 STERNOCLEIDOMASTOID R EMG
E 1
3l
%-
£
© OMMMMMMLM@MJ
’g' 100 T IMU
Y
o
i 50 -
g i —
E -50 ’ |
@
=
3
2
£
: |
® .0.01 !

5 10 15 20

time [s]

Figure 1. Patient DWO08: time series of 20 s of recording of the right sternocleidomastoid muscle (first
row), IMU (second row), and LFP (third row) during rest. The IMU time series were averaged over
the three axes (X, y, z), and the LFP time series were averaged over the six contact pairs (0-3, 0-2, 1-3,
left and right). The patient showed a dystonic tremor during the acquisition, as also confirmed by
clinical notes and a video evaluation of the recording. The waveform of the tremor peaks captured by
the IMU can also be observed in the LFPs.

2.3.2. Spectral Analyses

The power spectral density (PSD) of all signals was computed using Welch’s method
with 1-s windows and a 50% overlap.

The LFP power spectra were characterized by the presence of an aperiodic part fol-
lowing a 1/f power law. Following Donoghue et al. [55,59], we modeled the observed
PSD as the sum of putative, periodic oscillatory components parameterized by their center
frequency, power, and bandwidth, as measured from Gaussian model fits, plus an aperi-
odic component parameterized by the offset and slope of an exponentially decaying (1/f
shaped) function. Following the parameterization procedure, we removed the 1/f aperiodic
component from the PSD to analyze only the true oscillatory components. The resulting
LFP power spectra were then normalized to the standard deviation of the spectrum in the
range 5-95 Hz to de-emphasize spectral features prone to movement artifacts [42,60]. LFP
PSDs were averaged over all contact pairs and over trials.

IMU and EMG power spectra were normalized to the standard deviation of the spectra
in the range 1-64 Hz and 1-125 Hz, respectively. EMG power spectra were averaged over
the four recorded muscles and over trials. IMU power spectra were averaged over the three
recorded axes and over trials.

2.3.3. Assessment of Tremor-Artifacts in LFP Recording and Comparison of IMU vs. EMG
Regression Analysis

We investigated eventual dystonic tremor contamination in the LFP by (i) comparing
PSDs across modalities and (ii) regressing multiple time-lagged copies of the EMG and the
IMU out of the LFP and evaluating the effect on LFP-PSDs.

With regards to PSD comparison, individual averaged power spectra were visually
inspected for peaks in the theta-alpha band (3-12 Hz), which corresponds to the range of
tremor [61]. We focused on the theta-alpha frequency peaks as computed on LFP, EMG,
and IMU PSDs. LFP spectra were considered contaminated by dystonic tremor when the
peak in theta-alpha power aligned across LFPs, EMGs, and IMUs.

To perform the regression, all recordings were down-sampled to the lowest available
sampling frequency: 128 Hz when IMUs were used, 250 Hz when EMG signals were used.
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To regress the temporal dynamics of the EMG and IMU channels capturing head-
tremor out of the LFPs, a temporal embedding of the EMG and IMU time series was
performed. To this end, each time series x;,;(t) was complemented by temporally shifted
versions ;m(t) =[xt + 1), ..., xm(t + T)]T, m =1, ..., M, where, x,(t + T) was the
activity of the m-th EMG or IMU sensor at time ¢ + 1. In this work, we used K = 51
equally spaced shifts for the EMGs, ranging from t; = —250 samples to T = 250 samples
in steps of 10 samples, and K = 52 equally spaced shifts ranging from 11 = —128 samples
to g = 128 samples in steps of 5 samples for the IMU. Thus, the tremor dynamics of both
EMG and IMU were extracted within a window of two seconds and regressed out of LFP.

The relation between the embedded signal of all M EMG and/or IMU sensors, x(t) =
[x1(t),..., xp(t),1]T (including an offset term) and the LEP signal y(t) was modeled to be

linear according to the equation y(t) = BTx(t) + y</@ (t), where y°'®" (t) denotes residual
(genuine) LFP activity not explained by EMG or IMU. The (K - M + 1)-dimensional vector

~nT
of regression coefficients BOL° = (XX )~!Xy” was estimated using ordinary least-squares
(OLS) regression, where X = {;(1), .. .,;(T)], y = [y(1),...,y(T)], and T denoted the

number of available paired measurements of EMG/IMU and LFP activity. Using the fitted
model, the part of the LEP signal that could be predicted from EMG/IMU was obtained
as f(t) = BOLS Tz(t) [62]. The cleaned LFP signal was then obtained as the residual
Y (E) = y () — (2).

Cleaned LFPs were used to compute PSDs, which were compared with those obtained
before performing the regression. The reduction in theta-alpha peak power after performing
the regression was used as the criterion to assess the degree of contamination of LFPs by
head tremor.

Because we were most interested in the theta-alpha band, we also computed the
theta-alpha peak power by integrating the LFP-PSDs over a 4 Hz wide band surrounding
the patient-specific theta-alpha peak (peak frequency + 2 Hz; 4 bins) (i) without regression,
(ii) with EMG regression, and (iii) with IMU regression.

2.3.4. Evaluation of Pallido-Muscular Coherence with IMU-Regression

Coherence (COH) is a frequency-domain measure of the linear phase and amplitude
relationships between signals. It can reveal spectrally specific functional connectivity, and
it is an established method in neuroscience [63].

To investigate whether EMG and IMU carry different information about tremor, we
computed COH between LFP and EMG before and after IMU regression. We postulated
that the reduction in coherence after IMU regression indicates that EMG and IMU signals
would carry to some extent overlapping information. As such, the LFP-EMG coherence
would be due to tremor contamination, thus artifactual.

Additionally, we computed (i) LFP-IMU COH without and with IMU regression and
(if) LFP-EMG COH without and with EMG regression.

We computed coherence at frequency f as COH(X, Y, f) = |Sxy(f)[>./Sxx (f)Syy(f),
where Sxx, Syy represent the auto-spectrum of signals X and Y, respectively, and Sxy
represents the cross-spectrum [57]. Note that, being already normalized, coherence spectra
do not require additional normalization for across-patient analysis and do not have a
prominent 1/f aperiodic component [42].

2.3.5. Statistical Analysis

Statistically significant differences between (i) LFPs theta-alpha peak power with and
without IMU regression, (ii) theta-alpha LFP-IMU COH with and without IMU regression,
and (iii) theta-alpha pallido-muscular COH with and without IMU or EMG regression were

assessed by means of a matched-pairs Wilcoxon signed rank test with a significance level
of 0.05.
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Significant values of pallido-muscular COH were determined by statistical comparison
with a population of 1000 surrogate COH values in which any COH was destroyed. Surrogate
data were obtained by randomly shifting the EMG signal 1000 times by a random offset of at
least 2 s before computing the LFP-EMG COH. The significance level was set to 0.05.

3. Results
3.1. Clinical and Demographic Data

All but one patient (DWO08) significantly benefited from GPi-DBS. The improvement
for this patient was limited by the development of typical GPi-DBS side effects (i.e., bradyki-
nesia). The overall average benefit from GPi-DBS was about 40% (TWSTRS score stim-off:
16.62 £ 3.85 and stim-on: 9.57 £ 4.27, mean =+ standard deviation) (Table 1).

3.2. Tremor Contamination of LFP Recordings and Comparison of IMU vs. EMG
Regression Analysis

Two patients (DW01 and DW08) showed tremor contamination of the LFP, as sug-
gested by the alignment of the frequency peaks in the PSDs around the head tremor
frequency (DWO1: f =4 Hz, DWO08: f = 4 Hz) (Figure 2).
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Figure 2. Spectral profiles of the LFP (red line), EMG (blue line), and IMU (yellow line) recordings of
all patients. First row: patients with tremor (T+); second row: patients without tremor (T—).

Regression-based removal of IMU signals from LEPs led to power reduction, especially
in the theta-alpha band, in all T+ patients (Figure 3). Regression of the EMG signal was
instead not affecting LFP theta-alpha peak power except for three patients (DW02, DW06,
and DWO08) (Figure 3 and Table 2).

114



Bioengineering 2023, 10, 476

" DWO01 DW02 DWO06 DWO07
— B
>
3,
D
& 2 \‘\‘\ U\/v_,

5 10 15 20
frequency [Hz]
DWO03 DWO04 DWO05
8 —LFP PSD
—LFP PSD EMG reg

6 ' ' LFP PSD IMU reg
) |
D 2 t i
D
o g |

5 1VO 15 20
frequency [Hz]
Figure 3. LFP spectral profiles before regression (red line), after EMG regression (blue line), and after
IMU regression (yellow line). First row: patients with tremor (T+); second row: patients without
tremor (T—). Abbreviation: reg (regression).

Table 2. Columns 2—4: theta-alpha peak power [au] without and with EMG or IMU regression. Differ-
ences (A) between LFP theta-alpha peak power without and with EMG or IMU regression are shown in
brackets. Columns 5-6: averaged theta-alpha pallido-muscular COH without and with IMU regression.
The differences (A) between LFP and EMG COH without and with IMU regression are shown in brackets.
Abbreviations: COH—coherence; EMG—electromyographic recording; IMU—inertial measurement
unit recording; LFP—local field potential; reg—regression; NA—not available.

LFP 6- LFP 0-« LEP-EMG
Patient LEP 0-ox Power EMG Power IMU LFP-EMG O-a
Power Reg (A) Reg (A) 0-a COH COH—IMU
8 & Reg (A)
DWO01 17.84 17.93 (—0.09) 15.01 (2.83) 0.015 0.008 (0.007)
DWO02 8.16 7.03 (1.13) 4.50 (3.66) 0.020 0.007 (0.013)
DWO06 14.34 12.85 (1.49) 9.78 (4.56) 0.002 0.002 (0)
DWO07 14.56 13.70 (0.86) 10.59 (3.97) 0.007 0.007 (0)
DWO08 6.07 2.66 (3.41) —2.21 (8.28) 0.010 0.002 (0.008)
DWO03 16.32 16.22 (0.10) NA NA NA
DWO04 11.06 10.88 (0.18) NA NA NA
DWO05 7.33 8.00 (0.67) NA NA NA

The LFP theta-alpha peak power of each patient before and after EMG and IMU
regression are shown in Table 2. IMU regression reduced the theta-alpha peak power
more in comparison to EMG regression. Differences between LFPs theta-alpha peak
power with and without IMU regression were statistically significant (4.66 + 2.12 au
(mean =+ standard deviation)).

3.3. Pallido-Muscular Coherence after Cleaning

LFP-IMU and LFP-EMG COH profiles are shown in Figure 4. The COH drop after
regression analysis was significant for both LFP-IMU COH and LFP-EMG COH.
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Figure 4. LFP-IMU COH (first row) without (continuous, yellow line) and with (dotted, black line)
IMU regression in patients T+. LFP-EMG COH (second row) without (continuous, blue line) and
with (dotted, black line) EMG regression in patients T+.

To investigate the effects of tremor-related artifacts on pallido-muscular COH, we
computed LFP-EMG COH with and without regressing the IMU out of the LFP signals.
LFP-EMG COH before IMU regression was small but significant with respect to shuffled
data (Figure 5). IMU regression significantly reduced pallido-muscular COH in all but two
subjects (DW06 and DW07) (Table 2 and Figure 5).
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Figure 5. Pallido-muscular COH without (continuous, light blue line) and with (dotted, light blue
line) IMU regression. Surrogate data are shown in gray as the mean (continuous line) +2 standard
deviations (shaded area).

3.4. Sensory Trick and Voluntary Rhythmic Movement

In one patient (DW02) with a clinically effective sensory trick (i.e., maneuver alle-
viating dystonic tremor), we computed the PSD during the sensory trick and voluntary
alternating head movements with small and large amplitude. For each condition, we
performed the regression of IMU and EMG.

The sensory trick reduced the theta-alpha peak power in the LFP-PSDs as compared
to baseline (i.e., dystonic tremor condition) (Figure 6). However, both EMG and IMU
detected residual tremor activity (Figure 6), which was effectively removed from LFP-PSDs
with IMU regression. Of note, the PSDs of the IMU and LFP do not show an aligned peak
(Figure 6), thus suggesting that LFPs manifest harmonics of the artifactual frequency.
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Figure 6. Patient DW02: time series of 5 s recordings at rest (first column), while performing the
sensory trick (second column), during voluntary alternating rhythmic movement of the head with
small amplitude (third column), and with large amplitude (fourth column), of the right sternoclei-
domastoid EMG (first row), IMU (second row), and LFP (third row) without regression. IMU and
LFP time series were averaged over channels, i.e., over the three axes (x, y, z) and over the six contact
pairs (0-3, 0-2, 1-3 left and right), respectively. The corresponding PSDs are shown in the fourth row:
LFP without regression (continuous red line), LFP with EMG regression (continuous blue line), LFP
with IMU regression (continuous yellow line), EMG (dotted blue line), and IMU (dotted yellow line).
Abbreviations: VRM—voluntary rhythmic movement.

When looking at voluntary movements, LFP-PSDs showed movement-related artifacts
at the head oscillation frequency (Figure 6).

4. Discussion

New DBS devices with sensing capabilities open new opportunities to improve the
clinical effectiveness of DBS by optimizing stimulation parameters in response to an input
signal representing symptoms, motor activity, or other behavioral characteristics [40].
Pallidal theta-alpha oscillatory activity is a promising biomarker for dystonia [45] and
for future therapeutic development [46], such as improving efficacy and the timing of the
therapeutic response while reducing side effects and battery consumption.

Our results show that the Percept PC is capable of recording low-frequency oscillations
in chronically stimulated patients with CD but also confirm a spectral contamination due
to movement artifacts (voluntary and pathological) [46].

Already, a visual inspection of the PSDs suggested artifact contamination in two
subjects with dystonic tremor, with GPi-LFPs and both EMG and IMU PSDs exhibiting
spectral peaks at the tremor frequency (Figure 2). When applying the IMU regression, all
T+ subjects showed a reduction in power, indicating a tremor-related contamination of the
raw GPi-LFP signals (Figure 3).

In our study, we showed that IMU regression was superior to EMG regression in
removing the tremor-related artifact from the GPi-LFPs (Figure 3). This difference in
effectiveness may be due to the greater capacity of IMUs to record a composite and irregular
tremor such as dystonic tremor more distinctly [64]. Furthermore, EMG signals can be
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affected by skin conductance and probe placement, two aspects that increase intra- and
inter-subject variability. However, we made sure that all EMG probes were adherent to the
skin and placed near the bellies of selected muscles. Before electrode placement, the skin
was cleaned with alcohol.

It should be noted that the EMG signal carries more information than just the kinematic
(and artifactual) component of tremor, such as cross-talk from different muscles or a
pathological dystonic activity [65]. To evaluate this issue, we computed pallido-muscular
COH to estimate the information carried by IMU and EMG signals. After IMU regression,
we observed a decrease in LFP-EMG COH at the tremor frequency in three out of five
subjects (Figure 5), thus supporting the idea, in our case, of an artifactual origin of theta-
alpha pallido-muscular COH.

Finally, we tested IMU and EMG-based multiple regression under different conditions,
namely voluntary rhythmic head movement of small and large amplitude. This additional
evaluation was performed only on the patient who showed a clinically effective sensory
trick, a maneuver able to reduce tremor severity (Figure 6). We showed that both IMU
and EMG regressions were effective in capturing voluntary head movements and led to a
correction of GPi-LFPs proportional to the movement’s amplitude. Averna et al. [66] also
showed a drastic increase in the theta frequency range during neck tilting and upper limb
movement. This might refer to the higher susceptibility of some implants to contamination.
Moreover, IMU regression captured the residual tremor activity present during the sensory
trick maneuver that was not clinically visible. The sensory trick did not affect the rhythmic
spiking of the EMG, as expected [53,67], but EMG regression led to a marginal correction
of GPi-LFPs (Figure 6).

This study has some limitations. First, the limited number of patients reduced the
number of recordings that were available for our analysis. Considering the low prevalence of
the disease (16.3 per 100,000 [68]), the limited number of dystonic patients implanted with
DBS [69], and the recent release of the Percept PC device on the market (2020), the sample
size is still considerable and comparable with previous studies on dystonia [45,70]. The
same limiting factors prevented the recruitment of patients with similar clinical presentations.
However, we do not expect clinical features other than tremor to be relevant for the technical
aims of the current work. Second, we used relatively short recordings, with lengths ranging
from one to four minutes. Nevertheless, this was considered sufficient to calculate power and
coherence measurements, as Popov et al. have observed good to excellent test-retest reliability
of resting-state power and coherence in a large sample based on recordings that were just
100 s long [71]. Potential biases of coherence on recording length [72] were not addressed
here, as all statistical comparisons were performed within subjects on data of the same length.
Third, we could not record and compare tremor-free GPi-LFP recordings for the same patients.
Nevertheless, we documented the performance of IMU regression in one patient with a
clinically effective sensory trick. Lastly, the observed theta-alpha power reduction is not
sufficient proof of the cleaning efficacy. It represents the neural activity after removal of the
component that is coherent with the head tremor, which appears to introduce artifactual
spectral content in this low frequency range. Although a possible desynchronization of a
genuine neural component associated with tremor cannot be ruled out, this interpretation
is less likely because, to the best of our knowledge, dystonic tremor has not been associated
with any oscillatory activity of the LFPs to date [47].

5. Conclusions

LFP-based biomarker detection will become standard in clinical practice, thus en-
abling better understanding and monitoring of distinctive neural signatures associated
with specific symptoms or behaviors. Pallidal theta-alpha oscillations may be critical for
understanding the pathophysiology of dystonia. They could act as a useful biomarker
not only for programming stimulation parameters but also for adaptive DBS. However,
critical use of newly available technologies is necessary to address possible drawbacks.
Our work suggests caution when considering LFP recordings, as they may be susceptible
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to contamination by movement artifacts. This is particularly the case for head tremor in
dystonia but also applies to patients with repetitive involuntary movements such as essen-
tial tremor, Tourette syndrome, or Parkinson’s disease. Neglecting this contamination can
lead to misinterpretation or hiding significant findings. We here provide methodological
guidance on how to clean LFP recordings from head tremor artifacts. Regressing out head
motions concurrently recorded with IMU might substantially alleviate LFP contamination
and facilitate the neurophysiological interpretation of LFP analyses.
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Abstract: Purpose: The assessment of sleep biomechanics (comprising movement and position during
sleep) is of interest in a wide variety of clinical and research settings. However, there is no standard
method by which sleep biomechanics are measured. This study aimed to (1) compare the intra- and
inter-rater reliability of the current clinical standard, manually coded overnight videography, and
(2) compare sleep position recorded using overnight videography to sleep position recorded using
the XSENS DOT wearable sensor platform. Methods: Ten healthy adult volunteers slept for one
night with XSENS DOT units in situ (on their chest, pelvis, and left and right thighs), with three
infrared video cameras recording concurrently. Ten clips per participant were edited from the video.
Sleeping position in each clip was coded by six experienced allied health professionals using the novel
Body Orientation During Sleep (BODS) Framework, comprising 12 sections in a 360-degree circle.
Intra-rater reliability was assessed by calculating the differences between the BODS ratings from
repeated clips and the percentage who were rated with a maximum of one section of the XSENS DOT
value; the same methodology was used to establish the level of agreement between the XSENS DOT
and allied health professional ratings of overnight videography. Bennett’s S-Score was used to assess
inter-rater reliability. Results: High intra-rater reliability (90% of ratings with maximum difference of
one section) and moderate inter-rater reliability (Bennett’s S-Score 0.466 to 0.632) were demonstrated
in the BODS ratings. The raters demonstrated high levels of agreement overall with the XSENS DOT
platform, with 90% of ratings from allied health raters being within the range of at least 1 section
of the BODS (as compared to the corresponding XSENS DOT produced rating). Conclusions: The
current clinical standard for assessing sleep biomechanics, manually rated overnight videography (as
rated using the BODS Framework) demonstrated acceptable intra- and inter-rater reliability. Further,
the XSENS DOT platform demonstrated satisfactory levels of agreement as compared to the current
clinical standard, providing confidence for its use in future studies of sleep biomechanics.

Keywords: overnight videography; XSENS DOTs; sleep biomechanics

1. Introduction

The assessment of movement and position during sleep (collectively, sleep biome-
chanics) is of clinical utility in a wide variety of conditions, including Obstructive Sleep
Apnoea [1] and Parkinson’s Disease [2]. Assessment of sleep biomechanics is of particular
relevance to those with neurodisability, as insufficient overnight repositioning has long
been suspected as contributing to the development of body shape distortion. First proposed
by Fulford and Brown [3], the theory posits that those with severe physical disability (such
as individuals with cerebral palsy, Gross Motor Function Classification System [4] levels
IV and V) are less able to vary their position throughout the night through movement
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(typically by rolling over), and so spend more time in fewer positions compared to their
typically developing peers [5]. This lack of positional variation results in uneven exposure
to gravity, causing bone and connective tissues to be laid down asymmetrically [6]. Re-
sulting body shape distortions (primarily presenting in cerebral palsy as scoliosis, pelvic
obliquity, hip migration and chest wall deformity [7]) have negative health impacts, in-
cluding pain, [8] impairment of respiratory function [9], sleep disturbance [10] and overall
loss of function [11]. However, confirmatory evidence of this proposed difference in sleep
biomechanics and the inability to reposition between people with severe physical disability
and the general population is lacking. There are two main reasons: (1) an absence of an
accepted data capture tool, and (2) no standard format to report sleep biomechanics.

There is no commonly accepted methodology for capturing sleep biomechanics data.
Particular attention has been paid to sleep position; studies that have examined sleep
position are methodologically diverse, with a variety of methods such as videography [12],
pressure sensors [13] and wearable accelerometers [14] being used, rendering a synthesis
of findings difficult. The current standard clinical assessment of sleep position is overnight
infrared videography (typically, recorded video footage from a single camera angle), that
is then visually inspected and coded by a clinician (typically, as supine/prone/left side
lying /right side lying [15]). For example, Cary et al. investigated the relationship between
sleep postures and lower back pain in adult participants, utilizing infrared cameras [16].
While this method provides valuable information [17] there are several limitations; data
analysis is time consuming, relies on the availability of a skilled clinician, is constrained by
the physical sleep environment (lighting, bedroom dimensions) and is inherently subjective,
so is vulnerable to rater error. Further, there is no standard methodology of processing,
analysing and presenting sleep biomechanical data once it is captured. Comparison of
studies in this area is vexed by a lack of consistency in defining what constitutes a ‘reposi-
tioning’” event. For example, both 45 degree trunk rotation [5] and the movement of at least
three limbs [18] have been proposed as definitions of ‘repositioning’. Other studies have
proposed more complex analysis methods; Wrzus et al., for example, utilized a decision
tree paired with an angle-based segmentation algorithm [19]. While methodologically
sound this is complex and so may render its implementation as a clinical tool (for use and
interpretation by clinicians, patients and families) difficult. Additionally, many of these
methods only include axial trunk rotation and do not capture limb movement, limiting
understanding of how body segments may influence each other’s position during sleep.

There is a need for an easily implemented, objective measure of sleep biomechanics
that can be used as the standard assessment tool in research and clinical practice—a need
currently unmet by the available methods. A set of wearable Inertial Measurement Units
(IMUs) is putatively more efficient, has a lower skill requirement and is more objective and
replicable than clinician-rated overnight videography. These devices have been used to
good effect previously for the measurement of sleep position in children [14] and adults [19].
In addition, there is a need for a novel classification system for sleep biomechanics that
(a) can be applied broadly across diverse research and clinical applications, (b) compre-
hensively describes the orientation of multiple body segments in relation to each other,
and (c) has a streamlined, automated analysis process, providing results that are easily
interpreted by clinicians, patients and their families—such an analysis process does not
currently exist.

This study aimed to validate the use of a novel wearable sensor system (XSENS DOTs),
paired with a new classification of position during sleep, the Body Orientation During
Sleep (BODS) Framework. We aimed to answer the following questions:

What is the intra-rater reliability of sleep position measured using overnight in-
frared videography?

What is the inter-rater reliability of sleep position measured using overnight in-
frared videography?

124



Bioengineering 2023, 10, 408

What is the level of agreement between clinician-rated overnight infrared videography
and a novel automated system (XSENS DOT orientation data, coded through the BODS
Framework) in assessment of sleep position?

2. Methods
2.1. Working Definitions

The working definitions for the terms used in this paper are shown in the Box 1.

Box 1. A list of working definitions for terms used in this paper.

Sleep Biomechanics: Collective term for movements made and positions adopted during sleep.
(Body) Segment: Referring to a given anatomical region of the body—for this study, particularly
referring to the attachment areas for the DOTs: sternum (anterior chest), pelvis (anterior abdomen)
and left and right thighs (immediately superior to the patella).

DOTs: Small, multipurpose IMUs from XSENS (Enschede, Netherlands), programmed using a
smartphone with the native DOT app installed.

BODS: The Body Orientation During Sleep Framework. A novel classification system for sleep
biomechanics, splitting the 360° of orientation in the transverse plane into component sections to
describe lying position (lying being the usual sleeping position).

(BODS) Section: One of the component sections making up the BODS. In the embodiment
of the BODS used for this study, there are twelve sections in total. Each cardinal position
(supine/prone/left side lying/right side lying) is 5° in size, and the other 8 sections are 42.5°
in size.

(Sleep) Position: As defined by the BODS, the orientation of the given body segment in the transverse
plane at a given point in time.

(Sleep) Movement: As defined by the BODS, a change in orientation of sufficient amplitude that it
results in a change of one of more BODS sections.

Cardinal Positions: Collective term for sections 12 (supine), 3 (left side lying), 6 (prone) and 9 (right
side lying).

Rater: An experienced clinician, reviewing captured video footage to assess and code the sleep
position according to the BODS.

Difference Score: When comparing two data capture systems’ outputs (in this case, the DOTs and
human-rated overnight videography) and the sum of the BODS sections, the two data sets differ by
when classifying the same sleeping position using the BODS Framework.

2.2. Ethics

This study received approval from Human Research Ethics Committee at Curtin
University (HRE2020-0138).

Participants

Ten healthy volunteer adults (18-60 years old) were recruited via convenience sam-
pling for monitoring of sleep positions. Adults were recruited to optimise compliance with
specific instructions on the study procedures and provide consent for overnight video.
Exclusion criteria included the presence of acute or chronic injuries or pain that would
have limited mobility when lying, as well as allergy/irritation from adhesive dressings.

Raters were approached by the lead author to participate in the study. All those
asked to participate provided oral consent with the understanding that this was voluntary,
and they could change their mind at any time. Three occupational therapists and three
physiotherapists were recruited to rate the captured video footage. All clinicians were
experienced in the neurodisability field with >15 years of clinical experience and were all
skilled in clinical postural assessments of people in the lying position, typically for the
prescription of sleep support equipment.

2.3. Assessment Instruments
2.3.1. XSENS DOT Platform

The XSENS DOTs (XENS, Enschede, The Netherlands) (Version 2.0, 4 Hz sample,
£2000°/s gyroscope, £16 g accelerometer, 8 Gauss magnetometer) are a set of small
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IMUs (36 x 30 x 11 mm, 10.8 g). XSENS DOTs (abbreviated to ‘DOTs’) were placed on
the sternum, pelvis, left thigh and right thigh (one sensor per body segment, see Figure 1
for placement locations) and were used to collect the orientation of each of those body
segments. The DOTs were programmed by and logged data via Bluetooth to a Samsung
Galaxy S9 Smartphone (Samsung, Seoul, Republic of Korea) using the native XSENS DOT
application (v.1.6, XENS, Enschede, The Netherlands). The DOTs were secured using
100 mm x 100 mm Tegaderm (3M, Saint Paul, MA, USA) transparent film dressing over
the top of each DOT.
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Figure 1. Locations of XSENS DOT Placement on Participants.

2.3.2. Body Orientation during Sleep Framework (BODS)

The Body Orientation During Sleep Framework (BODS) is a novel method of classi-
fying body position developed specifically for the quantification of sleep biomechanics
(Figure 2). The BODS divides the 360° of possible transverse rotation (in lying) into 12 sec-
tions; division into 12 sections was initially chosen for ease of visual reference (similar to a
clock face). When a person is lying down the DOT orientation will always be in one of the
sections. For example, the output of a DOT attached to the sternum of a participant lying
in supine would be coded as being in Section 12. When the participant is lying in prone,
the output of the DOT would be coded as being in Section 6 (Figure 2).

The cardinal positions of supine (Section 12), prone (Section 6), left side lying (Section 3)
and right side lying (Section 9) were given smaller 5-degree sections to document symmetri-
cal lying. The sections in between the cardinal positions were divided into two, comprising
42.5° each. The BODS is classified from the perspective of the rater being at the foot of
the bed.
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357.5°to 2.5°

315° to 357.5° 2.5°to 45°

272.5° to 315° 45° to 87.5°

267.5° to 272.5°

87.5° to 92.5°

225° to 267.5° 92.5° to 135°

182.5° to 225° 135t0 177.5°

177.5° to 182.5°

Figure 2. The Body Orientation During Sleep Framework (BODS).

2.3.3. Video Cameras

Overnight video footage was captured by three FDRAX33 digital video cameras
(SONY, Tokyo, Japan; 4K Ultra HD (3840 x 2160), 29.8 mm ZEISS Vario-Sonnar T* lens,
Oberkochen, Germany), using the NightShot infrared recording mode. The video cameras
were positioned at the foot of the bed and laterally (left and right of the bed) on tripods
(see Figure 3). The camera at the foot of the bed was elevated in order to provide a full
body longitudinal view.

Figure 3. Camera Arrangement for Overnight Recording.

2.4. Data Collection Procedure

Data collection of overnight videography occurred in the participant’s native sleeping
environment; all participants slept in their usual bed and bedroom. The investigator
attended each participant’s home and set up the camera array and an Infrared Illuminator
(Securview, Edison, NJ, USA) to provide an additional infrared light source to ensure
the captured footage was of high enough resolution. The investigator provided each
participant with a short training session on how to attach and start recording with the
DOTs using the provided smartphone and XSENS DOT app, as well as written instructions
(see Supplementary Materials). As the entire body needed to be visualised, participants
slept without bedclothes but wore usual sleeping attire. A heater (De’Longhi, Treviso, Italy)
was provided to ensure thermal comfort. When participants were ready to sleep for the
night, they applied the DOTs, commenced DOT recording via the smartphone app and
started recording on the cameras. They then slept, ensuring they took the smartphone with
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them if they left the bedroom to ensure continuous Bluetooth streaming. Upon waking,
participants stopped recording on the DOTs and the cameras. The following morning the
investigator attended the participant’s home and removed all study equipment.

2.5. Data Processing
2.5.1. Camera Footage

Camera footage was downloaded and edited into a standardised layout using Pre-
miere Pro video editing package (Adobe, San Jose, CA, USA) (Figure 4). Using a custom
Labview program (National Instruments, Austin, TX, USA) repositioning throughout the
night were identified by changes in DOT orientation, and time-matched clips of approxi-
mately 30 s movement duration (with 10 s buffer of footage prior to and after movement)
were extracted from the video footage. For each participant, a 10-clip reel was prepared,
consisting of six repositionings, two clips of the participant lying in a stationary position,
one repeated repositioning clip, and one repeated stationary clip. The order of these clips
was randomised for each clip reel. One hundred clips in total were extracted (10 clip reel
for each of the 10 participants).
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Figure 4. Example Frame of Clip Footage presented to human raters. * Reproduced with consent
from pictured participant. Example Clip Video: https://youtu.be/SbKXkGrbrak (accessed on 4
July 2021).

2.5.2. Rating of Camera Footage

Prior to rating, each rater was provided with a single 60 min training session. This
consisted of a pair of training videos on how to rate according to the BODS framework (see
Supplementary Materials) and three practice clips to rate. Following this session, raters
were provided with the clip reel for each of the 10 participants. Raters provided a rating for
each body segment (chest, pelvis, left and right thighs) independently, reporting the BODS
section for each body segment at both the beginning and the end of the clip. To ensure
consistency between raters, only body segment position in the first and last frame of the
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video was assessed. Raters entered BODS data before playing the clip, then observed the
footage of the movement (if any) that occurred, and then at the concluding frame of the
clip, entered the BODS data for the body segment positions in that still image. Data were
entered into a standard form (see Supplementary Materials).

2.5.3. XSENS Data

After being downloaded from the smartphone, quaternion recordings were converted
to Euler angles using a ZXY decomposition. The quaternion method of representing
sensor orientation was selected during recording due to smaller storage size of files and
convenience of data handling; however, for ease of clinical interpretation, data were
ultimately output to the Euler angle format commonly used in biomechanics. Each sensors’
pitch angle (corresponding to rotation in the transverse plane for the given segment) was
then coded using the BODS framework, giving each body segment an orientation from
1-12 (see Figure 3). The BODS section for each body segment (chest, pelvis, L and R thighs)
was identified at the beginning and end of each clip.

2.6. Statistical Analysis
2.6.1. Intra-Rater Reliability

To examine intra-rater reliability for each human rater, difference scores were calcu-
lated for the two ratings provided by each rater for each of the repeated clips, represented
as the maximum difference in number of sections between the two ratings. For example, if
the first BODS rating was Section 5, and the second was Section 7, this would be a differ-
ence score of 2 (the difference in BODS sections). The maximum difference score possible
was 6 (e.g., a DOT classification of 12 and a rater classification of 6). A difference score
was calculated for each of the four dots in each repeated video clip (sternum/pelvis/left
leg/right leg). Proportions of the differences (1-6) were calculated to determine highest
percentage accuracy within the raters.

2.6.2. Inter-Rater Reliability

To examine agreement between human raters, Cohen’s Kappa and Bennett et al.’s
S-Score were used to compare BODS classifications between the six raters for each of the
100 clips. Bennet’s score was included in addition to the standard Cohen’s Kappa due to the
potential for small differences between raters resulting in very low Kappa values, the high
agreement/low Kappa paradox [20]. Cohen’s Kappa could result in an underestimation of
inter-rater reliability if used in isolation; Bennett’s S score was therefore included as this
measure is better able to handle smaller marginal differences.

2.6.3. Raters vs. DOTS

To compare the level of agreement between the raters and the DOTs, difference scores
(how many BODS sections two ratings differ by) were calculated for the corresponding
DOT and human ratings for each clip. For example, a DOT classification of 12 and a rater
classification of 12 would give a difference score of 0; a DOT classification of 12 and a rater
classification of 11 would give a difference score of 1. A difference score was calculated for
each of the four dots in each video clip (sternum/pelvis/left leg/right leg).

3. Results
3.1. Participant Characteristics

All 10 participants completed data collection and no difficulties or adverse events were
reported. There were seven males, and age ranged from 20 to 59 years (mean 29.4 years,
median 27.5 years).

3.1.1. Intra-Rater Reliability

All six raters demonstrated a high level of intra-rater reliability, with >48% of ratings
with an error score of 0 and >90% of ratings with an error score of <1, for all body segments
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(Table 1). There was slightly higher agreement for chest, pelvis and left leg ratings (mean
difference score of <1 segment across all raters of 97%, 99%, 98%, respectively) compared
with right leg ratings (93%).

Table 1. Frequency and percent of Intra-Rater Reliability of Human Raters (by Difference Score for

each body segment).
Sternum Pelvis Left Leg Right Leg
Frequency Percent Frequency Percent Frequency Percent Frequency Percent
0 21 53% 26 65% 23 58% 19 48%
1 15 38% 11 28% 15 38% 17 43%
2 1 3% 2 5% 1 3% 2 5%
Rater A 3 1 3% 0 0% 0 0% 1 3%
Difference 4 1 3% 0 0% 0 0% 0 0%
Scores 5 0 0% 0 0% 0 0% 0 0%
6 1 3% 1 3% 1 3% 1 3%
Total 40 100% 40 100% 40 100% 40 100%
0 24 60% 33 83% 26 65% 29 73%
1 16 40% 7 18% 13 33% 9 23%
2 0 0% 0 0% 1 3% 2 5%
Rater B 3 0 0% 0 0% 0 0% 0 0%
Difference 4 0 0% 0 0% 0 0% 0 0%
Scores 5 0 0% 0 0% 0 0% 0 0%
6 0 0% 0 0% 0 0% 0 0%
Total 40 100% 40 100% 40 100% 40 100%
0 22 55% 37 93% 27 68% 28 70%
1 17 43% 3 8% 12 30% 9 23%
2 0 0% 0 0% 1 3% 3 8%
Rater C 3 1 3% 0 0% 0 0% 0 0%
Difference 4 0 0% 0 0% 0 0% 0 0%
Scores 5 0 0% 0 0% 0 0% 0 0%
6 0 0% 0 0% 0 0% 0 0%
Total 40 100% 40 100% 40 100% 40 100%
0 27 68% 34 85% 26 65% 32 80%
1 12 30% 6 15% 13 33% 7 18%
2 0 0% 0 0% 1 3% 1 3%
Rater D 3 1 3% 0 0% 0 0% 0 0%
Difference 4 0 0% 0 0% 0 0% 0 0%
Scores 5 0 0% 0 0% 0 0% 0 0%
6 0 0% 0 0% 0 0% 0 0%
Total 40 100% 40 100% 40 100% 40 100%
0 2 55% 37 93% 27 68% 27 68%
1 17 43% 3 8% 13 33% 10 25%
2 0 0% 0 0% 0 0% 3 8%
Rater E 3 1 3% 0 0% 0 0% 0 0%
Difference 4 0 0% 0 0% 0 0% 0 0%
Scores 5 0 0% 0 0% 0 0% 0 0%
6 0 0% 0 0% 0 0% 0 0%
Total 40 100% 40 100% 40 100% 40 100%
0 30 75% 31 78% 27 68% 26 65%
1 10 25% 9 23% 12 30% 11 28%
2 0 0% 0 0% 0 0% 2 5%
Rater F 3 0 0% 0 0% 1 3% 1 3%
Difference 4 0 0% 0 0% 0 0% 0 0%
Scores 5 0 0% 0 0% 0 0% 0 0%
6 0 0% 0 0% 0 0% 0 0%
Total 40 100% 40 100% 40 100% 40 100%
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3.1.2. Inter-Rater Reliability

Calculation of Cohen’s kappa for comparisons between each rater resulted in a range
from 0.254 to 0.470, indicating a low to fair level of agreement. Calculation of Bennett
et al.’s S-score [20] gave a range of 0.466 to 0.632, indicating moderate agreement between
raters (Table 2).

Table 2. Inter-Rater Reliability of Human Raters.

Cohen’s Kappa
A B C D E F
A 0.254 0.350 0.336 0.310 0.264
B 0.433 0.413 0.344 0.397
C 0.482 0.378 0.352
D 0.470 0.351
£ 0.364
F
Bennett’s S Score
A B C D E F
A 0.487 0.525 0.565 0.493 0.466
B 0.576 0.606 0.509 0.563
C 0.632 0.553 0.508
D 0.622 0.539
E 0.518
F

3.1.3. Raters vs. DOTS

Overall, the human raters demonstrated a high level of agreement with the DOTs,
with >81% of ratings with a maximum difference of 1 section (Table 3). The chest and pelvis
ratings displayed a higher level of agreement (mean difference score of 0 segment difference
38% and 53%, and maximum difference of 1 segment of 97% and 96%, respectively, across all
raters) when compared to leg ratings. The left and right leg ratings were considerably lower
(mean difference score of 0 segment difference 28% and 33%, and maximum difference of
1 segment of 88% and 89%, respectively, across all raters). The raters reported occasional
difficulty with confusing left and right legs during rating; visual inspection of clips where
there were particularly high difference scores (5 and 6) confirmed that this was the most
common cause of rater error.

Table 3. Results of Human Raters as compared to DOTs (by Difference Score for each body segment).

Sternum Pelvis Left Leg Right Leg
Frequency Percent Frequency Percent Frequency Percent Frequency Percent

0 73 37% 89 45% 49 25% 62 31%

1 122 61% 104 52% 126 63% 99 50%

2 1 1% 4 2% 23 12% 33 17%
Rater A 3 1 1% 2 1% 1 1% 5 3%
Difference 4 2 1% 0 0% 0 0% 0 0%
Scores 5 1 1% 1 1% 1 1% 1 1%
6 0 0% 0 0% 0 0% 0 0%

Total 200 100% 200 100% 200 100% 200 100%
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Table 3. Cont.

Sternum Pelvis Left Leg Right Leg
Frequency Percent Frequency Percent Frequency Percent Frequency Percent

0 89 37% 111 56% 51 26% 63 32%

1 93 61% 81 41% 118 59% 114 57%

2 15 1% 6 3% 26 13% 18 9%

Rater B 3 2 1% 0 0% 3 2% 3 2%
Difference 4 1 1% 1 1% 1 1% 0 0%
Scores 5 0 1% 0 0% 1 1% 1 1%

6 0 0% 0 0% 0 0% 0 0%

Missing 0 0% 1 1% 0 0% 1 1%

Total 200 100% 200 100% 200 100% 200 100%

0 61 31% 109 55% 55 28% 60 30%

1 135 68% 86 43% 118 59% 123 62%

2 3 2% 4 2% 24 12% 14 7%
Rater C 3 1 1% 1 1% 3 2% 3 2%
Difference 4 0 0% 0 0% 0 0% 0 0%
Scores 5 0 0% 0 0% 0 0% 0 0%
6 0 0% 0 0% 0 0% 0 0%

Total 200 100% 200 100% 200 100% 200 100%

0 61 31% 104 52% 60 30% 56 28%

1 136 68% 91 46% 121 61% 122 61%
2 1 1% 3 2% 12 6% 18 9%
Rater D 3 0 0% 0 0% 3 2% 0 0%
Difference 4 1 1% 1 1% 1 1% 3 2%
Scores 5 1 1% 0 0% 3 2% 1 1%
6 0 0% 1 1% 0 0% 0 0%

Total 200 100% 200 100% 200 100% 200 100%

0 75 38% 104 52% 51 26% 68 34%

1 118 59% 90 45% 130 65% 113 57%
2 6 3% 6 3% 15 8% 17 9%
Rater E 3 1 1% 0 0% 4 2% 2 1%
Difference 4 0 0% 0 0% 0 0% 0 0%
Scores 5 0 0% 0 0% 0 0% 0 0%
6 0 0% 0 0% 0 0% 0 0%

Total 200 100% 200 100% 200 100% 200 100%

0 106 53% 124 62% 66 33% 88 44%

1 83 42% 61 31% 113 57% 97 49%
Rater F 2 11 6% 15 8% 19 10% 13 7%
: 3 0 0% 0 0% 1 1% 2 1%
Difference 4 0 0% 0 0% 1 1% 0 0%
Scores 5 0 0% 0 0% 0 0% 0 0%
6 0 0% 0 0% 0 0% 0 0%

Total 200 100% 200 100% 200 100% 200 100%

4. Discussion

This study first aimed to establish the intra- and inter-rater reliability of the current
standard clinical tool for assessing sleep positioning, overnight videography rated by
clinicians, as codified through the novel BODS framework. Based on the results of this
study, we found a high level of intra- rater reliability and moderate level of inter-rater
reliability. This study also found high levels of agreement on body position measured by
clinician rated overnight videography and XSENS DOTs.

The relatively high levels of agreement demonstrated between and within human
raters is encouraging, as it indicates that the existing clinical standard of overnight videog-
raphy is reliable and so it is appropriate to use it as a benchmark with which to compare
new assessments, such as the XSENS DOTs. The good agreement lends further credence to
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previous studies that have utilised overnight videography to assess sleep position [16,18,21].
One reason may be due to the high level of clinical skill in the human raters, all of whom
have 15+ years of experience working in the disability field, routinely performing postural
assessments of individuals with neuroimpairments. This specialised experience is not al-
ways available in clinical settings, and so use of overnight videography by less experienced
clinicians may result in less consistent results. An objective tool such as the XSENS DOTs
is likely superior in this respect as it does not rely on the clinical skill of its user and can
be easily implemented to accurately measure sleep biomechanics regardless of the user’s
breadth of experience.

In general, the accuracy of the human raters compared well to that of the XSENS DOTs.
While a high proportion of human ratings were a maximum of 1 section different to the
corresponding DOT rating, the majority of the sections are large (42.5°) and so variability
at a granular level could be greater. Narrower (5°) sections could be used for the cardinal
positions, as in these positions the body tends to be more symmetrical and so the position
of segments more easily rated. The wider range for the non-cardinal sections of the BODS
were necessary due to the possible visual limitations of human raters. Smaller non-cardinal
sections would have offered more specific data, but were deemed unrealistically small
for even skilled, experienced raters to be able to distinguish. These limitations of human
raters have been evidenced in other studies of visually assessed segment position. For
example, Abbot et al. demonstrated in a group of physiotherapists that the smallest visually
detectable change in range of various dynamic joint angles (lumbar flexion, knee flexion,
shoulder abduction) was 9° to 12° [22]. This theory was further borne out by some of the
difficulties experienced by the human raters in our study, even with the wider sections
of the BODS. As seen in Table 3, there was less agreement for left leg/right leg positions
compared to the sternum and pelvis positions, likely due to the greater range of movement
at the hip (compared to the spine, which is primarily responsible for sternum and pelvis
positioning) resulting in a wider variety of positions being possible for the thigh segments,
as compared to the potential positions of the sternum and pelvis. Further, raters reported
occasional confusion when distinguishing between left and right, which may account for
some of the 5 and 6 difference scores that were present.

Despite being previously unfamiliar with the BODS, following the brief training ses-
sion raters were able to effectively use the BODS framework to rate body orientation during
sleep. The use of this system demonstrates a unique advantage over other classification
systems, as the orientation of each body segment can be described, and a composite of
each segment describes the entire body, a capacity absent from other systems. For exam-
ple, Brown et al. assessed only gross body position and coded only in cardinal positions
(supine/prone/left side lying/right side lying) [23]. Further, because the DOTs performed
well against both a lab-based standard reference system (VICON motion analysis) [24] and
the current clinical standard of overnight videography, future studies utilising the DOTs
alone need not be constrained by human perception, and different versions of the BODS
with finer gradations can be used. While this study focused primarily on classification of
static positions, the BODS (with data captured by the DOTs) also allows for recording the
number of repositionings/night by registering the number of transitions between sections.
The BODS/DOTs combination also allows for exposure analysis of the duration participants
rest in each section. These outcome measures can be used in future research to investigate
sleep biomechanical phenotypes for clinical populations (e.g., cerebral palsy) and contrast
this with the sleep biomechanics of the general population. Moreover, when paired with an
objective, computerised system such as the XSENS DOTs the BODS allows for streamlined,
automated data analysis and simplified interpretation of findings, putatively lowering
the threshold for adoption into clinical practice and research methodology. In the field of
neurodisability, simplified assessment of sleep biomechanics would enable easier and more
effective prescription of supported lying equipment, improving sleep comfort and quality
of life for people with neurodisability [25].
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There are several strengths in this study. Raters were highly experienced allied health
clinicians from a variety of clinical backgrounds. The study design captured full variability
of sleep biomechanics, testing accuracy of classification in a variety of situations including
moving, stationary and repeated clips. This study leveraged a large data set relative to
its modest sample size (1 = 10) by extracting a wide variety of clips (100 per participant)
and rating each of the four body segments’ positions at the beginning and end of each clip,
resulting in 800 individual ratings (100 clips x 2 ratings per clip x 4 body segments) from
each of our six raters, resulting in 4800 total ratings. We are confident that this provided an
adequate data set with which to compare the DOTs to the clinical standard of overnight
videography. This was accompanied by a relatively simple and easily interpreted metric
of percentage agreement between the two systems, which clearly demonstrated the high
level of intra- rater reliability and high levels of agreement on body position measured by
clinician-rated overnight videography and XSENS DOTs.

A limitation of this study was that head orientation was not recorded, as it has been in
other studies [14]. The investigators chose not to measure head orientation in this study as
trunk and leg position was the primary focus, and out of concern for comfort and unduly
influencing naturalistic sleep biomechanics [26]. The inclusion of other XSENS DOTs (e.g.,
on the forehead to measure head orientation, or on the upper limbs) and the utility of these
additional data to the holistic assessment of sleep biomechanics could be a feature of future
study designs. Additionally, as previously discussed, the BODS sections in between the
cardinal position sections were wide (42.5°), which proved to be a barrier to more granular
comparisons of findings between the systems. While this was deemed necessary to allow
for visual assessment by human raters, future studies utilising DOTs-captured, BODS-rated
data to assess sleep biomechanics could use smaller section sizes (e.g., 5° or 10°) to allow
for more detailed description of sleep position and movement. In addition, future studies
could use different configurations of the BODS (i.e., a greater or lesser number of sections)
depending on the research questions and purpose of analysis.

Compared to current systems, the XSENS/BODS system has a number of distinct
advantages. It is easily implemented in the ecological sleeping environment of each partici-
pant; this is not always feasible with systems that require large, cumbersome equipment,
such as overnight videography (e.g., as proposed by Cary et al. [16]). Further, the data
analysis process is far simpler using the BODS; this stands in contrast to the onerous
process of manually reviewing hours of video footage, or else using a complex system of
classification and analysis as is used in current assessments that utilized accelerometry or
IMUs. Further, we are confident that the system presented in this study will yield results
that are more easily integrated into current clinical practice due to the superior usability
and ease of interpretation of findings (by families and clinicians) as opposed to current
solutions (for example, Wrzus et al. [19]).

5. Conclusions

Based on the results of this study, we recommend the use of the XSENS DOTs in future
studies examining sleep biomechanics—they are more accurate than human raters and
allow for more detailed analysis of sleep biomechanics in a far less labour-intensive manner.
Future studies could focus on further development of the BODS framework and trialling of
both it and the DOTs in diverse clinical populations.
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Abstract: Lumbar muscle atrophy, diminished strength, stamina, and increased fatigability have
been associated with chronic nonspecific low back pain (LBP). When evaluating patients with LBP,
trunk or core stability, provided by the performance and coordination of trunk muscles, appears to
be essential. Several clinical tests have been developed to identify deficiencies in trunk performance,
demonstrating high levels of validity and reproducibility. The most frequently prescribed tests for
assessing the core body muscles are the prone plank bridge test (PBT), the side bridge test (SBT),
and the supine bridge test (SUBT). However, quantitative assessments of the kinematics of the
lumbar spine during their execution have not yet been conducted. The purpose of our study was to
provide objective biomechanical data for the assessment of LBP patients. The lumbar spine ranges of
motion of 22 healthy subjects (Group A) and 25 patients diagnosed with chronic LBP (Group B) were
measured using two inertial measurement units during the execution of the PBT, SUBT, and SBT.
Statistically significant differences between the two groups were found in all three tests” kinematic
patterns. This quantitative assessment of lumbar spine motion transforms the three bridge tests into
an objective biomechanical diagnostic tool for LPBs that may be used to assess the efficacy of applied
rehabilitation programs.

Keywords: lumbar kinematics; bridge tests; IMUs; miniaturized sensors; low back patients

1. Introduction

Long-lasting low back pain (LBP) of undefined cause has been associated with muscle
atrophy, decreased strength, endurance, and excessive fatigability of the lumbar muscles [1-7].
In addition, prospective studies suggest that lumbar muscle deconditioning may be a
common risk factor for acute LBP [6,7].

Trunk or core stability quantification—the strength, endurance, and coordination of
trunk muscles—with a gold-standard method has yet to be introduced [8,9]. However, that
specific parameter seems important when assessing patients with LBP [10]. Furthermore,
an objective determination of trunk function can provide valuable information concerning
the progression of the pathology in decision making about the optimum rehabilitation
program and in evaluating its outcome [11].

Various clinical tests have been proposed to help identify deficits in trunk performance,
showing excellent validity and repeatability [12,13]. In addition, reduced trunk muscular

Bioengineering 2023, 10, 339. https:/ /doi.org/10.3390/bioengineering10030339 https:/ /www.mdpi.com/journal /bioengineering



Bioengineering 2023, 10, 339

endurance has been correlated with nonspecific LBP [12,14,15] and identified as a risk
factor for recurrent bouts of the condition [16,17]. The most commonly referred tests for
core body musculature assessment are the prone plank bridge test (PBT) for abdominal core
muscles, the side bridge test (on both sides) (SBT), and the supine bridge test (SUBT) [18].
Such field tests can be easily applied in a clinical environment without specific equipment,
allowing multiple patient evaluations simultaneously [16].

IMUs have been validated and proven to be accurate instruments for the objective
assessment of a variety of pathological conditions, such as asymmetrical locomotion;
consequently, they are gaining popularity among clinicians for everyday practice outside of
the laboratory [19]. The literature supports their established reliability and validity when
used to evaluate the lower back. More specifically, the PBT is a valid and reliable measure
for assessing abdominal performance, showing an ICC between testing sessions of 0.915.
The SUBT presents good to excellent reliability (ICC > 0.836), while the SBT presents high
to very high reliability (ICC 0.74-0.96) [20,21].

Even though these tests provide significant information for assessing LBP patients,
quantitative measurements of lumbar spine kinematics during their execution have yet to
be performed. Miniaturized sensors (inertial measurement units—IMUSs) can offer reliable
kinematic data on the corresponding kinematic pattern of the aforementioned clinical tests,
hence adding a significant quantitative biomechanical component to the testing [22].

Since the prone plank bridge, supine bridge, and side bridge tests are the most com-
monly used functional tests for assessing patients with low back pain in daily clinical
practice, the purpose of this study was to observe/measure the actual kinematics of the
lumbar spine for healthy and low back pain subjects. Additionally, we examined possi-
ble differences in lumbar ROMs between two groups (as correspondingly recorded for
time/endurance) to quantify the lumbar kinematics during the execution of the previously
described valuable clinical tools. Eventually, the previously mentioned tests could integrate
the objective biomechanical behavior of the lumbar spine, a valuable clinical parameter in
low back pain patient evaluation.

2. Materials and Methods

The study’s methodological approach and procedure are depicted in the following
flow chart (Figure 1).

2.1. Subjects

A total of 53 (30 male and 23 female) patients diagnosed with chronic low back pain
due to spondyloarthropathy were initially examined. The inclusion criteria were the occur-
rence of at least Modic type II changes in magnetic resonance imaging (MRI) and at least
grade 5 interverbal disc degeneration changes according to Modified Pfirrmann grading
in the absence of neurological signs. Modic changes (MC) are injury signs in the bone
marrow of the vertebral body, depicted in MRI, that are related to low back pain (LBP) [23].
Similarly, the Pfirrmann classification is the most widely used categorization system for disc
degenerative assessment in rehabilitation and academic settings [24,25]. Chronic low back
pain due to anatomical-pathological spine alterations (spondylolysis, spondylolisthesis,
scoliosis, bone fractures, neurological symptoms) and non-musculoskeletal pathological
conditions such as cancer or renal disease with referral lumbar spine pain constituted the
exclusion criteria. A total of 7 patients were eliminated because of sciatica, 2 because of
spondylolysis, 1 because of spondylolisthesis, 3 due to radiological scoliosis abnormalities,
8 due to a history of spinal fracture, and 7 because of osteoporosis.

Finally, 22 healthy subjects (12 men and 10 women) (Group A), as well as 25 patients
diagnosed with chronic low back pain (10 male and 15 female) (Group B), were included in
this study. The mean age was 48.5 & 9.3 for Group A and 49.4 & 11.2 years for Group B
(p-value = 0.12). The mean body mass index (BMI) was 23.3 &+ 1.7 and 24.6 =+ 2.4 for Groups
A and B, respectively (p-value = 0.18). The measured parameter was the lumbar spine
position, which was obtained during the execution of each of the three tests, compared to
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the neutral position for all subjects when they performed the PBT, the SUBT, and the SBT

(Table 1).
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Figure 1. Flow Chart.

Table 1. Demographic data and JOA scores.

Item Healthy Low Back Pain Val
€ (Mean/+SD) (Mean/+SD) p-vatue
Total Number 22 25
Male 12 10
Gender Female 10 15
Age 48.5/49.3 49.4/4+11.2 0.12
BMI 23.3/4+1.7 24.6/4+2.4 0.18
JOA Score 27.15/40.73 22.2/41.01 0.0003

2.2. Clinical Examination

Various scales for measuring physical impairment are utilized to quantify a patient’s
state before and after therapy. The JOA score, created by the Japanese Orthopaedic Associa-
tion in 1975, is the most frequently used measure to assess patients with low back pain. [26].
Our research evaluated both groups with a JOA score before the test execution (Table 1).

All participants’ passive flexion—-extension, abduction-adduction, and left-right lum-
bar spine rotation were assessed prior to the clinical testing to guarantee appropriate
passive ROM in all three planes and the absence of pain, hence allowing all patients to
participate in the clinical tests. The passive ROMs were measured using the IMUs following
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the instrumentation and procedure mentioned below according to the positions described
in the manual muscle test (MMT) for normal muscle strength, but the motion was executed
passively by the clinician [27].

2.3. Clinical Tests
Prone Bridge

Each subject was placed in the prone position on a firm surface, propped on the elbows.
The elbows were separated and placed shoulder-width apart, and the feet had a narrow
base but were not touching. The subject then lifted the pelvis until only the forearms
and ankles touched the bed, keeping a horizontal line between the shoulders, pelvis, and
ankles (Figure 2A). The test pose was maintained until fatigue or discomfort prohibited its
continuation [20].

Supine Bridge

Each subject started in a supine position with their knees flexed 90 degrees and their
feet on the bed close to each other but not touching. The arms were placed next to the
torso. The subject lifted their pelvis from the bed, maintaining a horizontal line between
the shoulders, hips, and knees (Figure 2B). The test position was sustained until fatigue or
discomfort prohibited its continuation. The dominant leg was straightened in the air if the
subject achieved two minutes in the test position, eliminating one support point. This was
intended to reduce the duration of the bridge by adding a torque moment to the bridge’s
center. In the occurrence of a previous pathology to the dominant support leg (e.g., knee
pain), the opposite leg was instead moved forward [28].

Side Bridge Test

For the side bridge test, the participant was directed to recline on one side on the
same examination bed. The lower supporting arm was flexed 90 degrees at the elbow, and
the upper arm was folded across the torso. The subject was instructed to elevate the hips
off the bed surface and keep an extended straight position with a flexed forearm directly
beneath the shoulder (Figure 2C). Both sides were subjected to examination [29].

2.4. Instrumentation and Procedure

Throughout the prone plank bridge, supine bridge, and side bridge examinations,
lumbar spine ranges of motion (ROMs) were measured. To evaluate the kinematics of
the lumbar spine, two MetaMotionR+ inertial measurement units (IMUs) were utilized.
MetaMotionR+ (MMR) is designed to record and stream sensor data and has CE approval.
Unprocessed sensor information was recorded and transmitted at 400 Hz and 100 Hz,
respectively, via Bluetooth. The researcher obtained and examined a CSV file containing
data on a local PC. Data fusion integrates information from a three-dimensional gyroscopic
sensor, a three-dimensional magnetometer, and a three-dimensional accelerometer to
produce a stable constant direction coordinate expressed as Quaternion or Euler angles.
Moreover, sophisticated software effectively integrates the unprocessed instrument data
to improve each instrument’s performance. This method includes techniques for offset
correction of each sensor, standardization status monitoring, and Kalman filter integration
to produce corrected and usable orientation coordinates. MMR+ is an established device
for recording human motion data and monitoring gestures. A list of its technological
components is as follows:

BMI160 6-Axis Accelerometer + Gyroscope;
LTR-329ALS Luminosity / Ambient Light;

BMM150 3-Axis Magnetometer;

BOSCH 9-Axis Sensor Fusion;

8 MB memory;

Lithium-ion rechargeable battery;

Vibrating coin motor;

Low-energy Bluetooth, CPU, button, LED, and GPIOs.
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A Bluetooth radio embedded in each IMU delivers data wirelessly to a researcher’s
smartphone. IMUs and Bluetooth radios are battery-powered with 3.6 V cells. The data
collection procedure comprises six distinct phases.

Figure 2. (A) Prone bridge test end position. (B) Supine bridge test end position. (C) Left-side bridge
test end position.
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2.4.1. Phase One—Calibration

For human movement assessment using an inertial sensing system, it is necessary
to determine the instrument reference and body orientation frame correspondence [21].
Prior to attaching and activating the sensors, the IMUs were adjusted on a flat, horizontal
plane to assure that each unit had the same initial position as the coordinate system.
Therefore, we assumed that the first and fifth lumbar vertebral segments are in the same
plane. This enables the collection of measurements with the lumbar section coordinated
with a designated axis of the global reference. It is vital to adhere to a reliable calibration
process to acquire reliable data for motion assessment. The calibration was conducted on
a smartphone running the Metawear application developed by mbientlab INC (software
version: 2.0.1).

2.4.2. Phase Two—Sensor Placement

The positioning of the sensors was carefully carried out to precisely determine the
respective orientation and location of the device’s frame in relation to the plane of physical
motion [30,31]. The first IMU was mounted directly above the spinous process of the first
lumbar vertebra, while the second was placed directly above the spinous process of the
fifth lumbar vertebra. Using hypoallergenic double-sided adhesive, both sensors were
adhered to the epidermis (Figure 3).

Figure 3. IMUs’ placement on L1 and L5 vertebrae.

2.4.3. Phase Three—Bluetooth Protocol and Data Streaming

These IMU sensors interacted via Bluetooth with a smartphone. Metawear, mbientlab
INC’s application (software version: 2.0.1), was loaded on the smartphone to capture and
save data. After each session, the collected data were streamed over Bluetooth to a PC for
further analysis. The analysis included pre- and post-filtering of three-axis acceleration,
geomagnetic tracking and alignment (roll, pitch, and yaw), and three-dimensional angular
acceleration in the local sensor coordinate system.

2.4.4. Phase Four—Acquisition and Management of Test Measurements

Before collecting clinical test data, the same clinician performed passive lumbosacral
section flexion—extension and left-right lateral flexion to validate the method’s repeatability
and ensure that both wearable sensors performed as intended and acquired ROM data.
Extension passive range of motion (PROM) was measured with the patient lying in the
prone position on an examination bed. A special belt stabilized the patient’s pelvis at
the bed, and one examiner stabilized the same anatomical region with his hands. At this
position, the IMU data showed 0 degrees of ROM. A second examiner wrapped his hands
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around the subject’s chest and executed lumbar spine extension till he felt a firm “end
feel” and no more motion could be produced. The “End Feel” is a type of sensation or
feeling that examiners experience when the joint is at the end of its available passive range
of motion in assessment [32]. At that point, the overall passive lumbar extension ROM
was obtained.

Flexion and lateral flexion PROMs were examined with the patient lying in a supine
position on an examination bed. A special belt stabilized the patient’s pelvis at the bed,
and one examiner stabilized the same anatomical region with his hands. At this position,
the IMU data showed 0 degrees of ROM. The second examiner wrapped his hands around
the subject’s thoracic spine and executed lumbar spine flexion until he felt a firm “end feel”
and no more motion could be produced. At that point, the overall passive flexion ROM
was obtained. As for the right and left lateral flexion, the same methodology was applied
regarding pelvis stabilization and the IMU’s reference position of 0 degrees. Following this,
the second examiner wrapped his hands around the subject’s thoracic spine and executed
lumbar spine lateral flexion (first to the left, then to the right) till he felt a firm “end feel”
and no more motion could be produced. At that point, the overall passive lateral flexion
ROM was obtained for both sides.

These records were saved as a CSV file and transmitted directly to the PC’s local
storage (one for each sensor). All subjects were instructed and prepped for the technique
described above. This experiment was performed three times for each ROM to acquire
representative motion data.

2.4.5. Phase Five—Initial Material Observation

Even if the wearables’ precision is high and the root mean square error (RMS) is em-
ployed, a computerized body representation enables the researcher to determine whether
movement reconstruction and data acquisition were managed effectively. After the pas-
sive ROM measurement experiment was completed, the collected data were examined
for irrelevant outcomes. If errors or improper motions were detected due to magnetic
field interference, the calibration was examined to eliminate the disturbance while the
participants were still present so the measurement could be repeated if necessary.

2.4.6. Phase Six—Bridge Test Measurement Collection

After a successful test session, the patients were asked to perform the prone plank,
supine bridge, and side bridge positions. All patients were given clear instructions about the
procedure, and they performed two trials for familiarization before data measurements [28].
In addition, they were instructed to carry the smartphone next to them throughout the
assessment to prevent signal connectivity problems during the data capture and trans-
mission from the IMU to the smartphone. After the measurements were complete, the
clinician removed the sensors from the patients and transferred the collected data from the
smartphone to the PC.

2.5. Data Gathering and Processing

Two nine-dimensional inertial units were used to evaluate lumbar spine motion ranges.
Mounted on the subject’s body, the sensors can remotely stream, via Bluetooth, a 3D vector
of the gyroscope’s angular velocity (deg/s) in the three planes (x, y, z). Likewise, a 3D
vector of the accelerometer and the magnetometer elements are transmitted. Combining
the information collected from the three aforementioned elements of the sensors, which
eliminates potential errors [33], the orientation of the body section and accompanying Euler
angles may be appropriately determined.

The MMR+ NDoF fusion algorithm calibrated the sensor’s background automatically.
The accelerometer, gyroscope, and magnetometer provide the combined precise position
values in this 9-axis setting. The benefits of integrating all three sensors include rapid
computation, leading to an increased output data stream, and enhanced resistance to
geomagnetic distortion. In this mode, the option for rapid magnetometer calibration was
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enabled, resulting in more precise output values. NDoF option implemented the following
frequency content: The fusion technique uses the accelerometer sensor’s output to adjust
for gyroscope disturbance and measurement variations. When the subject’s target section
is in motion, the fusion promptly dismisses accelerometer sensor readings in favor of
gyroscope data for pitch and roll. If accelerometer readings are ignored for a prolonged
time, pitch and roll values may fluctuate (due to continual movement or vibration). The
same will happen if the fluctuation affects the magnetic measurements; the program will,
by default, overlook it.

Letx=[ax,ay az gx, gy, gz mXx my mz] correspond to one inertial unit’s
measurement. Calculating the Euler angles using the x data is the initial stage. Then,
the L1 and L5 direction vectors are calculated using information from all three elements
(accelerometer, gyroscope, magnetometer). Therefore, the variables a x, g X, and m x are
converted to Euler angles of the pitch plane since they correspond to the lumbar region
ROM angles [34]. To this end, the method proposed by Qifan Zhou et al. 2021 [35] was
implemented, allowing a Kalman filter to determine the sensor’s exact direction [36]. The
Kalman filter is a system used to depict nonlinear systems ruled by nonlinear differential
equations. The IMU data are provided during the update phase, and after four defined steps
based on the filter components are completed, the outcome is a position prediction [34,36].
Lastly, typical Euler angles [36] were employed to compute the lower back ROM angles
relative to the L1-L5 coordinate system using a 5 Hz data frequency.

3. Results

The independent t-test, one-tailed distribution, and two sample unequal variance were
used for the data statistical analysis. The statistical power of our study was calculated using
G*Power 3.1.9.7 software for Windows (Heinrich-Heine-Universitit Diisseldorf, Diisseldorf,
Germany). The analysis was conducted for each dependent variable, which tested lumbar
spine kinematics during the execution of the three performed tests. A power analysis for
two independent means was employed with a given alpha = 0.05. The power of the study’s
sample size and observed effect size was higher than 80% for each variable (96.5% for
the prone bridge test, 88.2% for the left-side bridge test, close to its maximum of 1 for the
supine bridge test, and the right-side bridge test). An intraclass correlation coefficient (ICC;
two-way random, absolute agreement) and respective 95% confidence interval were used
for relative reliability analysis and to interpret results for within-session measurements in
all bridge tests and passive ROM clinical examinations (ICC > 0.90).

3.1. Clinical Examination
3.1.1. Passive Range of Motion

No statistically significant differences were found regarding the passive ROM of
flexion (Group A: mean = 49.33°, SD = 0.94 and Group B: mean = 48.83°, SD = 1.12,
p-value = 0.24), the passive ROM of extension (Group A: mean = 14.66°, SD = 0.94 and
Group B: mean = 14.16°, SD = 0.68, p-value = 0.18), the passive ROM of right lateral flexion
(Group A: mean = 18.67°, SD = 0.74 and Group B: mean = 17.83°, SD = 1.06, p-value = 0.09),
or the left lateral flexion (Group A: mean = 18.34°, SD= 0.74 and Group B: mean = 18.5°,
SD = 0.95, p-value = 0.38) (Table 2).

Table 2. Passive range of motion measurements in Group A and Group B.

Group A Group B
Item (Mean/-SD) (Mean/-SD) p-Value
Lumbar flexion 49.33°/4+0.94 48.83°/+1.12 0.24
Lumbar extension 14.66° /£0.94 14.16° /£0.68 0.18
Lumbar right lateral flexion 18.67°/£0.74 17.83° /£1.06 0.09
Lumbar left lateral 18.34°/+0.74 18.05° /+0.95 0.38

flexion
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3.1.2. The Japanese Orthopaedic Association (JOA) Score

The JOA score was used to analyze leg pain, low back pain, and everyday activities in
both groups, healthy and LBP patients. This method has a maximum score of 29 points,
and higher JOA scores indicate better outcomes for the analyzed criteria [37]. Statistically
significant differences were found between the two groups (p-value = 0.0003). The average
healthy subjects’” JOA score was 27.15 (SD) = 0.73) (Group A), while the corresponding
values for LBP patients were evaluated at 22.2 (SD = 1.01) (Group B).

3.2. Wearable Sensors—IMU Data

All measured tests presented statistically significant differences between the examined
groups, as the p-values mentioned in each case indicate.
Supine Bridge Test

The position obtained during the execution of the supine bridge test was extension
(compared to the neutral position), with patients m: mean = 15.27° of extension SD = 1.42
for Group A and mean = 12.96° of extension SD = 2.10 for Group B (p-value = 0.00004)
(Figure 4).

Prone Bridge Test

The position obtained during the execution of the prone bridge test was extension
(compared to the neutral position), with the patients measured at: mean = 4.45° of ex-
tension SD = 1.07 for Group A and mean = 6.07° of extension SD = 1.97 for Group B
(p-value = 0.0001) (Figure 5).

Left-Side Bridge Test

The position obtained during the execution of the left-side bridge test was right lateral
flexion (compared to the neutral position), with patients achieving the following values:
mean = 2.72° of right lateral flexion SD = 1.10 for Group A and mean = 3.64° of right lateral
flexion SD = 1.09 for Group B (p-value = 0.0004) (Figure 6).

Right-Side Bridge Test

The position obtained during the execution of the right-side bridge test was left lateral
flexion (compared to the neutral position), with the patients measured at: mean = 2.45° of
left lateral flexion SD = 0.58 for Group A and mean = 3.44° of left lateral flexion SD = 0.85
for Group B (p-value = 0.00002) (Figure 7).

Supine Bridge Test
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Figure 4. Supine bridge test results (p-value = 0.00004).
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Figure 5. Prone bridge test results (p-value = 0.0001).
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Figure 6. Left-side bridge test results (p-value = 0.0004).
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Figure 7. Right-side bridge test results (p-value = 0.00002).
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We present some indicative diagrams for the lumbar spine kinematics behavior for
both groups in the three tests, as shown in Figures 8-10.

9 12 15 18
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Figure 8. SUBT flexion—extension diagram for Groups A and B.
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Figure 9. PBT flexion—-extension diagram for Groups A and B.
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Figure 10. Left-SBT lateral flexion diagram for Groups A and B.

4. Discussion

The clinical assessment of patients with lumbar spine dysfunction includes testing
for an abnormal gross range of motion at the three axes of motion [38]. Prone plank
bridge, supine bridge, and side bridge tests are the most commonly used functional tests
for assessing patients with low back problems in daily clinical practice. However, they
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do not evaluate possible kinematic impairments for LBP patients compared to healthy
individuals [39,40]. In our study, we introduced and measured for the first time, to our
knowledge, the kinematic components of the most widely used clinical tests for low back
pain assessment. The measured parameter was the lumbar spine position obtained during
the execution of each of the three tests compared to the neutral position. The supine
bridge test evaluated lumbar extension, the prone bridge test evaluated lumbar flexion, the
left-side bridge test evaluated right lateral flexion, and the right-side bridge test evaluated
left lateral flexion. We identified statistically significant differences for all measured tests
between the examined groups.

Researchers report significant losses in the range of lumbar spine movement in LBP
subjects in all directions, for example, loss of hip flexion and altered hip and lumbar spine
kinematics while performing trunk movements [41] and between LBP subgroups, some of
which involve the action of lumbar spine extension [42,43]. Their results agree with our
data when kinematics are measured through clinical tests.

Despite the lack of information about the kinematics of the lumbar spine during these
three bridge tests, a number of other experiments examining lumbar spine ROMs during
the execution of comparable exercises have been described. Milosavljevic et al. (2008)
report mean peak values of angular displacement of the lumbar spine at 17.5 4= 5.6 degrees
when their healthy young subjects performed trunk bending backward and returning to the
upright position [38]. These values for peak angular displacement for the lumbar spine and
hip are also consistent with those obtained in other studies [41,44]. Our study measured the
mean peak values of angular displacement at the supine bridge test for Group A (healthy
subjects) at 15.27 degrees.

Our results show less ROM in LBP patients compared to healthy individuals and a
shorter duration of the test execution (the time at which the test stopped because of pain).
This might suggest that the statistically significant differences found in the ROMs in all
three planes and the reduced duration for which patients could maintain the test position
could result from muscle strength deficits (since all subjects had a normal passive ROM
and could potentially perform similar active ROM scores). Thus, a kinesiotherapy exercise
program targeting these muscle groups to increase their strength and endurance could
help LBP patients achieve better active ROMs and time scores for our tests and, as a result,
reduce symptoms and improve functionality [45-49].

Vanti et al. 1 [50] discovered an improvement in results in symptomatic lumbar
spondylolisthesis patients prior to and following treatment (time duration). In addition,
they demonstrated the sensitivity of bridge tests since their results were substantially
correlated with discomfort and functional changes. Changes in bridge test scores also
appeared to be associated with the degree of perceived progress as evaluated by the Global
Perceived Effect questionnaire and were consistent with other quality indicators (Oswestry
Disability Index—Italian version and the Pain Numerical Rating Scale). In the literature,
bridge movements have primarily been investigated as a treatment technique to increase
muscle strength and performance of the lower back area in patients with nonspecific
LBP [51-53], progressing from reduced-intensity exercises to high-intensity [54].

In the past, physicians evaluated a patient’s success in bridge tests (BTs) based on the
length of time the patient could hold the relevant posture. With our study, we emphasize the
need to correlate these findings with kinematic data to determine whether the improvement
observed after rehabilitation protocols also reflects improvement in the functional capacity
(kinematics improvement) of these patients, which is a crucial factor in treatment decision
making. This quantitative assessment of lumbar spine motion in all three planes converts
the prone plank test, supine bridge test, and side bridge test into an objective biomechanical
diagnostic tool for LPBs that may be used to evaluate the success of applied rehabilitation
programs. However, no study has yet been conducted on the response to the clinical
change (kinematics) over time of these tests in patients with LBP. In clinical practice, the
clinician evaluates the patients subjectively by visually controlling the correct posture
but is not involved in any way in helping patients maintain the position during the
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test execution [50]. Our study introduces an objective component for the assessment
of LBP patients by measuring kinematic parameters, which also reflect the functional
ability of LPB patients. Thus, BTs can additionally be utilized to identify clinical and
quantitative shifts in chronic LBP patients following rehabilitation treatment. In addition,
information on kinematics may enable the physiotherapist to determine the importance
of a variation in BTs between the reference point (typically the first session) and each
successive phase of treatment. Therefore, additional research should be conducted on
using BTs during and after the completion of a physical therapy program for chronic LBP,
and not only as an assessment tool to evaluate the fitness level of the core lower back
musculature. Furthermore, the advancement in BTs scores, in lumbar kinematics, and
the overall improvement in low back discomfort and disability, is significantly clinically
relevant, as these easy tests that can be conducted daily in a clinical environment, can assist
rehabilitation professionals in objectively evaluating their patients” improvement.

5. Limitations

Conventional motion capture with reflector skin markers is widely used to quantify
joint kinematics; nevertheless, the relative movement occurring at the biological tissue
between the bones and markers produces a source of measurement error called soft tissue
artifacts (STAs). STAs are also prevalent when IMUs are attached to the skin of the lumbar
spine to capture the lumbar spine’s range of motion. Xin HI et al. employed dual fluo-
roscopic techniques to assess STAs in lumbar spine motion in healthy adult participants.
During extension, they discovered that the lower lumbar region (L4-L5: 2.7 £ 0.7 mm)
had considerably fewer STAs than the upper lumbar region (L1-L3: 6.1 & 3.3 mm) [55].
Likewise, Zemp et al. report a mean STA of 10.7 & 4.8 mm in lumbar extended postures
when comparing skin marker motion to MRI images [56]. Given the fact that IMUs are
mounted to the skin in the same manner as skin markers of optoelectronic motion capture
systems and that lumbar spinous process mean height dimensions vary from 18 to 27 mm
in adults [57], it appears that even though STAs occur and present a potential source of
inaccuracy in such measurements, the surface equipment’s skin position (markers and
IMUs) should still coincide with the underlying spinous process when a full range of
motion is executed.

In an effort to further examine the phenomenon in which the motion of the skin
does not reflect the motion of the underlying vertebrae perfectly, W.K. Chiou et al. aimed
to establish a relationship between skin surface motion and intervertebral motion [58].
The researchers computed and compared the intersegmental joint angles of the lumbar
spine during sagittal plane motion using a digitized and transformed data model. In their
investigation, the non-invasive and invasive ISA differences varied from 0.29 to 2.08 degrees
of the complete range of flexion ROM (0.58 to 5.6% of the full ROM).

Consistent with previous results, Yang et al. report estimation errors of surface-
attached sensors in monitoring flexion movement of the lumbar region of approximately
5% of the full range of motion compared to those attained with computed tomography in
capturing the entire lumbar spine position (used as the “gold” standard), therefore conclud-
ing that kinematic measurements with skin-mounted sensors are sufficiently accurate [59].

Similarly, Ha, Tshui-Hung, and colleagues sought to validate the use of IMUs in
measuring the three-dimensional spinal range of motion using an electromagnetic tracking
system as a benchmark. They discovered that measurements acquired with the inertial
measuring system were strongly correlated with the electromagnetic tracking system,
exhibited great agreement, and did not have any major differences from the electromagnetic
tracking system. Thus, they concluded that inertial measurement systems containing a
gyroscope, an accelerometer, and magnetometer sensors (IMUs with these components
were used in our study) are accurate instruments for assessing the three-dimensional spinal
range of motion and that their cost-effectiveness, compact footprint, and ease of use offer
significant advantages in such measurements [60].
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Leroy reports that soft tissue and skin movement can induce IMUs to change their
positions relative to the body’s bony prominence. However, these artifacts” impact is minor
during low-intensity activities (such as the three-bridge test assessed in our study) [61].

6. Conclusions

The development of miniature sensors has created new opportunities for simultaneous
and long-term recording and the quantification of human body kinematics, including
objective evaluation of motor abnormalities that spontaneously emerge and are recreated
by individuals in real-world settings [62,63]. Their lightness, compact size, relatively
inexpensive cost, energy efficiency, and mobility characteristics make them appropriate
for several applications, providing an objective assessment component for various clinical
tests. Spatiotemporal parameters (angular velocity, acceleration) that can also be recorded
with IMUs could provide more detailed information about muscular performance, and
thus further research in that direction should be promoted.
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Abstract: Background: The pelvic floor is a bowl-shaped complex of multiple muscles and fascia,
which functions to support the pelvic organs, and it aids in controlling continence. In pelvic floor
disease, this complex becomes weakened or damaged leading to urinary, fecal incontinence, and
pelvic organ prolapse. It is unclear whether the position of the body impacts the forces on the pelvic
floor. Purpose: The primary objective of this work is to measure force applied to the pelvic floor
of a cadaver in sitting, standing, supine, and control positions. The secondary objective is to map
the forces across the pelvic floor. Methods: An un-embalmed female cadaver without pelvic floor
dysfunction was prepared for pelvic floor pressure measurement using a pressure sensory array
placed on top of the pelvic floor, and urodynamic catheters were placed in the hollow of the sacrum,
the retropubic space, and at the vaginal apex. Pressure measurements were recorded with the cadaver
in the supine position, sitting cushioned without external pelvic floor support, and standing. Pressure
array data were analyzed along with imaging of the cadaver. Together, these data were mapped into
a three-dimensional reconstruction of the pressure points in pelvic floor and corresponding pelvic
organs. Results: pressures were higher at the symphysis than in the hollow of the sacrum in the
standing position. Pressure array measurements were lowest in the standing position and highest in
the sitting position. Three-dimensional reconstruction confirmed the location and accuracy of our
measurements. Conclusions: The findings of increased pressures behind the symphysis are in line
with the higher incidence of anterior compartment prolapse. Our findings support our hypothesis
that the natural shape and orientation of the pelvis in the standing position shields the pelvic floor
from downward forces of the viscera.

Keywords: pelvic organ prolapse; pelvic floor structure; pressure analysis; pelvic floor modeling;
biomechanics

1. Introduction

The pelvic floor is a bowl-shaped group of muscles and connective tissue located in the
pelvis. It is made up of the levator ani muscle complex, coccygeus muscle, and endopelvic
connective tissue [1], coalescing into a diaphragm with a maximum thickness of 3 mm that
closes the bottom of the pelvis [2]. The perforations (i.e., from the vagina, urethra, and
anus) in the pelvic floor created by these organs inherently weaken the structure as a whole.
This complex supports the pelvic organs (bladder, vagina, and rectum) while aiding in
controlling continence of both urine and stool [3]. Moreover, expansion and contraction of
those organs during urination, defecation, and birthing further stress the structure.

Pelvic floor dysfunction (PFD) occurs when the muscles or connective tissue of the
pelvic floor weaken. According to the American Urogynecologic Society, the most common
types of PFD are urinary incontinence, pelvic organ prolapse, and fecal incontinence [4].
PFD is more common among older women [3], as well as those with risk factors, including
obesity, chronic constipation, chronic cough, childbirth, and prior hysterectomy [5]. PFD
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is also common in women with high physical activity, such as athletes [6]. It is a very
common condition with an overall prevalence of 23.7% [3].

PFD can have a profound impact on quality of life. Patients report social isolation,
relationship problems, and sexual dysfunction [7,8] as some of the quality of life issues faced
with PFD. Although there are many preventative and corrective therapies including pelvic
floor muscle training, weight loss, controlling constipation, and pessaries, the majority of
women will eventually opt for surgery. The lifetime risk of surgery for PFD is 20% [2]. In
addition, according to a report in 2010, PFD costs over $500 million a year on the healthcare
industry for surgeries [9], demonstrating the profound societal impact.

The pelvic floor muscles are thin, and the associated connective tissue is weak as
compared to abdominal connective tissue or muscle tendons [1]. The inherent anatomy of
the pelvic floor muscles dictate that these skeletal muscles would have to be in constant
contraction in order to support the weight of the abdomen and pelvic organs. This tissue
does not appear strong enough to withstand large forces over long periods of time, and it
does not have the energy available for sustainability. Yet, while PFD is a common condition,
the majority of women do not develop dysfunction, despite exhibiting the risk factors listed
above (childbirth, gravity, long-term physically strenuous activity) [2,3]. Therefore, the risk
factors are likely associative and not causal or deterministic.

We believe that anatomical forces incident on the pelvic floor play a role in the risk of
developing PFD. To our knowledge, a direct study of the distribution of these anatomical
forces on the pelvic floor has not been done.

In this study, we focus on exploring the nature of the anatomical forces that play across
the pelvic floor as a result of different body positions. Our hypothesis is that different
body positions will demonstrate differing visceral force loads on the pelvic floor, with the
lowest visceral pressures displayed in the standing position. Further, we hypothesize that
visceral load will be greater closer to the pubic symphisis, especially in postures reducing
the lordotic lumbar curve.

2. Methods

This study has been approved by the Institutional Review Board at the University at
Buffalo.

2.1. Cadaver Preparation and Pressure Sensor Placement

A fresh (un-embalmed) 103 Ib female cadaver was acquired from the University at
Buffalo, Department of Pathology and Anatomical Sciences Anatomical Gift Program. The
cadaver was donated by a woman who was 92 years of age at the time of death. No signs
of pelvic floor dysfunction were evident upon examination. A low transverse abdominal
incision was made to expose the junction between small and large bowels. After the
distal ileum was tied off, contrast was injected into the small bowel. A 16 French Foley
catheter was inserted into the bladder. Remaining retroperitoneal, blunt dissection was
used to access the pelvic floor on the right side without disrupting midline structures. A
3 x 8 cm array of pressure sensors mounted in cloth-like material (Tactarry Model 5334,
Pressure Profile Systems Inc.) was inserted directly on top of the pelvic floor [10]. To reduce
force dissipation through the array, a lead backing plate 1/64” thick was inserted on the
bone side of the array. T-DOC urodynamic catheters were placed in the hollow of the
sacrum, in the retropubic space (symphysis), and transvaginally at the vaginal apex. The
urodynamic catheter pressure data were recorded and analyzed using the Laborie Goby
Portable Urodynamic System (Laborie UDS) [11].

Measurements were taken transvaginally for pressures at the vaginal apex because
this is a pressure commonly measured during standard urodynamic testing in women, and
there are normal ranges published in the literature that could be compared to our findings
as a control. The pressure array was tared and the abdominal incision closed. Lifting straps
attached to a hydraulic lift were applied to the cadaver’s upper extremities. To simulate
abdominal wall tone, a rubber belt was placed snugly around the trunk.
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2.2. Cadaver Postures

Data were collected with the cadaver manipulated into four positions: standing, sitting,
supine, and a control position where the cadaver was seated on a donut-shaped inflatable
hemorrhoid cushion that, in theory, precluded external support of the pelvic floor when
seated. For the first three positions we performed urodynamic pressure measurements
(Laborie UDS), pressure array readings, and image capture as described below. For the
donut-seated control position, we limited our capture to urodynamic pressure and pressure
array readings to compare with published in vivo data (i.e., vaginal apex sensor in the
sitting position on donut shaped hemorrhoid cushion).

2.3. Force Measurements

The cadaver was first placed in the supine position with the pressure array in place.
Pressure measurements from the pressure array and the Laborie UDS (sacrum, symphysis,
vaginal apex) were recorded electronically for approximately one minute. Via a hydraulic
lift, the cadaver was then lifted into the sitting position where pressure measurements
were again recorded for approximately one minute. Next, the cadaver was moved onto the
hemorrhoid cushion, and measurements were recorded. Finally, the cadaver was lifted into
the standing position (feet on the floor), and the pressure measurements were recorded.

For reproduceability, this series was repeated a total of ten times. During cadaver ma-
nipulation, an external video camera was used to record movements and was synchronized
to the pressure array; this ensured that the sensor readings were taken when the cadaver
was at rest.

Pressure array data were analyzed via Chameleon Tactile Visualization and Recording
Software [12]. The total pressure in each position for each experiment was recorded in
grams. A visualization of the pressures exerted on the array in each position for each
experiment was saved for texture mapping in the three-dimensional reconstruction step
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Figure 1. Examples of the body position radiology data with three-dimensional reconstructions of
the bones of the pelvis with the pressure array data. (a,d,g) Radiological images of the cadaver with
the pressure sensor implanted in supine, sitting and standing positions. (b,e h) 3D reconstructions of
the lumbar and pelvic bones with the pressure sensor mapping along the pelvic floor. (c,f,i) Images
of the pressure array data taken without 3D reconstruction. The higher the pressure the more red the
color, while the lower the pressure the more blue the color on the map.
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2.4. Statistical Analysis

Sacral and symphysis UDS pressures were compared via t-test. The effect of cadaver
position on total array pressures and UDS vaginal apex pressures were compared using
ANOVA, and post hoc tests were conducted using TukeyHSD. Analyses were conducted
using the R statistical programming language [13].

2.5. Image Acquisition

Following the force measurement experiments, the cadaver was taken to Buffalo General
Hospital for imaging. The Foley catheter, pressure array, and urodynamic catheters remained
in place. A CT scan of the supine cadaver was first taken. A standing CT was not available.
Therefore, multiple X-ray images were taken. The cadaver was first placed in a seated position
where anterior-posterior, right lateral, left lateral, and oblique images were taken. The cadaver
was then placed in the standing position (via the hydraulic lift), and the same series of images
were again taken. The CT and X-ray images were saved on CDs for analysis.

2.6. Image Analysis and Three-Dimensional Reconstruction

The supine CT images were uploaded into 3D Slicer 4.7 for analysis [14,15]. With use
of the segment editor and editor modules, a three-dimensional model of the pelvic floor was
constructed (Figure 2).

Figure 2. 3D models of the pelvic floor with abdominal structures.

The lumbar spine with sacrum, pelvic bones, bladder, vagina, rectum, pressure array,
and bowel were segmented. Each segment was loaded into a scene to create a three-
dimensional model of the cadaver in the supine position. The X-ray images were utilized
to model the cadaver’s pelvic floor in the sitting and standing positions. Each segment was
aligned to the X-ray images via the transform module. A linear transform was created for
each segment in each position to correctly orient the model with the X-ray images. The left
column of Figure 1 shows the original radiologic data sets.
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The images from the pressure array collected via Chameleon Tactile Visualization
were utilized to create a texture in the MeshLab 3D modeling software [16]. Examples of
this texture are shown in the right column of Figure 1, where blue colors correspond to low
pressures, and red corresponds to high. The texture was then applied to the pressure array
model in 3D Slicer for the various cadaver positions (the middle column of Figure 1). The
tactile images of the array allowed for the mapping of pressure points within the context
on the pelvic floor and the corresponding pelvic organs.

3. Results
3.1. Force Measurements (UDS and Pressure Array)

The results of the UDS pressure catheter measurements are shown in the plots in
Figures 3-5. The pressures recorded by the T-DOC catheters are in cm HyO whereas those
recorded by the array are in gm/cm? (Figure 3). For the pressure array, values are reported
as mean (gm/ cmz), standard deviation values over the rectangular array area. In each plot,
the horizontal line indicates the median recorded value.

Comparison of UDS Pressure at the Sacrum

55 & Symphysis in Different Body Positions

B Sacrum
. Symphysis

cm H20

Standing Donut Sitting Supine
Body Position

Figure 3. Comparison of the different pressures exerted on the pelvic floor in the different positions
in the anterior vs. the posterior compartments (anterior being the symphisis region while posterior
being the sacral region). Asterisks indicate statistically significant values.
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Figure 4. Overall pressures measured via the pressure array. Asterisks indicate statistically
significant values.
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Figure 5. Pressures measured at the vaginal apex in the different positions. Asterisks indicate
statistically significant values.

3.1.1. Symphysis vs. Sacrum Comparisons

Pressures at the sacrum were significantly lower than those at the symphysis in the
standing position (p = 0.0037). There were no significant differences in pressures between
sacrum and symphysis in the supine (p = 0.08112), sitting (p = 0.1335), or donut positions
(p = 0.0956) (Figure 3).

3.1.2. Array Comparisons

Pressures were lowest and statistically different in the standing position (24.5 gm/cm?,
SD 13.2) when compared to the supine (47.1 gm/cm?, SD 10.7), sitting (80.8 gm/cm?, SD 12.1),
and donut positions (69.9 gm/cm?, SD 14.4). Pressure in the supine position was found to be
lower and statistically different from those in the sitting and donut positions (Figures 1 and 4).

3.1.3. Vaginal Apex Comparisons

Pressures in the standing and supine positions were similar to each other (p = 0.21),
but they were lower and statistically different from those in the sitting (p < 0.01) and donut
positions (p < 0.01). Pressures in the sitting and donut position were statistically different
from each other (p < 0.01) (Figure 5).

3.2. Image Acquisition Results

The images acquired via X-ray and CT are shown in Figure 1. The CT image was
acquired in the supine position (top row), whereas X-ray images were acquired in the sitting
and standing positions. In all of the imaging modalities, the pressure array was clearly
identifiable; there was no observable movement of the array relative to other structures
in the pelvic throughout manipulation of the cadaver on the hydraulic lift. Although
the pressure array was fixed with a lead backing, the presence of a metal artifact did not
preclude our ability to model the pelvis and surrounding soft tissues.

3.3. Three-Dimensional Modelling

The images of the pressure array are shown in Figure 1. Red colors on the array
indicate increasing pressures, and blue represents zero pressure. Pressures were not evenly
distributed across the array, but instead were specific to geographic locations. Pressure
increases were observed where viscera contacted the array.

4. Discussion

The purpose of this study was to directly measure pressure experienced in the pelvic
cavity in different postures and anatomic locations. Placing a UDS sensor at the vaginal
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apex is a common means of measuring abdominal pressures in vivo. To further simulate
live urodynamic testing, we placed the cadaver on a hemorrhoid donut removing external
support, as would be standard when sitting on a commode in the urodynamic suite. In
addition, we placed UDS sensors in locations that cannot be measured in vivo. These were
placed behind the pubic symphysis (in the space of Retzius) near the anterior floor of the
pelvis, as well as in the hollow of the sacrum (near the roof of the pelvis). We also measured
total force on the pelvic floor using the Pressure Profile Systems array positioned directly
on top of the levator ani muscles, which also cannot be done in vivo. We hypothesized
UDS pressures would be highest anteriorly, and array pressures would be lowest in the
standing position

UDS pressures were indeed higher anteriorly, and array pressures were lowest in the
standing position. UDS measured sitting and supine measurements, which were consistent
with normative in vivo findings, supporting the validity of the model [17,18]. Reported
intraabdominal pressure readings obtained similarly through a Foley catheter were 6.5 mm
Hg with a range of 0.2-16.2 mm Hg [19], and in various body positions at 9.5 cm H,O for
supine, 11.5 cm HyO at 30 degrees, and 14 cm H,O at 45 degrees. In addition, intravaginal
measurement of intraabdominal pressures have been reported at 27.5 cm H,O [20] and in
the supine position at 1.5 cm H,O [21]. Finally, for the morbidly obese, intraabdominal
pressures have been reported at 12.0 cm H,O, which was compared to the control of
0-1.2 cm H,O.

The way the pressures are generated at the vaginal apex are very different from those in
the abdominal cavity, and, for this reason, we did not directly compare them. At the vaginal
apex, the UDS sensor is sandwiched between the anterior and posterior vaginal walls. The
distal vagina is normally oriented along the horizontal plane and is compressed by downward
internal forces. The compression of the distal vagina is likely a protective mechanism.

Noblett et al. [20] reported higher pressures in the sitting position compared to the
supine using an intravaginal pressure catheter. Our study also noted higher pressures in the
sitting compared to the supine position at the vaginal apex. Interestingly, pressures were
higher over the levators and behind the symphysis in the sitting position. At the hollow of
the sacrum, pressures in the sitting and supine position were similar and both higher than
standing. Shaw et al. [21] measured abdominal pressures using an intravaginal sensor in
studies designed to evaluate how exercise affected intra-abdominal pressure. They noted
increased abdominal pressures in obese patients and did not report measurements at rest.
Several studies measured visceral pressures as a surrogate for abdominal pressures, and
they found that obesity increased abdominal pressure [19,22,23]. This effect of increased
weight in the viscera, seen in truncal obesity, supports the idea that the small bowel plays a
role in pressure applied to the pelvic floor. There are no studies in live subjects or cadavers
measuring abdominal pressures at various locations within the pelvis, nor are there any
studies showing these pressures as a result of differing body positions.

This research helps explain the higher incidence of anterior compartment prolapse
in women with pelvic floor disease. Pressures were higher at the symphysis than in the
hollow of the sacrum in the standing position, supporting our hypothesis. Values were
lowest in standing position (sacrum has maximum shielding) and highest in sitting position
(sacrum has diminished shielding), potentially due to loss of lumbar lordosis when sitting.
Pressures measured in the donut position were between the sitting and standing positions.

Imaging and Three-Dimensional Modeling Are Consistent with Pressure Readings

Our experiments were performed on a cadaver, which initially raised concerns about
the relevance of our findings for in vivo conditions. In an effort to address this concern,
we measured pressures at the vaginal apex using the Laborie Gomi UDS machine, as
we would during an in vivo UDS procedure. We positioned the cadaver in the sitting
position on a donut to simulate sitting on the UDS chair. Our measurements at the vaginal
apex were consistent with in vivo results. We repeated the experiment 10X to confirm
its reproducibility. We also had concerns regarding the reliability of our array and its
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position in the pelvis. We confirmed the position of the array using CT scan, X-ray, and
three-dimensional modeling. We found that the array was precisely positioned over the
levator ani muscles abutting the midline structures. The small bowel moved with changes
in position and generated pressures measured by the array, which was confirmed with
our imaging.

The three-dimensional modeling of the pelvic region was performed in 3D Slicer to
verify the positions of internal organs, as well as the pressure array (Figure 2). The use of
radiology, and specifically of magnetic resonance imaging (MRI), has been well established
in the assessment of pelvic floor anatomy, identification of dysfunction, and assessment of
surgical outcomes.

The use of non-contrast-enhanced cadaveric CT scanning for generating three-dimensional
models presents a set of unique challenges. Lack of contrast between soft tissue organs
decreases the fidelity of the structures of interest, and, while cadaveric contrast agents are
being developed, they are not yet widely available or well studied. Thus, our segmentation
and analysis is limited to tissues with clear boundaries (i.e., bones, bladder, intestines).
Thin structures, such as the pelvic floor itself and microvessels, were difficult to visualize
and model, and so were inferred from the surrounding anatomy. Additionally, without
a standing CT apparatus, the assessment of the mesh locations in non-supine positions
needed to be inferred from other imaging methods (X-ray). As far as we are aware, the
positioning of the mesh was not significantly altered from the movement of the cadaver,
but this should be confirmed by additional imaging.

5. Conclusions

Our findings of increased pressures behind the symphysis are in line with the known
higher incidence of anterior compartment prolapse. In addition, the notion that the natural
shape and orientation of the pelvis with standing helps to protect the pelvic floor is supported
by our findings of lower pressures at the hollow of the sacrum in the standing position.

This study was conducted using a single sample body to generate a set of pilot
readings. We were unable to calculate average and variation of pressures across different
body morphologies; future work should expand the sample size to look at whether these
pressure readings hold across different ages and pelvic floor states (dysfunction vs. normal).

Additionally, due to the nature of the study, we used a human gift cadaver to record
pressures directly on the pelvic floor. Such an invasive methodology is not feasible to
perform on living patients, and we do not know the extent to which our findings are
directly translatable to living individuals. Our specimen was, likewise, from an elderly
individual (aged 92 years) and, therefore, may not be translatable to the general condition.

The magnitude of our UDS pressure recordings are in line with previously reported
findings, suggesting that the overall findings are at least reasonably comparable with the
pressures one could expect from living subjects. More detailed and less invasive pressure
recording approaches will be needed before these findings can be replicated on pre-mortem
patients [19-23]. The potential applications of these results may demonstrate that lower
lumbar lordosis treatment can alleviate pelvic floor dysfunction.
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Abbreviations

The following abbreviations are used in this manuscript:

PFD Pelvic Floor Dysfunction
UDS Urodynamic System
ANOVA  Analysis of Variance
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