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Editorial on the Research Topic
Cross-disciplinary approaches to characterize gait and posture
disturbances in aging and related diseases, Volume II

Cross-disciplinary research is the space where different disciplines meet and generate
new knowledge. However, publishing multidisciplinary research can be difficult since the
advances presented in the single disciplines might be small or negligible if considered
independently, and the organization of the work can be extremely challenging, starting from
the development of a common language and knowledge base and dealing proactively with
misunderstandings (Domino et al., 2007; Daniel et al., 2022). Nonetheless, the union of the
different areas can be knowledge itself (Priaulx and Weinel, 2018). For these reasons, this
Research Topic: “Cross-Disciplinary Approaches to Characterize Gait and Posture
Disturbances in Aging and Related Diseases, Volume II” gives once again space to
multidisciplinary research in gait and posture to help increase the body of evidence at
the intersection between the various scientific disciplines and research fields that focus and/
or impact on gait and posture.

Great global challenges require cross-disciplinary spaces where science, humanities, and
culture can meet and develop solutions for great global problems. For instance, the
planetary wellbeing initiative (Antó et al., 2021; Kortetmäki et al., 2021) is considering
the loop of changes made by humans to our lifestyle, which in turn affect human health.
Situations of high emotional distress, created by the society we have developed, have been
seen to promote musculoskeletal disorders, already at a young age (Diepenmaat et al., 2006).
In this framework Tassani et al. evaluated the relationship among posture, breathing, and
anxiety, therefore exploring the interaction between physical and emotional spheres in
University students. Similarly, Kong et al. explored the influence of cognitive load on the
trajectory of the center of pressure during gait initiation in young males with excess weight.
Cognitive and emotional burdens are often ignored in the study of gait and posture until
they reach major relevance (Canales et al., 2017) when any approach to revert the dynamic
of the pathology is likely very difficult. For this reason, working on prevention is paramount
and even if the focus of the Research Topic is on aging-related diseases, we found it relevant
to give space to studies performed on healthy subjects (De Blasiis et al., Peiffer et al.), or
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where the aging process was simulated in young volunteers (Ma et al.).
The mentioned studies are all presenting balances and stability
assessments related to fall prediction and fall-related injuries, which
again, for a long time wasmainly related to the elderly, but is becoming a
common problem also in the younger population. It is also very
important to develop studies on children (Jiang et al.) and on how
posture variations can affect sensitive subjects during development, with
changes that can disturb their adulthood.

The first volume of this Research Topic gave space to age-related
functionality reduction and the combination of imaging techniques
for the study of gait. The relation between gait and imaging
technique is probably one of the most common cross-disciplinary
approaches in motion analysis (Bohnen and Jahn, 2013). These
Research Topic are covered in the work by Ricciardi et al. The study
presents how the influence of soft-tissue composition on gait can be
evaluated on a large cohort using imaging techniques.

Osteoarthritis is also a common aging disorder, that has negative
consequences as disability and societal costs (Hunter and Bierma-
Zeinstra, 2019). In the optics of prevention, kinetic and kinematic
studies have been developed (Stief et al., 2018). Drongelen et al. have
studied the effect of Total Hip Replacement, an end-stage treatment for
this pathology, over a bipedal stance. Even if the therapy was found to
have a positive effect on the standing position and load distribution of the
patients, preventive therapy directed at the disproportionate load
distribution might have reduced the progression of the disease.

Another typical problem in multifactorial and multivariate motion
studies is the large number of features to be considered in the analysis
(Benedetti et al., 1998). For this reason, dimensionality reduction and
feature selection of themost appropriate and representative features is an
important matter that again finds space in this Research Topic (Ulrich
et al., Sato et al.). For example, when evaluating the construct validity of
the trunk impairment scale in patients with serious physical problems,
like stroke and Parkinson’s disease, correlations and multiple regression
analysis showed that this scale may evaluate the trunk function related to
balance function, disease severity, activities of daily living function, lower
limb strength, but the relevant factors were constructed with three
different aspects, and this differs from other factors that included
many other aspects. Similarly, in the evaluation of medial knee
osteoarthritis, several parameters related to knee moments are
considered, which differ with the severity of osteoarthritis, but if
properly combined can provide the possibility of developing a
severity index. Considering a larger number of parameters helps
improve the description of a specific issue, but in turn, is likely to
increase the overall complexity of the study design. The possibility to
reduce and combine parameters is often desirable and therefore does not
surprise that advanced multivariate analysis and machine learning
techniques are more and more integrated into movement analysis
(Phinyomark et al., 2018) making feature reduction approaches
another discipline that nowadays crosses gait biomechanics.

Through this Research Topic and the related articles collected
therein, we hope to offer the reader new insights into a more
comprehensive approach to the study of human motion and its
use in research as well as in clinics, again addressing the interaction
of gait with cognitive conditions and the integration of multiple
techniques for gait analysis. Working with multivariate approach
and considering high dimensionality is becoming mandatory for a
holistic vision of gait analysis. Nonetheless, with this Research Topic
we wanted to give more space especially to the effect that cognitive
and emotional loads can have over gait and posture. Unfortunately,
the study of the disease risks to shadow the understanding of the
patient, forgetting that his daily life and personal feelings can have
deep effect over the development of many musculoskeletal
conditions, especially in their germinal state. In this scenario, the
inclusion of humanities to the pool of multidisciplinary teams
devoted to the study of gait and posture might be an important step.

In conclusion, in the age of the Anthropocene, in which humans
are changing the world, which in turn is changing humans, working
synergistically and multidisciplinarily on the prevention of
musculoskeletal diseases seems mandatory. Looking at the human
condition not only technically and medically, but promoting studies
that explore the cognitive, emotional, philosophical, and also
artistical expression of human motion, can be a way to turn a
deep introspective gaze at our lifestyle and change it before
it changes us.
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Diverse parameters of ambulatory
knee moments differ with medial
knee osteoarthritis severity and
are combinable into a severity
index

Baptiste Ulrich1*, Jennifer C. Erhart-Hledik2,3, Jessica L. Asay3,4,
Patrick Omoumi5, Thomas P. Andriacchi4†, Brigitte M. Jolles1,6†

and Julien Favre1,7†

1Swiss BioMotion Lab, Department of Musculoskeletal Medicine, Lausanne University Hospital and
University of Lausanne (CHUV-UNIL), Lausanne, Switzerland, 2Department of Orthopaedic Surgery,
Stanford University, Stanford, CA, United States, 3Veterans Affairs Palo Alto Health Care System, Palo Alto,
CA, United States, 4Department of Mechanical Engineering, Stanford University, Stanford, CA,
United States, 5Department of Diagnostic and Interventional Radiology, Lausanne University Hospital and
University of Lausanne (CHUV-UNIL), Lausanne, Switzerland, 6Institute of Microengineering, Ecole
Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland, 7The Sense Innovation and Research
Center, Lausanne, Switzerland

Objective: To characterize ambulatory knee moments with respect to medial
knee osteoarthritis (OA) severity comprehensively and to assess the possibility of
developing a severity index combining knee moment parameters.

Methods: Nine parameters (peak amplitudes) commonly used to quantify three-
dimensional knee moments during walking were analyzed for 98 individuals
(58.7 ± 9.2 years old, 1.69 ± 0.09 m, 76.9 ± 14.5 kg, 56% female),
corresponding to three medial knee osteoarthritis severity groups: non-
osteoarthritis (n = 22), mild osteoarthritis (n = 38) and severe osteoarthritis
(n = 38). Multinomial logistic regression was used to create a severity index.
Comparison and regression analyses were performed with respect to disease
severity.

Results: Six of the nine moment parameters differed statistically significantly
among severity groups (p ≤ 0.039) and five reported statistically significant
correlation with disease severity (0.23 ≤ |r| ≤ 0.59). The proposed severity index
was highly reliable (ICC = 0.96) and statistically significantly different between the
three groups (p < 0.001) as well as correlated with disease severity (r = 0.70).

Conclusion: While medial knee osteoarthritis research has mostly focused on a
few kneemoment parameters, this study showed that other parameters differ with
disease severity. In particular, it shed light on three parameters frequently
disregarded in prior works. Another important finding is the possibility of
combining the parameters into a severity index, which opens promising
perspectives based on a single figure assessing the knee moments in their
entirety. Although the proposed index was shown to be reliable and associated
with disease severity, further research will be necessary particularly to assess its
validity.
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1 Introduction

Knee osteoarthritis (OA) is a painful and disabling disease
affecting hundreds of millions of people worldwide and this
number is expected to grow in the decades to come, notably due
to the aging of the population (Wallace et al., 2017; Safari et al.,
2020). No cure exists for knee OA and the disease end-stage often
leads to major surgery through total knee replacement (Ringdahl
and Pandit, 2011), highlighting the need to better understand the
pathogenesis of the disease and find ways to slow down its
progression.

The repetitive mechanical loading at the knee associated with
walking has been shown to play an important role in knee OA
(Andriacchi et al., 2004). This contribution was particularly well
highlighted in a recent report introducing the term “Mechanokine”
to stress the unique property of mechanical signals to transcend
scales from the external forces acting on the whole-body to the
mechanical environment of the cell in a manner that can influence
joint heath associated to knee OA (Andriacchi et al., 2020). For
instance, the maximum values (peaks) of the knee adduction
(KAMfirst) and flexion (KFMfirst) moments during the first half of
stance have been related to medial knee OA severity and progression
(Kean et al., 2012; Chehab et al., 2014; Erhart-Hledik et al., 2015) and
gait modifications based on these parameters showed improvement
in clinical outcomes (Cheung et al., 2018; Richards et al., 2018).
However, the large majority of previous research on medial knee
OA, the most frequent form of the disease (Ahlbäck, 1968), focused
on these two parameters and little is known about the seven others
usual parameters of knee moments during walking (Figure 1)
(Benedetti et al., 1998; Chehab et al., 2017). While analyzing
KAMfirst and KFMfirst was well motivated in prior works, the
disregard of the other parameters was rarely justified. This is
even more intriguing that there are evidences scattered across a
few specific publications that the other parameters vary with medial
knee OA (Thorp et al., 2006; Astephen et al., 2008; Huang et al.,
2008; Baert et al., 2013; Mills et al., 2013). Given the possibility that
each of the nine parameters illustrated in Figure 1 could influence
joint health in different ways and at different stages of the disease,
there is a need for comprehensive studies analyzing all nine
parameters over the full range of medial knee OA severity.

While considering more parameters will enhance the
description of knee moments, having a larger number of
parameters to deal with could render the analysis and use of
knee kinetics more complex. For example, assessing the effect of
a treatment could become difficult when the results diverge among
parameters. The situation could be even more arduous with
personalized interventions, such as insoles or gait retraining
(Reeves and Bowling, 2011), where it could be impossible to find
solutions fulfilling modifications on several parameters (Edd et al.,
2020; Ulrich et al., 2020). In fact, the increase in complexity when
describing knee moments with a higher number of parameters could
well be the main reason why most of prior works focused on
KAMfirst and KFMfirst. Therefore, to benefit from a more
complete characterization of knee moment without increasing the

complexity-of-use, there is a need to combine the parameters into
indices associated with specific features of the disease, such as
severity. Prior works have already shown the relevance of
combining knee moment parameters. For instance, the total joint
moment (TJM) combination was introduced to assess the relative
contributions of the KAM and KFM (Zabala et al., 2013) and the
medial contact force (MCFfirst) parameter to estimate the peak force
applied on the medial tibial plateau during the first half of stance
(Walter et al., 2010; Manal et al., 2015).

This study first aimed at characterizing all nine usual parameters
of knee moments during walking with respect to medial knee OA
severity, through comparison and correlation analyses. A second
objective was to assess the possibility of developing a severity index
combining all nine parameters.

FIGURE 1
Average knee moments of the three severity groups (black solid
lines: non-OA, blue dotted lines: mild OA, red dashed lines: severe
OA), with indication of the nine usual parameters. Symbols indicate
significant differences between groups (°: non-OA different from
mild OA, :̂ non-OA different from severe OA, *: mild OA different from
severe OA) (p < 0.017).
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2 Methods

2.1 Study population

For this study, the database of the Stanford BioMotion lab was
screened for individuals aged 40 years old or older, with a body mass
index (BMI) lower than 35 kg/m2, and who got their gait analyzed
following a standard procedure (see below) at the same time they
were evaluated for symptoms and imaging signs of knee OA. From
those, non-OA individuals, defined as individuals without self-
reported pain or significant injury in the lower limb or lower
back and without evidence of cartilage loss, osteophytes,
subchondral bone marrow lesions, bone attrition, or meniscal
pathology (subluxation, maceration, degeneration) in any knees,
were selected for the present study (Hunter et al., 2011). Structural
alterations of the knees were determined based on magnetic
resonance imaging exams, including a three-dimensional fat-
suppressed spoiled-gradient recalled echo sequence (3D SPGR;
plane = sagittal, TR = 50 ms, TE = 7 ms, flip angle = 30°, field of
view = 140 × 140 mm2, slice thickness = 1.5 mm, number of slices =
60, acquisition matrix = 256 × 256) and a fat-suppressed proton
density fast spin echo sequence (PDFSE; plane = sagittal, TR =
4,000 ms, TE = 13 ms, flip angle = 90°, field of view = 140 × 140 mm2,
slice thickness = 2.5 mm, number of slices = 33, acquisition matrix =
256 × 256), using a 1.5T machine (GE Medical Systems, Milwaukee,
WI). Individuals with medial compartment knee OA were also
selected for the present study. These persons were characterized
by persistent self-reported pain and radiographic confirmation of
the presence of primarily medial compartment OA in at least
one knee, no primarily lateral or trochlea OA or arthroplasty in
any knees, Kellgren and Lawrence (K/L) grading of both knees
(Kellgren and Lawrence, 1957), no diagnosis or symptoms of OA
in other lower extremity joints, no serious ankle, hip or back injury
or surgery, no gout or recurrent pseudogout, and no use
of ambulatory aids. All individuals selected for the present study
got their data recorded in the framework of researches approved
by the internal review board of Stanford University and gave
their consent for further analysis of their data. Data from the
most recent testing were used for individuals with multiple
records in the database.

In total, 98 individuals (43 males) were available for this study.
They were of mean (± standard deviation) age, height and weight of
58.7 ± 9.2 years old, 1.69 ± 0.09 m, and 76.9 ± 14.5 kg, respectively.
One knee per individual was analyzed. For non-OA individuals, the
study knee was randomly chosen, while the knee with the highest
K/L grade was analyzed for OA individuals. In case of equal K/L
grade for both knees, the study knee was randomly chosen. For
comparison analyses, knees with K/L grade of I or II were considered
mild OA and knees with K/L grade of III or IV severe OA, resulting
in three severity groups of 22–38 knees each (Table 1). There was no
statistically significant demographic difference among the severity
groups, except for age, with younger individuals in the non-OA
group compared to the two other groups (p < 0.001). A post hoc
power analysis showed that effect sizes of at least 0.8 are detectable
with groups of 22–38 knees each (Table 1) considering a power of
80% and a Bonferroni-corrected alpha level of 5% (G*Power, DE).
These detectable effect sizes are appropriate, considering the large to
strong effect sizes reported in prior studies comparing ambulatory

knee moments with respect to OA severity (Cohen’s d between
0.8 and 1.2) (Astephen et al., 2008; Mills et al., 2013).

2.2 Gait analysis

All knees in this study were tested following the same
standardized procedure including the recording of three 10 m-
long straight-line trials at self-selected normal gait speed with
personal walking shoes across a walkway instrumented with an
optoelectronic motion capture system (Qualisys Medical,
Gothenburg, SE) and a force plate (Bertec, Columbs, OH)
operating synchronously at 120 Hz. Multiple operators from the
same laboratory collected the data. Only trials with a clear step of the
foot below the knee of interest on the force plate were recorded.
Before recording the gait trials, clusters of reflective markers were
fixed on the individuals and a calibration based on anatomical
landmarks was performed, following a common protocol
(Chehab et al., 2017). During the gait trials, the position and
orientation of the lower-limb segments were calculated using the
cluster marker trajectories and the calibration information
(Andriacchi et al., 1998; Favre et al., 2009). The flexion,
adduction and external rotation moments at the knee during the
stance phases with the foot of interest on the force plate were
calculated following a standard inverse dynamics approach (Zabala
et al., 2013). The three moments were time-normalized to 0%–100%
during stance and expressed as external moments in percentage of
bodyweight and height (%BW × Ht). During each stance phase, the
nine characteristic parameters of the moment curves were extracted
for analysis (Table 2; Figure 1) (Benedetti et al., 1998; Chehab et al.,
2017). Finally, each of the nine parameters was averaged over the
three trials to have one value per parameter and knee. All
biomechanical processing was done using the software
application BioMove (Stanford, CA).

2.3 Severity index

The severity index was computed by multinomial logistic
regression with the severity groups as nominal response and the
nine knee moment parameters as predictors (McCullagh and
Nelder, 2019). The parameters were standardized using a z-score
transformation before performing the regression and a sigmoid
transformation was applied to the regressed data to have indices
ranging between 0 and 100. The regression was calculated by
bootstrapping which allowed determining confidence intervals for
the regression coefficients and assessing the reliability of the index
(Efron and Tibshirani, 1994). Reliability was characterized using the
intraclass correlation coefficient (ICC) and the standard error of
measurement (SEM) (Weir, 2005).

For completeness with literature, two previously proposed
combinations of knee moment parameters, the total knee joint
moment (Zabala et al., 2013) and the medial contact force
(Walter et al., 2010; Manal et al., 2015), were also computed. For
the total knee joint moment, the square root of the sum of the
squared knee flexion, adduction and external rotation moments was
calculated for each time point of each stance (Zabala et al., 2013).
Then, the maximal values during the first and second halves of each
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stance were extracted (TJMfirst and TJMsecond, respectively).
Regarding the medial contact force, the maximum value during
the first half of each stance (MCFfirst) was estimated based on
KAMfirst and KFMfirst using a formula determined with

instrumented knee prostheses (Walter et al., 2010; Manal et al.,
2015; Uhlrich et al., 2018). Similar to the other moment parameters,
TJMfirst, TJMsecond and MCFfirst were averaged over the three trials
recoded for each knee.

TABLE 1 Characteristics of the three severity groups.

Non-OA Mild OA Severe OA

n = 22 n = 38 n = 38

Gender (number) W: 13, M: 9 W: 20, M: 18 W: 22, M: 16

KL grade (number) I: 26, II: 12 III: 19, IV: 19

Age (years)* 50.5 ± 5.5 59.3 ± 8.6 62.8 ± 8.6

Height (m) 1.70 ± 0.09 1.70 ± 0.10 1.70 ± 0.09

Weight (kg) 74.3 ± 14.7 74.5 ± 14.4 81.0 ± 13.8

Walking speed (m/s)# 1.41 ± 0.22 1.28 ± 0.19 1.22 ± 0.19

Data are presented as mean ± SD or as numbers. *Non-OA individuals were statistically significantly younger than mild and severe OA individuals (p < 0.001). #Walking speed was statistically

significantly faster in non-OA than severe OA individuals (p < 0.001).

TABLE 2 Values of the knee moment parameters for the three severity groups, as well as Spearman correlation between the parameters and disease severity.

Parameter Definition Values per severity group: median (1st
quartile; 3rd quartile)

Correlation with disease severity, n = 98

Non-OA,
n = 22

Mild OA,
n = 38

Severe OA,
n = 38

Spearman
correlation

Partial spearman
correlationΔ

rs (95% CI) p-value rs (95% CI) p-value

KAMcentral Minimum adduction moment
between KAMfirst and KAMsecond

0.61 (0.30;
0.86)#§

0.98 (0.77;
1.56)*§

1.69 (1.17; 2.55)*# 0.59
(0.43; 0.71)

<0.001 0.52
(0.35; 0.66)

<0.001

KFMsecond Minimum flexion moment during
second half of stance

−2.34
(−2.92;
−1.87)§

−2.58
(−3.15;
−1.87)§

−1.56 (−2.38;
−0.79)*#

0.35
(0.16; 0.52)

<0.001 0.21
(0.01; 0.40)

0.037

KAMfirst Maximum adduction moment during
first half of stance

3.01
(2.34; 3.24)

2.49
(2.16; 3.22)

3.16 (2.50; 3.82) 0.13
(−0.07; 0.32)

0.189 0.31
(0.11; 0.48)

0.002

KERMsecond Minimum external rotation moment
during second half of stance

−0.79
(−1.00;
−0.70)§

−0.94
(−1.07; −0.74)

−0.96 (−1.19;
−0.76)*

−0.24
(−0.42;
−0.04)

0.016 −0.36
(−0.53;
−0.17)

<0.001

KFMfirst Maximum flexionmoment during first
half of stance

3.00 (2.21;
3.61)#

2.06 (1.47;
2.52)*

2.05 (0.85; 3.43) −0.17
(−0.36; 0.03)

0.095 −0.01
(−0.21; 0.18)

0.893

KAMonset Minimum adduction moment before
KAMfirst

−0.87
(−0.55;
−1.19)§

−0.83
(−0.40;
−0.94)§

−0.37 (−0.13;
−0.54)*#

0.48
(0.30; 0.63)

<0.001 0.46
(0.28; 0.61)

<0.001

KAMsecond Maximum adduction moment during
second half of stance

1.32 (0.91;
1.69)#§

1.62 (1.40;
2.05)* §

2.40 (1.64; 2.89)*# 0.49
(0.31; 0.63)

<0.001 0.53
(0.35; 0.66)

<0.001

KERMfirst Maximum external rotation moment
during first half of stance

0.19
(0.11; 0.26)

0.16
(0.11; 0.22)

0.12 (0.07; 0.19) −0.23
(−0.42;
−0.03)

0.021 −0.11
(−0.31; 0.09)

0.273

KFMonset Minimum flexion moment before
KFMfirst

−2.42
(−2.93; −1.68)

−2.08
(−2.49; −1.60)

−1.88
(−2.33; −1.64]

0.18
(−0.02; 0.37)

0.077 0.04
(−0.16; 0.23)

0.711

All parameters are reported in %BW*Ht. See Figure 1 for an illustration of the parameters and their differences with disease severity. To facilitate reading across tables, parameters are reported

following the order in Table 4. ΔPartial correlation between knee moment parameters and disease severity while controlling for age and walking speed. *significantly different compared to the

non-OA group (p < 0.017). #significantly different compared to the mild OA group (p < 0.017). §significantly different compared to the severe OA group (p < 0.017).
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2.4 Statistical analysis

Since the data were not normally distributed (Kolmogorov-
Smirnov tests), they were analyzed using non-parametric
statistics. Specifically, comparisons of the nine knee moment
parameters, the proposed severity index, the three prior
combination parameters and the walking speed among the
severity groups were performed using Kruskal-Wallis tests with
post hoc ranksum tests. Associations with disease severity, for the
knee moment parameters, the severity index and the prior
combination parameters, were assessed using Spearman
correlations across severity groups. Since walking speed and age
have been shown to influence knee moment parameters (Lelas et al.,
2003; Chehab et al., 2017), partial Spearman correlations were also
calculated to describe the relationship with disease severity while
controlling for walking speed and age. Finally, Spearman
correlations were performed to quantify the associations among
parameters. Significance level was set a priori at p < 0.05, with
Bonferroni corrections for multiple comparisons during post hoc
analyses (effective p < 0.017).

3 Results

Six of the nine knee moment parameters showed statistically
significant effect of disease severity (KFMfirst, p = 0.034; KERMsecond,
p = 0.039; KAMcentral, KFMsecond, KAMonset, and KAMsecond, all p <
0.001). Post-hoc testing indicated significant incremental differences
in KAMcentral and KAMsecond from non-OA to mild OA, to severe
OA, with larger values in more severely affected knees (Table 2;
Figure 1). KAMonset was significantly larger in the severe OA
group compared to both the non-OA and the mild OA groups.
KFMsecond was significantly larger in severe OA knees compared to
both the non-OA and the mild OA knees, while KFMfirst was
significantly smaller in mild OA than in non-OA knees. Finally,
KERMsecond was significantly smaller in the severe OA than in the
non-OA group.

Statistically significant correlations with disease severity were
found for five of the nine moment parameters: KAMcentral (rs = 0.59,
p < 0.001), KAMsecond (rs = 0.49, p < 0.001), KAMonset (rs = 0.48, p <
0.001), KFMsecond (rs = 0.35, p < 0.001), KERMsecond (rs = −0.24, p =
0.016) and KERMfirst (rs = −0.23, p = 0.021) (Table 2). Controlling
for age and walking speed resulted in the same statistically
significant correlations, except for KAMfirst which became
significant (rs = 0.31, p = 0.002) and KERMfirst which exceeded
the significance level (rs = −0.11, p = 0.273). Correlations among the
nine moment parameters are reported in Supplementary Table S1.

The proposed regression method allowed compiling a severity
index showing an excellent reliability, with ICC of 0.96 and SEM of
6.78 units (Koo and Li, 2016). Moreover, Kruskal-Wallis test showed
statistically significant differences among severity groups (p <
0.001), with post hoc analyses indicating significant difference
between the three groups. Indeed, the non-OA group had
significantly lower severity indices than the mild OA and severe
OA groups, and the mild OA group had significantly lower severity
indices than the severe OA groups (Table 3). Additionally, a
significant correlation was found between the severity index and
disease severity (rs = 0.70, p < 0.001). The correlation remained

significant when controlling for age and walking speed (rs = 0.63, p <
0.001).

Since the moment parameters were standardized before
calculating the severity index, the coefficients of the regression
leading to the severity index can be analyzed to compare the
contribution of the nine moment parameters to the severity
index. Doing so, indicated that KAMcentral had the biggest effect
on the index with a coefficient of −1.52, contributing 27.0% to the
severity index, followed by KFMsecond and KAMfirst with coefficients
of −1.00 and 0.98 and contributing for 17.7% and 17.4% of the
severity index, respectively (Table 4; Figure 2). On the opposite,
KFMonset, KERMfirst and KAMsecond had the least impact on the
index, with coefficients of 0.095, −0.178, and −0.304 and
contributions of 1.7%, 3.2% and 5.4% to the severity index,
respectively.

Additionally, Kruskal-Wallis tests showed no statistically
significant difference among severity groups for any of the three
prior combinations parameters (TJMfirst, p = 0.079; TJMsecond, p =
0.168; MCFfirst, p = 0.061). When controlling for age and walking
speed, statistically significant correlations with disease severity were
observed for all three combinations: TJMfirst (rs = 0.31, p = 0.002),
TJMsecond (rs = 0.25, p = 0.014), and MCFfirst (rs = 0.29, p = 0.004).
The correlations were non-significant when no control for age and
walking speed was applied (rs ≤ 0.13, p ≥ 0.188).

4 Discussion

This study confirmed that diverse knee moment parameters
differ with respect to the severity of medial knee OA. Compared to
prior works, the present study, testing all usual parameters over the
entire spectrum of disease severity, provided a basis to assemble the
pieces disseminated in literature. Various factors, including
participants’ characteristics or analysis protocols, could influence
knee moments and lead to diverging results among studies (Messier
et al., 2005; Chehab et al., 2017; Schrijvers et al., 2021). Nevertheless,
even with such possible methodological variations among studies,
strong consensuses could be identified for four parameters. These
included smaller KFMfirst in mild OA compared to non-OA
(asymptomatic) knees and in severe OA compared to mild OA
knees, although the severe-mild difference was not observed in the
present study (Weidow et al., 2006; Astephen et al., 2008; Huang
et al., 2008). Consistent observations also existed for larger
KFMsecond in severe OA than in non-OA (asymptomatic) and
mild OA knees (Astephen et al., 2008; Baert et al., 2013), as well
as larger KAMcentral and KAMsecond in mild OA than in non-OA
(asymptomatic) and in severe OA than in mild OA (Thorp et al.,
2006; Astephen et al., 2008; Huang et al., 2008). No consensus
existed for KAMfirst, which was already shown to have highly
inconsistent results among studies (Mills et al., 2013), and no
consolidation could be attempted for the other parameters due to
lacking data in literature. Altogether, the present study shed light on
three parameters, KAMcentral, KAMsecond, and KFMsecond, which
were frequently disregarded in prior works. This suggests that future
research should not limit the analysis to KAMfirst and KFMfirst. This
suggestion is particularly well supported by two recent studies
relating KAMcentral with disease progression and symptoms
(Astephen Wilson et al., 2017; Costello et al., 2020).
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With the consideration of more than two parameters appearing
wise for the characterization of the knee moments, the possibility to
combine the parameters into an index reflecting disease severity
constitutes another important finding of the present study. Indeed,
while considering a larger number of parameters will contribute to
better descriptions, having a larger number of parameters to manage
could increase study design complexity and make gait interventions
more complex (Edd et al., 2020). Therefore, the possibility of
combining the parameters, as demonstrated in this study, is
interesting practically. However, beyond practical considerations,
indices could be especially relevant for the global assessments of the
knee moments they allow. For example, in personalized

interventions, such as gait retraining (Cheung et al., 2018;
Richards et al., 2018; Ulrich et al., 2020), it could become
possible to aim for a global change, instead of aiming for
changes in one or two moment parameters, without
consideration for the others.

The second objective of assessing the possibility of developing a
severity index was fully achieved, with the design of an index reliable,
significantly different among the three severity groups and showing a
large correlation with disease severity. Further research will now be
necessary to assess the validity of the proposed index. The techniques to
record and calculate kneemoments differ among institutions (Benedetti
et al., 2013; Schrijvers et al., 2021). Therefore, the sensitivity of the
severity index to variations in gait analysis protocols will need to be
determined. It is well possible that the index will be little sensitive to
such methodological differences, as it is an aggregate of standardized
parameters. It will also be necessary evaluating the index longitudinally
and characterizing its relationships with key features of knee OA, such
as pain or disease progression (Felson, 2009).

It is interesting to note that KAMfirst accounted for 17% of the
severity index (third most important contributor to the index),
although it was not significantly different among severity groups.
While such an important role in the severity index could appear
peculiar in view of its relationship with disease severity, this role well
agrees with medial knee OA literature, where KAMfirst is a prevalent
parameter and the primary focus of gait interventions (Reeves and
Bowling, 2011; Mills et al., 2013; Favre and Jolles, 2016). Thus, it is
possible that the severity index actually captured the global essence
of disease severity. Three combination parameters were already
proposed in literature, TJMfirst, TJMsecond, and MCFfirst (Walter
et al., 2010; Zabala et al., 2013; Manal et al., 2015), but the severity
index in this study is the first to have been designed to reflect disease
severity.

TABLE 3 Values of the severity index and of three prior moment combination parameters for the three severity groups, as well as Spearman correlation between
these measures and disease severity.

Combination
parameter

Definition; unit Values per severity group: median (1st
quartile; 3rd quartile)

Correlation with disease severity, n = 98

Non-OA,
n = 22

Mild OA,
n = 38

Severe OA,
n = 38

Spearman
correlation

Partial spearman
correlationΔ

rs
(95% CI)

p-value rs
(95%
CI)

p-value

Severity index Severity index; - 10.0 (3.7;
21.0)#§

42.9 (25.3;
58.2)*§

84.2 (62.5; 94.4)*# 0.70
(0.57; 0.80)

<0.001 0.63
(0.48;
0.75)

<0.001

TJMfirst Maximum total knee joint moment
during first half of stance; %BW*Ht

4.11
(3.53; 4.75)

3.29
(2.90; 4.25)

3.95 (3.20; 4.95) 0.01
(−0.19;
0.21)

0.893 0.31
(0.11;
0.48)

0.002

TJMsecond Maximum total knee joint moment
during second half of stance; %
BW*Ht

2.72
(2.27; 3.01)

3.27
(2.42; 3.82)

3.06 (2.72; 3.46) 0.11
(−0.09;
0.30)

0.277 0.25
(0.05;
0.43)

0.014

MCFfirst Maximum medial contact force
during first half of stance; BW

2.07
(1.90; 2.27)

1.87
(1.72; 2.08)

2.12 (1.79; 2.25) 0.03
(−0.16;
0.23)

0.734 0.63
(0.48;
0.75)

0.004

Δpartial correlation between knee moment parameters and disease severity while controlling for age and walking speed. *significantly different compared to the non-OA group (p < 0.017).
#significantly different compared to the mild OA group (p < 0.017). §significantly different compared to the severe OA group (p < 0.017).

TABLE 4 Coefficient of the nine moment parameters in the severity index
regression.

Parameter Regression coefficient (95% CI)

KAMcentral −1.52 (−1.58; −1.47)

KFMsecond −1.00 (−1.03; −0.97)

KAMfirst 0.98 (0.94; 1.02)

KERMsecond 0.69 (0.65; 0.74)

KFMfirst 0.54 (0.51; 0.57)

KAMonset −0.33 (−0.37; −0.28)

KAMsecond −0.30 (−0.37; −0.24)

KERMfirst −0.18 (−0.21; −0.15)

KFMonset 0.09 (0.07; 0.12)

Parameters are ordered according to the magnitude of the regression coefficients. Please

refer to Table 2 and Figure 1 for a definition and an illustration of the parameters,

respectively.
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The present study brought new insights into the
relationship between knee moment parameters and disease
severity that could reveal particularly useful in the evaluation
and rehabilitation of medial knee OA gait (Favre and Jolles,
2016). Nevertheless, further research will be necessary to
determine the mechanisms behind these relationships.
Walking speed and age certainly play a role in the
relationships between knee moment parameters and disease
severity, but, as confirmed in this study, the causes are more
complex than simply variations in walking speed or in
age (Landry et al., 2007). Consequently, the role of other
factors, including motor control, muscle strength and soft-
tissue properties (Lewek et al., 2004; Hubley-Kozey et al.,
2006; Rudolph et al., 2007; Adouni and Shirazi-Adi, 2014;
Stanahan et al., 2015) as well as pain (Boyer, 2018), will need
to be clarified in future studies. Further works should also assess
the relevance of the severity index in pre-OA both for early
disease detection and gait modification (Reeves and Bowling,
2011; Ulrich et al., 2020).

This study has some limitations, including the use of a
single cross-sectional dataset, as discussed above. Multiple
operators contributed to the gait data collection, which
could have led to increased inter-individual variability and
limited the detection of differences and correlations with
disease severity. Nevertheless, obtaining conclusive results
based on data collected by multiple operators remained a
strength in view of future large-scale applications where gait
recording will likely be performed by different operators.
Another point worth mentioning is the multinomial logistic
regression used to determine the severity index. While it is a

common method, which successfully combined the moment
parameters, one cannot exclude that there could be other ways
to combine the parameters. This is particularly supported by
the fact that some parameters were correlated to each other. It
is important to note that the possible existence of alternative
combinations does not affect the main findings but requires
caution to not over interpret the combination obtained in this
study as unique or being the best. Depending on the results of
the validity studies to follow, in the future, it might be
necessary comparing different combination methods.
Additionally, in line with literature, this study focused on
discrete knee moment parameters. Nevertheless, analyzing
the knee moment curves could also reveal interesting, for
example, using one-dimensional statistical parametric
mapping (Friston et al., 1994; Pataky, 2012). Finally, since
the severity groups differed in age and walking speed, it is
possible that a fraction of the severity index reflects the
variations in moment parameters with respect to age or
walking speed.

5 Conclusion

This study confirmed that diverse knee moment parameters
differ with disease severity. In particular, differences among
severity groups were found to be consistent across studies for
four parameters, including three that were frequently disregarded
in prior works (KAMcentral, KAMsecond, KFMsecond). Future
studies are therefore recommended to not limit the analysis to
KAMfirst and KFMfirst. Another important finding of this study
was the possibility to combine the parameters into a severity
index, which opens promising perspectives based on a single
figure assessing the knee moments in their entirety. While the
proposed index was shown to be reliable and correlated with
disease severity, further research will be necessary to assess its
validity.
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Osteoarthritis of the hip is a common condition that affects older adults. Total
hip replacement is the end-stage treatment to relief pain and improve joint
function. Little is known about the mechanical load distribution during the
activity of bipedal stance, which is an important daily activity for older adults
who need to rest more frequently. This study investigated the distribution of
the hip and knee joint moments during bipedal stance in patients with unilateral
hip osteoarthritis and how the distribution changed 1 year after total hip
replacement. Kinematic and kinetic data from bipedal stance were
recorded. External hip and knee adduction moments were calculated and
load distribution over both limbs was calculated using the symmetry angle.
Preoperatively, the non-affected limb carried 10% more body weight than the
affected limb when standing on two legs. Moreover, the mean external hip and
knee adduction moments of the non-affected limb were increased compared
to the affected limb. At follow-up no significant differences were observed
between the patients’ limbs. Preoperative and postoperative changes in hip
adduction moment were mainly explained by the combination of the vertical
ground reaction force and the hip adduction angle. Stance width also
explained changes in the hip and knee adduction moments of the affected
leg. Furthermore, as with walking, bipedal standing also showed an asymmetric
mechanical load distribution in patients with unilateral hip osteoarthritis.
Overall, the findings suggest the need for preventive therapy concepts that
focus not only on walking but also on optimizing stance towards a balanced
load distribution of both legs.

KEYWORDS

posture, ground reaction forces, external hip adduction moment, external knee
adduction moment, symmetry angle

1 Introduction

Osteoarthritis (OA) is a leading cause of disability and imposes societal costs in older
adults (Hunter and Bierma-Zeinstra, 2019). It is even more prevalent than in previous
decades due to an ageing and increasingly obese population. Primary total hip replacement
(THR) is the standard treatment for end-stage hip OA, providing pain relief and improved
joint function. The demand and volume of this procedure is predicted to increase in the
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coming years due to higher demand for improved mobility and
quality of life in the aging population (Maradit Kremers et al., 2015).

In patients with unilateral hip OA, a pain-induced protective
walking pattern results in uneven loading of the lower extremities.
Pathological moments in the hip and knee joint during walking have
been noted (Hurwitz et al., 1997; Shakoor et al., 2011; Schmidt et al.,
2017). Despite good clinical-functional outcomes (Neuprez et al.,
2020), some studies found that gait kinematics (i.e., reduced hip
extension) and kinetics (i.e., lower knee adductionmoments) did not
normalize after THR (Foucher et al., 2007; Stief et al., 2018). The
development of OA in the hip joint has been shown to be related to
increased joint loading during walking (Hurwitz et al., 2001). In this
context, the external hip adduction moment (HAM) has been
identified as one of the most important determinants of hip
contact force and joint loading (Lenaerts et al., 2009; Wesseling
et al., 2015). Peak external knee adduction moments (KAM) are
associated with the rate of progression and severity of knee OA
(Sharma et al., 1998; Miyazaki et al., 2002). Patients with hip OA
have also been shown to have altered lower limb joint mechanics
during sit-to-stand tasks (Eitzen et al., 2014; Abujaber et al., 2015)
and stair climbing (Queen et al., 2015), suggesting that these
activities may contribute to the development of OA in adjacent
joints (Jungmann et al., 2015; Joseph et al., 2016).

Although standing is an important activity of daily living (Morlock
et al., 2001), there is limited information on lower extremity
mechanical load distribution in patients with unilateral hip OA. It
appears that patients with unilateral hip OA shift more weight to the
non-affected leg during standing (Talis et al., 2008; Miura et al., 2018).
However, in these studies, leg loading is expressed only as asymmetry
between the legs or as uneven distribution of vertical ground reaction
force between the legs. There is no information on the hip or knee joint
moments of the affected and non-affected leg, nor is there detailed
information on what factors influence asymmetrical leg loading.When
walking on flat surfaces, patients with unilateral hip OA use
compensatory strategies (i.e., greater foot progression angle and
increased lateral trunk displacement toward the affected side) that
directly affect HAM and KAM (Schmidt et al., 2017). It is therefore
reasonable to assume that some of these compensatory strategies also
occur during bipedal standing. If this is the case, the symmetry of lower
limb joint momentsmay also be affected. Characteristic gait changes to
unload the affected limb include increased lateral trunk displacement
(LTD) toward the affected side (Reininga et al., 2012), altered foot
progression angle (FPA) at the affected limb (Müller et al., 2012) and
increased stride width (Stief et al., 2021). Information on these
compensatory strategies for bipedal standing is missing, although
their effects on lower limb joint moments may have implications
for rehabilitation of patients with hip OA. Rehabilitation focusing on
motor control to move and standmore symmetrically could be applied
to patients with hip OA and after THR to modify motor strategies
(Boonstra et al., 2011). This is in line with Hunter and Bierma-Zeinstra
(2019), who stated that management of OA should shift from reactive
to proactive and preventive measures.

The aim of the present study was to investigate load distribution
before THR and the improvement in load distribution after THR
during bipedal standing in patients with unilateral hip OA and
finally to examine whether kinematic and kinetic variables in general
and compensatory strategies in particular correlate with significant
changes in joint loading. It was expected that before THR, the non-

affected limb would experience greater lower limb joint moments
than the affected limb in patients with unilateral hip OA.
Furthermore, it was hypothesized that joint loading asymmetries
in patients with unilateral hip OA would differ from those in a
healthy control (HC) group and would be due in part to changes in
kinematic and kinetic variables.

2 Methods

In the present study, data from patients who had participated in
previous prospective studies in our clinic were analyzed (Schmidt
et al., 2017; Stief et al., 2018; van Drongelen et al., 2019; van
Drongelen et al., 2020). In these studies, gait analysis and
radiography were performed preoperatively and 1 year after THR.
The complete protocol for these studies has been described
previously (Stief et al., 2018; van Drongelen et al., 2019). In
addition, data from HCs with a similar age distribution that were
available in our database were used for comparison.

2.1 Participants

Symptomatic patients with radiologically confirmed unilateral
hip OA (Kellgren-Lawrence > 2) between the age of 30 and 80 years,
who were scheduled for and received THR were considered for
inclusion. Exclusion criteria were: OA of lower limb joints other
than the affected hip, chronic or neuromuscular diseases, history of
orthopedic surgery of the lower extremities, and use of assistance
devices during walking. Only data from patients who had three valid
trials of two-leg-standing measured during gait analysis in the week
before and 1 year after surgery were included. Patients with a body
mass index (BMI) > 35 kgm−2 were excluded from the analyses.
Finally, data from 43 patients were included in the study (Table 1).

Seventeen participants with a similar age distribution were
included as a HC collective for comparison (Table 1). Control
participants were included if they had no history of orthopedic
surgeries or chronic and neuromuscular disease. All patients and
HCs provided written informed consent prior to participation in the
original studies. The protocol was approved by the Medical Ethics
Committee of the Department of Medicine, Goethe University
Frankfurt (reference number 122/14 and 497/15).

2.2 Bipedal standing

An 8-cameraVicon System operating at 200 Hz (8MXT10 cameras,
VICONMotion Systems, Oxford, United Kingdom) collected kinematic
data, synchronously with the two force plates (Advanced Mechanical
Technology, Inc., Watertown, MA, United States). Reflective markers
(14 mm) were placed on anatomical landmarks according to the
standardized Plug-in-Gait marker set (Kadaba et al., 1990): pelvis
(anterior and posterior superior iliac spines), upper leg (lateral thigh
and lateral femoral condyle), lower leg (lateral shank and lateral
malleolus), foot (heel and toe), shoulder (acromion) and thorax
(sternum and spine). To improve the reliability and accuracy of the
gait data in the frontal plane, additional markers were placed on the
medial malleolus, medial femoral condyle and greater trochanter (Stief
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et al., 2013). The hip joint center was determined using a geometrical
prediction method by Harrington (Harrington et al., 2007).

For the measurement, all participants were instructed to stand
comfortably (barefoot) on their two legs for 10 s, with each foot
resting on one of two force plates and arms at their sides. To achieve
a natural balanced posture, no further instructions were given except
when the thigh and pelvic markers were not visible, participants
were asked to abduct their arms slightly.

Kinematic and kinetic data were exported to MATLAB for further
analysis (version R2022a, The Mathworks Inc., Natick, MA,
United States). The following kinematic outcome variables, based on
the characteristic gait strategies (Schmidt et al., 2017), were extracted
(Baker et al., 2018): mean LTD, mean pelvic obliquity, mean hip
adduction, mean knee flexion/extension angle, mean ankle plantar/
dorsiflexion angle and mean FPA. Here, negative LTDs refer to lateral
displacements of the trunk with respect to the corresponding limb.
Pelvic obliquity was negative when the pelvis dropped with respect to
the corresponding limb. Adduction of the hip in the frontal plane was
defined as a positive angle. Positive values for the knee indicated flexed
knees, while negative values for the ankle indicated a plantar flexed
ankle joint. FPA was defined as the angle of the long axis of the foot

segment relative to the global coordinate system. Negative FPAs here
indicate externally rotated feet. External joint moments were calculated
from the force plate data and the mathematically derived joint centers
by inverse dynamics analysis (Davis et al., 1991). Mean vertical ground
reaction forces (vGRFs) of each limb and mean joint moments in the
frontal plane for the hip and the knee joint (HAMs, KAMs) were
normalized by body mass. Stance width was calculated as the distance
between the ankle joint centers.

2.3 Symmetry angle

To quantify inter-limb symmetry with respect to vGRFs, HAMs,
and KAMs, the symmetry angle (SA) was calculated using the
following equation from Zifchock et al. (2008).

SA � 45° − arctan XL/XR( )( )
90°

∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣
× 100%

Where XL and XR represent left/affected and right/non-affected
limb values, respectively. SA values of 0% indicate perfect symmetry.
SA values of 100% indicate two values that are opposite but equal in

TABLE 1 Anthropometric data, kinetic data and kinematic data of patients with unilateral hip osteoarthritis and healthy controls.

Healthy controls Hip OA patients preoperatively Hip OA patients postoperatively

Anthropometrics

Number of participants 17 43 43

Males/Females 8/9 24/19 24/19

Age (years) 56.0 (52.5–67.0) 63.0 (53.0–69.0)† 64.0 (54.0–70.0)

Body mass (kg) 68.8 ± 13.2 80.8 ± 11.7*† 81.9 ± 12.0*

Body height (m) 1.70 ± 0.10 1.72 ± 0.08 1.72 ± 0.08

BMI (kgm-2) 23.7 ± 2.8 27.3 ± 3.6*† 27.7 ± 3.7*

Kinetics Affected Non-affected Affected Non-affected

vGRF (Nkg−1) 4.95 ± 0.37 4.70 ± 0.52# 5.20 ± 0.52 4.91 ± 0.42 4.98 ± 0.44

HAM (Nmkg−1) 0.11 ± 0.08 0.10 ± 0.10# 0.16 ± 0.13 0.15 ± 0.11 0.14 ± 0.10

KAM (Nmkg−1) 0.01 ± 0.05 −0.01 ± 0.05# 0.02 ± 0.09 0.03 ± 0.06 0.02 ± 0.07

Kinematics Affected Non-affected Affected Non-affected

Lateral trunk displacement (°) −0.4 ± 2.1 −0.4 ± 2.3 −0.1 ± 2.0

Pelvic obliquity (°) 0.03 ± 1.0 −0.2 ± 2.3† 0.6 ± 1.9

Hip abduction/adduction (°) 1.2 ± 2.0 2.0 ± 3.7 2.3 ± 4.4† 2.3 ± 3.0 1.2 ± 4.0

Knee flexion/extension (°) 2.0 (−1.8–4.3) 4.5 (0.9–8.0)† 0.6 (−2.4–5.8)† 1.6 (−1.2–3.9) −0.3 (−3.2–3.1)

Ankle plantar/dorsiflexion (°) 5.9 (4.4–8.3) 5.1 (1.9–8.1) 5.3 (3.3–6.9) 5.1 (1.9–7.0) 5.1 (2.2–7.5)

Foot progression angle (°) −8.4 (−11.3–−7.0) −10.0 (−14.3–−7.9)† −9.4 (−14.7–−5.4) −8.8 (−11.5–−6.0) −8.4 (−11.1–−6.1)

Values are mean values ± standard deviation, or median and interquartile range in parenthesis. The comparison between patients and healthy controls was tested with a chi-squared test (sex),

Mann-Whitney test (age) and independent-sample t-tests (weight, height and body mass index (BMI)). Kinetic and kinematic differences between limbs were tested with dependent t-tests or

Wilcoxon signed rank tests.

* Significant difference between patients and healthy controls.

# Significant difference between affected and non-affected limb.

† Significant difference between pre and postoperative values.

Negative values indicate ipsilateral thorax displacement, ipsilateral pelvic drop, hip abduction, knee extension, plantarflexion and external foot progression angle.

Abbreviations: OA, osteoarthritis; vGRF, vertical Ground Reaction Force; HAM, external hip adduction moment; KAM, external knee adduction moment.
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magnitude. The direction of asymmetry (indicated by a positive or
negative value) was ignored and absolute values were used (Zifchock
et al., 2008).

2.4 Statistical analyses

Statistical analyses were performed using SPSS Statistics (IBM
SPSS Statistics for Windows, version 29, IBM Corp., Armonk, NY,
United States). Shapiro-Wilk tests and visual inspection of Q-Q
plots were used to check for normal distribution. Normally
distributed parameters were compared with respect to differences
between limbs (dependent t-test), groups (independent t-tests), and
over time (dependent t-test). When data were not normally
distributed, parameters were compared using Wilcoxon signed
rank tests (differences between limbs and over time) and Mann-
Whitney U-Tests (differences between groups). A chi-squared test
was used to compare the sex distribution between groups.

The left and right sides of the HCs were randomized to a single-
leg HC group for comparison with patients. Because significant
HAM and KAM changes were expected in patients with unilateral
hip OA, regression analysis was performed to determine predictor
variables that best explained these changes. Pearson correlation
coefficients were calculated to determine significant correlations
between kinematic and kinetic predictor variables and HAMs and
KAMs, respectively (Bortz, 1999). A stepwise multiple regression
analysis was then performed if two or more parameters significantly
correlated with the frontal external hip and knee joint moments.
Secondary, a forward multiple regression analysis was performed
using only the known compensatory strategy parameters (LTD, FPA
and stance width). The level of significance was α = 0.05.

3 Results

Participant demographics are listed in Table 1. Patients were
measured preoperatively and at a mean follow-up of 12.6 ±
2.5 months after surgery. The patients had significantly higher
body mass and BMI compared to HCs, at preoperatory measure
(80.8 vs. 68.8 kg, p < 0.001; 27.3 vs. 23.7 kgm−2; p < 0.001,
respectively) and during follow-up (81.9 vs. 68.8 kg, p < 0.001;
27.7 vs. 23.7 kgm−2; p < 0.001, respectively). No differences were
observed in age (preoperatory 63.0 vs. 56.0 years/postoperatory
64.0 vs. 56.0 years, p > 0.237), height (1.72 vs. 1.70 m, p > 0.379)
or sex distribution (24 males and 19 females vs. 8 males and
9 females, p = 0.540) between the patients and HCs (Table 1).
HCs stood with a stance width of 18.3 ± 4.3 cm, whereas patients
stood with a stance width of 20.5 ± 4.3 cm before surgery and 20.1 ±
4.3 cm after surgery. The differences between HCs and patients were
not significant (p > 0.074). Age (p < 0.001), body mass (p = 0.002)
and BMI (p = 0.003) were significantly higher when postoperative
anthropometrics were compared with preoperative values.

3.1 Kinetics and symmetry

Preoperatively, the non-affected limb carried more body weight
than the affected limb in patients with unilateral hip OA (p = 0.003),

as expressed by the vGRF (Table 1). In addition, greater HAMs (p =
0.007) and KAMs (p = 0.018) were found for the non-affected limb
than for the affected limb. Postoperatively, no differences were
found between the affected and non-affected sides (Table 1).
Furthermore, no differences were found between HCs and
patients pre- or postoperatively.

During bipedal standing, no significantly increased symmetry
angles (vGRF, HAM and KAM) were observed in the patients with
unilateral hip OA compared with the HCs (Figure 1). Preoperatively,
the symmetry angles were all higher for the patients and
postoperatively the values all became smaller, but the differences
between the patients and HCs never reached significance.

3.2 Kinematics

When considering the kinematics of patients with hip OA while
standing on two legs (Table 1), it was found that the affected limb
showed no difference from the non-affected limb both preoperatively
and postoperatively. No differences were observed between HCs and
patients, either preoperatively or postoperatively. Small significant
changes were seen in the preoperative to postoperative comparison.
The affected foot was less externally rotated, and the knees were less
flexed or even extended after THR. In addition, the pelvis was no longer
dropped to the affected side; postoperatively the pelvis dropped to the
non-affected side with a corresponding change in hip adduction angle
on the non-affected side.

3.3 Correlations and regression

All significant correlations to joint loading parameters (HAM
and KAM) are shown in Table 2. Preoperatively, hip adduction angle

FIGURE 1
Box-and-whisker-plots of the absolute angles of symmetry (SA)
of the vertical ground reaction force (vGRF) and external frontal hip
(HAM) and knee (KAM) joint moments in healthy controls (HCs) and
patients with hip osteoarthritis both preoperatively (preOA) and
postoperatively (postOA).
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and vGRF were significantly correlated with HAM in both the
affected and non-affected limb. A significant correlation with
stance width was also found for the affected limb. A significant
correlation was found between KAM and stance width in the
affected limb, and between KAM and vGRF in the non-
affected limb.

Postoperatively, the same significant correlations with HAM
were found for the affected limb (hip adduction angle, vGRF and
stance width). There was also a significant correlation with the ankle
plantarflexion angle. For the non-affected limb, significant
correlations with HAM were found for hip adduction angle and
stance width. KAM significantly correlated with knee flexion for
both the affected and the non-affected limb. A significant correlation
with stance width was also found for the affected leg.

Preoperative regression analysis revealed that changes in hip
adduction angle and vGRFs explained 42% of HAM changes (R2 =
0.418; F = 14.360; p < 0.001) for the affected limb. Stance width did
not significantly improve the outcome using this model (ΔR2 =
0.037, ΔF = 2.673, p = 0.110). In the non-affected limb changes in hip
adduction angle and vGRFs explained 61% of HAM changes (R2 =
0.612; F = 31.569; p < 0.001).

Postoperatively, the regression analysis yielded a model in which
hip adduction angle and vGRF explained 42% of HAM alterations
(R2 = 0.417; F = 14.310; p < 0.001). Adding stance width (likely due
to relatively high correlation to hip adduction) and ankle flexion to
the model did not result in a significant increase in the percentage of
variance in HAM predicted by the model. For the non-affected limb,

hip adduction angle explained 41% of the changes in HAM (R2 =
0.413; F = 28.808; p < 0.001), and adding stance width did not
significantly increase the outcome using this model (ΔR2 = 0.014,
ΔF = 1.004, p = 0.322). For the affected leg only 16% of the changes in
KAMwere explained by the changes in stance width (R2 = 0.167; F =
8.245; p = 0.006), the inclusion of the knee flexion angle did not
significantly increase the percentage of variance in KAM predicted
by the model (ΔR2 = 0.062, ΔF = 3.198, p = 0081).

Multiple regression analysis with only known parameters of the
compensatory strategies showed that only stance width explained
part of the variation of the external joint moments in the frontal
plane (see Table 2). The other parameters (LTD and FPA) did not
significantly improve the outcome using any of the models.

4 Discussion

Altered joint moments in individuals with unilateral hip OA
may contribute to the development of OA in adjacent joints
(Jungmann et al., 2015). To identify possible abnormal joint
moments in the knee and hip joint during standing, this study
quantified weight distribution and lower limb joint moments in
individuals with unilateral hip OA during bipedal standing before
(preoperatively) and 1 year after THR (postoperatively). The results
of the current study suggest that weight distribution favoring the
affected limb and few kinematic adjustments in the affected limb
enable patients with unilateral hip OA to stand comfortably while

TABLE 2 Results from the correlation analyses.

Dependent variable preoperative Covariate r p-value

HAM affected leg hip adduction 0.586 <0.001

vGRF 0.456 0.002

stance width −0.443 0.003

HAM non-affected leg hip adduction 0.635 <0.001

vGRF 0.506 <0.001

KAM affected leg stance width −0.576 <0.001

KAM non-affected leg vGRF 0.539 <0.001

Dependent variable postoperative Covariate r p-value

HAM affected leg hip adduction 0.588 <0.001

vGRF 0.369 0.015

stance width −0.545 <0.001

ankle flexion 0.353 0.020

HAM non-affected leg hip adduction 0.642 <0.001

stance width −0.435 0.004

KAM affected leg knee flexion −0.353 0.020

stance width −0.409 0.006

KAM non-affected leg knee flexion −0.366 0.016

Abbreviations: HAM, external hip adduction moment; KAM, external knee adduction moment; vGRF, vertical Ground Reaction Force.

Frontiers in Bioengineering and Biotechnology frontiersin.org05

van Drongelen et al. 10.3389/fbioe.2023.1190712

21

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1190712


standing on two legs before THR. At a mean follow-up of
12.6 months, asymmetries in joint loading were no longer present.

4.1 Kinetics and symmetry

To avoid pain caused by the affected hip, individuals with
unilateral hip OA appear to adopt an altered bipedal standing
position (Figure 2), resulting in a redistribution of lower limb
joint moments. As previously noted, the non-affected limb
carried more body weight than the affected limb in patients with
unilateral hip OA (Talis et al., 2008; Miura et al., 2018). The non-
affected limb experienced 38% greater HAMs than the affected limb,
indicating a pathological loading of the hip joint. KAM tended to be
a valgus moment in the affected limb, which denoted that the
vertical GRF vector was slightly lateral from the estimated knee
joint center rather than slightly medial, which has been shown to be
physiological during walking (Cerny, 1984). During walking,
patients with unilateral hip OA exhibited pathological peak
external KAM and HAM in the non-affected limb (Hurwitz
et al., 1997; Shakoor et al., 2011; Schmidt et al., 2017; Stief et al.,
2018). Therefore, it has been suggested that the non-affected limb is
at higher risk for developing OA in these joints (Hurwitz et al.,
2001). Comparable results have been obtained during sit-to-stand
tasks (Eitzen et al., 2014; Abujaber et al., 2015) and stair climbing
(Queen et al., 2015).

Miura et al. (2018) showed that the load distribution of the
operated leg was restored as early as 1 month after surgery. In the

present study it was found that the load distribution and
corresponding joint moments had no asymmetries between limbs
at a follow-up of 12.6 months on average. Postoperative joint
moments were significantly different from preoperative values
[i.e., HAM appeared to be 33% higher in the affected leg after
surgery (0.15 vs. 0.10 Nmkg−1)]. No differences were observed
compared with HCs. Studies also found increased HAM during
walking compared to HCs (Stief et al., 2018), although in general,
peak HAM values were usually lower but not significantly reduced
after THR compared to HCs (Ewen et al., 2012). The increase in
HAMmay be due to the absence of pain and the resultant increase in
vGRF after THR. However, whether other factors such as an altered
moment arm due to repositioning of the hip joint center during
THR surgery play a role requires further investigation.

4.2 Kinematics and correlations

In this study, it was hypothesized that patients with unilateral
hip OA adopt a standing position that is significantly different from
HCs to reduce the moments in the affected hip joint. However,
HAMs in the affected limb were not reduced compared to normal,
which partly explains the lack of significant kinematic changes
compared with HCs. For example, during walking, patients with
unilateral hip OA significantly bend their trunk toward the affected
side (Bennett et al., 2007; Reininga et al., 2012). Consequently, HAM
in the affected limb was significantly reduced during gait (Hurwitz
et al., 1997; Foucher et al., 2007; Shakoor et al., 2011; Foucher and
Wimmer, 2012). When standing on two legs, patients with hip OA
showed minimal LTD to the affected side, which was not
significantly different from HCs. Bending of the trunk towards
the affected limb during bipedal standing may be detrimental in
terms of postural stability or even non-feasible while at the same
time the non-affected limb carries proportionally more body weight.
Preoperatively, the foot of the affected limb was significantly more
externally rotated during bipedal stance (Figure 2; Table 1) while the
knee was more flexed (Table 1) when compared with the
postoperative standing position, but not when compared with
HCs. Although these kinematic changes during standing did not
relate to changes in HAM, they appear to be adopted by patients
with unilateral hip OA to unload the affected limb in terms of body
weight distribution. Increased FPAs and knee flexion changes are
typical of patients with unilateral hip OA during walking (Bennett
et al., 2007; Müller et al., 2012; Schmitt et al., 2015). Previous studies
on HCs have shown that large changes in LTD (Mündermann et al.,
2008) and FPA (Andrews et al., 1996) are required to significantly
reduce KAMs during walking. Hip adduction and plantar/
dorsiflexion angle of the ankle are known control variables of
sway in the medio-lateral and anterior-posterior directions,
respectively (Weaver et al., 2017). Therefore, it makes sense that
these variables are predictors of the hip joint moments during
stance. In the present study, no kinematic differences were found
between the affected and non-affected limb. The relatively small
kinematic changes observed in the affected limb may be the reason
why kinematics did not explain the KAM alterations preoperatively.
It appears that vGRF, hip adduction and knee flexion angle explain
most of the variance in HAM and KAM. However, stance width also
showed correlations to HAM and KAM and since increased stance

FIGURE 2
Patient with unilateral hip osteoarthritis (preoperatively) in a
standing position with a frequently observed extended external foot
rotation on the affected (left) side. Kinematic segments and ground
reaction force are superimposed on the image.
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width influences hip adduction angle, stance width indirectly
contributes to explain the variance. When only compensation
parameters were considered, stance width was the only parameter
that mattered: stance width explained 18.9%–29.7% of the variance
of HAM and 16.7%–33.2% of the variance of KAM (Table 2). From
walking it is known that increasing stride width reduces knee and
hip joint moments in the frontal plane (Stief et al., 2021), so
increasing stance width could be a simple adaptation with a
reducing effect on knee and hip joint moments in the frontal
plane during standing.

4.3 Limitations

This study should be considered in the context of its limitations.
Only variables that have been shown to correlate with external KAM
and HAM during walking were examined. However, it is likely that
patients with unilateral hipOAmodify additional kinematic and kinetic
parameters to stand comfortably on two legs. In addition, factors such
as pain, leg length discrepancy, and pelvic or spinopelvic malalignment
have been suggested to contribute toasymmetric loading (Miura et al.,
2018) and were not investigated in the current study.

KAM was found to be very small because the GRF was centered
on the center of rotation of the knee joint, in contrast to gait where
the GRF is directed medially from the center of rotation of the knee
joint (Cerny, 1984). Therefore, KAM and consequently the SA for
KAM may not be the best parameters for assessing knee loading
during bipedal standing. Although knee and hip joint moments in
the frontal plane during dynamic activities have been widely used as
an indicator of knee joint loading and to characterize intrinsic
compressive loading, this parameter itself may not be sufficient
to predict the mechanical properties of the cartilage, especially
during standing. Therefore, future studies are needed to analyze
possible relationships between knee and hip joint loading
parameters and compressive properties of joint cartilage, i.e., a
combination of musculoskeletal and finite element models
(Harlaar et al., 2022).

5 Conclusion

In summary, our elderly patients with unilateral hip OA adopted
a standing position preoperatively in which foot progression (more
externally rotated) and knee flexion (more flexed) were adapted in
the affected limb compared to the postoperative standing position.
However, these kinematic adaptations did not explain the lower
HAM and KAM in the affected limb compared with the non-
affected limb. The non-affected limb experienced 38% greater
HAMs than the affected limb, indicating pathological loading of
the hip joint during normal standing. Postoperatively, limb load
distribution and corresponding joint loads normalized, comparable
to findings during walking. The altered preoperative joint moments
were mainly caused by a disproportionate weight distribution,
expressed by the vGRF, in favor of the affected limb. Of the
compensation strategy parameters, stance width showed
moderate to high correlations with HAM and KAM and also
explained up to 33% of the variance. Therefore, in patients with
hip OA, interdisciplinary preventive therapy concepts in which

stance width could play a role should be considered to improve
the loading situation.
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Combining 3D skeleton data and
deep convolutional neural
network for balance assessment
during walking

Xiangyuan Ma, Buhui Zeng and Yanghui Xing*

Department of Biomedical Engineering, Shantou University, Shantou, China

Introduction: Balance impairment is an important indicator to a variety of
diseases. Early detection of balance impairment enables doctors to provide
timely treatments to patients, thus reduce their fall risk and prevent related
disease progression. Currently, balance abilities are usually assessed by balance
scales, which depend heavily on the subjective judgement of assessors.

Methods: To address this issue, we specifically designed a method combining 3D
skeleton data and deep convolutional neural network (DCNN) for automated balance
abilities assessment during walking. A 3D skeleton dataset with three standardized
balance ability levels were collected and used to establish the proposed method. To
obtain better performance, different skeleton-node selections and different DCNN
hyperparameters settingwere compared. Leave-one-subject-out-cross-validationwas
used in training and validation of the networks.

Results and Discussion: Results showed that the proposed deep learning method
was able to achieve 93.33% accuracy, 94.44% precision and 94.46% F1 score,
which outperformed four other commonly used machine learning methods and
CNN-based methods. We also found that data from body trunk and lower limbs
are the most important while data from upper limbs may reduce model accuracy.
To further validate the performance of the proposed method, we migrated and
applied a state-of-the-art posture classification method to the walking balance
ability assessment task. Results showed that the proposed DCNNmodel improved
the accuracy of walking balance ability assessment. Layer-wise Relevance
Propagation (LRP) was used to interpret the output of the proposed DCNN
model. Our results suggest that DCNN classifier is a fast and accurate method
for balance assessment during walking.

KEYWORDS

Kinect, skeleton data, deep convolutional neural network, balance assessment, machine
learning

1 Introduction

Balance ability refers to the human body perceiving the body’s center of gravity and
controlling the body’s center of gravity within the support plane through body movements
(Shumway-Cook et al., 1988). It is crucial for people to maintain their daily activities of living
(ADL). Balance impairment may be caused by a number of factors, including advanced age,
arthritis, cerebral palsy and Parkinson’s disease, of which advanced age is the most common
one. With the growth of age, various functions related to balance abilities decline rapidly,
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including muscle strength, eyesight, and reaction time, etc. It has
been found that as many as 75% of people aged 70 and above have
balance disorders (Howe et al., 2011). Balance assessment plays an
important role in accurately diagnosing potential disorders,
identifying fall risks, and developing treatment plans. Currently,
balance assessment is usually done by physical therapists based on
commonly used standardized measures, such as Berg balance scale,
Tinetti balance scale and timed “up & go” test (TUG).

Walking balance assessment is an important part in a variety of
balance standardized measures. For example, in Berg balance scale,
subjects are required to walk from one position to another, and the
physical therapist will give them scores based on their walking
stability, gait and posture. In Tinetti balance scale, foot and trunk
positions as well as walking path and time of subjects are considered.
Similarly, the TUG test mainly use walking speed as an index to
judge person’s balance abilities and fall risks.

Balance ability scores in balance standardizedmeasures are assessed
based on judgments from the physical therapists, which is subjective. To
address this issue, one way is to analyze the balance abilities with
equipment-based and digitalized assessment methods in order to
eliminate subjective opinions from physical therapists. In
equipment-based and digitalized assessment methods, the motion of
human body can be described with 3D skeleton data. Thus, it is possible
to use 3D skeleton data to assess balance abilities during walking.

3D skeleton data can be acquired in several ways, such as
Microsoft Kinect, Orbbec Astra, and Intel RealSense. Microsoft
Kinect is the most popular method. Kinect can recognize and
track a total of 32 human joints, covering all parts of the human
body. Currently, there are a number of relevant studies on the
accuracy of Kinect. Eltoukhy (Eltoukhy et al., 2017) simultaneously
used Kinect and Vicon system to record the results of Star Excursion
Balance Test (SEBT), and found that the kinematic error of lower
limbs was less than 5° except for the front plane angle of the posterior
and lateral knee joints, which were 5–7°. According to Schmitz
(Schmitz et al., 2014), the accuracy and precision of joint angle
measurement in 3D skeleton model obtained from Kinect are
equivalent to that of the mark-based system. Khoshelham
(Khoshelham, 2012) believes that the point cloud data of Kinect
sensor is able to provide acceptable accuracy by comparing it with
the point cloud data of high-end laser scanner. Kinect has the
characteristics of low cost, portability and convenient data access,
and is able to provide acceptable accuracy.

At present, there are plenty of studies on gait recognition,
pathological gait classification and motion analysis using Kinect 3D
skeleton data (Ahmed et al., 2014; Li et al., 2018; Bari and Gavrilova,
2019; Jun et al., 2020; Xing and Zhu, 2021), all of which have acceptable
accuracy. However, further process is needed in order to assess balance
abilities during walking. Balance abilities assessment during walking not
only need to observe the gait, but also need to consider walking speed
and other parameters. The existing methods so far are mainly designed
for gait recognition and motion analysis. In this study, we aim to
develop a digitalized assessment method for assessing balance abilities
during walking based on 3D skeleton data collected by Kinect.

Deep convolutional neural network (DCNN) is a popular machine
learning technology, and has excellent performance in the fields of
image recognition (Szegedy et al., 2015; Senior et al., 2020; Li et al.,
2021). Also, DCNN classifier is widely used in data and image analysis
applications (Yao et al., 2019; Yu et al., 2019; Szczęsna et al., 2020; Yu

et al., 2022a; Yu et al., 2022b). DCNN can achieve automatic feature
extraction based on original sensor data (Alharthi et al., 2019). One of
the limitations of DCNN is its opacity (Bach et al., 2015). This opacity
seriously hinders the acceptance and application of DCNN model in
medical diagnosis (Wolf et al., 2006). To solve this problem, Layer-wise
Relevance Propagation (LRP) was proposed (Montavon et al., 2017),
which uses the back propagation method to attribute part of the model
prediction to the original input signal. It is possible to identify the
important area of classification hoisting in the input signal, which may
be used to interpret the prediction of the model. Currently, LRP has
been successfully applied in image classification (Lapuschkin et al.,
2017), text classification (Arras et al., 2017) and gait analysis (Horst
et al., 2019).

In this study, we proposed a deep learning-based method for
balance assessment during walking based on 3D skeleton data
collected by Kinect. The main contributions and innovation of
this study are listed as follows.

(1) Existing Kinect-based methods are only designed for gait
recognition and motion analysis. We newly collected a
Kinect 3D skeleton dataset with three standardized balance
ability levels and specifically designed a deep learning based
method for balance ability assessment during walking.

(2) To obtain better performance, we performed thorough
parametric study including hyperparameters setting of
DCNN and skeleton node selection. We also used LRP to
interpret the output of the DCNN model.

(3) To validate the performance of the proposed method, we
conducted a comparison with other commonly used machine
learning methods. In addition, we migrated and applied a state
of art posture classification method to the walking balance
ability assessment task. The proposed method was also
compared with the migrated state of art method. The results
showed the superiority of the proposed method.

2 Materials and methods

2.1 Experimental subjects and balance
impairment simulation

We recruited ten healthy adults aged from 21–24 as our
experimental subjects, who have normal balance abilities. For balance
impaired subjects, we asked the ten adults wearing age simulation suits,
which are widely used for healthy people to experience functional
challenges of the elderly. After wearing the suits, the young adults
will have reduced motor and cognitive performance, as well as self-
perception ability (Saiva et al., 2020; Vieweg and Schaefer, 2020).
Additionally, the suit users will also experience a variety of other
functional disabilities including reduced muscle strength, vision loss,
decreased flexibility of the joints (Lauenroth et al., 2017; Bowden et al.,
2020;Watkins et al., 2021), which can lead to the decline in balance as in
older people. The simulation suit is shown in Figure 1. Briefly, we use
wrist and ankle weights to simulate loss of muscle strength in the
extremities, and use knee and elbow adjustments to limit joint flexibility.
We also can adjust two ropes in front of the chest to simulate hunchback
status, and tie the rope around thighs to limit step width. Additionally,
special glasses were used for poor vision simulation.
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There are two setups of the suit to simulate two different types of
balance disabilities that may happen during the aging process. Thus,
for one healthy subject, we can acquire totally three standardized
balance levels. Under the guidance of rehabilitation doctors, our
simulation guidelines are as follows:

• Level-0: No restrictions are added, subjects walk normally.
• Level-1: Subjects are given extra weight on their wrists and

ankles, and have limited knee and elbow flexibility.
• Level-2: On the basis of level-1, the conditions of hunchback

and limited vision are added.

2.2 Data collection

Following simulation guidelines, every subject walked 10 times
for each of the balance levels. Thus, the size of the dataset is 300

(10 subjects × 10 times × 3 balance levels). 3D skeleton data were
obtained using a Kinect sensor and the corresponding software
development kit named Kinect SDK. The skeleton data includes 3D
coordinates of total 32 joints, and the joint hierarchy is distributed in
a direction from the center of the body to the extremities. Joints
includes pelvis, shoulder, elbow, wrist, hand, hang tip, thumb, hip,
knee, ankle, foot, head, nose, eye, and ear, as shown in Figure 2A.
Based on our preliminary studies, some of these joints including
hand, hang tip, nose, eye and ear have minor impact on balance
abilities, and were removed in this research. The final skeleton
structure for data collection is shown in Figure 2B.

The data acquisition process by Kinect is shown in Figure 3.
We set up a 4-meter long sidewalk, and the two ends of the
sidewalk are the starting point and the end point respectively.
The Kinect device is located 1 meter away from the end point.
Subjects are required to walk from the starting point to the end
point at their normal speed.

FIGURE 1
Age simulation suit. (A): Subject with age simulation suit; (B): sticks used to restrict knee and elbow joints; (C): Sandbags located on the limbs; (D):
Special glasses to simulate vision loss.
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2.3 Deep convolutional neural network
(DCNN)

Deep convolutional neural networks are frequently used for
classification and recognition tasks and show great performance;
therefore, some researchers also use DCNN to process 3D skeleton
data (Caetano et al., 2019; Li et al., 2020). RNN, LSTM and GRU
have been proposed successively for processing sequence data [text
(Cho et al., 2014), audio (Yue-Hei Ng et al., 2015), video (Ballas et al.,
2015)]. Because 3D skeleton data is time series sequence data, these

three models can be used to process 3D skeleton data (Graves et al.,
2013; Lee et al., 2019). In addition, as the human skeleton connected
by the junction nodes is similar to the graph in the computer data
type, there are some studies on 3D skeleton data analysis based on
graph convolution network (Cheng et al., 2020; Shi et al., 2020). In
summary, neural network models commonly used for skeleton data
processing include DCNN, RNN and GCN. In this paper, we use
convolutional networks to construct a model for processing the
hierarchical assessment of dynamic balancing capability based on
3D skeleton data.

FIGURE 2
Joint diagram of human skeleton. (A): The original skeleton structure from Kinect with 32 joints; (B): Simplified skeleton structure for this study with
21 joints in bold font.

FIGURE 3
Data acquisition process with Kinect. (A): Abstract figure of scene; (B): Real scenarios of data acquisition process.
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The core building module of deep convolutional network model
is the convolution layer, which mainly extracts features by applying
convolution operation. Assuming that X is the input of the
convolution layer, W is the weight matrix, and B is bias, the
output Y of the convolution layer can be expressed as:

Y � Conv W,X( ) + b

An activation function φ is usually added after the convolution
operation:

Y � φ Y( )
The structure of the DCNN constructed in this paper is shown in

Figure 4. The model consists of several residual blocks, a dropout
layer, a global pooling layer and a full connection layer. Residual
block is mainly composed of three convolution layers and a
connection layer. Convolution layer 1 processes the input data,
convolution layer 2 processes the output of convolution layer 1,
convolution layer 3 processes the output of convolution layer 2, and
then the connection layer merges the input of convolution layer
1 and the output of convolution layer 3. Batch Normalization and
activation using Relu are required following each convolutional layer
in a convolution block. In a residual block, the size of convolution
kernel of convolution layer 1 is set as 5, the size of convolution kernel
of convolution layer 2 is set as 3, and the size of convolution kernel of
convolution layer 3 is set as 1.

2.4 Layer-wise relevance propagation (LRP)

Linear models make transparent decisions. However, complex
nonlinear models are usually regarded as black box classifiers, and
almost all deep artificial neural networks are composed of nonlinear
models. Layer-wise Relevance propagation (LRP) is a technique for
generalized interpretation of nonlinear models. We used LRP to
interpret the output of the proposed DCNN model in this paper.

The LRP (Montavon et al., 2017) uses the topology of the
network model itself to attribute the correlation score to the
important components of the input data, so as to explain the
decisions made by the model based on a given data point. Based
on the conservation principle, LRP technology (Bach et al., 2015)
gradually maps the prediction to a lower layer through back
propagation until the input variable is reached. Neuron j receives
a quantity of relevance Rl+1

j from upper layer neurons, and
redistributes that quantity to neuron i, in proportion to R(l,l+1)

i ← j

(the contribution of neuron i to the activation of neuron j in the
forward pass).

R l,l+1( )
i ← j � zij

zj
· Rl+1

j

Where zij represents the measurement of the contribution from
neuron i to neuron j, and zj represents the sum of all neurons from l
layer to neuron j.

2.5 Model training

2.5.1 Pre-processing of input samples
The time length of each video sample recorded in the dataset was

inconsistent because different subjects may have different walking
speeds. Thus, in the temporal aspect, the total number of frames of
different samples was different. The total number of frames of
different samples collected in this study varied from 22 frames to
38 frames.

To normalize the DCNN input size, we selected fixed 20 frames
for every sample in the dataset from back to front. Occasionally,
subjects did not walk immediately after receiving the command,
selected from back to front could avoid the collection of few non-
walking frames. Besides, since the sample data may be offset, we
reoriented the input data of each sample based on the position of the
pelvis joint in the first frame of each sample. Specifically, for each

FIGURE 4
Proposed DCNN structure. DCNN mainly consists of a single or multiple residual blocks, each of which includes three convolutional layers, batch
normalization layers, and Relu activation layers. We can add multiple residual blocks between input layer and dropout layer if needed.
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data point in each sample, its position coordinates need to subtract
the pelvis joint in the original coordinates.

2.5.2 Training-validation-test split
In this study, we obtained a dataset of 300 samples. After data

pre-processing, the total number of frames of each sample was
20 frames, each frame had data of 21 human joints, and each joint
had data of three-dimensional (X, Y, Z) time-varying spatial
coordinates. Thus the size of an input sample was 1,260
(20 frames × 21 joints × 3 dimensions). Figure 5 show an
example of a pre-processed input sample.

Since it was a relatively small dataset, we adopted leave-one-
subject-out-cross-validation strategy to train and evaluate the
performance of the DCNN. In each fold, one subject data was
used as validation dataset, another one subject data was used as test
dataset and the remaining eight subject data was used as training
dataset. Finally, the size of training dataset was 240 (8 subjects ×
10 times × 3 balance levels), the size of validation dataset was 30
(1 subjects × 10 times × 3 balance levels), and the size of test dataset
was 30 (1 subjects × 10 times × 3 balance levels) in each fold.

2.5.3 DCNN hyperparameters setup
After parametric study, for the residual block, we set the size of

kernel of residual block in the first convolutional layer to 5, the size
of kernel in the second convolutional layer to 3, the size of kernel in
the third convolutional layer to 1. The padding method was same,
and the activation function was Relu function in every convolutional
layer. The channel size of filter in convolution layer is an important

parameter, we chose 64 after comparing with other size. For epoch
selection, we applied the early stop method. The early stopmethod is
a widely used method to stop training when the performance of the
model on the validation dataset begins to decline, so as to avoid the
problem of overfitting caused by continued training. In addition,
cross-entropy was chose as the loss function and Adam optimizer
with a learning rate of 0.0001 was used to train DCNN classifier.

2.5.5 Performance evaluation measures
Accuracy, Precision and F1-Score were used to measure the

model, and the results from 10 test folds were then pooled together
to form a complete set to calculate the average values of the
measures. Accuracy, Precision and F1-score are counted by the
true positive (TP), false positives (FP), true negatives (TN), and false
negatives (FN). In multi-classification tasks, Precision and
F1 indices need to be calculated for each category, and then
arithmetic average is performed.

Accutacy � TP + TN

TP + FP + TN + FN

Precision � TP

TP + FP

F1 � 2 · Precision · Recall
Precision + Recall

Since artificial neural networks are often seen as black boxes,
methods such as SmoothGrad (Smilkov et al., 2017), Deconvnet
(Springenberg et al., 2015), GuidedBackprop (Alber et al., 2018), and
LRP (Montavon et al., 2017) have been proposed to remedy this

FIGURE 5
An example of a pre-processed sample. Each sample has data of 21 joints, 20 frames and three-dimensional (X, Y, Z) time-varying spatial coordinates
of the joints after pre-processing.
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deficiency. INNvesigate is a library that implements the PattNet,
PatternAttribution (Kindermans et al., 2017), and LRP methods,
allowing the user to invoke them through the interface. We called
LRP method based on iNNvesigate for 3D skeleton data analysis.

3 Results and discussion

3.1 Performance of proposed DCNN for
balance assessment during walking

We use the proposed DCNN method to classify three different
levels of balance ability during walking. With leave-one-subject-out
cross-validation, the method achieved 93.33% accuracy, 94.44%
precision and 94.46% F1 score. The results showed that Kinect
can collect 3D skeleton data to assess the balance ability of walking
subjects, and the accuracy of DCNN classification can reach an
accepted level.

The loss function of balance ability classification based on the
DCNN model is shown in Figure 6, where the blue line represents
the loss function curve of the training dataset and the orange line
represents the loss function curve of the validation dataset. We
found that when Adam optimizer with learning rate of 0.0001 was
used for training, the loss function value of DCNN classifier
decreased as the number of iterations increased, and stabilized
after 150 epochs, with a fluctuation of 0.25. The result suggests
that DCNN classifier is convergent.

3.2 Parametric study of DCNN
hyperparameters selection

3.2.1 Kernel size
Kernel size is an import parameter in convolution layer. The

larger the convolution kernel is, the larger the receptive field is.
However, a large convolution kernel will lead to a huge increase in

the amount of computation and may reduce the computational
performance. We compared the performance of DCNN with
different kernel size and the results were showed in Table 1.
After comparing the performance of DCNN with different kernel
size in the residual block, we set the size of kernel in the first
convolutional layer to 5, the size of kernel in the second
convolutional layer to 3, the size of kernel in the third
convolutional layer to 1.

3.2.2 Channel size
Channel can usually be understood as the width of model, and

increasing the width allows each layer to learn richer features.
However, increasing the number of channels may also affect the
performance of the model. Table 2 shows the impact of different
channel size on model performance. We can see that the loss
function of validation dataset shows a downward trend, and the
accuracy of validation dataset shows an upward trend.

3.2.3 The number of residual blocks
The number of residual blocks is also an important parameter

for DCNN. Usually, the more residual blocks, the deeper the DCNN
model will be, and the more accurate classification model can be
fitted. However, as the depth of the model increases, it will be easy to
learn the noise of input data, resulting in the phenomenon of
overfitting. Table 3 shows the impact of different number of
residual blocks on model performance. We can see that, as the
number of residual blocks increases, the training loss value
decreases, but the validation loss decreases first and then
increases. When the number of residual blocks is 3, the
validation loss of DCNN model reaches the minimum value,
which is 0.1539, and the loss accuracy is 0.9741.

3.2.4 Optimizer
In order to obtain better performance, we use different

optimizers for optimization analysis. Stochastic Gradient Descent
(SGD) algorithm randomly selects a group of samples from each
iteration and updates them according to the Gradient after training.
Root Mean Square Propagation (RMSProp) is an exponential
movement-weighted average of the binary norm of each
component of the historical gradient. Adam Optimizer takes
advantage of the advantages of AdaGrad and RMSProp optimizer
and is considered to be quite robust to the selection of
hyperparameters. Table 4 shows the performance of DCNN with
different optimization methods. From Table 4, we can see that
although the average epoch of Adam optimizer is larger than the
others, its validation loss is smaller than the others, and fitting effect
is better.

3.3 Parametric study of skeleton node
selection

In order to improve the performance of the proposed DCNN
classifier, we also tried to optimize skeleton node selection and
subsequently to control the data input to the model. We have
previously excluded some nodes (fingers, ears, and nose) in the
process of data collection, but not all the remaining nodes have
positive effects on the assessment of balance ability during walking.

FIGURE 6
Loss function variation curve of training set and validation set.
The blue line represents the loss function curve of the training dataset
and the orange line represents the loss function curve of the validation
dataset.
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TABLE 1 The validation loss and the validation accuracy with different kernel size.

Kernel size 1 Kernel size 2 Kernel size 3 Validation loss Validation accuracy

1 1 1 0.2424 0.9426

1 1 3 0.2460 0.9444

1 1 5 0.2128 0.9519

1 1 7 0.2316 0.9444

1 3 1 0.2098 0.9556

1 3 3 0.2060 0.9630

1 3 5 0.1982 0.9593

1 3 7 0.2093 0.9556

1 5 1 0.1840 0.9630

1 5 3 0.1720 0.9704

1 5 5 0.2038 0.9519

1 5 7 0.1995 0.9481

1 7 1 0.2243 0.9444

1 7 3 0.1823 0.9630

1 7 5 0.1696 0.9667

1 7 7 0.1493 0.9626

3 1 1 0.2045 0.9630

3 1 3 0.2050 0.9556

3 1 5 0.1436 0.9778

3 1 7 0.2299 0.9704

3 3 1 0.1974 0.9556

3 3 3 0.1649 0.9704

3 3 5 0.2303 0.9481

3 3 7 0.1893 0.9667

3 5 1 0.1811 0.9556

3 5 3 0.1701 0.9667

3 5 5 0.1556 0.9704

3 5 7 0.2170 0.9556

3 7 1 0.1917 0.9667

3 7 3 0.1465 0.9715

3 7 5 0.2123 0.9593

3 7 7 0.1636 0.9667

5 1 1 0.1677 0.9704

5 1 3 0.2052 0.9630

5 1 5 0.1848 0.9630

5 1 7 0.1757 0.9593

5 3 1 0.1420 0.9778

5 3 3 0.2075 0.9667

(Continued on following page)
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The body’s joints are connected with each other, and some joints are
dependent on the existence of other joints. For example, if we
exclude elbow from input data, we should also exclude wrist
data. Following this principle, we observed the performance

change of DCNN classifier by selectively inputting data of
specific nodes, the results were shown in Table 5.

We take the inputs of all joints as the control group (A0), and the
classification accuracy was 89.83%. We found that the accuracy of the
classifier increased when we excluded the hand-related data.
Specifically, when the wrist and elbow (H2) were excluded, the
accuracy of the classifier increased to 91%. When wrists, elbows,
shoulders and clavicles were excluded (H4), the accuracy of the
classifier increased to 93.67%. However, the accuracy of the classifier
decreased after excluding leg-related joints. When foots, ankle, knees
and hips were excluded (L4), the classifier’s accuracy fell to 84.33%.
Furthermore, when using only the pelvis, spine naval, spine chest (G1)
data, the classifier has only 76% accuracy. When using only leg-related
data, including feet, wart-form, knees and hips (G2), the classifier
achieved 67.33% accuracy. The results suggest that the performance of
DCNN classifier depends on data of the input joint groups.

TABLE 1 (Continued) The validation loss and the validation accuracy with different kernel size.

Kernel size 1 Kernel size 2 Kernel size 3 Validation loss Validation accuracy

5 3 5 0.1930 0.9667

5 3 7 0.1795 0.9667

5 5 1 0.1983 0.9667

5 5 3 0.2169 0.9630

5 5 5 0.2137 0.9630

5 5 7 0.2030 0.9593

5 7 1 0.1930 0.9667

5 7 3 0.2082 0.9444

5 7 5 0.1874 0.9630

5 7 7 0.1538 0.9635

7 1 1 0.1956 0.9667

7 1 3 0.1654 0.9630

7 1 5 0.1986 0.9593

7 1 7 0.1823 0.9704

7 3 1 0.2001 0.9593

7 3 3 0.1816 0.9741

7 3 5 0.1599 0.9704

7 3 7 0.1658 0.9630

7 5 1 0.1669 0.9667

7 5 3 0.1489 0.9704

7 5 5 0.1485 0.9630

7 5 7 0.1649 0.9715

7 7 1 0.2015 0.9630

7 7 3 0.1393 0.9615

7 7 5 0.1988 0.9667

7 7 7 0.1816 0.9593

TABLE 2 The validation loss and the validation accuracy with channel size.

Channel size Validation loss Validation accuracy

4 0.2455 0.9555

8 0.2196 0.9518

16 0.2215 0.9518

32 0.1489 0.9704

64 0.1411 0.9852
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The results showed that data from leg and trunk are the most
important in the assessment of balance during walking. These results
are expected because balance is related to body’s center of gravity,
and leg and trunk play an important role in its position change. On
the other side, human hands and upper limbs are usually moving
freely during walking, thus when we exclude these data, the accuracy
of the classification improved.

3.4 DCNN model interpretation with LRP

We further used LRP technique to explain DCNN decisions in
the balance assessment process as shown in Figure 7, which is the
representation of data contribution matrix for H4 condition which
has the best accuracy performance. The darker the color, the greater
the value of the matrix.

In walking (X) direction, the matrix values gradually increased
with time, which implies that the importance of data roughly
increased with time. In reality, when a subject is walking, his/her
position in X direction is gradually increase in X direction. The
relationship of position and time is dependent on step size, walking
speed and some other parameters that are widely used in popular
balance assessment scales. The subjects with low balance ability have
smaller walking speed, step frequency and step length, thus the
distance difference between subjects with different balance levels
gets bigger and bigger as time frames go on.

In left-right (Y) direction, the color of the entire Y block is much
lighter than the color of X and Z blocks, suggesting left-right
direction is the least important one for the classification task of
balance levels. We believe that this is because the movement of the
body in left-right (Y) direction during walking is relatively small,
leading to a failure to recognize the left-right (Y) direction difference
between different balance levels.

In the up-and-down direction (Z), lower limb data (left and
right) have relative darker color, suggesting ankles and legs are the
important parts for the classification task of balance levels. We
believed that this is because the subjects with different balance
abilities have different heights of foot lifting. In some assessment
scales, lifting height of foot is also an important parameter to judge
the level of human balance ability. The ankle joints and foot joints

TABLE 3 Performance of DCNN with different number of residual blocks.

The number of residual blocks Train loss Validation loss Validation accuracy

1 0.1386 0.1663 0.8333

2 0.1237 0.1569 0.9556

3 0.1235 0.1539 0.9741

4 0.1001 0.1856 0.9667

TABLE 4 Performance of DCNN with different optimization methods.

Optimizer Epoch Validation loss Validation accuracy

SGD 79 0.3040 0.9184

RMsProp 80 0.2982 0.9259

Adam 95 0.1539 0.9741

TABLE 5 Performance of different joint groups.

Group Description Selected joints Accuracy Improvement

A0 All joints 0, 1, 2, 3, 4, 5, 6, 7, 11, 12, 13, 14, 18, 19, 20, 21, 22, 23, 24, 25, 26 89.83

T1 Joints except for head 0, 1, 2, 3, 4, 5, 6, 7, 11, 12, 13, 14, 18, 19, 20, 21, 22, 23, 24, 25 86.34 −3.49

T2 Joints expect for head, neck 0, 1, 2, 4, 5, 6, 7, 11, 12, 13, 14, 18, 19, 20, 21, 22, 23, 24, 25 86.67 −3.16

H1 Joints except for wrists 0, 1, 2, 3, 4, 5, 6, 11, 12, 13, 18, 19, 20, 21, 22, 23, 24, 25, 26 88.67 −1.16

H2 Joints except for wrists, elbows 0, 1, 2, 3, 4, 5, 11, 12, 18, 19, 20, 21, 22, 23, 24, 25, 26 91.33 1.50

H3 Joints except for wrists, elbows, shoulders 0, 1, 2, 3, 4, 11, 18, 19, 20, 21, 22, 23, 24, 25, 26 91.00 1.17

H4 Joints except for wrists, elbows, shoulders, clavicles 0, 1, 2, 3, 18, 19, 20, 21, 22, 23, 24, 25, 26 93.67 3.84

L1 Joints expert for feet 0, 1, 2, 3, 4, 5, 6, 7, 11, 12, 13, 14, 18, 19, 20, 22, 23, 24, 26 89.00 −0.83

L2 Joints expert for feet, ankles 0, 1, 2, 3, 4, 5, 6, 7, 11, 12, 13, 14, 18, 19, 22, 23, 26 88.67 −1.16

L3 Joints expert for feet, ankles, knees 0, 1, 2, 3, 4, 5, 6, 7, 11, 12, 13, 14, 18, 22, 26 87.33 −2.50

L4 Joints expert for feet, ankles, knees, hips 0, 1, 2, 3, 4, 5, 6, 7, 11, 12, 13, 14, 26 84.33 −5.50

G1 Joints only include pelvis, spine naval, spine chest 0, 1, 2 76.00 −13.83

G2 Joints only include feet, ankles, knees, hips 18, 19, 20, 21, 22, 23, 24, 25 67.33 −22.50
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vary fast in the vertical direction during the lifting of foot.
Additionally, the color of normal balance group (Level-0) was
lighter than the other two, suggesting normal balance group is
relatively stable and has less position changes than balance
impaired groups (Level-1 and Level-2).

3.5 Comparison of the proposed DCNNwith
traditional machine learning methods

To validate the effectiveness of the proposed DCNNmethod, we
compared the results of DCNN with those of traditional machine
learning methods, such as Naive Bayes, Random Forest and support
vector machines (SVM). We used an exhaustive grid search method
to compute optimal values for hyperparameters of Naive Bayes,
Decision Tree, and SVM to obtain the highest recognition accuracy
for all three methods. Naive Bayes is used to fit the distribution of
data samples, and gaussian naive Bayes is used here. For the three
hyperparameters of random forest classifier, the number of weak
classifiers, evaluation criteria and maximum depth, the grid search
method is used to search for optimal values. The number of weak
classifiers is {50, 100, 150, 200}, the evaluation criteria is {“entropy,”
“gini”}, and the maximum depth is set to a range of 5–50. Random
forest classifiers perform best when the number of weak classifiers is
50, the evaluation criterion is “entropy”, and the maximum depth is
24. SVM classifier has three important hyperparameter kernel types,
kernel coefficients and penalty parameters. The kernel type is
{“RBF,” “Linear,” “Poly”}, the kernel coefficient is {0.0001, 0.001,

0.01, 0.1, 1.0, 10.0}, and the penalty parameter is {1, 5, 10, 100,
1,000}. When the kernel type is Linear, the kernel coefficient is 1.0,
and the penalty parameter is 1, the SVM classifier can achieve the
best performance. In addition, we use two LSTM layers and one full
connection layer to construct the LSTM network, where the number
of neurons in LSTM layer is 32, and the number of neurons in full
connection layer is 32.

Table 6 shows the comparison results of DCNN and different
traditional machine learning methods. Among them, Naïve Bayes
performed the worst, with accuracy of 73.33%, precision of 81.71%
and F1 score of 73.37%. The accuracy of SVM is 86.66%, the
precision is 87.96%, and the F1 score is 86.92%. The accuracy of
Random Forest is 86.66%, the precision is 87.96%, and the F1 score
is 86.81%. LSTM has 83.33% accuracy, 86.71% precision and 82.83%
F1 score. Compared with these methods, the performance of DCNN
classifier proposed by us is better. The improvement indicated the
potential of the proposed DCNN in balance ability assessment.

Because DCNN can effectively extract low and high dimensional
features, it has demonstrated better performance than traditional
machine learning classifiers in many areas (Khagi et al., 2019; Mete
and Ensari, 2019). DCNN and LSTM are often used to process image
data and sequence data respectively. In this paper, we compared the two
deep learning models in our experiments, and we found that the
proposed DCNN model with residual structure has better
performance than LSTM. The result is consistent with other
previous literatures (Bai et al., 2018), in which word-level language
are studied. With the help of residual architecture, one-dimensional
convolutional networks can also make effective use of historical

FIGURE 7
Color diagram of the contribution matrix of the sample input in the three levels of the subject. (A) Balance Level-0; (B) Balance Level-1; (C) Balance
Level-2. The y-axis represents 13 joints in H4 skeleton node group and the x-axis represents 20 frames (time). The X refers to the front and back direction
of the human body, the Y refers to the left and right direction, and the Z refers to the up-and-down direction.
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information. Therefore, in some cases, one-dimensional residual
convolution networks can match or exceed the performance of LSTM.

3.6 Comparison of the proposed DCNNwith
commonly used CNN-based methods

To further validate the effectiveness of the proposed DCNN
method, we also compared the results of DCNNwith those of several
commonly used CNN-based methods. These commonly used CNN-
based methods including the AlexNet, the VGGNet and the ResNet-
18. The hyperparameters of these three CNN-based networks were
optimized to achieve better prediction accuracy.

Table 7 shows the comparison results of DCNN and different
CNN-based methods. Among them, ResNet-18 performed the worst,
with accuracy of 83.33%, precision of 88.89% and F1 score of 82.22%.
The accuracy of AlexNet is 90.00%, the precision is 90.74%, and the
F1 score is 89.95%. The accuracy of VGGNet is 86.67%, the precision is
90.48%, and the F1 score is 86.11%. Compared with these methods, the
performance of DCNN classifier proposed by us is better. The
architecture of the proposed DCNN is more suitable for the
classification of walking balance ability task.

3.7 Comparing with posture description
method

There are many studies that use Kinect for posture and motion
recognition, but few studies that use Kinect to assess balance ability
during walking. Although the goals of the two tasks are different,
they are achieved using classification methods, so it can be
considered to migrate the postures classification model to the
walking balance ability classification.

To further validate the performance of the proposed method, we
migrated and applied a state of art posture classification method

proposed by Klishkovakaia et al. (Klishkovskaia et al., 2020). Briefly,
the authors developed a low-cost and high-precision posture
classification method based on posture description composed of
vector lengths and angles. Movement can be described as a collection
of postures. We can analyze differences in walking balance ability by
establishing balance ability posture collections.

The performances of the reproduced method and the proposed
DCNN method are shown in Table 8. We can see that the proposed
model is better in the walking balance classification task. In the
classification of postures task, the difference between postures is
more obvious, such as walking and standing. However, in the
classification of walking balance ability task, the postures are all
walking postures. Therefore, the classification of walking balance
ability may need more powerful feature extraction capability, which
is the strong point of DCNN method.

4 Conclusion

In this study, we used the Kinect 3D skeleton data and DCNN to
assess balance abilities of human body during walking. Thorough
parametric study including hyperparameters setting of DCNN and
skeleton node selection was performed in order to obtain better
performance. The proposed DCNN was compared with traditional
machine learning methods, and the results showed that DCNN has
the best performance. Our results suggest that 3D skeleton data and
DCNN can be used for balance assessment with decent accuracy.
The proposed method should be useful in early screening balance
impaired people. It can partially replace commonly used balance
measures and reduce the influence of subjective factors. In future
work, we plan to further validate the proposed deep convolutional
neural network model on 3D skeleton datasets from real patients. In
addition, we plan to further subdivide the levels of walking balance
ability to assess the patient’s situation more accurately. Moreover,
we plan to use multiple Kinects in combination to increase data
accuracy.
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TABLE 7 Performance of DCNN and different CNN-based methods.

Classifier Accuracy Precision F1-score

DCNN 93.33 94.44 93.46

AlexNet 90.00 90.74 89.95

VGGNet 86.67 90.48 86.11

ResNet-18 83.33 88.89 82.22

TABLE 8 Performance of DCNN and posture description method.

Method Accuracy Precision F1-score

Posture description method 86.67 87.68 86.43

DCNN 93.33 94.44 93.46

TABLE 6 Performance of DCNN and different traditional machine learning
methods.

Classifier Accuracy Precision F1-score

DCNN 93.33 94.44 93.46

SVM 86.67 87.96 86.92

Random Forest 86.67 90.47 86.81

LSTM 83.33 86.71 82.83

Naive Bayes 73.33 81.71 73.37
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This study provided a comprehensive updated review of the biological aspects of
children foot morphology across different ages, sex, and weight, aiming to reveal
the patterns of normal and pathological changes in children feet during growth
and development. This review article comprised 25 papers in total that satisfied the
screening standards. The aim was to investigate howweight changes, age and sex
affect foot type, and gain a deeper understanding of the prevalent foot deformities
that occur during children growth. Three different foot morphological conditions
were discussed, specifically including the effect of sex and age differences, the
effect of weight changes, and abnormal foot morphologies commonly
documented during growth. This review found that sex, age, and weight
changes would affect foot size, bony structure, foot posture, and plantar
pressures during child growth. As a result of this biological nature, the
children’s feet generally exhibit neutral and internally rotated foot postures,
which frequently lead to abnormal foot morphologies (e.g., flat foot, pronated
foot, etc.). In the future, attention shall be paid to the causal factors leading to
specific foot morphologies during the growth and development of children.
However, sufficient evidence could not be provided due to a relatively short
period of investigation and non-uniformed research methodology in the current
literature. A more comprehensive and in-depth exploration is recommended to
provide scientific evidence for the discovery of children foot development and
personalized growth pattern.

KEYWORDS

children, foot morphology, foot posture, obesity, flatfoot, pes cavus

Introduction

The human foot, consisting of a total of 26 bones, is one of the most significant parts of
the human body (Mauch et al., 2009) and crucial for locomotion. Foot bones and relevant
muscles, ligaments, and tendons played significant roles in preserving the general form and
ensured functions under static or dynamic conditions (Mauch et al., 2009). In general, the
foot is the first to grow during early childhood (Bosch et al., 2009). According to the growth
of the foot stopped first, followed by the long bones (the femur and tibia), and lastly the
body (Mauch et al., 2009). Reported that the biological performance of the foot in healthy
children varied with age (Manousaki et al., 2019). It was discovered that foot width
decreased with growing foot length as a normalization of the foot width to length, and
adjusting for proportional variations during foot development (Bruner et al., 2009).
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As children grow, the foot morphology varied between sex as
well. As reported in several studies (Cheng et al., 1997; El et al., 2006;
Bruner et al., 2009; Muller et al., 2012; Waseda et al., 2014;
Manousaki et al., 2019), the foot length (FL) of boys increased
until at least the period of 15 years old, but girls showed scare
increases beyond the period of 13 years old. The navicular height
(NH) of the boy’s foot exhibited a gradual increase starting at the at
12, followed by a rapid rise at 13, and eventually reached a plateau at
15. In contrast, females’ NH rose gradually at 10, then quickly at 11,
and finally hit a plateau at 169.

Weight fluctuations could affect foot morphology, in addition
to other variables, such as age, sex, and height. In many developed
nations, child obesity is currently at “epidemic” levels (Racette
et al., 2003). For public health services across the world, obesity has
become an increasing burden and worry for public health services
across the world, which is a condition becoming more common,
showing long-term medical and social effects (Wang and Lobstein,
2006). Overweight and obesity, according to the World Health
Organization, are abnormal or excessive fat deposits that affect
general health. Overweight is defined as a body mass index (BMI)
for the age that is one standard deviation over the median of the
WHO growth reference criteria for school-age children and
adolescents (5–19 years). Obesity (de Onis et al., 2010) was
defined as a BMI for the age that was more than two standard
deviations over the WHO growth reference criterion median.
Being overweight put more strain on the musculoskeletal
system as kids get older, which could affect their mobility, level
of physical activity, and ability to carry out age-appropriate daily
tasks. Obesity could cause musculoskeletal discomfort in various
body regions (Krul et al., 2009). In addition to musculoskeletal
pain and discomfort, being overweight or obese also led to
orthopedic issues in the foot and ankle, knee, hip, and spine
(Frey and Zamora, 2007; Stovitz et al., 2008). Additionally, this
change significantly raised the chance of fractures, growth issues,
and developmental problems (Must and Strauss, 1999; Taylor
et al., 2006). Being overweight resulted in improper plantar
pressure distribution, foot anatomical changes, and foot balance
issues (Fink et al., 2019; Park and Park, 2019). Reduced flexibility
from the changed foot anatomy stopped children from running or
walking activities (Must and Strauss, 1999; Taylor et al., 2006; Fink
et al., 2019; Park and Park, 2019). Additionally, being overweight
could affect the plantar arch by affecting the bone and ligament
support and causing the medial longitudinal arch to collapse
(Buldt et al., 2018). Flatfoot was one of the most often reported
problems, according to various studies, that such change in the
arch may result in related foot conditions (Sachithanandam and
Joseph, 1995; Chen et al., 2013; Telfer and Bigham, 2019).
However, the two were not discovered to be associated,
indicating that there was no connection between obesity and
flat feet, in a later set of investigations on weight change and
flat feet (Song-Hua et al., 2017).

Flatfoot in quite common in children, and the prevalence was
determined by several variables, and the predisposing factors are
not only obesity (Abolarin et al., 2011). The prevalence of flat feet
may decrease as individuals age (Rao and Joseph, 1992). People
who had pes planus (flatfoot) typically exhibited midfoot
pronation or hindfoot valgus. Pes planus is a condition in
which the medial longitudinal arch (MLA) collapses with the

midfoot touching the ground entirely or almost completely
(LeGuern et al., 1997; Pfeiffer et al., 2006). The opposite of
flatfoot is a pes cavus (high-arched foot), which would not drop
with weight bearing. It is typically a deformity because of muscular
imbalance, which may be skeletal or soft tissue, or both combined.
The deformity is primarily located in the hindfoot, forefoot
(midfoot and forefoot), or a combination of both, with varying
degrees of severity. According to Zimon et al. (2011) the Charcot-
Marie-Tooth (CMT) disease was responsible for half of the pes
cavus (Brewerton et al., 1963). Research investigating the timing
and progression of foot and ankle changes in children with CMT,
as a genetic condition affecting the peripheral nervous system and
worsens over time, revealed that approximately 1 in
2,500 individuals was affected by this condition. The weakening
of the distal lower extremity, causing foot drop, sensory loss,
lacking tendon reflection, muscular spasms, and inverted foot
deformity was the typical symptom of CMT (Skre, 1974; Burns
et al., 2009). These symptoms resulted in several functional deficits,
such as foot discomfort, ankle instability, tripping, falling, poor
balance, and foot pain, which would affect gait performance
(Redmond et al., 2008a; Ferrarin et al., 2012; Dars et al., 2018).
One major symptom was the arch deformity (LeGuern et al., 1997;
Zambito et al., 2008), but not always presenting in children.
Clinical study, involving 32 children diagnosed with CMT and
ranging in age from 7 months to 15 years, reported that 72%
exhibited bilateral high arches, while 13% had flat feet (Ghanem
et al., 1996; Wines et al., 2005). The result reflected that arch
disorders could affect foot morphology.

However, whether increased weight in children could increase
the risk of flatfoot disease and the causation of specific foot
morphology is unknown. The answer to this question has been
controversial, and this study is aimed to discuss the effects of age,
weight, and sex differences on foot morphology and focuses on the
patterns of abnormal foot changes. The existing studies are still
unable to provide sufficient evidence due to factors such as short
study periods and non-uniformed research methodology.
Therefore, the goal of this review study is to investigate the
influence of sex, change in age and weight, and the causal
factors leading to abnormal foot morphology. Knowledge could
provide a scientific basis for children’s growth and development
and the discovery of individualized growth patterns for clinical
diagnosis.

Materials and methods

The study focused on foot morphology changes in children, to
discuss the normal and abnormal foot morphologies, thus
summarizing the effect of sex, age, and weight differences on
foot morphology, especially changes of flatfoot and high-arch
foot in the midfoot. The range of this study was set at
0–18 years old according to the growth cycle of the children
foot morphology (Bosch et al., 2009; Bruner et al., 2009; Mauch
et al., 2009; Waseda et al., 2014; Manousaki et al., 2019), and foot
changes caused by genetic or other diseases were excluded in the
study. The review did not include data on human rights violations
as contained in the Declaration of Helsinki, so ethics committee
approval was not required.
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Search strategy

Researchers used databases, including PubMed, Web of
Science, and Google Scholar, to conduct a comprehensive
literature search strategy. Since our study focused on changes in
foot morphology during child development, each search string had
to contain the following key words, ‘Children’s feet’ and
‘Morphology’. Therefore, the following key phrases were
retrieved using Boolean search syntax, [(Children’s foot) OR
(Children’s feet)] AND [(morphology) OR (shape) OR (foot
posture)] AND (age) AND (sex), with 134 documents found;
[(Children foot) OR (Children feet)] AND [(morphology) OR
(shape) OR (foot posture)] AND (foot (Children foot) OR
(Children feet) AND [(morphology) OR (shape) OR (foot
posture)] AND [(obesity) OR (overweight)], 112 searches
[(Children foot) OR (Children feet)] AND [(morphology) OR
(shape) OR (foot posture)] AND [(flat foot) OR (Pes cavus) OR
(CMT) OR (Foot Valgus)]. Thus, a total of 207 articles were found.
The search was not limited to the publication year. Studies released
before January 2023 were included. A total of 453 uncensored
duplicates were considered for topics, abstracts, and keywords. All
copies were removed using reference software (Endnote) and
manually checked by the Investigators (HJ, QM, and YG)
before the literature screening.

Inclusion and exclusion criteria

The screening conditions followed the framework construction
method of (Linares-Espinos et al., 2018) and the Preferred Reporting
Items for Systematic Evaluation and Meta-Analysis (PRISMA)
guidelines (Moher et al., 2009).

Inclusion: (1) the language of study is English; 2) young children,
children, and adolescents; 0–1 years of age; sample size >1; 3) studies
focus on changes in foot morphology; prospective or retrospective
studies involved at least changes in foot biomechanics or biological
features; abnormal foot type studies should be about the
characteristics of morphological changes and injury risk,
biological features, plantar pressure; 4) studies should focus on
tracer changes over time.

Exclusions: 1) congenital foot disease; other diseases causing
foot changes; 18 years of age or beyond; 2) foot has undergone
surgery; 3) studies that (apparently) published duplicate results from
the same subject sample as in previous publications obtained from
the same group; biological feature values reported in the first study
were excluded; 4) non-original articles (e.g., comments or

conference articles); non-English articles; review; and 5) did not
address foot biological features.

Research risks

Although defining the age range of children between 0 and
18 years, there were still individual differences in studies and even
external factors such as race, region, and environment that may
affect foot changes. Table 1.

Result

Search results

The preliminary search data was 453 articles, and after deleting
duplicates, the search yielded 238 articles. Among them, there were
64 articles about sex and age changes in children’s feet. There were
52 articles on changes in the foot due to obesity and overweight.
There were 122 articles on changes in specific foot types in children.
After removing 100 articles from the keyword filtering in titles and
abstracts; 32 studies with congenital foot disorders were excluded;
20 studies with other diseases causing foot changes were excluded;
9 studies with feet undergoing surgical treatment were excluded;
24 studies without foot biology were excluded; and 7 studies without
foot morphology were excluded. Therefore, based on the screening
eligibility criteria, a total of 32 studies were included for full-text
screening. However, 3 studies did not meet the number of
participants, 3 conference papers or reviews were excluded, and
1 study was retracted. Finally, 25 papers were found that satisfied the
requirements for inclusion. Figure 1 illustrates the systematic search
and selection process of the studies in detail.

Flat foot

The flattened MLA, showing that the foot type had smaller arch
angle as well as greater CSI and SI factor volume, was the primary
attribute of the flat foot. The typical z-value for the foot length was
around −0.1 51.

The findings from Table 2 showed that variations in skeletal
architecture, foot posture, and plantar pressure distribution were
influenced by differences in sex and age. These variations continued
until maturity. Studies on infant foot posture have shown that boys
often had flatter feet and lower arches than girls. With increasing

TABLE 1 Inclusion and exclusion criteria.

Inclusion Exclusion

Research
direction

(1) Studies in the English language; (2) Studies should focus on foot
morphological changes; Prospective or retrospective studies at least involve
changes in foot biomechanics or biological characteristics. In the study of
abnormal foot form, the change characteristics relating injury risk to at least
one biological characteristic, or plantar pressure; (3) Studies should focus on

the tracking of changes in time

(1) The foot has undergone surgery; (2) Studies (apparently) published
duplicate results from the same subject sample, the same results in previous
publications obtained from the same group; biological features reported in
the first study were excluded; (3) non-original articles (e.g., comments or
conference articles); non-English articles; review; (4) no biological features of

the foot

Subjects
and age

children and adolescents; 0–18 years old; sample size> 1 Congenital foot disease; Other diseases lead to foot changes; Over
18 years old
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age, 46.7% of children aged 8–10 years had neutral feet and 53.3%
had medially rotated feet (Al Kaissi et al., 2016). 56.9% of children
aged 11 to 13 had neutral feet, 39.7% had medially rotated feet, and
3.4% had posteriorly rotated feet (Al Kaissi et al., 2016).

2. Ball width is the x-y distance between points B1 and
B2 projected; The distance between the instep and heel,
measured horizontally, is known as the instep distance. Ball girth:
the area around the forefoot that corresponds to the B1, B2, and BC
points. (B2: fifth metatarsal; B1: first metatarsal; BC points: projected
on the z-axis. This is shown in Figure 2.)

From the results in Table 3, (Mauch et al., 2008), concluded that
flatfoot occurred at a higher rate in overweight children than in

other normal weight and ultralight weight. Although a considerable
number of studies have concluded that weight gain during growth
can indirectly or directly cause flat feet, (e.g., plantar pressure due to
weight gain and flattening of the MLA), the foot prosthesis could
maintain the longitudinal arch through compensatory mechanisms
(Aboelnasr et al., 2019). As the central nervous system matures in
children, individuals would have better motor performance and
balance. This would result in better control of lower limb posture
(Swallen et al., 2005). Notably, the ossification of foot structures that
accompanied skeletal development would allow the arch to remain
stable under weight-bearing in children (athirgamanathan et al.,
2019). External tibial rotation from the in-toe position at birth to the

FIGURE 1
Illustration of literature search and selection process for the current study.
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out-toe position during growth would result in a concomitant
decrease in the morphology of the hindfoot exostosis (Atik and
Ozyurek, 2014).

From the above analysis, it was clear that flatfoot may not be
significantly correlated with changes in body mass index (Hawke
et al., 2016; Aboelnasr et al., 2019). In other words, weight gain may
not lead to flatfoot. (Hawke et al., 2016). found that children with
greater internal rotation of the foot exhibited greater lower limb and
overall body flexibility in a study of a sample of healthy
asymptomatic children aged 7–15 years. Also, the findings of this
study corroborated the discovery of a connection between flat feet
and joint flexibility (Pfeiffer et al., 2006).

High-arch foot

Foot arch deformities were rarely seen in the early childhood
population (under 3 years of age). However, as children grow, the
navicular bone, the final foot bone to ossify in children between the
ages of two and five, was characterized by its fallibility and
formative nature. As a result, it became a crucial consideration
when evaluating the foot posture of four-year-old kids. Foot
navicular ossification occurred later in boys than in girls, while
the prevalence of pes cavus increased highly in boys between the
period of 4 and 13 years, but the prevalence of pes cavus was
frequent in the girl population (Alexander and Johnson, 1989;

TABLE 2 Influence of Age and Sex on Foot type Changes

References Participants Sex Age Method Sex result Age result

Ana et al. (2017) 2569 1291 girls
and

1278 boys

9-15 Researchers compiled data on
children’s age distribution and
mean bilateral FPI-6 scores.

Males typically scored higher than
girls did, and the left foot’s FPI-6
score was substantially greater
than the right foot’s (p < 0.05).

The typical FPI-6 score for
children and adolescents between
the ages of 9 and 15 is 3.0-3.4,
with neutral to slightly pronated

foot morphology.

Al Kaissi et al.
(2016)

150 71 girls and
79 boys

8-13 Determined BMI, weight, FPI
and height in the bipedal, static,

and relaxed position.

As compared to boys, a somewhat
higher percentage of girls had

pronated feet.

Children aged 8 to 10 had neutral
feet in 46.7 percent of cases and
pronated feet in 53.3 percent.

11.9% neutral, 39.7% pronation,
and 3.4% pronation were seen in

children aged 11 to 13.

Delgado-Abellan
et al. (2014)

1031 534 girls and
497 boys

6-12 Measuring the barefoot
condition. The boy or girl stood
with both feet stilly with equally
distributed weight on both feet

during measurement.

The aged with the largest sex
difference was 8 - 9 years old and 9
- 10 years old. Boys’ feet were

wider than girls’ feet, and the most
significant differences between

boys and girls of the same age were
in ball width, ball circumference,

and instep height.

Through all ages evaluated the
disparities in foot length

increased linearly with height.

Stavlas et al. (2005) 5866 2931 girls
and

2935 boys

6-17 The Harris and Beath foot
printing mat was used to obtain
dynamic (walking) bilateral
footprints in every child

At the age of 7, 9, 11, 14 and 15,
boys have a significantly higher
proportion of low arch than girls

of the same age

No systematic description

(Xu et al., 2018) 2543 1303 girls
and

1240 boys

7-12 Record foot size through video
capture system

At 7-8 and 8–9 years old for girls
and 8–9 and 10–11 years old for

boys, most measurements
dramatically rose. The arch height,
instep length and heel width of
male and female had the largest
increasing trend at the age of 7-
12 years (P < 0.05). Most of the sex
differences occurred at ages 8, 9,

and 11.

In girls 7-8 and 8–9 years old and
boys 8–9 and 10–11 years old, the

majority of measurements
dramatically rose. For both sexes,
ages 7 to 12 years, the largest
increases were seen in arch

height, instep length, and heel
width.

Carvalho et al.
(2017)

1394 921 girls and
473 boys

10-14 determined weight, height, BMI,
and FPI in the bipedal, static, and

relaxed position.

With the right foot, boys scored
higher than girls.

There were age differences
between 11- and 13-year-old for
the left foot. The 11-year-old

group showed a greater tendency
to pronate their feet.

Vrdoljak (2017) 2745 1370 girls
and

1375 boys

2-7 Six age categories were used to
separate the population of kids.
The length of the foot was
measured using a measuring

tape, while shape was determined
clinically.

In all age and sex groups, boys’
and girls’ left and right feet were
identical in length and form.

The second and third years were
when the foot grow the fastest.
The foot grow by around 1 cm a
year from the third to the sixth

year.

Remarks: Indicators and scoring standards for the FPI-6 test: (1) Foot posture indexes (FPI-6) Palpation of the talar head; (2) symmetry of the supra- and infra-lateral malleolar curvature; (3)

position of the calcaneus in the frontal plane; (4) prominence near the talonavicular joint; (5) congruence of the medial longitudinal arch, and forefoot abduction or adduction on the rearfoot are

other examination criteria. The total FPI-6 score ranged from -12 to 12, with each FPI-6 item being graded on a scale of -2 to 2. Based on their FPI-6 scores, the individuals were divided into

three groups: 1) 0 to 5 is considered normal; 2) >6 is considered pronated; 3) < -1 is considered supinated (Redmond et al., 2008b).
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Aminian and Sangeorzan, 2008; Wozniacka et al., 2013; Chang
et al., 2014).

Pes cavus was a common foot disorder in children while this
disorder had an overall inversion of the foot, projection of the lateral
edges of the foot, and inversion of the heel during standing (Wicart,
2012). This was generally caused by the deformity of pes cavus,
which was cavus foot, a simple morphological feature but a normal
variant often found in healthy individuals and growing children
(Alexander and Johnson, 1989; Schwend and Drennan, 2003; Chang
et al., 2014). While the other condition was direct cavus foot, which
was the result of foot deformity and often only affected the sagittal
plane (forefoot, hindfoot, or both) occurred only in the sagittal plane
(forefoot, hindfoot, or both). Direct cavus foot may be associated
with multiple causes, and several studies have shown that the
condition was due to structural problems in the brain, spinal
cord, peripheral nerves, or foot, while neurological disorders were
seen primarily in the posterior cavus foot (Schwend and Drennan,
2003; Wicart, 2012). CMT was the most common neurologically
caused disorder in this condition (Burns et al., 2009). The risk of
deterioration in childhood can generally be averted with the right
conservative care (orthotic realignment of the foot) (Wicart, 2012).

Discussion

Influence of sex and age differences

Changes in foot morphology in children were gradual over time,
particularly the growth of foot length and width. The critical age for
foot development was 6 years, and (Waseda et al., 2014). found that
children’s foot length increased rapidly from the age of 6 years.
Changes in foot morphology characteristics were minimal during
the age interval of 10–11 years and stabilized at 12 years (Cheng
et al., 1997; El et al., 2006; Catan et al., 2020). Cheng et al. (Cheng
et al., 1997) found that children’s foot length and width increased by
an average of 8–10 mm per year between the ages of 6–12 years.

(Muller et al., 2012). reported that the length and width of the foot
grew with age, it was demonstrated that the growth rate of foot
length practically hit a plateau at 13 years for girls and 14 years for
boys at that point (Evans et al., 2012; Waseda et al., 2014).

In terms of sex differences, the change in the foot was comparable,
however, there could be variations between 8 and 10 years old
(Delgado-Abellan et al., 2014). According to (Cheng et al., 1997),
until the age of 3 years, variations in foot length and width in males
were comparable to those in girls. Boys’ feet development increased
after the age of 3 years. At the age of 9, boys and girls showed
considerable disparities, according to research by Bosch, Gerss, and
Rosenbaum (Bosch et al., 2010). Nevertheless, no information regarding
foot length was provided in this investigation. (Stavlas et al., 2005).
found that the average annual foot length growth rate was 4.3% for boys
and 3.9% for girls. The study also revealed that the fastest growth rates
were observed at ages 8-9 and 10-11 for boys, and ages 7-8 and 8-9 for
girls. Thus, peak growth rates occur earlier in girls than in boys. The age
of 7–12 years was the stage of rapid growth in foot arch height among
Chinese boys and girls. Studies showed that the navicular height of boys’
feet would increase from 6 to 13 years of age (Szczepanowska-Wolowiec
et al., 2021). The navicular or talar navicular joint line was often used to
determine the height of medial longitudinal arch. Between the ages of
8 and 13, the arch height of girls rose. The arch height ratio in boys was
practically flat until age 11 but considerably rose from age 11 to 13. The
formula for the arch height ratio is AHR (%) = navicular height*100/
foot length. Girls’ arch height ratios were largely flat until age 10 but
considerably rose between age 10 and 12.

Foot morphology changed with growth and development. (Ana
et al., 2017). performed the Foot Posture Index (FPI) test for both feet
among 2,569 children aged 9–15 years during 2016–2018. The FPI
was a clinical diagnostic tool designed to quantify the grade of foot
position (posture), such as neutral, internally rotated, or posteriorly
rotated. The index was developed using a simple six-factor method to
assess footmorphology, to obtain simple and quantitative postures (Al
Kaissi et al., 2016). It was reported that girls had a higher percentage of
rotated feet than boys, and boys presented higher FPI-6 scores than
girls, suggesting that boys had flatter feet and that children and
adolescents aged 9–15 years had neutral or mildly internally
rotated foot morphology. (Heidi and Priv, 2015). conducted a
study on foot morphology in infants who just started walking
independently. The study showed that boys’ feet were flatter and
had a lower arch than girls’ feet, indicating that males were more likely
than girls to have higher FPI-6 scores from an early age.

In other words, the effect of sex differences on foot morphology
may be present since birth, and such a condition may exist during
growth. The effect of age differences on the foot was also presented
from the time of birth, and because of the age difference, the foot
width and length grew at different rates, which was a dynamic process.
(Al Kaissi et al., 2016). observed differences between children and
adult populations, with children generally presenting a neutral foot
and internally rotated foot stance, and (Wilkerson and Mason, 2000)
found that adults generally presented a neutral foot stance. The study
discovered that with increased muscle mass, myelination of motor
neurons, and subsequently enhanced muscular strength from puberty
forward, the medial longitudinal arch (MLA) had stronger support.
This function would contribute to the development of a neutral foot.

In studies of normal foot type, characteristics of foot
morphology could be evaluated by footprint, foot index, FPI,

FIGURE 2
Illustration of Ball width (left) and Ball girth (right).
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manual measurement, and camera acquisition. A large sample of
data and studies reported (Alexander and Johnson, 1989; Aminian
and Sangeorzan, 2008; Heidi and Priv, 2015; Hawke et al., 2016;
Escalona-Marfil et al., 2022) that incorrect gait and walking postures
and related external factors were the causes of foot disorders in
children.

Influence of body weight variations

Apart from the above factors of age and sex, variations in body
weight and height could also lead to changes in the biological structure
of the foot (Waseda et al., 2014; Bailly et al., 2022). Being overweight
has implications for foot structure, including alterations of anatomical
structure, abnormalities in plantar pressure distribution, and balance
(Bruner et al., 2009; Waseda et al., 2014; Manousaki et al., 2019; Bailly
et al., 2022). BMI is a popular tool for assessing overweight and obesity
as a straightforward measure of the connection between weight and
height. The overweight individuals have higher ratios of arch collapse
due to thicker layers of adipose tissue (Swallen et al., 2005). Medial
section of the plantar foot in a group of 8-year-old children had denser
adipose tissue, and the height of longitudinal arch was lower in these
observations (Wilkerson and Mason, 2000). (Agnieszka and Edyta,

2015) found that being overweight had a negative effect on the
longitudinal arch in preschool children. In preschoolers, no
correlation between BMI and the height of the transverse arch was
found, but in preschoolers of normal weight, the height of longitudinal
arch was significantly increased. In contrast, a trend towards the
decreasing longitudinal arch height in overweight and obese boys and
girls was found. (da Rocha et al., 2014). concluded that foot sensitivity
was lower in obese children than non-obese children. Obese children
showed similar sensitivity in all foot regions, while non-obese children
were able to differentiate the intensities of touch on different regions.
Studies showed that higher sensitivity to touch was associated with
higher receptor density, which decreased with age. Therefore, the
lower sensitivity in obese children may be due to lower receptor
density per surface area unit (Kozłowska, 1988), but this is only theory
at this time, and no particular experimental verification of this
assumption has been carried out. Future studies may consider
examining the receptor density of foot surface area in obese,
overweight, normal, and ultralight children as per age group and
BMI groups. (Lee et al., 2013).

Overweight boys during childhood may have bigger feet,
indicating that obesity may be a major factor affecting foot
growth (as determined by the size recorded in the available data
set). The structural characteristics of the foot in obese children were

TABLE 3 Influence of Obesity and Overweight on Foot Types

References Participants Age Category Method Result

Agnieszka and Edyta,
(2015)

207 4-6 OW Measurements included body weight, height, body
mass index, and Clarke’s and gamma angles.

Correlations between sex, nutritional health, and
variations in foot arch height were also examined.

The proportion of overweight and obese boys and
girls increased between the ages of 4 and 6, and
those with extra body weight tended to have

collapsed medial longitudinal arches of the foot.

Stewart et al. (2018) 3713 3-18 OB Analysis of pediatric foot dimensions of children’s
feet (foot length [FL] and foot width [FW])

When compared to their obese counterparts, FL
and FW were substantially shorter in male and

female patients of normal weight.

Mauch et al. (2008) 2887 2-14 N, UW, OW Twelve relevant 3D foot measures were taken while
the feet were in an upright bipedal position using a
3D foot scanner. The age, sex, height, and weight of

the children were also recorded.

Among underweight children, there was a larger
percentage of thin feet (65-7%) compared to flat
(4-50%), robust (89-100%), and short (21–70%)
feet. The disparities were considerably more
obvious in the overweight kids. Age-related

increases in robustness (69-337%) and flat feet
(53-128%) were seen.

da Rocha et al. (2014) 40 6-10 N, OW Whether individuals were standing on one foot or
two feet, the researchers measured the foot

sensitivity and plantar pressure and compared the
results between the feet and legs of obese and non-

obese persons.

Children who are overweight have fewer sensitive
feet and more plantar pressure. In addition,

sensitivity in various foot areas was comparable in
obese and non-obese children.

Gijon-Nogueron et al.
(2017)

1798 6-12 OW, OB Each had their height and weight assessed, and the
body mass index (BMI) was computed. The foot

posture is described using the foot posture
index (FPI).

Body mass does not appear to have a significant
impact on static foot posture in children between

the ages of 6 and 12.

Jimenez-Ormeno
et al. (2013)

1032 6-12 N, OW, OB The body mass index was determined using
measurements of height and weight. Obese,
overweight, and normal-weight children were
identified. An instatic, three-dimensional foot

digitizer was used to measure the foot morphology.

Overweight and obese kids develop bigger feet
than their normal-weight peers.

Escalona-Marfil et al.
(2022)

575 5-10 N, OW,
OB, UW

Foot posture and form evaluation (FPI) and body
composition measurement

The findings of this study show that children with
normal weight, children who are overweight or
obese, as well as children who are underweight,
have different foot measurements (FPI, AHI,

and MFW).

Remarks: 1. OW=overweight; OB=obeity; N=normal; UW=under weight
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wider and thicker, which may increase the peak plantar pressure and
vertical peak pressure during gait. Lower footprint angle (FA),
higher Chippaux-Smirak index (CSI), higher plantar pressure
(Lobstein and Frelut, 2003), higher arch index (AI), and greater
footprint area (Stovitz et al., 2008) were found in obese children feet.
Children with high body weight may show less degree of variations
in the foot morphology or the changes might be gradual or subtle.
Thus, (Jimenez-Ormeno et al., 2013), suggested that being
overweight may be an important factor affecting foot
development in prepubescent students at school. (Mauch et al.,
2008). found that low percentage of flatfoot was observed in
underweight children. However, the likelihood of flat feet rises
with age, although this is highly documented in overweight children.

Obesity would lead to the compensation of foot arch, and either
indirectly or directly contribute to the development of flat feet
(Sachithanandam and Joseph, 1995; Chen et al., 2013; Song-Hua
et al., 2017; Buldt et al., 2018; Telfer and Bigham, 2019). However, a
recent study of 728 children between 3 and 15 years old found a
relationship between weight and foot morphology (Evans and
Karimi, 2015). While Evans (Evans and Karimi, 2015) refuted
that heavier children had flatter feet, and further emphasized no
association between increased body weight and flatfeet among
children. Whilst this statement contradicted with several studies
(Sachithanandam and Joseph, 1995; Lobstein and Frelut, 2003; Chen
et al., 2013; Telfer and Bigham, 2019), which may be a convergent
prediction of the foot morphology in overweight and obese children.
Currently, weight reduction was not employed as a treatment in the
traditional treatment of flat feet due to obesity. Therefore, it was
suggested that further follow-up studies should be conducted
focusing on this issue. Yet, alterations in foot morphology
brought on by excess weight may cause discomfort or pain and
may increase reluctance to exercise, which might result in body
weight growth. Considering the development of healthy children,
increased attention is still required, especially for physical activity
and diet control.

Abnormal foot type

Pes planus (flat foot)
The influence of weight, sex, and age was discussed for the

development of flat feet. (Evans et al., 2012). found that between
the age of 5–10 years, girls had higher arches than boys. (Ana et al.,
2017). investigated 2,569 Japanese kids between the age of 9–15 using
the FPI-6, discovering that kids exhibited neutral or moderate internal
rotation in standing posture, with a mean score of 3–3.4. Based on a
sample of 140 children aged 7–10 years, (Aboelnasr et al., 2019), used
FPI-6 screening to identify a sample of 31 kids with flat feet. Basic
anthropometric measurements were compared between subjects
designated with flat feet, reporting that waist size was associated
with foot morphology (although not significantly), but conversely, a
“fatter” waist was less associated with flat feet. In other words, weight
gain and flat feet were unrelated. In a study by (Hawke et al., 2016),
basic data on 30 healthy, asymptomatic kids aged 7 to 15 were
gathered, including height and weight (BMI), Beighton score, Foot
Posture Index-6 (FPI), and lower extremity evaluation. A correlation
between flat feet and joint flexibility was discovered, and internal foot
rotation was associated with lower limb and overall body flexibility in

healthy and asymptomatic children, but not related with the ankle
flexibility (Aboelnasr et al., 2019), which was consistent with a
previous statement (Hawke et al., 2016). This finding supported
that neutral and internally rotated foot postures predominated
over other foot postures, as reported by Evans (Evans et al., 2012)
that being overweight would not cause flat feet.

The current review discussed flatfoot based on asymptomatic
participants, focusing on the effect of growth and development on
the biological shape of the children foot and the potential cause of
flatfoot.

Pes cavus (high arch)
Cavus foot was used to describe the foot type that had high arch

as a typical characteristic. High arch may be caused by a high pitch
angle in the hindfoot, hyperflexion of the plantar aspect in the
forefoot, or hyperflexion of the midfoot. In complex cases, the cavus
foot may be driven by a narrow pitch-heel angle and a possible
torsional component in the midfoot. The components of the venous
cavity showed increased pronation and pitch of the hindfoot, plantar
flexion of the midfoot, and pronation and inversion of the forefoot.
The shape of the foot cavity is associated with changes in foot
mechanics.

(Alexander and Johnson, 1989) stated that arch deformities were
rarely observed in young children (under 3 years) but may occur as
children grow. The etiology could be attributed to problems in the
brain, spinal cord, peripheral nerves, or foot structure. When motor
imbalances occurred before skeletal maturation, the healthy bone
morphology may result in substantial changes. When cavernous
cavities were acquired after skeletal maturation, there may be little
or no change in foot morphology. Two-thirds of adults with
symptomatic cavus foot have an underlying neurological condition.
CMT disease was the most prevalent. The findings of (Wozniacka
et al., 2013) indicated that a high prevalence of high arched feet. Those
with symptomatic cavus feet were two-thirds more likely to have a
neurological disorder. Themost common disease among children and
teenagers between the ages of 4 and 13 was the CMT disease. On the
right foot, 66.5% of children had high arches, compared to 61.4% on
the left, and girls were more likely to have high arches than boys.
(Chang et al., 2014). studied static foot morphology, including foot
navicular height and arch volume during sitting and standing in
27 children aged 2–6 years. The study found that the arch volume
index (AVI) was significantly correlated with pressure changes in the
midfoot (Stovitz et al., 2008), which implied that AVI measured in the
static position could be correlated with dynamic changes in mid-foot
lower-foot loading. However, there was no correlation between AVI
and mean pressure and force throughout the stance phase (Evans
et al., 2012). As the arch height decreasing, the pressure and force on
the medial metatarsal and midfoot plantar increased (Villarroya et al.,
2009). Compared with NH, the correlation between arch volume and
foot pressure distribution is higher, so the cause of high arch
formation may come from changes in foot structure (Putti et al.,
2010). Foot structure may alter over time because of weight
fluctuations, foot growth, and development, which could eventually
cause musculoskeletal disease to manifest.

The studies included in the current review were based on
asymptomatic participants, comparing to the different foot types
and those asymptomatic individuals who seem healthy but have
higher risks of musculoskeletal diseases.
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Conclusion

This review studymainly investigated three issues, including (1) how
age and sex variations affect changes in footmorphology, (2) the effect of
weight changes on foot morphology, and (3) common abnormal foot
morphology during the growth and development of children. Key
finding of this review was that sex, age, and weight change would
affect foot size, bony structure, foot posture, and plantar pressures during
childhood. As per this biological nature, children feet generally exhibit
neutral and internally rotated foot postures, which frequently contribute
to abnormal foot morphologies (e.g., flat feet and high-arched feet).

This review comprehensively synthesized several published
evidence in previous studies, while future studies may consider
focusing on the contribution of other factors to specific foot shapes
during child development (in addition to the studies presented here)
and further expand the information of the research and application
of foot morphologies and conditions in children, thus providing
comprehensive knowledge for healthy children development.
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Introduction: The “postural control system” acts through biomechanical
strategies and functional neuromuscular adaptations to maintain body balance
under static and dynamic conditions. Postural stability and body weight
distribution can be affected by external sensory inputs, such as different visual
stimuli. Little information is available about the influence of visual receptors on
stabilometric and plantar pressure parameters. The aim of this study was to
analyze variability, correlations, and changes in these parameters under open-
(OE) and closed-eye (CE) conditions.

Methods: A total of 31 stabilometric and plantar pressure parameters were
acquired in 20 young and healthy adults during baropodometric examination
performed in bipedal standing under both visual conditions. Variability of
parameters was evaluated via the coefficient of variation, correlation analysis
via Pearson’s R2, and statistical differences via the Wilcoxon test.

Results: High intra-subject repeatability was found for all plantar pressure
parameters and CoP-speed (CV < 40%) under OE and CE conditions, while
CoP-sway area (CoPsa) and length surface function (LSF) showed larger
variability (CV > 50%). Mean and peak pressures at midfoot and total foot loads
showed the least number of significant correlations with other parameters under
both visual conditions, whereas the arch-index and rearfoot loads showed the
largest number of significant correlations. The limb side significantly affectedmost
plantar pressure parameters. A trend of larger LSF and lower CoPsa and mean and
peak pressures at the right forefoot was found under the CE condition.

Discussion: The present study provides a deeper insight into the associations
between postural stability and foot load. Interesting postural adaptations,
particularly with respect to different visual stimuli, the effect of the dominant
side, and the specific role of the midfoot in balance control were highlighted.

KEYWORDS

posture, postural control, foot, baropodometry, stabilometry, pressure plate, visual
control
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1 Introduction

Postural stability represents the ability of the “postural control
system” (PCS) (Takakusaki, 2017) inmaintaining the vertical projection
of the body center of mass (COM) within the feet contact area (Patti
et al., 2018). This function of the central nervous system relies on
biomechanical strategies and neuromuscular adaptation to stabilize the
position of the body segments against the force of gravity (Ivanenko and

Gurfinkel, 2018) and to maintain balance (Moffa et al., 2020) during
different motor tasks. Bipedal standing is characterized by postural
parameters in the sagittal plane (De Blasiis et al., 2021a) resulting from
the synergic actions of anti-gravity muscles on the human skeleton to
ensure minimal COM oscillations and low energy expenditure (Gagey
et al., 1998).

Body oscillations can be quantitatively assessed by baropodometry
using stabilometric tests (Rosário, 2014; Baumfeld et al., 2017). Several

TABLE 1 Description and legend of plantar pressure and stabilometric parameters. Forefoot (Ff); midfoot (Mf); rearfoot (Rf); mean pressure (Pmean); maximum
pressure (Pmax); center-of-pressure speed (CoP-speed); center-of-pressure sway area (CoPsa); length surface function (LSF); arch index (AI); and foot contact
area (FCA).

Legend Plantar pressure and
stabilometric parameters

Description

1 Load Tf [%] Left Percentage of body weight distribution

2 Load Tf [%] Right

3 Load Rf [%] Left Percentage of body weight distribution at the rearfoot

4 Load Rf [%] Right

5 Load Mf [%] Left Percentage of body weight distribution at the midfoot

6 Load Mf [%] Right

7 Load Ff [%] Left Percentage of body weight distribution at the forefoot

8 Load Ff [%] Right

9 Pmean Tf [KPa] Left Mean pressure at the total foot

10 Pmean Tf [KPa] Right

11 Pmean Rf [KPa] Left Mean pressure at the rearfoot

12 Pmean Rf [KPa] Right

13 Pmean Mf [KPa] Left Mean pressure at the midfoot

14 Pmean Mf [KPa] Right

15 Pmean Ff [KPa] Left Mean pressure at the forefoot

16 Pmean Ff [KPa] Right

17 Pmax Tf [KPa] Left Peak pressure at the total foot

18 Pmax Tf [KPa] Right

19 Pmax Rf [KPa] Left Peak pressure at the rearfoot

20 Pmax Rf [KPa] Right

21 Pmax Mf [KPa] Left Peak pressure at the midfoot

22 Pmax Mf [KPa] Right

23 Pmax Ff [KPa] Left Peak pressure at the forefoot

24 Pmax Ff [KPa] Right

25 FCA [mm2] Left Foot contact area

26 FCA [mm2] Right

27 AI [%] Left Ratio between the midfoot contact area and foot contact area (without toes)

28 AI [%] Right

29 CoPsa [mm2] Area of an ellipse containing the trajectory of the center of pressure

30 CoP-speed [mm/s] Average velocity of the center of pressure

31 LSF [mm-1] Ratio between the distance covered by the center of pressure (CoP-length) and CoP sway area (CoPsa)
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plantar-pressure-based measures have been proposed to evaluate
postural stability: center of pressure (CoP), CoP-sway area (CoPsa),
CoP-speed, and length surface function (LSF) (Fullin et al., 2022)
(Table 1). In addition, the morphology of the foot contact area and
body weight distribution across different plantar regions can be
analyzed under static and dynamic conditions (Rosário, 2014; Fullin
et al., 2022) using plantar pressure parameters (percentages of body
weight distribution, mean and peak pressures, and arch index).

All baropodometric parameters are affected by the continuous
postural adaptations performed by the PCS, which integrates
sensory inputs (somatosensory, visual, and vestibular) and
elaborates motor outputs stabilizing the whole-body posture
(Gagey et al., 1998). In particular, the contribution of the visual
receptor to postural control has been investigated for its impact
across different scientific fields (Stoffregen et al., 2000; Bellizzi et al.,
2011; Nishiike et al., 2013). Maintaining balance control in vision-
loss conditions is supported mainly by the vestibular and
proprioceptive receptors, through postural adjustments that may
be assessed quantitatively and instrumentally.

Quantifying the physiological variation of stabilometric and plantar
pressure parameters in a normal population is critical to define the
reference values to assess pathological conditions and identify the most
reliable parameters to be used in the clinical setting and research. The
intra-subject and intra-day variability in stabilometric and plantar
pressure parameters have been reported in healthy subjects under
open- (OE) (Fullin et al., 2022) and closed-eye (CE) conditions
(Samson and Crowe, 1996; Gagey and Weber, 2010; Hébert-Losier
and Murray, 2020). The inter-subject variability in a young healthy
population in OE during the same day (Fullin et al., 2022), two sessions
1 week apart (Alves and Porfirio Borel, 2018), and intra-session and
inter-session over 2 weeks (Baldini et al., 2013) has also been assessed.
Several studies defined the standard reference values of the
aforementioned parameters under OE conditions (Ohlendorf et al.,
2019; Fullin et al., 2022) and under static OE and CE conditions (Prieto
et al., 1996; Tanaka et al., 2000; Hue et al., 2006; Vieira Tde et al., 2009;
Bellizzi et al., 2011; Baldini et al., 2013; Santana Castro et al., 2021;
Nishiike et al., 2013; Rodríguez-Rubio et al., 2020; De Blasiis et al.,
2021b; Quialheiro et al., 2021; Scoppa and Gallamini, 2021), reporting
greater CoPsa, CoP-speed, and CoP-length in CE.

While several stabilometric parameters are affected by visual
stimuli, little information is available on which baropodometric
parameters characterize the different visual conditions. The aim of
this study was to evaluate the effect of visual stimuli on postural
stability and plantar pressure parameters in a young and healthy
population and to analyze variability, correlations, and changes in
these parameters under OE and CE conditions.

2 Materials and methods

A total of 20 healthy subjects (7M, 13 F; age = 20.2 ± 0.9 years; right-
limb dominance = 20/20; height = 1.69 ± 0.09 m; weight = 61.94 ±
8.58 kg; BMI = 21.6 ± 1.7 kg/m2) were recruited at the Motion Analysis
Laboratory of the Anatomy Department at the University of Campania
L.Vanvitelli, Naples, Italy. Ethical review and approval were waived for
this study due to the nature of this pilot study, which required the
recruitment of a small population of healthy participants tested for
standard plantar pressure parameters during bipedal standing posture.

The following inclusion criteria were used: absence of pain, no surgery in
the last 6 months, no muscle-skeletal injury in the last 3 months, no
dental surgery or use of dental implants, no prostheses or use of
corrective orthoses, no neurological or visual disease, no skeletal
dysmorphism, and no cognitive impairment. Participants were
evaluated in an anatomical upright bipedal posture with the arms
relaxed along the body close to the thighs and the head in the
neutral position using a 200 × 50 cm 10,000 sensors/m2 pressure
plate (P-Walk FM12050 BTS-Bioengineering, Milan, Italy), sampling
at 50 Hz (Figures 1A, B), following the international standardization
criteria for baropodometric tests (Scoppa and Gallamini, 2017). The
exceptions were for the visual target, placed 2.8 m away from the subject,
and for the distance between the feet, self-selected by each participant
with the indication to place the feet close but not together and to find a
comfortable posture (Tarantola et al., 1997; Chiari et al., 2002). Four
stabilometric exams of 30 s were performed on each participant under
OE and CE conditions (Figure 1A, B). Each participant was
allowed to sit down and rest before each trial, maintaining the
same feet position in all the trials (Chiari et al., 2002). To ensure a
correct postural examination, the tests were performed in silence
and in a room with a level floor and white walls. The pressure plate
was weight-calibrated before each measurement following the
procedure recommended by the manufacturer. The following
clinically relevant stabilometric and plantar pressure parameters
were measured: center-of-pressure sway area (CoPsa; mm2); length
surface function (LSF; mm-1); center-of-pressure speed (CoP-
speed; mm/sec); total foot (Tf), rearfoot (Rf), midfoot (Mf), and
forefoot (Ff) loads (%); mean and peak pressures (Pmean and
Pmax; KPa) at Rf, Mf, and Ff; the foot contact area (FCA; mm2);
and arch index (AI; %) (Figure 1C–F; Table 1) (Fullin et al., 2022).
All plantar pressure parameters were calculated for both left (l) and
right (r) sides. Mean pressure parameters at Rf, Mf, and Ff were
calculated as the ratio between weight and area calculated for each
region. Load parameters were normalized to body weight (%BW).
For each parameter, intra-subject (inter-trial) variability was
assessed via the coefficient of variation (CV) across four trials
for each subject. Possible correlations between pairs of
stabilometric and plantar pressure parameters were assessed
under OE and CE conditions via Pearson’s correlation analysis
(R2). The effects of the side and the visual conditions were tested
via the non-parametric Wilcoxon paired test. A Bonferroni
correction was applied to the significance level (adjusted α =
0.005) to account for the multiple correlation analyses and for
the multiple paired comparisons between OE and CE conditions.
Statistical analysis was performed using MATLAB (MathWorks)
and R (R Core Team. R, 2018).

3 Results

3.1 Variability in stabilometric and plantar
pressure parameters under OE and CE
conditions

Figure 2 depicts the boxplots (median 25%–75%) for each
parameter of the CV distribution across subjects. The CVs were
sorted in ascending order along the x-axis by the median value. High
repeatability (median CV < 20%) was observed for all plantar
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pressure parameters and CoP-speed under both visual conditions,
except for right AI in OE (median CV = ~40%). CoPsa and LSF
showed the largest variability (median CV > 50%).

3.2 Correlation analysis across stabilometric
and plantar pressure parameters under OE
and CE conditions

Figure 3 illustrates the outcome of the multiple correlation analysis
between pairs of stabilometric and plantar pressure parameters under
OE and CE conditions. The R2 of the correlation between each pair of
parameters are graphically reported in a 31 x 31 matrix, using round
markers whose size represents themagnitude of a statistically significant
correlation between a parameter on the x-axis and a parameter on the
y-axis. Positive correlations are represented by green roundmarkers and
negative correlations by black round markers. The X-axis parameters
were sorted in ascending order by the number of statistically significant
correlations (corrected α < 0.005) with other parameters. CoP-speed
and Pmean Mf (r) were identified as the most independent parameters

in OE, showing no correlation with other parameters. In CE, the most
independent parameters were Pmean Mf (r), Pmax Mf (r), and LSF;
unlike what was observed in OE, CoP-speed was positively correlated
with Pmax Rf (l, r), Pmean Rf (l), Load Rf (l), Pmax Tf (l), and CoPsa. A
few correlations (≤ 6)were found inOE andCE for LoadTf (l,r), Pmean
Mf (l) and Ff (l, r), Pmax Mf (l) and Ff (l, r), and CoPsa. All other
parameters showed a larger number of correlations (>6) under both
visual conditions.

3.3 Inter-side (left vs. right) comparison of
plantar pressure parameters

The distribution of stabilometric and plantar pressure parameters
under each visual condition is reported as median and 25% and 75%
percentiles in Table 2. Significant differences were found between the
left and right sides for all parameters (p < 0.005), except for Load Ff,
Pmean Tf, PmeanMf, and PmaxMf under both visual conditions and
for Pmax Rf inOE (Table 2). In particular, significant parameters were
larger in the right side under both visual conditions, except for Rf.

FIGURE 1
Left, a subject in anatomical standing posture in OE (a) and CE (b) conditions. Centre, colormaps of plantar pressure distribution at rearfoot, midfoot
and forefoot during standing in OE (cI, cII) and CE (dI, dII). Right, center of pressure sway area (CoPsa) in OE (e) and CE (f).
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FIGURE 2
Boxplot of the intra-subject coefficient of variation (%) of stabilometric and plantar pressure parameters sorted in ascending order according to the
median values under open- and closed-eye conditions. Total foot (Tf); forefoot (Ff); midfoot (Mf); rearfoot (Rf); mean pressure (Pmean); maximum
pressure (Pmax); center-of-pressure speed (CoP-speed); length surface function (LSF); center-of-pressure sway area (CoPsa); arch index (AI); and foot
contact area (FCA).

FIGURE 3
Correlation between pairs of stabilometric and plantar pressure parameters, assessed under open- and closed-eye conditions by Pearson’s
correlation analysis (R2). Positive and negative correlations are represented by green and black roundmarkers, respectively. The parameters were ordered
from left to right on the X-axis in ascending order according to the number of statistically significant correlations with other parameters. The α level of
significance was corrected to 0.005 accounting for the multiple correlations. Total foot (Tf); forefoot (Ff); midfoot (Mf); rearfoot (Rf); mean pressure
(Pmean); maximum pressure (Pmax); center-of-pressure speed (CoP-speed); length surface function (LSF); center-of-pressure sway area (CoPsa); arch
index (AI); and foot contact area.
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TABLE 2 Inter-subject median and percentiles (25% and 75%) of plantar pressure and stabilometric parameters; significant differences (p-value = = 0.005) between
left and right (Wilcoxon paired test) and between open and closed eyes (Wilcoxon signed test). Forefoot (Ff); midfoot (Mf); rearfoot (Rf); mean pressure (Pmean);
maximum pressure (Pmax); center-of-pressure speed (CoP-speed); center-of-pressure sway area (CoPsa); length surface function (LSF); arch index (AI); and foot
contact area (FCA).

Plantar pressure and
stabilometric parameters

Side Open eyes (OE) Closed eyes (CE)

Median
(25%; 75%)

p-value inter-
sides (right vs.

left)

Median
(25%; 75%)

p-value intra-
group (right vs.

left)

p-value inter-visual
condition (OE vs. CE)

Load Tf [%] Left 46.46 (45.65;
48.70)

< 0.001 47.53 (46.15; 49) < 0.001 0.224

Right 53.54 (51.30;
54.35)

52.48 (51.00;
53.85)

0.224

Load Rf [%] Left 41.19 (36.53;
44.95)

0.001 41.84 (35.83;
45.03)

0.001 0.469

Right 36.95 (33.88;
42.00)

37.44 (34.43;
41.80)

0.420

Load Mf [%] Left 14.05 (8.58; 25.13) 0.001 14.91 (9.05;
26.48)

< 0.001 0.419

Right 20.79 (12.98;
24.95)

21.42 (13.45;
24.70)

0.370

Load Ff [%] Left 43.91 (41.03;
45.05)

0.133 43.16 (40.35;
44.53)

0.13 0.329

Right 43.05 (40.85;
43.85)

41.99 (39.20;
44.25)

0.312

Pmean Tf [KPa] Left 24.04 (22.96;
27.89)

0.393 23.45 (22.27;
26.49)

0.108 0192

Right 24.39 (22.79;
27.32)

23.54 (21.94;
25.70)

0.101

Pmean Rf [KPa] Left 27.35 (23.83;
35.58)

< 0.001 27 (23.44; 32.43) 0.004 0.261

Right 23.19 (18.70; 31) 22.02 (18.02;
33.17)

0.395

Pmean Mf [KPa] Left 16.38 (15; 18.75) 0.026 15.88 (15; 18.25) 0.154 0.312

Right 18.25 (17.00; 20) 17.75 (15.75;
18.50)

0.068

Pmean Ff [KPa] Left 59.07 (53.15;
67.85)

< 0.001 57.66 (47.31;
62.64)

0.003 0.212

Right 69.92 (60.34;
83.98)

59.22 (55.71;
69.20)

0.040

Pmax Tf [KPa] Left 62.78 (57.32;
71.52)

0.001 60.57 (58.09;
68.64)

< 0.001 0.335

Right 58.90 (53.27;
65.87)

57.08 (52.11;
64.55)

0.234

Pmax Rf [KPa] Left 67.25 (59.50;
80.50)

0.025 64.5 (56.63;
68.13)

0.002 0.192

Right 63.25 (55.75; 71) 58.47
(53.06; 6.06)

0.115

Pmax Mf [KPa] Left 30.87(27.25;
36.63)

0.053 31.38 (27.50;
37.25)

0.332 0.469

Right 35.75 (31.75;
37.94)

34 (29.5; 35.7) 0.084

(Continued on following page)
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3.4 Intra-side comparison of stabilometric
and plantar pressure parameters under OE
and CE conditions

Table 2 reports the inter-subject median and percentile (25%
and 75%) distributions of all parameters under both visual
conditions. No significant differences were observed in
stabilometric and plantar pressure parameters between OE and
CE (p ≤ 0.005). However, a trend for larger LSF and lower
CoPsa, Pmean, and Pmax Ff (r) was found in CE.

4 Discussion

Postural sway and plantar pressure parameters in the upright
standing position can be modulated in response to different visual
inputs (Stoffregen et al., 2000; Bellizzi et al., 2011; Nishiike et al.,
2013). Understanding the effects of open- and closed-eye conditions
on these parameters and on their variability is important for their
interpretation in clinical and research investigations.

The first aim of the present study was to analyze the intra-subject
variability in stabilometric and plantar pressure parameters in healthy
subjects during the bipedal standing test under OE and CE conditions.
The coefficient of variation was lower than 20% in CE and OE across
all parameters, except for the right arch index in CE (≤40%) and
CoPsa and LSF (≥50%) under both visual conditions. These findings
are partly in agreement with a review that identified mean pressure,
percentage of body weight distribution, and foot contact area as some
of the most reliable measures (Hébert-Losier and Murray, 2020). The

outcome of the variability analysis under the CE condition is also in
agreement with what was observed previously in OE (Figure 2) (Fullin
et al., 2022); thus, the variability in stabilometric and plantar pressure
parameters does not seem to be affected by the different visual
conditions. The only exception is the right arch index, which
suggests a greater dynamic role of the dominant foot with respect
to the postural adaptations occurring with closed eyes.

To the best of the authors’ knowledge, this study is the first to
investigate the correlations between pairs of postural stability and
plantar pressure parameters under both visual conditions. In order to
better highlight and visually determine the overall outcome of the
correlation analysis, a novel graphical approach was established
(Figure 3). This visual representation allows for a faster and more
comprehensive understanding of which parameters are more
independent (i.e., less correlated to other parameters) in the
characterization of the phenomenon, especially when several
parameters are under investigation. Markers’ dimensions and
colors allow us to quickly identify the magnitude and direction of
each correlation. According to the outcome of the present study
(Figure 3), mean and peak pressures at midfoot and total foot loads (l,
r) were among the most independent parameters under both visual
conditions, whereas arch index (l, r) and rearfoot loads (l, r) were
among the most correlated with other parameters. In particular, CoP-
speed and mean pressure at the midfoot were identified as the most
independent parameters in OE. Under the CE condition, mean and
peak pressures at midfoot (r > l) and LSF were the most independent
parameters. Unlike what was observed in OE, CoP-speed in CE was
positively correlated with the following variables: Pmax rearfoot (l, r),
Pmax total foot (l), Pmean and load rearfoot (l), and CoPsa. These

TABLE 2 (Continued) Inter-subject median and percentiles (25% and 75%) of plantar pressure and stabilometric parameters; significant differences (p-value = =
0.005) between left and right (Wilcoxon paired test) and between open and closed eyes (Wilcoxon signed test). Forefoot (Ff); midfoot (Mf); rearfoot (Rf); mean
pressure (Pmean); maximum pressure (Pmax); center-of-pressure speed (CoP-speed); center-of-pressure sway area (CoPsa); length surface function (LSF); arch
index (AI); and foot contact area (FCA).

Plantar pressure and
stabilometric parameters

Side Open eyes (OE) Closed eyes (CE)

Median
(25%; 75%)

p-value inter-
sides (right vs.

left)

Median
(25%; 75%)

p-value intra-
group (right vs.

left)

p-value inter-visual
condition (OE vs. CE)

Pmax Ff [KPa] Left 44.50 (41.75;
49.25)

< 0.001 42.50 (41.22;
45.75)

0.001 0.352

Right 49.63 (48.25; 55) 47.47 (45.25;
49.13)

0.011

FCA [mm2] Left 118 (97.31; 134.44) < 0.001 120.25 (100.88;
139.31)

< 0.001 0.303

Right 132.5(112.19;
160.38)

136 (116.88;
164.94)

0.201

AI [%] Left 14.05 (8.57; 25.27) 0.002 14.92 (9.05;
26.48)

< 0.001 0.419

Right 20.63 (12.98;
24.95)

21.43 (13.44;
24.71)

0.370

CoPsa [mm2] 28.80 (23.50;
41.69)

24.98 (13.17;
29.22)

0.055

CoP-speed [mm/s] 3.44 (3.13; 3.970) 3.24 (3.00; 3.93) 0.192

LSF [mm-1] 4.69 (3.80; 7.10) 7.85 (5.28; 9.68) 0.040

Bold values are highlight statistical significance (p < 0.005).
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positive correlations, associated with the high reliability of CoP-speed,
seem to suggest a different control mechanism of body sway with
closed eyes compared to open eyes, underlying a possible functional
relationship of CoP-speed with the CoP sway area and rearfoot load in
the non-dominant side. The length surface function also showed
different correlations between the two visual conditions. As
predictable, it was negatively correlated with CoPsa in OE since it
represents the ratio between the distance covered by the CoP during a
standing trial (CoP-length) and CoPsa, whereas it was independent in
CE (i.e., showed no significant correlations with other parameters).
This different behavior between open and closed eyes is the opposite
of what occurs for CoP-speed and could likely be explained by the
mutual relationship of CoP-speed and LSF with CoP-length.

The present study provides a deeper insight into the effects of
visual stimuli on stabilometric and plantar pressure parameters, which
were previously reported in OE (Fullin et al., 2022). In agreement with
what was found in OE (Fullin et al., 2022), significant differences were
observed between the dominant (right) and non-dominant (left) sides
for several parameters (Table 2). In particular, loads were significantly
lower at the rearfoot and significantly larger at the midfoot of the
dominant side under both visual conditions. In terms of mean and
peak pressures, a significant decrease at the rearfoot and a significant
increase at the forefoot were found in the dominant side under both
visual conditions. This finding was also associated with a larger foot
contact area and a larger percentage of the midfoot contact area
(larger AI) in the dominant side for OE and CE (Table 2). According
to previous studies (Hennig and Sterzing, 2009; Machado et al., 2015),
the midfoot seems to be the most sensitive region to both tactile and
vibration stimuli; therefore, it could be hypothesized that the midfoot
plays an important role in the balance control mechanism. The larger
midfoot contact area found in the dominant side would increase the
number of receptors responsible for the spatial orientation of the body
center of mass in contact with the ground. This seems to be consistent
with the outcome of the correlation analysis (Figure 3), which showed
that mean and peak pressures at the midfoot are two of the most
independent parameters and thus are good indicators for the
characterization of the balance control under both visual conditions.

The visual stimulus affected several parameters (Table 2). In
particular, a trend for larger LSF and lower CoPsa and mean and
peak pressures at the forefoot in the right side was found in CE with
respect to the OE condition (Fullin et al., 2022). Unlike what was
reported in other studies (Prieto et al., 1996; Tanaka et al., 2000; Hue
et al., 2006; Vieira Tde et al., 2009; Bellizzi et al., 2011; Baldini et al.,
2013; Santana Castro et al., 2021; Nishiike et al., 2013; Rodríguez-Rubio
et al., 2020; De Blasiis et al., 2021b; Quialheiro et al., 2021; Scoppa and
Gallamini, 2021), CoPsa and CoP-speed were not larger in the CE
condition. This finding could be probably explained by the effect of the
longer visual target distance with respect to the clinical stabilometry
standardization (Tarantola et al., 1997; Tanaka et al., 2000; Chiari et al.,
2002). Indeed, this variable has been shown to be positively correlated
with CoPsa and CoP-speed (Stoffregen et al., 2000).

The limitations to the study were the relatively small sample size,
due to the rather strict inclusion criteria, particularly for visual and
dental impairments; it should also be noted that while most
parameters showed normal distribution, the normality assumption
was not guaranteed for all parameters, and this violation may have
slightly affected the outcome of the correlation analysis. Moreover, the
self-selected feet position may be considered a methodological bias,

but the indication to place the feet close but not together in order to
obtain a comfortable upright bipedal standing posture may be a good
standardizationmethod according to the neurophysiological principle
of the natural postural control strategy instead of imposing an
unnatural posture. In addition, the position of the visual target
(2.8 m away from the subject) may have affected the stabilometric
and plantar pressure measurements under the OE condition; in
particular, an increase in CoPsa with the increasing target distance
has been reported (Stoffregen et al., 2000). The effect of the visual
target distance should be investigated in future studies.

The present study aided in establishing the most reliable and
independent stabilometric and plantar pressure parameters for the
evaluation of bipedal standing posture under open- and closed-eye
conditions in a healthy young population. As expected, significant
differences were observed between the left and right sides and
between correlations under two visual conditions. While more
data from a larger population should be sought, the study has
highlighted the importance of the dominant side and the specific
role of the midfoot in the balance control.
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Introduction: The aging population poses significant challenges to healthcare
systems globally, necessitating a comprehensive understanding of age-related
changes affecting physical function. Age-related functional decline highlights the
urgency of understanding how tissue composition changes impact mobility,
independence, and quality of life in older adults. Previous research has
emphasized the influence of muscle quality, but the role of tissue composition
asymmetry across various tissue types remains understudied. This work develops
asymmetry indicators based on muscle, connective and fat tissue extracted from
cross-sectional CT scans, and shows their interplay with BMI and lower extremity
function among community-dwelling older adults.

Methods: We used data from 3157 older adults from 71 to 98 years of age (mean:
80.06). Tissue composition asymmetry was defined by the differences between
the right and left sides using CT scans and the non-Linear Trimodal Regression
Analysis (NTRA) parameters. Functional mobility wasmeasured through a 6-meter
gait (Normal-GAIT and Fast-GAIT) and the Timed Up and Go (TUG) performance
test. Statistical analysis included paired t-tests, polynomial fitting curves, and
regression analysis to uncover relationships between tissue asymmetry, age,
and functional mobility.

Results: Findings revealed an increase in tissue composition asymmetry with age.
Notably, muscle and connective tissue width asymmetry showed significant
variation across age groups. BMI classifications and gait tasks also influenced
tissue asymmetry. The Fast-GAIT task demonstrated a substantial separation in
tissue asymmetry between normal and slow groups, whereas the Normal-GAIT
and the TUG task did not exhibit such distinction. Muscle quality, as reflected by
asymmetry indicators, appears crucial in understanding age-related changes in
muscle function, while fat and connective tissue play roles in body composition
and mobility.

Discussion:Our study emphasizes the importance of tissue asymmetry indicators
in understanding how muscle function changes with age in older individuals,
demonstrating their role as risk factor and their potential employment in clinical
assessment. We also identified the influence of fat and connective tissue on body
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composition and functional mobility. Incorporating the NTRA technology into
clinical evaluations could enable personalized interventions for older adults,
promoting healthier aging and maintaining physical function.

KEYWORDS

aging, asymmetry, CT scan, body mass index, gait speed, soft tissue, muscle, sarcopenia

Introduction

The rapidly growing older population has become a significant
healthcare concern in most developed societies (Kalseth and
Halvorsen, 2020). With advances in healthcare and technology,
people are living longer and healthier lives, but there is an urgent
need to develop strategies to address the unique challenges of aging,
including health disparities, social isolation, and financial insecurity
(WHO, 2020). One of the most prominent manifestations of aging is
functional decline, resulting in decreased muscle strength, an
increased risk for falls, gait and balance problems, and chronic
pain which highly affects the independency of older adults
(Chatterjee et al., 2021).

Mobility, which is defined as the ability to move without
assistance (Ostir et al., 2015; Treacy et al., 2022) is crucial for
older adults to manage independent daily life (Visser et al., 2005;
Schaap et al., 2013). Lower extremity function (LEF) is a critical
measure of mobility and is frequently used as a clinical screening
tool (Guralnik et al., 2000; Chang et al., 2013). The age-related
decline in muscle mass and strength (Visser et al., 2005; Schaap
et al., 2013) impacts the ability to walk quickly and efficiently in
older adults, which ultimately leading to a slower gait speed over
time (Goodpaster et al., 2006; Schaap et al., 2013; Reinders et al.,
2015).

Sarcopenia, which refers to the simultaneous decline in skeletal
muscle size and quality, has consistently been associated with
various pathophysiological mechanisms that ultimately result in
reduced lean tissue mass and the gradual fat infiltration of non-
contractile tissue into lean muscle. This condition increases the risk
of disability and mortality (Young et al., 1985; Kalyani et al., 2014).
In older adults, there is often an asymmetrical distribution of muscle
volume accompanied by a decrease in muscle mass and strength
(Stagi et al., 2021). The asymmetry in muscle volume, particularly in
the lower extremities, has been identified as a contributing factor to
slower walking speed among older adults (Laroche et al., 2012; Lee
et al., 2019; Mertz et al., 2019). Previous research has shown that
older adults with asymmetrical muscle and fat mass exhibit poor
physical performance in areas such as gait speed, balance, strength,
and flexibility (Laroche et al., 2012; Miller et al., 2015; Lee et al., 2019;
Mertz et al., 2019). These studies assessed muscle and fat mass
asymmetry using techniques such as dual-energy X-ray
absorptiometry (DEXA) (Lee et al., 2019; Mertz et al., 2019),
computed tomography (CT) (Miller et al., 2015), and muscle
strength measurements (Laroche et al., 2012). While existing
studies have primarily focused on assessing muscle asymmetry
using techniques such as dual-energy X-ray absorptiometry
(DEXA), computed tomography (CT), and muscle strength
measurements, there is a gap in the literature regarding
asymmetry in other soft tissues of the legs, such as fat or
connective tissue.

In recent years, our research group has focused on studying
sarcopenia and has developed an approach based on analyzing
features extracted from the radiodensitometric distribution of
x-ray CT scans of mid-thigh cross-sectional images. This
approach is known as the non-linear trimodal regression analysis
(NTRA) (Edmunds et al., 2016; Edmunds et al., 2018). The NTRA
features, consisting of 11 patient-specific parameters that
characterize the quantity and quality of muscle, fat, and
connective tissues using Hounsfield Unit (HU)
radiodensitometric values, have shown predictive potential in
classifying comorbidities such as diabetes and hypertension using
Machine Learning (ML) in the older population (Recenti et al.,
2020a). Additionally, ML algorithms have been employed in
conjunction with the NTRA features to classify cardiac
pathophysiologies, Body Mass Index (BMI), and isometric leg
strength, achieving classification metrics with accuracy rates
exceeding 95% (Ricciardi et al., 2020a; Recenti et al., 2020b;
Recenti et al., 2021a). These features have also mediated the
relationship between physical activity and lower extremity
function (LEF) in aging individuals (Edmunds et al., 2021).
Furthermore, previous studies observed that muscle features
exhibit more significant variations compared to fat and
connective tissues with regard to age and physical activity levels
(Recenti et al., 2021b).

Despite the growing recognition of the importance of muscle
quality and mobility (Simonsick et al., 2008; Reinders et al., 2015;
Gonzalez et al., 2020; Borghi et al., 2022; Khaleghi et al., 2023), there
still exists a lack of studies examining asymmetry and its
implications regarding mobility in older adults. In contrast to
previous studies focusing solely on NTRA features for one leg, a
new approach assessing asymmetries in NTRA features may provide
insight into how asymmetry in these three tissue types in the thigh
relates to age and lower extremity function (LEF) among older
adults. Furthermore, it may offer potential implications for the
clinical assessment of age-related or changes in muscle quality
and mobility among older adults (Harris et al., 2007). The aim of
the current study is to investigate the differences between right and
left legs using the NTRA features, establishing a set of asymmetry
indicators, and assessing their relationships with age, BMI, gait
speed and time up and go (TUGO). Data was from the large cohort
of the AGES-Reykjavik study based on community-dwelling older
adults in Iceland (Harris et al., 2007).

Materials and methods

Ages-Reykjavik dataset

The AGES-Reykjavik dataset includes, for the present study, a
total of 3157 healthy elderly subjects from 71 to 98 years of age

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Ricciardi et al. 10.3389/fbioe.2023.1282024

60

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1282024


(mean: 80.06). All the participants were measured in a series of
multimetric assessments including CT-scans, BMI and LEF
performance tests (Harris et al., 2007). Informed signed consent
was given by all participants. The ethical approval was certified by
the Icelandic National Bioethics Committee (RU Code of Ethics,
Paragraph 3—Article 2—Higher Education Institution Act 63/
2006). A limited number of subjects was not able to complete
one or more gait performance test due to different reasons so the
total number of subjects considered for each of the next
measurements can be lower than 3157 because of the presence of
missing values in the dataset.

Anthropometric data

Heigh and weight of each subject were objectively measured
(Chang et al., 2013; Recenti et al., 2021a) and BMI was determined
by dividing the weight in kilograms by the square of the height in
meters.

For the asymmetry analysis four BMI classes have been defined
as follows (Table 1) (WHO, 2021):

• Class 1: BMI <18.5: below-normal (N = 53)
• Class 2: 18.5 < BMI <25: normal (N = 1092)
• Class 3: 25 < BMI <30: above-normal (N = 1341)
• Class 4: BMI >30: overweight (N = 667)

LEF performance tests

To assess the LEF, two tests were conducted: the 6-meter walk
test and the Timed Up and Go Test (TUG) (Chang et al., 2013). The
6-meter gait walk test included two measurements, normal-GAIT
and fast-GAIT, in meters per second (m/s). The test is reliable when
performed standardly and well tolerated by elderly individuals
(Cesari et al., 2005). Two gait speed data were consequently
extracted: Normal Gait Speed and Fast Gait Speed. The normal
gait has been proved to be strongly linked to disability, risk of fall
and mortality (Guralnik et al., 2000; Studenski et al., 2011;
Nakakubo et al., 2018) while the fast gait speed represents the
maximum walking speed of older individual which is used as a
predictor of frailty, falls, and mobility limitation (White et al., 2013).

The normal-GAIT Task, two classes have been defined using a
threshold based on the distribution of the speed (equal to 1 m/s)
(defined as v_norm) to carry out the task and adapted from the
literature (Day and Lord, 2018) and reported as follows:

• Class 1: v_norm < 1 m/s: slow (N = 1966)
• Class 2: v_norm > 1 m/s: normal (N = 1084)

Similarly, for the fast-GAIT Task two classes have been defined
using a threshold based on the distribution of the speed 1.3 m/s
(defined as v_fast) to carry out the task and adapted from the
literature (Day and Lord, 2018) and reported as follows:

• Class 1: v_fast < 1.3 m/s: slow (N = 1957)
• Class 2: v_fast > 1.3 m/s: normal (N = 800)

The TUG measured the time in seconds, it took for participants
to stand up from a seated position (height of the chair: 45.5 cm),
walk a distance of 3 m, turn around, walk back to the chair, and sit
down again (Podsiadlo and Richardson, 1991). TUG is a valuable
screening tool for detecting balance issues in older adults and is also
used as a predictor of decline in daily activities (Newton, 1997).
During the test, participants were allowed to wear their own
footwear, and if needed, a cane or walker could be used. The
time recorded for the first complete trial was used for the
analysis (Chang et al., 2013).

The TUG has been defined in four classes using thresholds based
on the distribution of the time to carry out the task and adapted from
the literature (Podsiadlo and Richardson, 1991) and reported as
follows:

• Class 1: TUG <10 s: fast (N = 660)
• Class 2: 10 s < TUG <13 s: average (N = 1333)
• Class 3: 13 s < TUG <29 s: slow (N = 1044)
• Class 4: TUG >29 s: very slow (N = 16)

Table 2 shows the dataset population age and sex characteristics
with a focus on the LEF tests and their classes.

CT acquisition

All individuals included in the AGES-Reykjavík database
underwent scanning using a 4-row CT detector system with a
voltage setting of 120-kV (Sensation; Siemens Medical Systems,
Erlangen, Germany). The scanned area spanned from the iliac crest
to the knee. Prior to transaxial imaging, accurate positions were
established by measuring the maximum length of the femur on an
anterior-posterior localizer image, followed by locating the midpoint of
the femoral long axis. Subsequent to CT image acquisition, a single
10 mm section was extracted from the middle of the thigh for each
participant, positioned equidistantly between the acetabulum of the hip
joint and the knee joint (Harris et al., 2007). The pixel elements within
each slice were then subjected to processing using the NTRA method,
enabling the derivation of personalized radiodensitometric value
distributions ranging from −200 to 200 HU.

Non-linear trimodal regression analysis
(NTRA) and asymmetry indicators

As mentioned previously, this study utilized the NTRA method
to computationally characterize each distribution of HU. The NTRA

TABLE 1 AGES Dataset: Sex differences and mean age in respect to BMI classes.

BMI

<18.5 18.5–25 25–30 >30

Subject, N 53 1092 1341 667

Age, yrs, Mean (SD) 76.81 (5.98) 75.44 (5.97) 74.73 (5.96) 73.77 (5.96)

Male, N 21 466 561 269

Female, N 32 626 780 398
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method, originally described in the study by Edmunds et al., 2016,
treats each HU distribution as a quasi-probability density function
that is defined by three Gaussian distributions. This definition arises
from the hypothesis that HU distributions of cross-sectional soft
tissues exhibit three distinct peaks or modes, corresponding to three
separate tissue types with their own specific ranges of linear
attenuation coefficients in the HU domain. These tissue types
and their corresponding HU ranges are as follows: adipose or fat
tissue [-200 to −10 HU], loose connective tissue [-9 to 40 HU], and
lean muscle [41 to 200 HU]. The general form of this quasi-
probability density function, representing the trimodal nature,
can be expressed as Eq. 1, where N denotes the amplitude, μ
represents the location, and σ indicates the width of the
distribution. The parameter α captures the asymmetry (skewness)

of the fat and muscle distributions, with a value of zero (non-
skewed) assigned to the central connective tissue distribution.

∑
3

i�1φ x,Ni, μi, σ i, αi( ) � ∑
3

1

Ni

σ i
���
2π

√ e
− x−μi( )2

2σi
2 erfc

αi x − μi( )
σ i

�
2

√( ) (1)

By employing a generalized reduced gradient algorithm and
minimizing the standard error at each radio-absorption bin, theoretical
HU distribution curves were generated, enabling the extraction of a total
of 11 subject-specificNTRAparameters, 4 (N, μ, σ,α) from fat andmuscle
and 3 (N, μ, σ) from connective tissue (Figure 1).

The Asymmetry Indicators are computed as the absolute value
of the NTRA difference between the values extracted from the left
and the right legs (Eq. 2). Consequently, a total of 11 NTRA
Asymmetry values is evaluated for each subject (Figures 1, 2).

TABLE 2 AGES Dataset: Sex differences and mean age in respect to LEF tests.

Normal-GAIT Fast-GAIT TUG

<1 m/s >1 m/s <1.3 m/s >1.3 m/s <10 s 10–13 s 13–29 s >29 s

Subject, N 1966 1084 1957 800 660 1333 1044 16

Age, yrs Mean (SD) 79.97 (4.90) 80.04 (4.98) 80.05 (4.86) 79.92 (4.94) 79.91 (4.95) 80.05 (4.85) 80.14 (4.90) 80.06 (5.68)

Male, N 821 456 812 352 298 553 423 8

Female, N 1145 628 1145 448 362 780 621 8

FIGURE 1
The 11 NTRA features are extracted from CT scan of both legs for a total of 22 NTRA features per subject. The Asymmetry Indicators are then
computed as the absolute value of the NTRA difference between Left and Right legs. Each subject will have a total of 11 Asymmetry Indicators.
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ΔNTRA � |NTRALeft −NTRARight

∣∣∣∣ (2)

Statistical analysis

The first analysis to find an overall asymmetry was performed by
running a paired t-test to compare right and left NTRA parameters
of each patient. The uncertainty level was set at 0.05. This test is used
to investigate the presence of a difference between the right and the
left NTRA parameter of each patient.

Then, the analytical workflow shown in Figure 2 has been
adopted and described in the following.

Aymmetry indicator based onNTRAparameter
�ΔNTRAi � NTRALefti −NTRARighti

∣∣∣∣
∣∣∣∣

with i � 1, 2, . . . .11 indicating the i − th among
the 11NTRA indices e.g.,NTRALeft1 � Nfat of the left leg( )

The results are 11 left-right leg asymmetry indicators, ΔNTRAi,
(see block n. 3 of Figure 2).

These resulted indicators have been normalized using the min-max
method according to the following formula (see block n. 4 of Figure 2):

normalizedΔNTRAi � nΔNTRAi

� ΔNTRAi −min ΔNTRAi( )
max ΔNTRAi( ) −min ΔNTRAi( )

Then the arithmetic mean of the normalized ΔNTRAi for
each age category has been calculated (see block n. 5 of
Figure 2):

age − averaged asymmetry indicator � avg ΔNTRAi( )∣∣∣∣age�y �
1
Ny

∑
Ny

k�1
nΔNTRAi|k

with y� 65, 66 . . . , 95 �patient age in years( ),

Ny � number ofpatients with age � y,

nΔNTRAi|k is the value of the i − th

nΔNTRAbeloging to the k−th patient with age � y.

Afterwards, the age-averaged asymmetry indicators have
been plotted against the age groups and a regression curve (by
means of 3-rd order polynomial fitting curves) was adopted to
model the asymmetry trends vs. age and to study the
relationships between subjects’ age and the degree of
asymmetry (see block n. 6 of Figure 2). Based on the
coefficient of determination (R2) of the fitting curves, the
asymmetry indicator with highest determination coefficient
was chosen for each tissue type (fat, muscle and connective
tissue) and have been moved for further analysis (see block n.
7 of Figure 2).

Finally, the degree of asymmetry was analyzed by grouping
the data according to other physiological parameters, i.e., BMI,
normal gait speed, fast gait speed, TUG (see block n. 8 of
Figure 2). All the analyses were conducted using IBM
SPSS v.27.

FIGURE 2
Workflow of the present study. Starting from the values of the 11 NTRA parameters for each leg (right NTRARight i and left NTRALeft i) (see block n.1 of
Figure 2), the asymmetry indicators were calculated according to the following formula (see block n.2 of Figure 2)..
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Results

NTRA paired t-tests

Table 3 shows the results of the statistical analysis conducted on
AGES dataset to compare the values of the right and the left NTRA
parameter of each patient. A paired t-test was conducted to show the
overall differences.

Table 3 shows that amplitude and location of each tissue were
statistically significantly different (p < 0.005 for each parameter).
Connective tissue had also a statistically significant difference in
width (p = 0.01) and muscle had a statistically significant difference
in skewness (p < 0.001) and a trend in width (p = 0.055). These
results already provide with an idea of overall presence of asymmetry
in the analyzed patients.

Asymmetry vs. age

By averaging the normalized asymmetry indicators (ΔNTRA)
across the age groups and by fitting the age-related trends using a
third order polynomial fitting curves, it was possible to determine

the NTRA asymmetry indicators with the highest variation
explained by the fitting model (i.e., highest determination
coefficients, R2) across age for each tissue type (fat, muscle,
and connective tissue). The corresponding R2 values are
reported in Table 4 and the age-related trends for the three
identified ΔNTRA with highest age-related variations are
displayed in Figure 3.

Figure 3 shows how the asymmetry increases with age, with a
growing trend that has been modelled with third order polynomial
fitting curves for the three NTRA parameters exhibiting most
significant variation across the population age for each tissue
category, namely, Nfat, σmus, and σconn.

TABLE 3 Statistical analysis through a paired t-test to show the overall differences between right and left NTRA parameters per each tissue.

Tissue types from the mid-thigh cross-sectional CT

NTRA Fat Muscle Connective tissue

Parameter Side M SD p M SD p M SD p

N L 135.16 69.92 0.004 184.84 42.06 0.008 90.05 25.10 0.009

R 137.48 71.81 186.41 41.36 91.10 25.03

μ L 11.95 7.76 0.004 23.14 6.18 <0.001 44.61 10.15 0.024

R 11.59 7.20 22.65 5.95 45.01 9.66

σ L −106.22 7.47 0.079 61.71 3.37 0.055 −46.4 26.80 0.010

R −106.42 7.01 61.6 3.23 −45.3 26.06

α L 0.018 0.14 0.807 3.09 0.67 <0.001

R 0.019 0.17 3.15 0.63

CT: computed tomography, N: amplitude, μ: location, σ: width, α: skewness, L: left, R: right M: mean; SD: standard deviation; p: p-value.

TABLE 4 Determination coefficients of the third order polynomial fitting curves
used (ΔNTRA) to fit the 11 age-averaged normalized values of the asymmetry
indicators.

Tissue types

Fat Muscle Connective tissue

NTRA parameter R2 R2 R2

avg (ΔN) 0.50 0.31 0.36

avg (Δμ) 0.23 0.34 0.21

avg (Δσ) 0.21 0.76 0.75

avg (Δα) 0.18 0.16

N: amplitude, μ: location, σ: width, α: skewness, R2: coefficient of determination.

FIGURE 3
Trends of the age-averaged normalized values of the NTRA
asymmetry indicators exhibiting most significant variation across
population age for: Fat (avg(ΔNfat), grey circles), Muscle (avg(Δσmus),
red squares), and Connective Tissue (avg(Δσconn), blue triangles).
Third order polynomial fitting curves are also reported for each data
series: Fat (avg(ΔNfat), grey dashed line), Muscle (avg(Δσmus), red line),
and Connective Tissue (avg(Δσconn), blue dotted line).
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Asymmetry vs. BMI

The values of the above selected NTRA asymmetry features
have been investigated across the BMI groups as reported in
Figure 4, following the four classes defined previously.

Figure 4 displays the comparison of the trends in the NTRA
asymmetry indicators. The separability between normal and
overweight BMI classes is far more evident in both the fat and
muscle NTRA asymmetry parameters, where the average asymmetry
is higher in the overweight group than the normal one. In the case of
the connective tissue, the plot does not show appreciable separation
among the two groups.

Asymmetry vs. Gait

The study of potential confounding factors and covariates has
been also carried out grouping the population according to the three
LEF formerly defined (Gait Normal Task, Gait Fast Task and
Gait TUG).

Figures 5, 6 refer to the normal-GAIT Task and report respectively
the distribution of the speed to carry out the task (equal to 1 m/s) and
the relative trends split according to the classes defined previously.

Similarly Figures 7, 8 report respectively the distribution of the
speed in fast-GAIT (median 1.3 m/s) and the trends by a fast-
GAIT Task.

FIGURE 4
Trends of the age-averaged normalized values of ΔNfat (A), Δσmus (B), and Δσconn (C) based on BMI groups, namely, overweight (red triangles) and
normal (blue circles). Third order polynomial fitting curves are also reported for both overweight (red line) and normal (blue line) groups.

FIGURE 5
Data distribution of the normal-GAIT task reference parameter (v_norm).
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Finally, the same analysis is shown for the TUG: Figure 9 shows
the distribution of the time while Figure 10 shows the trends split
according to the TUG classes.

Figures 6, 8, 10 show how the Fast Task (Figure 8) can separate
the normal and slow groups, thus confirming to be a confounding
factor that could influence the asymmetry trend with age. On the
contrary, Normal Task (Figure 6) and TUG (Figure 10) are not
able to enhance the difference between the groups of subjects,
thereby not showing a markable different trends of the
asymmetry with age.

Discussion

Summary

This study aimed to explore whether there existed a connection
between soft tissue composition asymmetry (heterogeneity), as
defined by radiodensity analysis of thigh CT scans, and the
functional mobility of the older Icelandic population. Our
findings revealed that the asymmetry in tissue composition grows
more pronounced with advancing age. Indeed, we observed that CT

FIGURE 6
Trends of the age-averaged normalized values of ΔNfat (A), Δσmus (B), and Δσconn (C) based on GAIT Normal Task groups, namely, slow (red triangles)
and normal (blue circles). Third order polynomial fitting curves are also reported for both slow (red line) and normal (blue line) groups.

FIGURE 7
Data distribution of the fast-GAIT task reference parameter (v_fast).
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densitometric distribution can provide indicators of asymmetry in
tissue composition (heterogeneity). The main results showed that
tissue asymmetry increases with age with a nonlinear trend that
could be modeled with third order polynomial curve to
quantitatively describe up to 76% of the variation in the
asymmetry across age. Moreover, our observations suggested that
relationships between age and asymmetry could be also influenced
by further possible confounding factors, such as BMI and mobility
functions. The results also confirmed that the tissue composition
asymmetry is a valuable indicator for evaluating age-related changes
in muscle condition and provided insights for both musculoskeletal
conditions and mobility function in older individuals. Particularly,
three types of tissue composition including muscle, fat, and
connective tissue provided comprehensive understanding of the
intrinsic relationships between muscle quality, aging, and

physical function. Recognizing the critical role of maintaining
mobility function, especially among those at high risk of
functional decline (Simonsick et al., 2008), our study underscores
the importance of asymmetry information. Aligning with previous
research (Wilkinson et al., 2018), our findings highlight that
differences in muscle mass between the right and left thighs can
result in imbalances affecting strength and function, particularly in
movements like walking or climbing stairs. Variations in fat
distribution impact body weight distribution, potentially
influencing gait, and balance (Gonzalez et al., 2020; Khaleghi
et al., 2023), while the connective tissue between muscle and fat
in the thigh serves as a predictor of incident of mobility disability
(Schaap et al., 2013; Reinders et al., 2015; Borghi et al., 2022). Despite
the growing recognition of the importance of this asymmetry
information, there is a notable absence of studies examining its

FIGURE 8
Trends of the age-averaged normalized values of ΔNfat (A), Δσmus (B), and Δσconn (C) based on GAIT Fast Task groups, namely, slow (red triangles) and
normal (blue circles). Third order polynomial fitting curves are also reported for both slow (red line) and normal (blue line) groups.

FIGURE 9
Data distribution of the TUG task.
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implications in designing effective interventions to improve and
sustain mobility function in older adults. Therefore, asymmetries in
different tissue types can be a potential determinants of mobility
limitation among older adults as well. In this context, the
information regarding asymmetry in different tissue types in the
thigh area can guide the targeted interventions and rehabilitation
strategies to enhance the mobility.

Asymmetry and physical function

Quantitative loss of muscle over age is a well-known condition
in older adults (Curtis et al., 2015). Decline of muscle mass and
function, defined as “sarcopenia,” is closely linked to impaired
physical function and an increased risk of mortality in the aging
population (Cawthon, 2015; Clark, 2019). Regarding the muscle
aging in older adults, it is vital to recognize that the decline of muscle
function is not only due to the loss of muscle mass but also other
factors that affect the muscle quality including muscle composition
and fatty infiltration (Goodpaster et al., 2006; Reinders et al., 2015).
The asymmetry condition in the muscle strength among older adults
was also reported in few studies (Skelton et al., 2002; Perry et al.,
2007), and one recent study reported that asymmetry in lower
extremity strength was associated with functional mobility among
older community-living older adults (Lee et al., 2019).

Muscle quality and physical function

The aging process in muscle is widely associated with
myofibrosis, a condition marked by an elevated presence of
fibrous connective tissue along with a diminished ability for
muscle regeneration which may cause a gradual replacement of
muscle tissue with fibrous connective tissue (Wang and Zhou, 2022).
This process is still relatively unknown but elevated levels of
myofibrosis appear closely linked with increased perimuscular
subcutaneous adipose tissue, leading to a subsequent rise in
chronic low-grade inflammation (Zoico et al., 2013). The
accumulation of fat and connective tissues in skeletal muscle
contribute to significant muscle impairment in older individuals

(Correa-de-Araujo and Hadley, 2014) which could potentially
contribute to age-related variations in physical performance
(Correa-de-Araujo and Hadley, 2014; Correa-de-Araujo et al.,
2017). The current research offers a more holistic understanding
of age-related transformations within the musculoskeletal system by
encompassing not only muscle and fat tissue but also considering
muscle quality in relation to connective tissue among older adults.

Asymmetry indicators and age-related
trends

Only a limited number of studies have explored the muscle
quality of older adults which included connective tissue using thigh
CT scans among older adults (Recenti et al., 2020a; Ricciardi et al.,
2020a; Recenti et al., 2021b). Previous study reported that these three
tissue types had high correlation with lower extremity functions and
BMI (Edmunds et al., 2018; Recenti et al., 2021a). The current study
further explored the potential association between asymmetry in the
three tissue types, age, and physical function. The results revealed
that the asymmetry in muscle and connective tissue width play as
major contributors to the variation across different age groups.
These results emphasize the potential role of these tissue
components in age-related changes and their impact on physical
function which is in line with previous research (Zoico et al., 2013;
Lee et al., 2019).

Our findings add a new perspective to understanding how
different tissue components collectively contribute to functional
mobility and overall physical wellbeing by looking at
asymmetrical condition in the three types of soft tissues analyzed
with NTRA on the mid-tight CT scan. The significant differences
observed in all the tissues asymmetry indicators highlight the
distinct characteristics of each tissue type. Connective tissue
asymmetry’s difference in width reflects its potential involvement
in age-related changes underlying the not negligible impact of the
connective tissue itself in the sarcopenia studies. Differences in
skewness and width in muscle tissue asymmetry suggest
alterations in muscle quality, which might be linked to muscle
function, mobility, and overall physical performance. The
asymmetry in fat tissue amplitude variations across age indicate

FIGURE 10
Trends of the age-averaged normalized values of ΔNfat (A), Δσmus (B), and Δσconn (C) based on GAIT TUG groups, namely, slow (red triangles) and fast
(blue circles). Third order polynomial fitting curves are also reported for both slow (red line) and normal (blue line) groups.
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that adipose tissue plays a pivotal role in age-related changes which
reflect changes in body composition, metabolism, and the potential
influence of adipose tissue on muscle function with aging (Ribisl
et al., 2007). The asymmetry indicators were also able to differentiate
levels of BMI among the older Icelandic population of the AGES
dataset. The correlation between asymmetry indicators and BMI
highlights the potential influence of body composition on tissue
distribution and physical function. This could be especially relevant
for understanding the impact of obesity on musculoskeletal health
and mobility in older adults. This might reflect alterations in body
composition, metabolism, and the potential influence of adipose
tissue on muscle function (Correa-de-Araujo et al., 2020). Similarly,
asymmetry in muscle tissue across age suggests their contribution to
changes in musculoskeletal structure and function over time as both
weak muscle strength and high BMI is higher associated with poorer
physical performance (Hardy et al., 2013). Our findings revealed
that the asymmetry indicators in all three tissue types were able to
separate normal and slow groups in Fast-GAIT task. The separation
of normal and slow groups suggests that asymmetry has the
potential to serve as a marker of gait performance and mobility
status. They could be utilized to identify individuals who might be at
a higher risk of age-related decline in physical function or those who
may require tailored interventions to maintain or improve their
mobility and overall health. Although TUG tests are well recognized
as a predictor of fall or frailty among older individuals (Savva et al.,
2013; Barry et al., 2014) the lack of differentiation in asymmetry for
the TUG task emphasizes that not all functional tasks may be equally
influenced by tissue asymmetry, reflecting the multifaceted nature of
physical function. However, incorporating assessments of tissue
asymmetry, including muscle, fat, and connective tissue, into
clinical evaluations could provide a more nuanced evaluation of
muscle health and potential mobility issues in older adults. This
approach may allow healthcare professionals to better tailor
treatment plans and interventions to address specific tissue-
related challenges.

The identification of a relationship between tissue asymmetry
and functional mobility suggests new directions for further research.
Investigating the underlying mechanisms linking these tissue
asymmetries to mobility and exploring the potential influence of
different factors including lifestyle, genetics, and exercise could lead
to a deeper understanding of musculoskeletal aging processes.

Limitations and strengths

The strength of the study is the comprehensive analysis on the
tissue composition, including muscle, fat, and connective tissue,
which provides a holistic understanding of age-related changes.
Further, the incorporation of functional mobility tasks including
Normal-GAIT, Fast-GAIT, and TUG enhances the relevance of the
findings to the real-world physical performance test with muscle
quality. The study findings offer potential insights for developing
clinical assessment tools that could aid in identifying individuals at
risk of functional decline.

The study includes some limitations. First, the cross-sectional
nature of the study restricted the ability to establish causal
relationships between tissue composition asymmetry and age-
related changes or functional performance. Future research could

consider incorporating longitudinal designs, which would provide a
more comprehensive understanding of the dynamic interplay
between tissue asymmetry, aging, and various functional
outcomes including comorbidities that typically affect the elderly
population. A potential future development could be the
employment of machine learning classification algorithms to
longitudinally predict comorbidities like cardiac pathophysiology,
diabetes, and hypertension utilizing the asymmetry indicators as
input including an in-depth feature importance analysis. Second, the
study’s sample size might limit the generalizability of findings to
broader populations. The current study is a cross-sectional study
based secondary analysis and the available data is only for those who
completed the physical performance test at the measurement site.
Therefore, it is possible that those with available data may have been
healthier than those who were excluded or not completed the
measurement. Despite the thousands of subjects included in this
research, larger and more diverse samples, with a wider range of
demographic characteristics and health statuses may further
enhance our findings. Thirdly, the study’s asymmetry
measurements might not have captured the full complexity of
tissue composition and its impact on functional mobility.
Utilizing multi-dimensional assessments that encompass factors
like muscle strength, flexibility, and coordination could offer a
more holistic view for the relationship between tissue asymmetry
and functional outcomes in older adults. The study considers limited
factors like BMI and gait speed. Future analyses with additional data
such as genetics, comorbidities, and lifestyle factors with advanced
statistical methods and machine learning predictive approaches
might contribute to new insights on the observed outcomes. A
further limitation of this study is the use CT scan to analyze old
people: CT is typically reserved for specific diagnostic purposes
when the benefits outweigh the risks. A recent study demonstrated a
significant association between CT scans and blood tumors in young
subjects (Bosch de Basea Gomez et al., 2023). This underscores the
need for caution in the use of CT scans, prompting a
recommendation for further research and clinical exploration to
limit their unnecessary application.

Additionally, with a particular reference to the investigated
muscle asymmetry indicator (Δσmus), it is worth noting that this
reflects the heterogeneity in the muscle tissue, and it may have
important implications in the clinical assessment of age-related or
pathologic changes in muscle quality (Harris-Love et al., 2019).
Therefore, future work will aim at investigating physiological
phenomena involved in the tissue asymmetry changes and
analyzing other confounding factors through advanced data
analysis approaches with aim of defining novel robust
quantitative metrics to monitor healthy aging.

Conclusion

In conclusion, the investigation on asymmetry across various
tissue types of muscle, fat, and connective tissue provides a further
understanding of the multifaceted factors influencing
musculoskeletal health. The significant contributions of the
NTRA features in particular muscle and connective tissue width
asymmetry indicators to variations across age groups presented their
potential roles. These findings suggest that tissue asymmetry could
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have significant diagnostic and prognostic value as markers for age-
related declines and mobility restrictions which provide possibilities
for early interventions and personalized treatments. Furthermore,
the study’s limitations emphasize the need for future research,
including longitudinal studies and more extensive participant
samples, to fully elucidate the underlying mechanisms and
potential applications of tissue composition asymmetry in aging
and physical function. The long-term goal of our research is to
define robust quantitative metrics to effectively monitor healthy
aging and gain a deeper understanding of the impact of tissue
composition on physical function in older adults.
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Factor analysis for construct 
validity of a trunk impairment 
scale in Parkinson’s disease: a 
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Objectives: To investigate the construct validity of the Trunk Impairment Scale 
(TIS), which was developed to assess trunk impairment in patients with stroke, in 
patients with Parkinson’s disease (PD).

Design: This retrospective, cross-sectional study enrolled consecutive PD 
inpatients. Correlation analysis was performed to clarify whether the TIS 
assessment was related to other balance functions, lower extremity muscle 
strength, or walking ability. Factor analysis was performed to see how the 
background factors of TIS differ from balance function, lower limb muscle 
strength, and walking ability.

Results: Examining the data of 471 patients with PD, there were relationships 
between TIS and the Mini-Balance Evaluation Systems Test (r  =  0.67), Barthel 
Index (r  =  0.57), general lower limb extension torque (r  =  0.51), two-minute walk 
test (r  =  0.54), Hoehn and Yahr stage (r  =  −0.61), and Movement Disorder Society 
Unified Parkinson’s Disease Rating Scale part III total points (r  =  −0.59). Factor 
analysis showed that TIS items were divided into three factors (an abdominal 
muscles and righting reflex component; a perception and verticality component; 
and a rotational component), differing from other scales that included clinical 
assessment items.

Conclusion: The TIS can be useful for assessing the underlying trunk impairment 
as a basis for activities of daily living, gait function, and balance ability in patients 
with PD.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative 
disease with loss of dopaminergic neurons in the substantia nigra pars 
compacta that causes bradykinesia, muscle rigidity, and resting 
tremor. Patients with PD also have axial symptoms, such as postural 
instability, gait disturbance, and postural abnormalities, during the 
advanced stages of the disease (1). Factors thought to cause axial 
symptoms include lower extremity muscle weakness, bradykinesia, 
rigidity, abnormal pattern of postural reflexes, dystonia, reduced gait 
automaticity, impaired proprioception, and impaired cognitive 
function, as well as poor trunk function (2–5). It is also known that 
trunk impairment is often observed (6).

Previous studies reported that trunk impairment is associated 
with postural instability, postural abnormality, and gait disturbance 
that reduce quality of life in patients with PD (3, 7–9). However, a 
battery of tests for trunk impairment focused on the trunk angle in 
one plane or the motor function and mobility of the trunk, and these 
studies separated each other. Moreover, they did not include an 
assessment of the perceptual aspect (6, 10–13). Proprioception and 
sensory integration are crucial for trunk function, but they were found 
to be  impaired in patients with PD (14–16). Therefore, a 
comprehensive evaluation of trunk impairment for patients with PD 
should be  a single assessment battery and include the perceptual 
aspect, in addition to the motor function and trunk deviation angle.

The Trunk Impairment Scale (TIS) reported by Fujiwara et al. (17) 
was originally developed to comprehensively assess the trunk 
impairment of patients with stroke based on the motor and perceptual 
aspects with seven items (1. perception of trunk verticality; 2, 3. trunk 
rotation muscle strength on the right and left sides; 4, 5. righting reflex 
on the right and left sides; 6. verticality; and 7. abdominal muscle 
strength). The TIS had good reliability and validity in patients with 
stroke (17). The TIS can predict functional prognosis in patients with 
early stroke and is an indicator of functional improvement in patients 
with PD (18, 19). However, the construct validity of TIS reported by 
Fujiwara has not been examined in patients with PD. This study aimed 
to assess the trunk impairment of patients with PD using the TIS 
reported by Fujiwara and to confirm its construct validity. Another 
objective was to analyze how the TIS is related to disease severity and 
various physical functions and to determine its clinical usefulness.

Methods

Study design

This retrospective, cross-sectional study was conducted with the 
approval of the Research Ethics Committee, Faculty of Medicine, 
Juntendo University (E22-0157-H01). Informed consent was obtained 
in the form of an opt-out on the website. This study is reported 
following the STrengthening the Reporting of OBservational studies 
in Epidemiology (STROBE) statement (20).

No previous study reported trunk function in PD including 
perceptual aspects in its assessment items without TIS reported by 
Fujiwara; therefore, a sample size calculation for analyzing correlations 
was considered based on a small effect size (r = 0.2), significance level 
of 0.01, and power of 0.95 to minimize the probability of committing 
type II error (21). Sample size calculations were performed with 

G*Power 3.1 (21). Since the medical record data from regular practice 
are expected to contain many deficiencies, over 431 patients’ medical 
record data were included in the study.

Study subjects

A total of 482 consecutive patients with PD of all ages who were 
admitted to the hospital from January 2019 to April 2022 and underwent 
rehabilitation were included in the study. The patients had been 
clinically diagnosed with established and probable Parkinson’s disease 
according to the Movement Disorder Society Clinical Diagnostic 
Criteria (1) by neurologists specialized in movement disorders.

The exclusion criteria included patients who were diagnosed with 
other neurodegenerative diseases (e.g., progressive supranuclear palsy 
or multiple system atrophy), had complications that severely impaired 
their physical performance (e.g., orthopedic disease, internal disease, 
or psychiatric disease), or patients who refused to participate in this 
research project. In addition, patients with significant missing records 
were also excluded.

Assessment items

Based on updated medical records when patients with PD visited 
the hospital, the data of age, sex, duration of disease, duration of 
levodopa medication, body mass index, Hoehn and Yahr stage, 
Levodopa Daily Dose (LDD), and Levodopa Equivalent Daily Dose 
(LEDD) were collected. Part II-Activity Daily living items of the 
Movement Disorder Society Unified Parkinson’s Disease Rating Scale 
(MDS-UPDRS) and Highest ON medication state of part III-Motor 
items of MDS-UPDRS were collected from updated medical records 
by neurologists specialized in movement disorders. The physical 
functions of the TIS, Barthel Index, Mini-Balance Evaluation Systems 
Test (Mini-BESTest), two-minute walk test, general lower extremity 
extension torque using the Strength Ergo 240, and handgrip force 
were assessed by physical therapists. The assessments of physical 
function were performed 60 to 120 min after oral dosing with 
confirmed ON-medication status. Each assessment for the physical 
functions is described in detail below.

Trunk impairment scale

The TIS consists of seven items: (1) perception of trunk verticality; 
(2, 3) trunk rotation muscle strength on the right and left sides; (4, 5) 
righting reflex on the right and left sides; (6) verticality; and (7) 
abdominal muscle strength. Each item is evaluated on a scale of 0 to 
3, with a maximum score of 21 points; a higher score represents better 
trunk function. The required duration for the completion of the TIS 
is approximately 5 min. The Appendix shows the details of the TIS’s 
definition, procedures, and scoring criteria (17).

Postural instability and gait dysfunction

Postural instability and gait dysfunction (PIGD) was assessed with 
the PIGD sub-score of MDS-UPDRS part III (item 3.9 Arising from 
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chair, 3.10 Gait, 3.11 Freezing of gait, 3.12 Postural stability, 3.13 
Posture) (22).

Specific balance abilities were measured with the Mini-Balance 
Evaluation Systems Test (Mini-BESTest), which consists of four 
different balance aspects (Anticipatory postural adjustments, 
Automatic postural responses, Sensory orientation, and Dynamic gait) 
with the highest score of 28 points (23); higher scores indicate better 
balance ability. Gait performance was assessed with a two-minute 
walk test (24, 25).

Strength of the upper and lower 
extremities and foot bradykinesia

General lower limb extension muscle strength was evaluated with 
the isokinetic mode of Strength Ergo 240 (SE240: Mitsubishi Electric 
Engineering Corporation, Tokyo, Japan) (19). The rotational speed 
was set at 50/min, and the backrest angle was set at 110 degrees during 
the measurement period. After orientation to strength measurement, 
the patients kicked pedals with five consecutive drives, and peak 
torque was calculated.

Handgrip force was measured using the CAMRY dynamometer 
(CAMRY EH101, Sensun Weighing Apparatus Group Ltd., 
Guangdong, China) in the sitting position with the humerus vertical 
and a 90-degree flexed elbow according to previous reports to avoid 
unexpected falls during the measurement (26, 27).

In addition to the assessments above, MDS-UPDRS part III item 
7 toe-tapping was evaluated to clarify foot movement as a distal part 
of lower bradykinesia (22).

Statistical analysis

All data were tested for normality using the Shapiro–Wilk test. To 
investigate the construct validity of the TIS, the relationships between 
TIS and MDS-UPDRS items, Mini-BESTest, BI, Strength of 
Extremities, and Hoehn and Yahr stage were analyzed using 
Spearman’s correlation coefficients. To analyze confounding factors 
within parameters other than the TIS, multiple regression analysis was 
performed. To analyze the relationships of background factors in each 
item on the TIS and other physical functions, factor analysis with 
Promax rotation was used. To determine the number of factors before 
the factor analysis, the Bayesian information criterion was applied to 
allow for more objective calculations even with a large sample size. 
Other determination methods such as the Kaiser-Guttman criterion 
and scree plot were not used in this study due to the risk of 
overestimation or uncertain features of visual judgment methods. 
Randomly occurring missing values were complemented using the 
multiple imputation method. All statistical analyses were performed 
with the statistical software R version 4.2.0 for Windows, and the 
significance level was set at p < 0.05.

Results

After applying the exclusion criteria, data of 471 patients were 
selected for this study (Figure 1). Data of 11 patients with PD were 
excluded due to significant missing medical records.

Fifty-eight patients had previously received device-aided therapy, 
such as Subthalamic Nucleus Deep Brain Stimulation implantation 
(38 patients), Globus Pallidus Internus Deep Brain Stimulation 
implantation (2 patients), and Levodopa-carbidopa intestinal gel 
therapy (18 patients). Table 1 shows the demographic data of the 
eligible cases.

Spearman’s correlation coefficients showed moderate positive 
correlations between the TIS and the Mini-BESTest (r = 0.66, 
p < 0.001), Barthel Index (r = 0.57, p < 0.001), general lower limb 
extension torque (r = 0.51, p < 0.001), and the two-minute walk test 
(r = 0.54, p < 0.001). There were moderate negative correlations 
between the TIS and Hoehn and Yahr stage (r = −0.58, p < 0.001), 

FIGURE 1

Schematic flow chart of study participants. PD, Parkinson’s disease; 
STN-DBS, Subthalamic Nucleus Deep Brain Stimulation; Gpi-DBS, 
Globus Pallidus Internus Deep Brain Stimulation; LCIG, Levodopa-
carbidopa intestinal gel therapy.

TABLE 1 Demographic data of the participants.

Age, years, mean (SD) 65.7 (10.6)

Sex, female/male, n (%) 237 (50.3)/234 (49.7)

Body height, cm, mean (SD) 159.9 (10.6)

Body weight, kg, mean (SD) 57.1 (40.8)

Body mass index, mean (SD) 22.2 (14.2)

Duration of disease, years, mean (SD) 12.1 (7.5)

Duration of medication, years, means (SD) 10.4 (8.2)

Hoehn and Yahr stage, median (IQR) 2.0 (1)

MDS-UPDRS part III, median (IQR) 22.0 (18.5)

Barthel Index, median (IQR) 80.0 (30.0)

Mini-BESTest total score, median (IQR) 19.0 (10.0)

Deep brain stimulation setting

Pulse, microseconds, mean (SD) 54.9 (19.2)

Hz, mean (SD) 130.4 (40.1)

mA, mean (SD) 2.5 (0.9)

LDD, mg, mean (SD) 636.4 (947.8)

LEDD, mg, mean (SD) 283.5 (496.0)

Data are mean (SD), n (%), or median (IQR) values. SD, standard deviation; IQR, 
interquartile range; MDS-UPDRS, movement disorders society-unified Parkinson’s disease 
rating scale; Mini-BESTest, Mini-Balance Evaluation Systems Test; LDD, levodopa daily 
dose; LEDD, levodopa equivalent daily dose.
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MDS-UPDRS part III total points (r = −0.55, p < 0.001), and part III 
Postural stability (r = −0.51, p < 0.001) (Figure  2). In the other 
functions or general state, the TIS was weakly correlated with 
handgrip force (r = 0.46, p < 0.001), age (r = −0.37, p < 0.001), 
MDS-UPDRS part III toe-tapping (r = −0.34, p < 0.001), Arising from 
chair (r = −0.48, p < 0.001), Gait (r = −0.49, p < 0.001), Freezing of gait 
(r = −0.42, p < 0.001), and Posture (r = −0.45, p < 0.001). There were 
negligible correlations between the TIS and MDS-UPDRS part II 
Turning in bed (r = −0.29, p < 0.001), body mass index (r = 0.16, 
p = 0.007), duration of disease (r = −0.16, p < 0.001), duration of 
levodopa medication (r = −0.16, p < 0.001), and LEDD (r = 0.15, 
p = 0.0014).

Table 2 shows the results of multiple regression analysis between 
the TIS and age, body height, body weight, duration of disease, years, 
Barthel Index, LEDD, MDS-UPDRS II Turning in bed, MDS-UPDRS 
III total score, Hoehn and Yahr stage, Mini-BESTest total score, 
general lower extremity extension torque, two-minute walk test, and 
handgrip force. The analysis showed that the independent variables 
Barthel Index (β = 0.14, p = 0.01), MDS-UPDRS II Turning in bed 
(β = −0.12, p = 0.002), Hoehn and Yahr stage (β = −0.16, p = 0.003), and 
Mini-BESTest total score (β = 0.27, p = 0.00003) contributed 
significantly to the dependent variable TIS.

The Bayesian information criterion analysis yielded seven factors 
in the MDS-UPDRS part II Turning in bed, MDS-UPDRS III Toe 
tapping, PIGD score (Arising from chair, Gait, Freezing of gait, 
Postural stability, Posture), Mini-BESTest sub-score (Anticipatory 
postural adjustments, Automatic postural responses, Sensory 
orientation, and Dynamic gait), TIS sub-score (Perception of trunk 
verticality, Trunk rotation muscle strength on the right and left side, 
Righting reflex on the left and right side, Verticality, Abdominal 

muscle strength), general lower extremity extension torque, 
two-minute walk test, and handgrip force. The factor analysis with 
Promax rotation indicated that the first factor included the 
MDS-UPDRS II Turning in bed, MDS-UPDRS III Toe tapping, and 
PIGD score (Arising from chair, Gait, Freezing of gait, Postural 
stability, Posture). The second factor consisted of the Mini-BESTest 
sub-score (Anticipatory postural adjustments, Automatic postural 
responses, Sensory orientation, and Dynamic gait), and the 
two-minute walk test. The third factor comprised the TIS righting 
reflex on the left side, TIS righting reflex on the right side, and TIS 
abdominal muscle strength. The fourth factor included the TIS trunk 
rotation muscle strength on the right side and TIS trunk rotation 
muscle strength on the left side. The fifth factor involved the TIS 
perception of trunk verticality and TIS verticality. The sixth factor 
covered the general lower extremity extension torque, two-minute 
walk test, and handgrip force. The seventh factor included the 
MDS-UPDRS III Postural stability and Mini-BESTest Automatic 
postural responses (Table 3). All 7 factors showed moderate or low 
correlations with each other (Table 4).

Discussion

The TIS was developed specifically to assess trunk function in 
patients with stroke. This is the first study to show that the TIS based 
on the motor function of the trunk and perceptual aspects had high 
construct validity. The present results showed that the TIS was 
correlated to disease severity, activities of daily living, limb strength, 
gait, and balance ability in patients with PD. Based on the results of 
correlation and multiple regression analysis, TIS may evaluate the 

FIGURE 2

Scatter plots depicting the relationship between the TIS and associated assessment parameters. Spearman‘s correlation coefficients show a positive 
association of the TIS (range 0–21 points) and Mini-BESTest (range 0–28 points). Spearman’s correlation coefficients show negative associations of the 
TIS (range 0–21 points) and Hoehn and Yahr stage (range 1–5) and MDS-UPDRS part III total points (range 0–132 points). TIS, Trunk Impairment Scale; 
Mini-BESTest, Mini-Balance Evaluation Systems Test; MDS-UPDRS, Movement Disorders Society-unified Parkinson’s disease rating scale.
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TABLE 2 Multiple regression analysis between the TIS total score and demographic and other clinical assessments.

β VIF p value

Age 0.01 1.56 0.87

Body height −0.01 1.58 0.73

Body weight 0.02 1.11 0.58

Duration of disease 0.02 1.08 0.63

Barthel index 0.14 2.75 0.01**

Levodopa equivalent daily dose 0.04 1.06 0.27

MDS-UPDRS II 9 Turning in bed −0.12 1.36 0.002**

MDS-UPDRS III total score −0.08 2.75 0.14

Hoehn and Yahr stage −0.16 2.64 0.003**

Mini-BESTest total score 0.27 4.06 0.00003***

General lower extremity extension torque 0.01 3.18 0.93

Two-minute walk test 0.05 2.60 0.35

Handgrip force 0.07 2.39 0.16

R2 = 0.52, p < 0.0001. *p < 0.05, **p < 0.01. β, standardized partial regression coefficient; VIF, variance inflation factor; R2, multiple coefficient of determination; MDS-UPDRS, movement 
disorders society-unified Parkinson’s disease rating scale; Mini-BESTest, Mini Balance Evaluation Systems Test; TIS, Trunk Impairment Scale.

TABLE 3 Factor loading matrix for 21 variables after promax rotation for the physical performance data.

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7

MDS-UPDRS II 9 Turning in bed 0.51 0.049 −0.071 −0.044 −0.122 −0.109 −0.197

MDS-UPDRS III 7 Toe tapping 0.459 −0.111 −0.034 0.022 −0.048 0.107 0.067

MDS-UPDRS III 9 Arising from chair 0.882 −0.114 −0.033 −0.005 0.065 −0.007 −0.084

MDS-UPDRS III 10 Gait 0.843 0.046 0.04 −0.021 0.033 −0.03 0.175

MDS-UPDRS III 11 Freezing of gait 0.848 −0.024 −0.048 −0.002 0.082 0.052 0.016

MDS-UPDRS III 12 Postural stability 0.323 0.124 −0.012 0.063 0.018 −0.098 0.684

MDS-UPDRS III 13 Posture 0.533 0.04 0.117 −0.009 −0.177 0.037 0.293

Mini-BESTest Anticipatory postural adjustment −0.204 0.776 −0.015 −0.026 −0.021 −0.082 −0.062

Mini-BESTest Automatic postural responses −0.035 0.338 0.024 −0.029 −0.016 0.054 −0.435

Mini-BESTest Sensory orientation −0.101 0.869 −0.026 −0.023 0.043 0 0.112

Mini-BESTest Dynamic gait −0.189 0.746 0.018 −0.002 −0.011 0.035 0.028

TIS perception of trunk verticality 0.042 0.04 0.023 −0.025 0.781 −0.009 0.061

TIS trunk rotation muscle strength on the right side −0.014 −0.033 −0.134 1.165 −0.07 −0.023 0.067

TIS trunk rotation muscle strength on the left side 0.021 −0.003 0.139 0.582 0.104 0.02 −0.076

TIS righting reflex on the left side −0.018 −0.014 0.962 −0.031 0.019 −0.025 −0.016

TIS righting reflex on the right side −0.005 −0.02 1.051 −0.114 −0.023 0.005 0.009

TIS verticality 0.063 −0.012 −0.031 −0.052 0.987 −0.001 −0.014

TIS abdominal muscle strength 0.026 0.118 0.334 0.275 0.049 0.025 −0.078

General lower extremity extension torque 0.025 0.001 −0.032 −0.011 −0.014 0.894 −0.076

Two-minute walk test −0.164 0.462 −0.042 0.034 −0.013 0.315 0.038

Handgrip force −0.018 −0.065 0.028 −0.025 0.017 0.821 −0.011

Sum of squared loadings 3.19 2.31 2.21 1.80 1.67 1.62 0.87

Proportion of variance 0.15 0.11 0.11 0.09 0.08 0.08 0.04

Cumulative proportion of variance 0.15 0.26 0.37 0.45 0.53 0.61 0.65

Bold values indicate loadings > 0.30. MDS-UPDRS, movement disorders society-unified Parkinson’s disease rating scale; Mini-BESTest, Mini Balance Evaluation Systems Test; TIS, Trunk 
Impairment Scale.
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TABLE 4 Factor correlations.

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7

Factor 1 1 0.444 0.646 −0.461 −0.56 −0.573 −0.55

Factor 2 1 0.585 −0.599 −0.64 −0.756 −0.641

Factor 3 1 −0.525 −0.687 −0.663 −0.546

Factor 4 1 0.52 0.694 0.601

Factor 5 1 0.602 0.493

Factor 6 1 0.702

Factor 7 1

trunk function related to balance function, disease severity, ADL 
function, lower limb strength, and which is different from the effects 
of age and BMI. The factors of the TIS were constructed with three 
different aspects (abdominal muscles and righting reflex component, 
perception and verticality component, and rotational component), 
and it differed from other factors that included clinical assessment 
items of Mini-BESTest, MDS-UPDRS part II Turning in bed, part III 
Postural instability and gait disturbance scores, two-minute walk test, 
and limb muscle strength. The TIS can be used to understand trunk 
impairment itself in patients with PD.

According to the previous studies, the factor analysis of TIS in 
patients with stroke did not divide the number of factors into multiple 
numbers, whereas multiple numbers were seen in patients with 
PD. The trunk impairment in stroke presents mainly with hypotonic 
hemiparesis, whereas PD presents with a variety of trunk impairments, 
including rigidity of trunk muscles (7), reduced righting reflexes (5), 
and altered vertical axis perception (5, 28). Although the results of this 
factor analysis might reflect the difference in the number of samples 
covered, there might be  differences in background characteristics 
between stroke and PD.

After analyzing various factors such as MDS-UPDRS, Mini-
BESTest, upper and lower extremity muscle strength, balance ability, and 
gait function, only the TIS was divided into three factors, even though 
these factors were correlated. Given that the Mini-BESTest is tailored 
explicitly to assess equilibrium in both standing and ambulatory 
scenarios, it was likely subjected to factor analysis as a single domain. 
The TIS administered in a supine or seated posture, and its broader 
assessment beyond mere motoric capacities of achievable or 
unattainable, might reflect why it was stratified into distinct domains 
during factor analysis. The elements that the TIS could capture separately 
were the [1] trunk righting reflex and abdominal muscle strength 
component, [2] the trunk rotation component, and [3] the verticality 
and vertical axis perception component, and it has been reported that, 
in PD, the trunk righting reflex and muscle strength (5), trunk rotation 
(9, 12), and vertical axis perception (5, 28) were decreased. The TIS in 
the present study is considered to be  an assessment scale that is 
constructed to reflect these factors. The results of the factor analysis in 
the present study also suggest that the TIS may be an assessment index 
that can provide a more detailed evaluation of trunk dysfunction in 
patients with PD, which is difficult to obtain with other assessments.

In the clinical setting, trunk function is considered to be important 
for rolling over, but the TIS was not related to the MDS-UPDRS part 
II Turning in bed item in the present study. A previous study recruited 
only patients with PD with mild disease severity and showed that bed 
roll ability was related to trunk motor function, which was different 

from the result of the present study (6). One possible explanation is 
that these results might reflect the assessment method differences 
between the TIS, which reflects trunk dysfunction accurately by 
physical examination, and the MDS-UPDRS part II Turning in bed 
item, which allows turning movements even with compensatory 
movements, by questionnaire evaluation.

Previous studies have reported that trunk function in patients 
with PD affects ADL performance (6, 12), balance function, and gait 
function (7, 16). In the present study, the direct impact on trunk 
function on multiple regression analysis resulted in a low contribution 
rate, as indicated by the standard partial regression coefficients, 
although there were significant differences. Therefore, it is unlikely 
that ADL, balance function, and walking ability have a strong 
influence on trunk function due to these factors. From a clinical 
perspective, although ADL, balance function, and walking ability are 
correlated with trunk function, it is unlikely that they are confounding 
factors that influence trunk function. Rather, it is possible that trunk 
function influences ADLs, balance function, and walking ability.

Evaluation scales that separately quantify trunk function, balance 
function, and gait function in patients with PD have been scarce, 
making it difficult to capture the relationships among trunk function, 
balance function, and gait function in patients with PD, as well as trunk 
function itself. Since the TIS can comprehensively capture the trunk 
function of patients with PD from the motor and perceptual aspects, the 
clinical application of this assessment is considered highly meaningful.

The present study has some limitations. First, because this was a 
cross-sectional study, predictive factors of TIS itself or effect for the 
other physical functions such as balance function, and minimum 
clinically important difference could not be analyzed. Therefore, an 
additional cohort study should be planned. Second, the subjects in this 
study were only clinically diagnosed with PD, not pathologically 
confirmed. Third, this study did not contain the aspect of nonmotor 
symptoms and fluctuations of dopaminergic medications. A future 
study should include the assessment of nonmotor features and 
fluctuations of dopaminergic medications. In addition, it is necessary 
to conduct randomized, controlled studies to clarify the causal 
relationship to determine whether the improvement in trunk function 
captured by the TIS analyzed in the present study leads to an 
improvement in physical function in patients with PD.

Conclusion

The TIS can evaluate three different components including motor 
and perceptual aspects of trunk function separately from limb muscle 
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strength, balance function, and parkinsonism. These findings suggest 
that the TIS can be  useful for exploring the underlying trunk 
impairment as a basis for activities of daily living, gait function, and 
balance ability in patients with PD.
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Influences of cognitive load on
center of pressure trajectory of
young male adults with excess
weight during gait initiation
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Introduction: Falls and fall-related injuries in young male adults with excess
weight are closely related to an increased cognitive load. Previous research
mainly focuses on analyzing the postural control status of these populations
performing cognitive tasks while stabilized walking progress but overlooked a
specific period of walking known as gait initiation (GI). It is yet unknown the
influences of cognitive load on this population’s postural control status during GI.

Objective: This study aimed to determine the influences of cognitive load on the
center of pressure (CoP) trajectory of young male adults with excess weight
during GI.

Design: A controlled laboratory study.

Methods: Thirty-six male undergraduate students were recruited and divided into
normal-weight, overweight, and obese groups based on their body mass index
(BMI). Participants’ CoP parameters during GI under single and dual-task
conditions were collected by two force platforms. A mixed ANOVA was
utilized to detect significant differences.

Results: Compared with the normal-weight group, the obese group showed
significant changes in the duration and CoP parameters during sub-phases of GI,
mainly reflecting prolonged duration, increased CoP path length, higher
mediolateral CoP displacement amplitude, and decreased velocity of
anteroposterior CoP displacement. During GI with 1-back task, significantly
increased mediolateral CoP displacement amplitude occurred in the obese
group. During GI with 2-back task, the obese group had increased CoP path
length, higher mediolateral CoP displacement amplitude, as well as a decreased
velocity of CoP displacement.

Conclusion: Based on the changes in CoP parameters during GI with cognitive
tasks, young male adults with excess weight, mainly obese ones, have
compromised postural stability. During GI with a difficult cognitive task, obese
young male adults are more susceptible to deterioration in their lateral postural
balance. These findings indicate that the increased cognitive load could
exacerbate obese young male adults’ postural control difficulty during GI
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under dual-task conditions, putting them at a higher risk of experiencing incidents
of falls. Based on these findings, we offer suggestions for therapists to intervene
with these young male adults to ensure their safety of GI.

KEYWORDS

cognition, gait initiation, overweight, obesity, postural control

1 Introduction

At present, over 1.9 billion and more than 600 million
individuals have excess weight and can be classified as
overweight or obese, respectively (Barone et al., 2020). Aged
18–35 years is an influential period for excessive weight gain and
unhealthy weight-related behaviors (Lytle et al., 2017). Excess weight
can decrease the capacity of young adults to properly use
proprioceptive information for postural control, making them
have almost twice the fall risks as their normal-weight
counterparts (Fjeldstad et al., 2008). In the population of young
adults, males are more susceptible to falls and injuries for their slip-
induced fall risks notably increased along the transversal direction
under certain conditions (Wu et al., 2012). Based on these reasons, it
is imperative to assess the motor performance of young male adults
with excess weight to evaluate their safety and provide a theoretical
basis for preventing them from experiencing dangerous events.

Gait initiation (GI), the transient period between standing posture
and steady-state walking, involves the correct preparation and
execution of a sequence of movements. Individuals not only need
to shift their weight and transition the base of support voluntarily but
also need to generate an appropriate propulsion force to reach the
required gait speed and control the disequilibrium led by the walking
progression (Hass et al., 2004; Colné et al., 2008). Analyzing
biomechanical performance during GI in young male adults with
excess weight, including the calculation of center of pressure (CoP)
parameters (e.g., CoP displacement amplitude and velocity of CoP
displacement), can provide deep insights into their postural control
status, having important implications regarding their fall prevention
(Cau et al., 2014; Hirjaková et al., 2018). However, currently, there is a
lack of studies comparing the differences in CoP parameters between
normal-weight and excess-weight ones during GI, which hinders
researchers from gaining a deeper understanding of postural
control status among these populations.

Maintaining a stable and sustained posture requires correct
neuromuscular control, which relies on sufficient cognitive
resources. Dual-task conditions are common in daily life, especially
those involving the simultaneous performance of both cognitive and
motor tasks (Brauer et al., 2001), in which cognitive tasks will compete
with motor tasks for cognitive resources. This competition leads to
uneven resource allocation between the two tasks, resulting in a decline
in performance or quality in one or both tasks (Yogev-Seligmann et al.,
2008). Even though walking is considered a motor activity that does
not require a great degree of conscious thought, individuals may still be
unstable and at risk of falling if they have difficulty reasonably dividing
their attention into motor and cognitive tasks during walking under
dual-task conditions (Fraser et al., 2017). Excessive body weight
increase has been associated with a higher risk for impaired
cognitive function (Volkow et al., 2009). Young male adults with
excess weight have neurocognitive deficits, like impairments in the

efficiency of central processing (Tsai et al., 2019), which might make
them more dangerous while walking and dealing with cognitive tasks
simultaneously. Numerous studies have explored the performance of
individuals with excess weight during walking under dual-task
conditions (Wu et al., 2016; Shaik et al., 2022). But, few studies
evaluated the CoP parameters of young male adults during GI
under dual-task conditions, making the underlying postural control
mechanisms in young male adults with excess weight during GI under
dual-task conditions remain unknown.

Cognitive load is a vital influence contributor to behaviors (Byrd-
Bredbenner et al., 2016). Once cognitive load increases, the difficulty
of maintaining postural stability will become more apparent,
potentially impairing an individual’s ability to actively control their
balance (Small et al., 2021). In previous research, influences of
cognitive overload were primarily observed in the impairment of
gait control, as evidenced by alterations in the gait parameters (Xu
et al., 2023). Considering that excess weight is usually accompanied by
cognitive function inhibition compared with normal-weight peers
(Moss et al., 2023; Wernberg et al., 2023), this means that the
increased cognitive load may specifically influence the postural
control of overweight or obese young male adults, putting them at
a higher risk of falling. Some researchers have suggested that future
research should thoroughly analyze secondary cognitive tasks with
different difficulty levels to better understand the GI performance of
individuals with excess weight under dual-task conditions (Qu et al.,
2021). However, this aspect has not been explored yet.

In summary, the purpose of the current study was to further
investigate the differences in CoP parameters among young male
adults with normal weight and excess weight during GI with
different difficult levels of cognitive tasks, determining the
influences of cognitive load on CoP parameters of young male
adults with excess weight during GI. We made three assumptions.

1) There are differences in CoP parameters during GI between
normal-weight and young male adults with excess weight.

2) During GI with cognitive tasks, young male adults with normal
weight and those with excess weight had different CoP
parameters.

3) During GI with a higher cognitive load, obese young male adults
may have different CoP parameters compared with those who
are normal weight or even overweight.

2 Materials and methods

2.1 Participants

In this study, thirty-six male undergraduate students were recruited
from Soochow University. The study applied the following inclusion
criteria: i) individuals aged between 18 and 35 years (Lytle et al., 2017),
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ii) individuals with normal or corrected-to-normal vision, iii) no history
of neurological disorders, and iv) no history of musculoskeletal
disorders, as well as no self-reported severe physical diseases that
could impede locomotion. After explaining the experimental
protocol, all participants signed written informed consent before the
experiment. They were evenly classified into the normal-weight group,
overweight group, and obese group, according to the classification
criteria for overweight and obesity in China [i.e., normal-weight: 18.5≤
body mass index (BMI) ≤23.9 kg/m2; overweight: 24.0≤ BMI ≤27.9 kg/
m2; obesity: BMI ≥28.0 kg/m2] (National Health and Family Planning
Commission of the People’s Republic of China, 2013). The researchers
asked participants to walk three times consecutively from a standing
position in order to determine their preferred swung leg during GI. The
participants’ data is presented in Table 1. This study received ethical
approval from the Soochow University Human Research Institutional
Review Board.

2.2 Test equipment

A screen (U55H3, Haier, China) was set at the endpoint of a 5-m
linear walkway (Simonet et al., 2022). CoP parameters during GI
were collected by two force platforms (9287B, KISTLER,
Switzerland) sequentially embedded in the walkway along the
progression direction 1 cm apart. An 8-camera motion capture
system (Vicon, Oxford, United Kingdom) was used to collect
spatial data from reflective markers placed on the participants’
feet, following the scheme provided by the Conventional Gait
Model 2.0 (Vicon 2020). The motion capture system and force
platforms were synchronized with the sampling rates at 100 and
1,000 Hz, respectively.

2.3 N-back task

The N-back is a continuous performance task requiring high
cognitive resources. In this study, a series of letters (from “A” to
“J”) were randomly presented in a sequence using a visual
procedure on the screen. Participants had to monitor these

letters and decide whether each letter in a sequence was
consistent with the one that appeared N steps ago. The
presentation of letters was controlled by E-Prime software 2.0
(Psychology Software Tools, Sharpsburg, PA, United States).
Before the presentation of each letter, a cross character
appeared on the screen for 500 ms. Subsequently, the letter was
displayed for 500 ms, and the participants were given 1,500 ms to
respond. The N-back tasks used in this study were constructed
using lists of 25 plus N letters, comprising 20 percent “yes” and
80 percent “no” responses (Wrightson et al., 2016). Additionally,
the list used in each experiment was different.

Cognitive tasks consist of two difficulty levels: easy (1-back task)
and difficulty (2-back task), which require low and high cognitive
demand and impose different levels of cognitive load during
walking-related movements, respectively (Patelaki et al., 2023).
For 1-back task, if the current letter presented is consistent with
the previous one, that is a “target” stimulus requiring a “yes”
response; once the current letter presented is inconsistent with
the previous one, that is, a “not target” stimulus, the participants
have to make a “no” response (Nocera et al., 2013). Similarly, for 2-
back task, participants have to compare the current letter to the one
presented two steps earlier and make a “yes” or “no” response
(Nocera et al., 2013). The first letter of 1-back task and the first two
letters of 2-back task did not require a response.

2.4 Experimental procedure

Before the formal experiment, participants were given 10 min to
train in the N-back task to familiarize themselves with the procedure
of N-back tasks. In the formal experiment, the participants started
each trial by standing barefoot on the first force platform. They
maintained an upright posture with their arms at their sides, fixed
their heads in a neutral position, and looked straight ahead with
their eyes. The initial positioning of the feet was self-selected and
then subsequently marked to ensure consistent foot placement and
stance width throughout the experimental procedure. Each
participant walked from the start point to the endpoint under
single and dual-task conditions.

TABLE 1 General characteristics of participants.

Characteristics Body weight F-value p-value

Normal-weight (n = 12) Overweight (n = 12) Obese (n = 12)

Age (years) 22.8 ± 2.7 22.9 ± 3.0 22.4 ± 2.5 0.113 0.894

Height (m) 1.72 ± 0.06 1.71 ± 0.04 1.73 ± 0.07 0.514 0.603

Weight (kg) 62.1 ± 7.7 74.5 ± 5.7 93.2 ± 8.1 56.246 <0.001a

BMI (kg/m2) 20.9 ± 1.5 25.6 ± 1.5 31.1 ± 1.4 152.577 <0.001a

Preferred swing leg during GI

Left 3 7 5
—

Right 9 5 7

ap-values < 0.017 for normal-weight group vs. overweight group vs. obese group.

The meaning of the bold values is that significant statistical differences exist.
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2.4.1 Single-task condition
Participants stood on the force plate, as mentioned above. Once

a letter with an illuminated light appeared on the screen, participants
needed to initiate gait and walk along the 5-m walkway. A successful
trial under the single-task condition was defined as one where the
participants’ preferred swung leg during GI correctly stepped on the
second force platform, with the foot not exceeding the edge of the
force platform, and test equipment successfully captured trial data.

2.4.2 Dual-task conditions
Participants stood on the force plate, as described above. According

to the requirements of the N-back test, participants need to respond
continuously as accurately and quickly as possible (Figure 1A). No
feedback was given during or after each trial or block. Until the end of
the list, the letter with an illuminated light would appear and cue
participants to initiate gait. Participants must respond correctly,
followed by the N-back test requirement, and immediately initiate
gait and walk to the endpoint (Figure 1B). A 5-min gap was set between
each 1- and 2-back task, allowing participants to relax. A successful trial
under the dual-task condition was defined as one in which participants
achieved complete accuracy in the N-back tasks (to ensure that
participants really focused on performing cognitive tests) and their
preferred swung leg during GI stepped on the second force platform,
with their foot not exceeding the edge of the force platform, and test
equipment successfully captured trial data. Those trials of participants
who fail to meet the accuracy requirement of N-back tasks during GI

with cognitive tasks will not be used for analysis. Finally, all participants
need to conduct three successful trials under single- and dual-task
conditions, respectively.

2.5 Dependent variables

The data obtained from successful trials were analyzed using
MATLAB software (R2023a, MATLAB, Mathworks, Inc., Natick,
MA, United States). Moment and force components were low-pass
filtered at 10 Hz (Butterworth, fourth order), and then CoP
parameters were calculated.

According to five landmarks, the GI was divided into four sub-
phases. Specifically, those landmarks were successively representing:
1) the CoP started deviation toward the swing leg; 2) the CoP
completely under the rear foot of the swing leg; 3) the heel of the
swing leg left off the ground; 4) the foot of the swing leg contacted
ground; and 5) the toe of the stance leg left from the ground. The
four sub-phases are sequentially named as imbalance, unloading,
monopedal standing, and bipedal standing phases. The imbalance
phase was characterized by the CoP deviation towards the swing leg,
followed by a transfer to the posterior end of the swinging leg.
Deviation onset was determined as the time point whenmediolateral
(ML) CoP displacement exceeded three standard deviations from its
baseline. The baseline was calculated as the mean value of ML CoP
displacement in the 1,500 ms period before the visual cue of the last
letter was presented (Uemura et al., 2012; Yousefi et al., 2020). The
unloading phase represented the movement of the CoP towards the
initial stance foot and stopped under the initial stance foot. The
monopedal standing phase started with the forward displacement of
CoP, which was at the instant of transition to the single-limb stance
and ended with the heel strike of the swing leg (Davidson and
Wolpert, 2005). Swing leg heel contact was determined as the

FIGURE 1
The experimental procedure during GI under dual-task
conditions. (A): Participants stand on the force platform and respond
according to the N-back task requirements; (B): Make a response
according to the N-back task requirements and initiate gait
simultaneously.

FIGURE 2
The division of GI and themeanings of landmarks.◆: Onset of the
GI period and the imbalance phase; C: End of the imbalance phase
and onset of the unloading phase; ▲: Onset of the monopedal phase
and the end of the unloading phase; ▼: End of the monopedal
phase and the onset of the bipedal phase; ■: End of the bipedal phase
and the GI period.
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moment when the vertical ground reaction force measured by the
second force platform exceeded 10 N (Qu et al., 2021). The bipedal
standing phase started from the forward shift of CoP and continued
until the toe-off of the stance limb (Davidson and Wolpert, 2005).
Stance leg toe-off was the moment when the toe marker increased by
10 mm in the vertical direction from static upright standing. The
division of GI is shown in Figure 2.

Dependent variables for the assessment included spatial-
temporal variables of sub-phases: duration, CoP length path, CoP
speed, anteroposterior (AP) and ML CoP displacement amplitude,
and velocity of AP andML CoP displacement. Among them, AP and
ML CoP displacement amplitude were calculated using Eqs 1, 2. In
these equations, x and y represent the CoP position in the AP and
ML directions, respectively.

APCoP displacement amplitude cm( ) � y end−y onset∣∣∣∣
∣∣∣∣ (1)

MLCoP displacement amplitude cm( ) � x end−x onset| | (2)
The velocity of AP and ML CoP displacement were calculated

using Eqs 3, 4. The variable n represents the number of data points,
and 1,000 is the sampling frequency.

Velocity of APCoP displacement
cm
s

( ) � APCoP displacement amplitude*1000
nend − nonset( )

(3)
Velocity of MLCoP displacement

cm
s

( ) � MLCoP displacement amplitude*1000
nend − nonset( )

(4)

2.6 Statistical analysis

The mean value of the three successful trials under single- and
dual-task conditions, respectively, was used for statistical analysis.
Data analysis was performed using SPSS version 26 for Windows
(SPSS Inc., Chicago, IL, United States). Continuous variables were
presented as mean ± standard deviation (SD). The data distribution
for each variable was assessed using the Shapiro-Wilk test. If the data
distribution was non-normal, it was transformed for subsequent
analysis using the Box-Cox transformation, to become normally
distributed, i.e.,

yT �
yλ−1
λ

, λ ≠ 0;

lny, λ � 0,

⎧⎪⎪⎨
⎪⎪⎩

where y is the original variable, yT represents the corresponding
transformed variable, and λ is a parameter, which is supposed to be
most efficient when maximizing the log-likelihood. Those non-
normal variables that need Box-Cox transformed were marked in
Tables, and their corresponding optimal λ values and confidence
intervals can be found in the Supplementary Material.

A mixed ANOVA with a Greenhouse-Geisser correction was
utilized to detect the between-subjects effect of group (normal-
weight, overweight, and obese), the within-subjects effect of task
condition (baseline, 1-back, and 2-back), and the interaction effect
between group and task. Statistical significance was concluded when
p-values < 0.05, and Eta partial square (η2) was used to display the
effect size. Post-hoc comparisons among groups and tasks were
applied Bonferroni correction, and statistical significance was

concluded when p-values < 0.017. In case a significant
interaction was detected, a simple effects analysis was conducted.
During the simple effects analysis, when performing the post hoc
analysis among groups, the statistical significance was set at
p-values < 0.0056.

3 Results

3.1 Duration

There were significant main effects of the group on the duration
of the imbalance phase (F = 4.086, p = 0.026, η2 = 0.198) and the
bipedal standing phase (F = 7.262, p = 0.002, η2 = 0.306) (Table 2).
Post hoc analysis found no significant difference in the paired
comparison between any two groups regarding the duration of
the imbalance phase (p > 0.017); The obese group (0.24 ± 0.05 s)
showed a more prolonged duration of the bipedal standing phase
than the normal-weight group (0.19 ± 0.04 s) (p = 0.002).

There were significant main effects of the task on the duration of
the imbalance phase (F = 13.871, p < 0.001, η2 = 0.296) and the bipedal
standing phase (F = 7.534, p = 0.002, η2 = 0.186) (Table 2). Post hoc
analysis found that the duration of the imbalance phasewith 1-back task
(0.26 ± 0.07 s) and 2-back task (0.29 ± 0.07 s) was more prolonged than
that with single task (0.23 ± 0.06 s) (p = 0.004; p < 0.001); The duration
of the bipedal standing phase with 2-back task (0.22 ± 0.05 s) was more
prolonged than that with single task (0.20 ± 0.04 s) (p = 0.009).

3.2 CoP path length and CoP speed

There were significant main effects of the group on the CoP path
length during the imbalance phase (F = 5.128, p = 0.012, η2 = 0.237),
the unloading phase (F = 3.949, p = 0.029, η2 = 0.193), and the
bipedal standing phase (F = 8.337, p = 0.001, η2 = 0.336) (Table 3).
Post hoc analysis found that the obese group (8.34 ± 2.60 cm)
showedmore increased CoP path length during the imbalance phase
than the normal-weight group (5.81 ± 2.41 cm) (p = 0.010); No
significant differences were found in the paired comparison between
any two groups regarding the CoP path length during the unloading
phase (p > 0.017); The obese group (42.27 ± 5.16 cm) showed more
increased CoP path length during the bipedal standing phase than
the normal-weight group (35.62 ± 6.34 cm) (p = 0.001).

There were significant main effects of the task on the CoP path
length during the imbalance phase (F = 3.157, p = 0.049, η2 = 0.087),
and the CoP speed during the bipedal standing phase (F = 7.943, p =
0.001, η2 = 0.194) (Table 3). Post hoc analysis found that no
significant differences were found in the paired comparison
between any two tasks regarding the CoP path length during the
imbalance phase (p > 0.017); The CoP speed during the bipedal
standing phase with 2-back task (183.33 ± 39.29 cm/s) was more
decreased than that with single task (208.90 ± 41.03 cm/s) (p =
0.003).

There were also significant interaction effects between task and
group on the CoP length path during the unloading phase (F = 2.685,
p = 0.039, η2 = 0.140) and the CoP speed during the bipedal standing
phase (F = 3.618, p = 0.010, η2 = 0.180) (Table 3). Simple effects
analysis displayed that the CoP path length during the unloading
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phase with single and 1-back task had no significant differences
among the three groups; The obese group (21.18 ± 2.69 cm) showed
more increased CoP path length during the unloading phase with 2-
back task than the normal-weight group (15.90 ± 3.28 cm) (p =
0.002) (Figure 3). The CoP speed during the bipedal standing phase
with single, 1- and 2-back tasks had no significant differences
between any two groups (p > 0.0056).

3.3 CoP displacement amplitude

There were significant main effects of the group on the ML CoP
displacement amplitude during the imbalance phase (F = 6.258, p =
0.005, η2 = 0.275), the unloading phase (F = 5.346, p = 0.010, η2 =
0.245), and the bipedal standing phase (F = 17.631, p < 0.001, η2 =
0.517) (Table 4). Post hoc analysis found that the obese group (6.63 ±
2.19 cm) showed higher ML CoP displacement amplitude during the
imbalance phase than the normal-weight group (4.13 ± 2.12 cm) (p =
0.004); The obese group (18.73 ± 2.96 cm) showed higher ML CoP
displacement amplitude during the unloading phase than the normal-
weight group (14.21 ± 4.29 cm) (p = 0.008); The obese group (26.60 ±
4.77 cm) showed higher ML CoP displacement amplitude during the
bipedal standing phase than the normal-weight group (17.06 ±
3.73 cm) (p < 0.001) and the overweight group (21.34 ± 4.16 cm)
(p = 0.008).

There was significant main effects of the task on the AP CoP
displacement amplitude during the bipedal standing phase (F =
4.092, p = 0.021, η2 = 0.110) (Table 4). Post hoc analysis found that
the AP CoP displacement amplitude during the bipedal standing

phase with 2-back task (22.11 ± 5.38 cm) was lower than that with
single task (21.48 ± 6.26 cm) (p = 0.005).

There were also significant interaction effects between task and group
on theMLCoP displacement amplitude during the imbalance phase (F =
2.690, p=0.039,η2 = 0.140) and the unloading phase (F=3.060, p=0.022,
η2 = 0.156). Simple effects analysis displayed that the ML CoP
displacement amplitude during the imbalance phase with single task
had no statistical differences among the three groups. The obese group
(6.96 ± 2.17 cm) showed higher ML CoP displacement amplitude during
the imbalance phase with 1-back task than the normal-weight group
(3.64 ± 2.12 cm) (p = 0.001); The obese group (7.40 ± 1.88 cm) showed
higherMLCoP displacement amplitude during the imbalance phase with
2-back task than the normal-weight group (4.26 ± 1.97 cm) (p = 0.001)
(Figure 4A). Additionally, the ML CoP displacement amplitude during
the unloading phase with single task had no significant differences among
the three groups. The obese group (18.76 ± 2.88 cm) showed higher ML
CoP displacement amplitude during the unloading phase with 1-back
task than the normal-weight group (13.52 ± 3.98 cm) (p = 0.003); The
obese group (20.18 ± 2.69 cm) showed higher ML CoP displacement
amplitude during the unloading phase with 2-back task than the normal-
weight group (13.90 ± 3.38 cm) (p < 0.001) (Figure 4B).

3.4 Velocity of CoP displacement

There was a significant main effects of the group on the velocity
of AP CoP displacement during the bipedal standing phase (F =
3.716, p = 0.035, η2 = 0.184) (Table 5). Post hoc analysis found no
significant difference in the paired comparison between any two

TABLE 2 Results of the duration of sub-phases of GI (unit: s).

Variables Task Body weight Main effect
p-value

Interaction effect
p-value

Normal-weight
(n = 12)

Overweight
(n = 12)

Obese
(n = 12)

Group Task Group × task

Imbalance phasea Single 0.21 ± 0.07 0.23 ± 0.04 0.24 ± 0.06 0.026 <0.001c,d 0.814

1-back 0.23 ± 0.06 0.28 ± 0.07 0.28 ± 0.07

2-back 0.25 ± 0.06 0.31 ± 0.07 0.31 ± 0.07

Unloading phasea Single 0.36 ± 0.21 0.32 ± 0.14 0.28 ± 0.07 0.778 0.958 0.791

1-back 0.30 ± 0.10 0.26 ± 0.05 0.30 ± 0.05

2-back 0.30 ± 0.07 0.28 ± 0.06 0.29 ± 0.06

Monopedal standing
phase

Single 0.30 ± 0.09 0.31 ± 0.05 0.31 ± 0.05 0.218 0.568 0.443

1-back 0.27 ± 0.09 0.31 ± 0.04 0.29 ± 0.08

2-back 0.26 ± 0.07 0.32 ± 0.08 0.31 ± 0.08

Bipedal standing
phase

Single 0.18 ± 0.04 0.20 ± 0.03 0.21 ± 0.04 0.002b 0.002d 0.132

1-back 0.19 ± 0.05 0.21 ± 0.02 0.24 ± 0.05

2-back 0.19 ± 0.03 0.21 ± 0.04 0.26 ± 0.04

aBox-Cox transformation was implemented to this variable.
bp-values <0.017 for normal-weight group vs. obese group.
cp-values <0.017 for single task vs. 1-back task.
dp-values <0.017 for single task vs. 2-back task.

The meaning of the bold values is that significant statistical differences exist.
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groups regarding the velocity of AP CoP displacement during the
bipedal standing phase (p > 0.017).

There was a significant main effects of the task on the velocity of
AP CoP displacement during the bipedal standing phase (F = 11.652,
p < 0.001, η2 = 0.261) (Table 5). Post hoc analysis found that the
velocity of AP CoP displacement during the bipedal standing phase
with 1-back task (154.54 ± 34.29 cm/s) and 2-back task (146.60 ±
36.81 cm/s) were more decreased than that with single task (172.48 ±
37.06 cm/s) (p = 0.012; p < 0.001).

There was also a significant interaction effect between group and
task on the velocity of AP displacement during the bipedal standing
phase (F = 3.869, p = 0.007, η2 = 0.190). Simple effects analysis
displayed that the velocity of AP displacement during the bipedal
standing phase with single and 1-back tasks showed no statistical
differences among the three groups; The obese group (118.03 ±
22.00 cm/s) showed more decreased velocity of AP displacement
during the bipedal standing phase with 2-back task than the normal-
weight group (165.88 ± 35.35 cm/s) (p = 0.001) (Figure 5).

TABLE 3 Results of CoP path length and CoP speed (unit: cm and cm/s).

Variables Task Body weight Main effect
p-value

Interaction effect
p-value

Normal-weight
(n = 12)

Overweight
(n = 12)

Obese
(n = 12)

Group Task Group × task

CoP path length

Imbalance phase Single 5.72 ± 2.68 6.96 ± 3.13 7.42 ± 3.28 0.012b 0.049 0.664

1-back 5.29 ± 2.37 7.41 ± 1.91 8.43 ± 2.59

2-back 6.41 ± 2.23 7.75 ± 2.04 9.18 ± 1.53

Unloading phasea Single 17.24 ± 5.51 18.41 ± 4.47 18.18 ± 2.76 0.029 0.343 0.039

1-back 15.45 ± 3.98 16.79 ± 3.84 19.63 ± 2.97

2-back 15.90 ± 3.28 17.24 ± 4.40 21.18 ± 2.69

Monopedal standing
phasea

Single 11.82 ± 3.74 12.79 ± 2.76 13.29 ± 4.57 0.972 0.670 0.397

1-back 12.91 ± 3.46 12.28 ± 1.97 11.74 ± 3.44

2-back 12.06 ± 3.43 12.58 ± 3.34 12.17 ± 3.54

Bipedal standing phasea Single 34.87 ± 7.44 41.79 ± 2.84 43.95 ± 6.12 0.001b 0.204 0.055

1-back 35.36 ± 6.62 40.08 ± 4.57 43.17 ± 4.21

2-back 36.64 ± 5.19 40.48 ± 4.44 39.68 ± 4.28

CoP speed

Imbalance phasea Single 30.98 ± 18.16 31.12 ± 13.98 32.86 ± 16.32 0.354 0.427 0.611

1-back 23.61 ± 10.52 27.33 ± 7.17 33.36 ± 16.10

2-back 26.11 ± 7.08 25.37 ± 7.45 31.28 ± 9.77

Unloading phasea Single 64.21 ± 41.20 65.85 ± 34.75 68.57 ± 19.73 0.099 0.731 0.756

1-back 55.39 ± 16.83 64.58 ± 15.91 68.28 ± 16.46

2-back 54.64 ± 14.07 63.63 ± 17.04 77.02 ± 18.45

Monopedal standing
phase

Single 42.59 ± 17.12 43.00 ± 12.19 44.03 ± 14.84 0.387 0.881 0.211

1-back 50.81 ± 14.30 40.43 ± 8.37 40.51 ± 12.60

2-back 47.01 ± 5.61 40.96 ± 15.62 40.50 ± 12.80

Bipedal standing phasea Single 194.82 ± 34.06 213.09 ± 31.05 218.79 ± 53.76 0.350 0.001c 0.010

1-back 191.90 ± 45.80 195.42 ± 37.78 183.54 ± 44.05

2-back 195.26 ± 38.17 196.38 ± 38.09 158.37 ± 31.38

aBox-Cox transformation was implemented to this variable.
bp-values <0.017 for normal-weight group vs. obese group.
cp-values <0.017 for single task vs. 2-back task.

The meaning of the bold values is that significant statistical differences exist.
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4 Discussion

4.1 Influence of excess weight on young
male adults’ CoP parameters

Consistent with our assumption 1, differences in CoP
parameters during GI were observed among young male adults
with normal weight and excess weight in this study. Specifically, we
observed that compared with normal-weight young male adults,
young male adults with excess weight, mainly those who were obese,
exhibited increased CoP path length and higher ML CoP
displacement during the sub-phases of GI, while overweight ones
did not exhibit differences with normal-weight ones. The results of
increased CoP path length suggest that the adductor hip muscles of
obese young male adults could have more activations during GI
because adductor hipmuscles are fundamental for GI in assisting the
shifting of CoP from one side leg to the opposite leg for obese young
male adults who have poor intrinsic coordination and greater
burden in CoP transfer. Once the activation of the hip adductor
muscles is reduced, it will result in a shorter CoP path length, as
reported by Vrieling et al. (2008) and Cimolin et al. (2017).

However, the increased CoP path length in this study also
suggests that obese young male adults could have an unbalance
in muscle strength between the adductor and abductor muscles,
influencing their postural control in ML direction during GI. The
reason for this finding is that dynamic postural balance control
needs appropriate intensity muscle contractions of all proximal
muscles of the lower limbs during walking, but obese individuals
have a relative weakness in the specific contractile performance and
quality of hip abductor muscles (Fenato et al., 2021), like gluteus
medius, compared with normal-weight ones. The partial lower
extremity muscle over-contraction destabilizes the overall body
frame and increases the challenge of maintaining postural control
in the frontal plane for obese individuals. This finding is consistent
with Horsak et al. (2019), the disequilibrium in the strength of the
hip abductor and adductor muscles during GI intensifies the level of
difficulty in maintaining postural control in the frontal plane for
obese individuals. Besides, we also found that obese young male

adults have increased displacement amplitude in ML direction
during sub-phases of GI, which is consistent with the previous
studies that obese individuals have more ML displacement during
walking and dynamic balance tests (do Nascimento et al., 2017;
McGraw et al., 2000). This finding further proves that, compared
with their normal-weight counterparts, obese young males have
more difficulty in terms of maintaining lateral stability.

Apart from the CoP parameters, this study showed that although
the mean value of the time spent in the imbalance phase of young
male adults with excess weight is slightly higher than that of the
normal-weight group, there were no significant differences,
suggesting regardless of whether young male adults have excess
weight or not, the time spent adjusting their posture in advance for
the CoP transfer from swing their leg to the stance leg maybe exist
slight differences but not obvious enough. Besides, our results
suggest that obese young male adults have a prolonged duration
of the bipedal standing phase, which may be because more time
consumption during this phase is helpful in improving their walking
stability, as reported by Duffell et al. (2014). But in contrast with our
results, the previous studies believed that obese individuals prolong
the imbalance phase to achieve as much posture preparation as
possible and take functional adaptation aimed at improving stability
by prolonged monopedal standing phase (Cau et al., 2014; Cimolin
et al., 2017). The reason for such difference can be attributed to the
severity of obesity among the participants in the previous study
being much higher than that of the young male adults recruited in
our study. Considering that severely obese individuals had the lowest
levels of mobility (Hergenroeder et al., 2011), we speculate that this
factor amplified the differences in the duration of sub-phases
between normal-weight and obese individuals, making their
results different from ours. Our findings on the differences in
sub-phase duration of GI likely apply more to moderately obese
young male adults than severely obese ones.

4.2 Cognitive task influences on CoP
parameters of young male adults with
excess weight

Our results demonstrated that cognitive tasks placed additional
demands on cognitive resources, resulting in differences in CoP
parameters during GI among young male adults with excess weight
and those with normal weight, which supports our assumption 2.

We observed that during the imbalance phase and unloading
phase with cognitive tasks, obese young male adults showed
distinctly increased ML CoP displacement amplitude. The reason
for such results might due to although when encountering cognitive
tasks during motion processing, individuals will employ an adaptive
postural control strategy to regulate the CoP displacement
amplitude during GI to counteract trunk sway with minimal
interference from the additional cognitive task (Mille et al.,
2014), but most sub-phases of GI put high demands on postural
control and once obese individuals face dual-task constraints, their
lateral movements and force organization strategy will be modified
(Menegoni et al., 2009; Hung et al., 2013; Cimolin et al., 2017), which
can lead to abnormal lateral displacement. These findings suggest
that for obese young male adults, the compensatory strategy they
used for lateral balance during GI with cognitive tasks might have

FIGURE 3
Simple analysis results in CoP path length during the unloading
phase. * p-values < 0.0056.
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been ineffective, causing deterioration of their postural control and
stability.

Moreover, we did not observe that normal-weight and
overweight young male adults have significant differences in the
parameters of CoP during GI with cognitive tasks. This finding is
consistent with Qu et al. (2021), who used random number
generation as the cognitive task for participants and did not find

differences in the parameters that can reflect postural stability
during GI, like margin of stability between normal-weight and
overweight young adults. Although they issue that only when the
cognitive task reaches a certain level of difficulty, it could amplify
differences in postural control status between young male adults
with excess weight and normal weight during GI, the cognitive task
we employed in this study were N-back tasks which can impose

TABLE 4 Results of CoP displacement amplitude (unit: cm).

Variables Task Body weight Main effect
p-value

Interaction effect
p-value

Normal-weight
(n = 12)

Overweight
(n = 12)

Obese
(n = 12)

Group Task Group × task

Imbalance phase

AP Single 2.86 ± 1.83 3.46 ± 1.49 3.83 ± 2.36 0.171 0.208 0.906

1-back 3.31 ± 1.55 4.02 ± 1.12 4.00 ± 1.56

2-back 3.21 ± 1.52 4.27 ± 1.17 4.21 ± 1.50

ML Single 4.51 ± 2.34 5.65 ± 2.74 5.54 ± 2.21 0.005b 0.187 0.039

1-back 3.64 ± 2.12 5.86 ± 1.55 6.96 ± 2.17

2-back 4.26 ± 1.97 5.88 ± 1.68 7.40 ± 1.88

Unloading phase

APa Single 2.72 ± 1.36 2.87 ± 1.63 1.80 ± 1.27 0.114 0.248 0.133

1-back 2.96 ± 1.66 1.69 ± 1.03 1.29 ± 0.84

2-back 2.92 ± 2.40 1.72 ± 1.22 2.17 ± 1.50

ML Single 15.21 ± 5.45 16.49 ± 4.43 17.25 ± 2.78 0.010b 0.311 0.022

1-back 13.52 ± 3.98 15.89 ± 3.73 18.76 ± 2.88

2-back 13.90 ± 3.38 16.48 ± 4.43 20.18 ± 2.69

Monopedal standing phase

APa Single 10.70 ± 3.48 11.83 ± 2.69 11.98 ± 4.12 0.968 0.681 0.300

1-back 11.83 ± 3.24 11.21 ± 1.94 10.61 ± 3.11

2-back 11.16 ± 3.43 11.59 ± 3.36 10.81 ± 3.12

MLa Single 2.45 ± 1.72 2.56 ± 1.32 3.26 ± 1.43 0.186 0.346 0.729

1-back 2.03 ± 1.58 2.66 ± 1.43 2.85 ± 1.71

2-back 1.99 ± 1.41 2.19 ± 1.23 3.06 ± 1.30

Bipedal standing phase

APa Single 30.23 ± 6.39 34.63 ± 4.44 34.23 ± 5.13 0.245 0.021d 0.059

1-back 30.17 ± 5.95 33.19 ± 4.61 32.85 ± 2.33

2-back 31.20 ± 5.32 32.19 ± 4.87 29.58 ± 2.94

ML Single 16.34 ± 4.82 21.71 ± 4.19 26.39 ± 5.36 <0.001b, c 0.345 0.673

1-back 17.15 ± 3.76 20.65 ± 3.44 26.46 ± 5.38

2-back 17.70 ± 2.41 21.67 ± 4.99 26.97 ± 3.80

aBox-Cox transformation was implemented to this variable.
bp-values <0.017 for normal-weight group vs. obese group.
cp-values <0.017 for overweight group vs. obese group.
dp-values <0.017 for single task vs. 2-back task.

The meaning of the bold values is that significant statistical differences exist.
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greater cognitive demands than random number generation.
Considering this point, we believe that the lack of differences in
CoP parameters between normal weight and overweight young male
adults during GI with cognitive tasks is not due to insufficient
difficulty in cognitive tasks. Instead, it may be because the
performance of these young male adults during GI with cognitive
tasks may not have obvious differences.

4.3 Higher cognitive load influences on CoP
parameters of young male adults with
excess weight

Consistent with the previous studies that individuals with
greater adiposity commonly have poor postural control
performance, especially reflected in less effective control in the
ML CoP displacement (Tsiros et al., 2019; Saraiva et al., 2023),
we observed that obese young male adults showed higher ML CoP
displacement and increased CoP path length during GI with
difficult-level cognitive tasks, and these results reveal that a
higher cognitive load could make it difficult for obese young
male adults to maintain postural stability.

It is particularly prioritized for individuals to maintain the
magnitude of ML CoP displacements within a reasonable range
during GI under dual-task conditions (Uemura et al., 2012; Russo
and Vannozzi, 2021). But obese individuals usually need more
attentional resources to control their stance leg to maintain
postural stability than non-obese participants when performing
complex postural control tasks (Mignardot et al., 2010),
particularly from the imbalance phase to the unloading phase,
individuals need to gradually transfer their entire body weight to
the initial stance leg for helping the swing leg step forward (Crenna
et al., 2006), higher demand is placed on the ability of obese
individuals to maintain balance in supporting themselves on a
single-leg compared to single task condition. Difficult cognitive
tasks occupied a large number of attentional resources, making
obese young male adults’ defects in single-leg control amplified,
which could be the main reason for the differences in their
displacement amplitude and CoP path length compared to
normal-weight young male adults.

Moreover, in this study, we observed that the velocity of AP CoP
displacement during the bipedal standing phase with the difficult
cognitive task was significantly decreased in obese youngmale adults
compared with the normal-weight ones but not with the overweight
ones. This result is inconsistent with our assumption 3. Still, it shows
that increased cognitive load during GI will make obese young male
adults have obvious differences in CoP parameters compared to
normal-weight ones. This finding suggests that the appearance of
cognitive tasks has further reduced obese ones’ quality of GI
performance due to the velocity of CoP displacement, which is a
functional performance indicator, and its value positively correlates
with GI performance quality (Esfandiari et al., 2020). The decreased
velocity can be attributed to individuals’ cognitive function not
being able to meet the requirements of GI and deal with cognitive
tasks simultaneously. As reported by Shaik et al. (2022), obesity is
typically associated with an increase in young adults’ attentional cost
of walking, resulting in a decreased gait speed of dual-task walking.

This result also suggests that when obese young male adults
simultaneously dealing with difficult cognitive tasks while GI, they
perform more CoP velocity adjustments in the AP direction than
their normal-weight counterparts. The reason for such change is
that the largest CoP displacement usually occurs during the bipedal
standing phase (vanMierlo et al., 2021), and high requirements were
placed for individuals to control CoP in the AP direction. But
increased attentional demands are required to achieve the
cognitive task goal and maintain postural control simultaneously,
making excess weight individuals usually produce AP instability in
postural control (Menegoni et al., 2009; Hung et al., 2013). The
decreased CoP velocity is helping them compensate for a declined
ability to perform multiple tasks at once successfully and safely, as
reported by the previous studies (Uemura et al., 2012; Cau et al.,
2014), that is, accelerating the body forward is not a priority for
obese ones, and the reduced velocity in the AP direction is the
continuous effort counteracting their relative instability during GI.

4.4 Practical implication

This study provided insights into the influences of cognitive
load on obese young male adults during GI under dual-task

FIGURE 4
Simple analysis results in (A) ML CoP displacement amplitude during the imbalance phase and (B) ML CoP displacement amplitude during the
unloading phase. * p-values < 0.0056.
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conditions, which could be valuable in the training and
rehabilitation of these populations. Firstly, since obese young
male adults are unable to correctly move their CoP and transfer
body weight as healthy normal-weight do during GI, treatment
personnel should modify their dietary habits to improve their
metabolic profile and provide them with sufficient exercise to
achieve weight loss (Lambert et al., 2017; Balasekaran et al.,
2023), which is equally necessary for overweight young male

adults. Although the difference between their CoP parameters
and normal-weight ones is not significant enough, if their
dietary structure is not adjusted, they are also likely to be
obese and have similar problems during GI. Secondly,
dealing with cognitive tasks can exacerbate lateral posture
control disorders during GI. Treatment personnel should pay
attention to correcting the unhealthy lifestyle habits of obese
ones, such as using their phones while GI (Shahidian et al.,

TABLE 5 Results of velocity of CoP displacement (unit: cm/s).

Variables Task Body weight Main effect
p-value

Interaction effect
p-value

Normal-weight
(n = 12)

Overweight
(n = 12)

Obese
(n = 12) Group Task Group × task

Imbalance phase

APa Single 15.74 ± 11.86 15.61 ± 7.49 17.17 ± 11.61 0.899 0.573 0.993

1-back 14.79 ± 7.39 14.99 ± 5.03 15.64 ± 7.87

2-back 13.55 ± 6.34 14.22 ± 5.42 14.88 ± 7.91

MLa Single 24.50 ± 14.93 25.29 ± 12.08 24.97 ± 12.51 0.172 0.135 0.146

1-back 16.34 ± 9.20 21.60 ± 5.62 27.66 ± 13.63

2-back 17.74 ± 7.47 19.16 ± 5.63 25.13 ± 8.40

Unloading phase

APa Single 10.47 ± 8.28 9.66 ± 7.28 6.18 ± 3.55 0.167 0.481 0.357

1-back 9.78 ± 4.59 6.58 ± 4.44 4.61 ± 3.43

2-back 10.23 ± 9.48 6.47 ± 5.06 8.61 ± 8.20

MLa Single 58.62 ± 41.11 60.92 ± 35.54 65.35 ± 19.96 0.051 0.761 0.675

1-back 49.33 ± 17.64 61.14 ± 15.60 65.34 ± 16.42

2-back 47.96 ± 14.57 60.84 ± 16.96 73.38 ± 17.83

Monopedal standing phase

AP Single 38.42 ± 15.38 39.70 ± 11.49 39.74 ± 13.58 0.360 0.866 0.145

1-back 46.68 ± 13.65 37.05 ± 8.98 36.44 ± 11.34

2-back 43.37 ± 6.32 37.47 ± 14.44 36.13 ± 12.14

MLa Single 9.71 ± 7.61 8.51 ± 4.90 10.94 ± 5.12 0.468 0.465 0.896

1-back 7.98 ± 6.04 8.56 ± 4.30 10.04 ± 6.87

2-back 7.95 ± 5.78 7.84 ± 5.49 10.19 ± 4.43

Bipedal standing phase

APa Single 169.37 ± 33.22 177.01 ± 32.92 171.06 ± 46.33 0.035 <0.001b, c 0.007

1-back 163.37 ± 40.92 161.22 ± 29.28 139.04 ± 28.52

2-back 165.88 ± 35.35 155.90 ± 34.47 118.03 ± 22.00

MLa Single 91.05 ± 20.89 110.33 ± 23.74 130.75 ± 34.43 0.077 0.111 0.189

1-back 94.74 ± 27.52 101.17 ± 25.68 113.70 ± 39.62

2-back 95.62 ± 22.97 105.12 ± 28.82 108.11 ± 25.96

aBox-Cox transformation was implemented to this variable.
bp-values <0.017 for single task vs. 1-back task.
cp-values <0.017 for single task vs. 2-back task.

The meaning of the bold values is that significant statistical differences exist.
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2022). Finally, since obese young male adults have the most
pronounced lateral posture control disorders during GI with a
higher cognitive load, treatment personnel should provide
additional training on the cognitive capacity of obese young
male adults to enhance their capacity to make appropriate
judgments in complex environments might be greatly
beneficial (Shaik et al., 2022), especially effective in reducing
lateral falls and preventing related injuries, like femoral neck
and hip fractures (Cameron et al., 2011; Wu et al., 2016;
Gonzalez et al., 2023).

4.5 Limitations

The limitations of this study should be taken into
consideration. Following previous research that investigated
GI performance in the obese population (Cau et al., 2014;
Hirjaková et al., 2018; Qu et al., 2021), this study only
grouped young male adults based on BMI and did not use
the differentiation between limb and trunk circumference as
inclusions for filtering young male adults with excess weight. In
addition, although CoP parameters can reflect postural control
problems, this study did not analyze kinematic parameters or
muscle activation status. Further analysis is needed to examine
the differences in these indicators among young male adults
with normal weight and excess weight during GI. Moreover,
based on the purpose of our study, we only recruited young male
adults. Due to the movement performance of individuals with
excess weight being different in individuals of different sexes
(Menegoni et al., 2009), it is still necessary to conduct similar
experiments in young female adults to find their characteristics
of CoP parameters during GI. Finally, the number of
participants in this study is relatively limited, which may
have restricted the efficiency of our results, and there is a
need to expand the sample size in future research to verify
the findings of this study further.

5 Conclusion

The present study preliminarily explores the influence of excess
weight and cognitive load on CoP parameters during GI, providing
insights into postural control deficiency in young male adults with
excess weight. Overall, cognitive load compromises the postural stability
of obese young male adults during GI. Especially dealing with higher
cognitive load during GI, obese young male adults will experience
increased difficulty transferring their CoP, suffer more postural
instability and have a higher risk of lateral falling than normal-
weight young male adults. Further research will be necessary to
determine the most effective exercise or training method for obese
young male adults to achieve safe GI.
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Quantifying walking speeds in
relation to ankle biomechanics on
a real-time interactive gait
platform: a musculoskeletal
modeling approach in
healthy adults
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Background:Given the inherent variability in walking speeds encountered in day-
to-day activities, understanding the corresponding alterations in ankle
biomechanics would provide valuable clinical insights. Therefore, the objective
of this study was to examine the influence of different walking speeds on
biomechanical parameters, utilizing gait analysis and musculoskeletal modelling.

Methods: Twenty healthy volunteers without any lower limb medical history were
included in this study. Treadmill-assisted gait-analysis withwalking speeds of 0.8m/s
and 1.1 m/swas performedusing theGait Real-timeAnalysis Interactive Lab (GRAIL

®
).

Collected kinematic data and ground reaction forces were processed via the
AnyBody

®
modeling system to determine ankle kinetics and muscle forces of the

lower leg. Data were statistically analyzed using statistical parametric mapping to
reveal both spatiotemporal and magnitude significant differences.

Results: Significant differences were found for both magnitude and spatiotemporal
curves between 0.8m/s and 1.1 m/s for the ankle flexion (p < 0.001), subtalar force
(p < 0.001), ankle joint reaction force and muscles forces of the M. gastrocnemius,
M. soleus andM. peroneus longus (α=0.05). No significant spatiotemporal differences
were found between 0.8m/s and 1.1m/s for the M. tibialis anterior and posterior.

Discussion: A significant impact on ankle joint kinematics and kinetics was
observed when comparing walking speeds of 0.8 m/s and 1.1 m/s. The
findings of this study underscore the influence of walking speed on the
biomechanics of the ankle. Such insights may provide a biomechanical
rationale for several therapeutic and preventative strategies for ankle conditions.

KEYWORDS

gait-analysis, ankle joint, musculoskeletal modelling, computational biomechanics,
walking speed
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1 Introduction

It is calculated that a human being undergoes approximately
6,000 steps a day. (Althoff et al., 2017; Paluch et al., 2022; Tison et al.,
2022). Therefore, any discrepancy between the joint’s load-bearing
capacity and the actual load it experiences often precipitates
pathological changes within the ankle joint (Peiffer et al., 2023).
Given the diversity in individual gait patterns, it is plausible that
certain patterns may be associated with specific pathologies, such as
ankle osteoarthrosis (Jarchi et al., 2018; Horst et al., 2021).

Gait analysis enables clinicians and researchers to investigate
kinematic and kinetic parameters. This crucial biomechanical
information can subsequently be used to establish diagnoses,
evaluate therapeutic interventions, guide rehabilitation and more
(van Dijsseldonk et al., 2018; Peri et al., 2019). However, current
literature lacks comprehensive discussion on the influence of
walking speed on the kinematics and kinetics of the ankle joint.
It is a common approach to compare the gait biomechanics of
pathological individuals to those of healthy individuals during gait
analysis studies. However, it is essential to consider the influence of
walking speed on an individual’s gait pattern, as pathological
individuals often exhibit slower walking speeds compared to
healthy adults. Booij et al. have previously shown that comparing
total knee replacement patients with controls depends on the
walking speed, and have provided a solution for speed correction
using principal component analysis and full waveform analysis by
use of statistical parametric mapping (Booij et al., 2021). Failing to

account for this crucial factor can impede the validity and
interpretability of the comparison (Fukuchi et al., 2019).
Moreover, investigating pace in gait-analysis is not trivial. Several
studies have previously investigated the influence of pace on ankle
biomechanics, observing a higher range of motion, joint and muscle
force in the ankle with increasing speed. Clinical protocols typically
encompass walking distances ranging from 4 m to 10 m (Fineberg
et al., 2013; van Hoeve et al., 2017; Schreiber and Moissenet, 2019;
Klöpfer-Krämer et al., 2020; Alexander et al., 2021). However, the
measurement of steady-state gait using these short tests presents
several challenges in terms of standardization, as walking involves
natural fluctuations in gait speed due to acceleration and
deceleration. These factors can significantly impact the mean gait
speed observed during such measurements. Treadmill-assisted gait
analysis facilitates precise control and adjustment of the subject’s
pace, presenting a potential solution for these inherent limitations. It
is imperative to acknowledge that the locomotor patterns observed
on the treadmill may exhibit constraints, as ambulation on a
treadmill differs from overground walking. (Liu et al., 2016;
Krumpoch et al., 2021).

The Gait Real-time analysis Interactive Lab (GRAIL,
MotekForce Link Amsterdam BV, Netherlands) is a novel self-
paced treadmill-assisted gait platform that incorporates a
synchronized virtual reality environment on a semicircular screen
(Figure 1). The instrument has found application in prior research
endeavors; however, such applications have been circumscribed.
The GRAIL remains distinctive as a platform uncommonly
employed in the majority of medical centers. It takes the form of
a treadmill-assisted gait platform encircled by screens, facilitating
the creation of a virtual reality environment for the patient. It has
been mostly used in previous studies focusing on balance training
and motor control in patients with a history of stroke (de Rooij et al.,
2021; Van Bladel et al., 2023), neuromuscular (Gagliardi et al., 2018;
van Dijsseldonk et al., 2018) and chronic respiratory diseases (Liu
et al., 2016). In case of age-related ankle problems, such as ankle
arthritis, the GRAIL could stand out as an instrumental tool for in-
depth exploration of the ankle’s biomechanical changes. Its
integration into clinical practice has the potential to revolutionize
treatment approaches by facilitating precise examinations and
informed decision-making, ultimately improving the overall
management of this age-related condition.

Advances in computational dynamics, such as those facilitated
by the AnyBody Modeling System (Anybody Technology A/S,
Aalborg, Denmark) (Damsgaard, 2006) or OpenSim (Delp et al.,
2007; Seth et al., 2018), offer valuable tools for investigating internal
forces and moments in the ankle joint, as well as muscle forces. By
integrating anatomical data with motion capture information, it
utilizes inverse dynamic optimization techniques to simulate the
biomechanical behavior of the musculoskeletal system (Damsgaard,
2006; Van Houcke et al., 2020; Peiffer et al., 2022).

Therefore, this study aims to explore the potential impact of
walking speed on ankle kinetics and kinematics using treadmill-
assisted gait analysis. We will measure these variables at different
pace, with the collected data subsequently analyzed via
musculoskeletal modelling and simulations, where after statistical
parametric mapping will be used to identify potential time-
continuous differences (Liu et al., 2016; Motek, 2023). We
hypothesize that higher walking speeds will lead to alterations in

FIGURE 1
Shows the treadmill-assisted gait platform surrounded with
screens to create a virtual reality experience to minimize the influence
on the usual gait pattern.
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the ankle kinematics, joint reaction, andmuscle forces on a real-time
interactive gait platform.

2 Materials and methods

2.1 Study population

A total of twenty healthy subjects volunteered to participate in this
study. Demographic characteristics of our study population are listed in
Table 1. Inclusion criteria consisted of an age between eighteen and
50 years old and being in a healthy and active condition without pre-
existing ankle-, knee- or hip pathology or surgery during their lifetime.
Exclusion criteria consisted of any medical history that could interfere
with gait patterns and amusculoskeletal visual analogue pain rating scale
higher than three at the moment of investigation (Karcioglu et al., 2018).
The study was conducted in accordance with the Declaration of Helsinki
and the Guidelines for Good Clinical Practice. The Institutional Review
Board approved this study (IRB B6702021000905). Written consent was
obtained from each subject prior to testing. The methodological
framework of this study is presented in Figure 2.

2.2 Gait-analysis protocol

A total of 56 retro-reflective markers were stuck on the skin of
the lower limbs on palpable landmarks. The marker protocol was
based on a previous study by Kim et al. (Kim et al., 2018), which
combined the plug-in-gait marker set and Oxford foot marker
set along with three additional toe markers as seen in Figure 3
(Kadaba et al., 1989; Stebbins et al., 2006).

Motion capture was performed using the treadmill-assisted
GRAIL (MotekForce Link Amsterdam BV, Netherlands). A
virtual environment was projected on the 180° semicircular
screen, involving a straight, endless path with industrial
components on the side as depicted in Figure 1. In Figure 4, a
flowchart of the gait-analysis protocol is presented. First, a static
calibration record was performed, which comprised the participant
standing upright with lower and upper limbs outstretched, palms
facing forward, and a straight head. Subsequently, a 6-min
familiarization walking trial at 1.1 m/s was performed. Collected
gait-analysis consisted of 60 s at 1.1 m/s, followed by 60 s of slow
walking at 0.8 m/s. Before each new pace, 1 minute of non-collected
gait-analysis was performed for the participant to get used to the
new pace (familiarization). Kinematic and Ground Reaction Force
(GRF) data were saved and exported as. c3d files. It is demonstrated
that healthy adults normally choose to walk at about 1.3 m s−1

(Bohannon, 1997). We selected a walking speed of 0.8 m/s,
because this could also serve as a baseline reference in a patient
cohort, as it demonstrated that patients with age related diseases like
ankle osteoarthritis have an average walking speed of 0.8 m s−1

(Ingrosso et al., 2008). Additionally, we opted for 1.1 m/s as it is
slightly below the mean walking speed, acknowledging that
individuals tend to walk more slowly on a treadmill compared to

TABLE 1 Demographic characteristics of the study population.

Age (yrs), mean (range) +- SD 28,75 +- 11,35 (19–50)

Gender distribution 12 females/8 males

Height (m), mean (range) +- SD 1,73 +- 0,11 (1,56–1,93)

Weight (kg), mean (range) +- SD 66,10 +- 9,75 (50–82)

BMI (kg/m2), mean 21,44 +- 2,13 (17,51–28,60)

FIGURE 2
Methodology framework of this study. First, marker-based gait-analysis was performed in 20 young, healthy volunteers. Second, kinematics and
GRF’s were transferred to AnyBody

®
for musculoskeletal modelling and calculation of kinetic results. Third, raw results were processed in Matlab

®
to

perform time normalization and statistical parametric mapping.
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overground walking and being able to have a faster control speed to
compare patients in rehabilitation (being able to increase their
walking speed on the treadmill but not yet to the extent of
1.3 m/s) (Song et al., 2020). The choice of outcome measures is
based on their established relevance in previous examinations of
ankle biomechanics (Riley et al., 2001; Liu et al., 2006; Fukuchi et al.,
2019; Alexander et al., 2021).

2.3 Musculoskeletal modelling

Kinematic and GRF data were imported into the Anybody
Modelling System (AMS version 7.1.0, Anybody Technology,
Aalborg, Denmark). The Twente Lower Extremity Model (TLEM

2.0) which includes a two-segment foot model (modelling the ankle
and subtalar joints separately), was scaled to each participant’s size
using the length-mass-fat law proposed by Rasmussen and others
(Rasmussen et al., 2005). The ankle and subtalar joint were modeled
as a revolute joint with one rotational degree of freedom to allow
flexion/extension and inversion/eversion motion, respectively. Joint
kinematics were optimized by minimizing the differences between
the experimental markers (captured by the cameras mounted on the
GRAIL system) and the corresponding virtual markers on the
models. Kinetics were calculated by using an inverse dynamics-
based algorithm, implemented in the AnyBody Modelling System.
Joint reaction forces (JRF) and joint moments were calculated at the
rotation center of the respective joint. Muscle forces were scaled by
use of the length-mass-fat scaling law and predicted to balance the

FIGURE 3
Marker protocol of the lower limb.

FIGURE 4
The protocol used for the gait analysis: First, a static trial and a 6-min familiarizationwalking trial at 1.1 m/s were performed. After that, the participant
walked 1 min at each speedwithout analysis to get familiarized to the speed. First, 60 gait cycles at 1.1 m/swere collected, after which 60 cycles at 0.8 m/s
were collected. Dotted frames represent non-collected trials, whereas the red frame represent the collected trials.
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FIGURE 5
Time normalization protocol to convert the raw results into a separatemean gait cycle for statistical analysis. (1) RawGRF data for the respective time
frame. (2) Extracting only vertical GRF for alignment. (3) Matching the subset of the GRF to Anybody timeframe. (4) Butterworth filter to remove data noise.
(5) Determine separate gate cycles by identifying the heel strike. (6) The different cycleswere preliminary aligned, based on heel strike. (7) Piecewise Linear
Length Normalization (PLLN) was performed, based on the end of the stance phase and two consistent GRF peaks. (8) The mean gait cycle,
after PLLN.
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external forces using the quadratic muscle recruitment criterion, as
described more in depth in previous studies (Rasmussen et al., 2002;
Damsgaard, 2006).

2.4 Data processing and statistical analysis

2.4.1 Time normalization
Kinematic and kinetic data were transferred to a custom-made

Matlab® (Mathworks, Natick, MA, USA) script for further
processing. Muscle forces and JRF’s were normalized to
bodyweight (BW), while moments were normalized by the mass
(kg). To remove noise, data were filtered using a sixth lowpass digital
Butterworth filter with a normalized cutoff frequency of 12 Hz.
Subsequently, a mean single gait cycle was obtained for each pace by
averaging all gait cycles in a 25 s timeframe. The separate gait cycles
contained within the 25s continuous recordings were separated and
subsequently temporally aligned, upon heel strike detection. Next, a
Piecewise Linear Length Normalization (PLLN) was performed to
further align and normalize the separate gait cycles, similar to the
previous study by Helwig et al. (2011). PLLN was automatically
performed by computational identification of three consistent
landmarks: the two consistent prominent peaks of the GRF curve
(i.e., ‘maximum weight acceptance’ and ‘push-off’, respectively) and
toe-off. After aligning all separate gait cycles, the mean gait cycle was
achieved by averaging these separate cycles. All variables were
aligned based on the GRF, after which the mean gait cycle curve
for each variable was attained. This time normalization protocol is
presented in Figure 5.

2.4.2 Statistical parametric mapping
In order to investigate the time-continuous difference between

the different paces, rather than a discrete analysis, Statistical
Parametric Mapping (SPM) was performed for each variable by
use of the Matlab ‘spm1d’ package (Pataky, 2010). SPM allowed to
calculate statistically significant differences at each time point
between different curves, taking into account the rest of the
curve to calculate a statistically significant cutoff (Honert and
Pataky, 2021). SPM has been most commonly used in functional
magnetic resonance imaging as neuroimaging, but recent studies
have successfully explored SPM also in gait analysis (Nieuwenhuys
et al., 2017; Honert and Pataky, 2021; Alhossary et al., 2023). A 2-
tailed SPM paired t-test compared the subject-averaged curves for
each gait between two walking speeds (0.8 vs. 1.1 m/s). An alignment
in time was performed to investigate the differences in magnitude,
while a magnitude normalization (based on scaling the most
prominent peak of the curves) was created to investigate
spatiotemporal variations (Hu et al., 2005; Nieuwenhuys et al.,
2017; Honert and Pataky, 2021).

3 Results

3.1 Ankle kinematics

3.1.1 Ankle flexion
A significant spatiotemporal difference of the ankle flexion

curve between 0.8 m/s and 1.1 m/s was found for the whole gait

cycle (p < 0.001), with the ankle plantar flexion occurring sooner
at 0%–60% of the gait phase and ankle dorsiflexion occurring
later at 75%–100% of the gait phase at 1.1 m/s. For magnitude, a
significant difference was found between 0% and 10%
representing greater plantarflexion at higher speed and 45%–

65% representing greater dorsiflexion at higher speed of the gait
cycle (Figure 6). A maximum ankle dorsiflexion of 15.01° was
found for 0.8 m/s, in contrast to 13.91° for 1.1 m/s. At a pace of
1.1 m/s, the maximum angle of plantar flexion reached 8.35°, in
contrast to 6.69° at 0.8 m/s (Table 2). With increasing velocity, a
decrease in dorsiflexion angle was found, while the plantar
flexion angle increased.

3.1.2 Subtalar version
Spatiotemporally, a significant difference between 40% and 65%

was found for subtalar version; the transition from subtalar eversion
to inversion occurred sooner when walking at 1.1 m/s. For
magnitude, no difference was found for eversion, while a
significant increase of 1.17° inversion was found for walking at
0.8 m/s (Figure 6).

3.2 Ankle kinetics

3.2.1 External joint moments
The ankle joint moment showed a significant difference at 0%–

20%, 55%–60%, 63%–73% and 90%–95% of the gait cycle, with the
changes in ankle joint moment occurring sooner within the gait
cycle at higher speed. There was a significant increase of 0.03 Nm/kg
when walking at 1.1 m/s (Figure 7; Table 3).

3.2.2 Muscle forces
When analyzing muscle forces involved in ankle and

subtalar motion, changes in the required muscle force were
observed. In the beginning of the gait cycle, the patterns were
comparable across different walking speeds. However, starting
from 45% of the gait cycle, a significant increase in muscle force
development was found at 1.1 m/s for all muscle groups. Higher
pace resulted in significantly faster attainment of peak force.
Specifically, for the plantar flexors, the Musculus (M.)
gastrocnemius and M. soleus, an increase of 0.09 and
0.21 times BW was observed at 1.1 m/s compared to 0.8 m/s
(Figure 8; Table 4).

3.2.3 Joint reaction forces
Spatiotemporally, a significant difference at 0%–10%, 45%–60%

and 95%–100% of the gait cycle was found for the ankle JRF, with the
peak JRF occurring sooner within the gait cycle at higher speed. For
magnitude, a significant increase of 0.5 times BW was observed
when walking at 1.1 m/s, compared to 0.8 m/s. Furthermore, a
significant lower ankle JRF was found during 0%–16%, 40%–50%
and 95%–100% of the gait cycle (Figure 7).

4 Discussion

The objective of this study was to analyze the kinematics and
kinetics of the ankle and subtalar joint in a group of healthy
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participants. Specifically, treadmill-assisted gait analysis was
conducted using the GRAIL system at two different walking
speeds of 0.8 m/s and 1.1 m/s. Joint angles, muscle forces, and

joint reaction forces were calculated and compared across the
different speeds. As hypothesized, the variations in walking speed
had a significant impact on these parameters.

FIGURE 6
Mean gait cycles for ankle kinematics, regarding ankle joint angle and subtalar joint angle, comparing 0.8 m/s against 1.1 m/s pace.

TABLE 2 Kinematic parameters. Statistically noted the maximum parameters for 0.8 m/s and 1.1 m/s and the significant magnitude or timing difference
during the gait cycle.

Kinematic
parameters

0.8 m/s
(SD)

1.1 m/s
(SD)

Significant magnitude difference
(% of gait cycle, p < 0.05)

Significant timing difference
(% of gait cycle, p < 0.05)

Maximum ankle plantar
flexion (°)

6.69 (3.31) 8.58 (3.67) 0–15/85–100 0–40/70–100

Maximum ankle
dorsiflexion (°)

15.01 (2.06) 13.91 (2.11) 45–70 45–65

Maximum subtalar
inversion (°)

10.18 (6.92) 9.01 (6.75) 5–15/75–85 76–82

Maximum subtalar
eversion (°)

5.39 (5.96) 5.07 (5.79) 35–60 37–57/60–65

FIGURE 7
Mean gait cycles formuscle forces, including the M. soleus, M. gastrocnemius, M. tibialis posterior, M. tibialis anterior, M. peroneus longus and the M.
peroneus brevis, comparing 0.8 m/s against 1.1 m/s pace.
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When investigating kinematics, an increase in plantarflexion
and decrease in dorsiflexion was found when walking at 1.1 m/s
compared to 0.8 m/s. Furthermore, a decrease in inversion was seen,
while eversion remained constant. Plantarflexion occurred sooner in

the gait cycle, corresponding to a faster attainment of terminal
stance and pre-swing phase.

The analysis of kinetics revealed several differences, particularly
in joint forces. Notably, a higher peak ankle JRF was found during

TABLE 3 Kinetic parameters. Statistically noted themaximum parameters for 0.8 m/s and 1.1 m/s and the significant magnitude or timing difference during
the gait cycle.

Kinetic parameters 0.8 m/s
(SD)

1.1 m/s
(SD)

Significant magnitude difference
(% of gait cycle, p < 0.05)

Significant timing difference
(% of gait cycle, p < 0.05)

Maximum ankle JRF (BW) 5.63 (0.45) 6.13 (0.53) 0–15/37–52/55–62/95–100 0–15/40–43/55–62/83–86/95–100

Maximum ankle JRF
Moment (Nm/kg)

0.42 (0.03) 0.45 (0.04) 0–20/40–48/55–62/64–73/90–95 0–20/55–60/63–73/90–95

FIGURE 8
Kinetic parameters. Graphs comparing the ankle joint reaction force (left) and ankle joint moment (right) during the gait cycle between 0.8 m/s and
1.1 m/s.

TABLE 4Muscle parameters. Statistically noted themaximum parameters for 0.8 m/s and 1.1 m/s and the significant magnitude or timing difference during
the gait cycle.

Muscle parameters
(peak force in BW)

0.8 m/s
(SD)

1.1 m/s
(SD)

Significant magnitude difference
(% of gait cycle, p < 0.05)

Significant timing difference
(% of gait cycle, p < 0.05)

M. gastrocnemius 2.23 (0.20) 2.32 (0.27) 38–42/50–60/85–95 30–40/42–60/85–95

M. soleus 1.74 (0.22) 1.95 (0.21) 20–30/38–47/50–57 10–30/50–62

M. tibialis anterior 0.34 (0.12) 0.46 (0.13) 0–10/55–60/70–80 40–42/58–65/80–81

M. tibialis posterior 0.09 (0.06) 0.12 (0.07) 10–25 /

M. peroneus brevis 0.49 (0.15) 0.64 (0.21) 0–8/40–57/62–71 57–62/80–85

M. peroneus longus 0.75 (0.25) 0.96 (0.28) 40–60 52–62/80–87
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midstance (i.e., the phase between heel strike and toe-off) at faster
walking pace. More specifically, a mean peak force of 5.6 times BW
was calculated at 0.8 m/s, compared to 6.1 times BW at 1.1 m/s.
While this difference has not been shown in previous literature, the
magnitude of these values are in agreement with previous studies
(Brockett and Chapman, 2016; Prinold et al., 2016; Kim et al., 2018;
Benemerito et al., 2020). These findings are consistent with previous
studies by Dubbeldam et al. for the kinematic results and Riley et al.
regarding the kinetic results (Riley et al., 2001; Dubbeldam et al.,
2010). Alexander et al. have also found higher joint reaction forces
for the ankle at 1.3 m/s than at 0.9 m/s, with corresponding values
reported (approximately 6 times BW at 0.9 m/s and 6.3 times BW at
1.3 m/s) (Alexander et al., 2021). Additionally, our study showed
that the peak joint reaction force occurred sooner in the gait cycle
when walking at higher pace, presumably as a result of the peak
plantarflexion occurring sooner in the gait cycle.

Regarding muscle forces, an increase in peak force of all muscle
groups was found when walking at 1.1 m/s. This increase was most
pronounced for the M. soleus (0.21 times BW) and M. peroneus
longus (0.21 times BW). A similar trend was found in the literature,
exhibiting greater muscle forces in faster walking speeds (Liu et al.,
2006). Furthermore, Liu et al. found similar results for the muscles of
the upper leg; namely, higher speed resulting in greater muscle
forces (Liu et al., 2006). The findings of this study highlight the
distinct muscle activation patterns associated with different gait
phases. During the support phase, characterized by the initial heel
strike, the M. tibialis anterior demonstrated significant activity,
signifying its role in foot dorsiflexion. In the midstance phase,
the M. tibialis posterior showed predominant activation,
indicating its involvement in foot inversion. As the gait
transitioned from midstance to propulsion, the M. gastrocnemius
exhibited early activation, followed by pronounced engagement
during the propulsion phase, jointly with the M. soleus, which
played a crucial role in plantar flexion. In the transition from
propulsion to the swing phase, the M. peroneus longus displayed
notable activity, contributing to toe-off. Toward the end of the swing
phase, both the dorsiflexors and eversion muscles demonstrated
coordinated activation in preparation for the subsequent heel strike.
These findings confirm the results of previous studies in this domain
(Riley et al., 2001; Liu et al., 2006; Dubbeldam et al., 2010; Fukuchi
et al., 2019).

The principal findings of our study, which revealed greater
joint reaction forces and muscle forces acting on the ankle during
higher walking pace, hold significant clinical implications that
can enhance our understanding of human gait mechanics and
have practical applications in clinical practice. For example, in
patients with osteochondral lesions of the ankle, limiting the
amount of joint reaction force causes less stress on the articular
cartilage, and potentially less risk for additional mechanically-
induced cartilage breakdown (Peiffer et al., 2023). Furthermore,
knowledge of which muscles are most active during the specific
gait phases allow clinicians and physiotherapists to target
rehabilitation interventions to strengthen and stabilize the
specific muscles at the appropriate time points within the
gait cycle.

The foot and ankle are susceptible to age-related pathologies,
such as ankle osteoarthritis, ankle instability and deformities (Barg
et al., 2013; Peiffer et al., 2018; Burssens et al., 2022). These

conditions induce alterations in ankle biomechanics, prompting a
growing emphasis on exploring foot kinematics and gait analysis.
The investigation of an individual’s biomechanics, specifically
through a comprehensive gait analysis, holds substantial promise
for these patients. Recognizing the nuanced variations in gait
patterns among affected individuals can offer valuable insights
into the progression and manifestation of these conditions
(Valderrabano et al., 2007). The GRAIL system emerges as a
possible optimal apparatus for the in-depth examination of such
physiological dynamics. The utilization of GRAIL in clinical settings
presents a promising avenue for advancing our understanding of
these age-related diseases. Moreover, the implementation of the
GRAIL system in clinical contexts could pave the way for the
development of targeted therapeutic interventions. Since it can
formulate precise and personalized treatment strategies, it holds
the potential to enhance the overall quality of care for individuals
grappling with these age-related afflictions.

The strengths of this study lie in the utilization of advanced
technology such as the GRAIL system, assisted by treadmill,
allowing for a continuous gait examination. Additionally, the
AnyBody system was employed to estimate kinetics. The
extensive use of markers on the foot and ankle allowed for a
detailed examination of foot kinematics. Moreover, PLLN and
SPM during statistical analysis made it possible to investigate
both timing as magnitude significant differences during the
whole gait cycle.

Several limitations of this study should be noted. First, as in all
marked-based gait-analysis, errors in marker positioning can
introduce errors in the described joint kinematics and subsequent
calculation kinetics. By use of a multiple markers on the foot and
ankle, this error was expected to be minimal. Furthermore, models
were scaled using the length-mass-fat law, which is not as accurate as
subject specific modelling (derived from medical imaging). Second,
only young healthy participants in the age range of 18–50 years were
included, without orthopedic or neurological conditions affecting
gait. These do not represent the aging population. While this ensures
reference values to be compared with further research in a
pathological study group, it may not fully represent the aging
population. Third, we have used a two-segment foot model,
allowing for motion at the ankle and subtalar joint. Several
previous studies have experimented with six-segment or even
twenty-six-segment foot models, allowing for analysis of the
different joints in the foot (Leardini et al., 1999; Forlani et al.,
2015; Montefiori et al., 2022). An additional constraint necessitating
consideration pertains to the sample size, which currently comprises
only 20 subjects.

5 Conclusion

The findings of this study show that a higher walking pace
significantly increases the peak joint reaction force and muscle force
of the ankle. Furthermore, kinematic, and kinetic parameters exhibit
timing differences between 0.8 m/s and 1.1 m/s walking pace. These
results within young, healthy subjects may hold clinical implications
for patients with foot and ankle conditions, such as rehabilitation
choices to limit the forces exerted on the ankle joint. In research, it is
vital to utilize standardized protocols that include predetermined
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walking speeds, enabling a reliable comparison of patients with
average normative values.
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Breathing, postural stability, and
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explore triangular links
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Objective: This study aims to test the hypothesis that breathing can be directly
linked to postural stability and psychological health. A protocol enabling the
simultaneous analysis of breathing, posture, and emotional levels in university
students is presented. This aims to verify the possibility of defining a triangular link
and to test the adequacy of various measurement techniques.

Participants and Procedure: Twenty-three subjects (9 females and 14 males),
aged between 18 and 23 years, were recruited. The experiment consisted of four
conditions, each lasting 3 minutes: Standard quiet standing with open eyes 1),
with closed eyes 2), and relaxed quiet standing while attempting deep abdominal
breathing with open eyes 3) and with closed eyes 4). These latter two acquisitions
were performed after subjects were instructed to maintain a relaxed state.

MainOutcomeMeasures: All subjects underwent postural and stability analysis in
a motion capture laboratory. The presented protocol enabled the extraction of
4 sets of variables: Stabilometric data, based on the displacement of the center of
pressure and acceleration, derived respectively from force plate and wearable
sensors. Postural variables: angles of each joint of the body were measured using
a stereophotogrammetric system, implementing the Helen Hayes protocol.
Breathing compartment: optoelectronic plethysmography allowed the
measurement of the percentage of use of each chest compartment.
Emotional state was evaluated using both psychometric data and
physiological signals. A multivariate analysis was proposed.

Results: A holistic protocol was presented and tested. Emotional levels were
found to be related to posture and the varied use of breathing compartments.
Abdominal breathing proved to be a challenging task formost subjects, especially
females, who were unable to control their breathing patterns. In males, the
abdominal breathing pattern was associated with increased stability and
reduced anxiety.

Conclusion: In conclusion, difficulties in performing deep abdominal breathing
were associated with elevated anxiety scores and decreased stability. This depicts
a circular self-sustaining relationship that may reduce the quality of life,
undermine learning, and contribute to muscular co-contraction and the
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development of musculoskeletal disorders. The presented protocol can be utilized
to quantitatively and holistically assess the healthy and/or pathological condition
of subjects.

KEYWORDS

breathing, posture, stability, psychological health, emotion, Wellbeing

1 Introduction

Modern society is suffering from contemporary pathologies that
healthcare institutions can only partially address. Conditions and
diseases traditionally linked to aging, including back pain, neck pain,
and even arthrosis, are now emerging earlier in life, even during
youth and adolescence (Prins et al., 2008). The rising incidence of
musculoskeletal pain among younger populations is alarming, not
only due to its early onset but also because of the potential to evolve
into chronic musculoskeletal pain syndromes that persist into
adulthood (Brattberg, 2004; Prins et al., 2008). Emerging
evidence from the literature underscores the causal role of
emotional distress, already related to the development of mental
disorders, in the development of musculoskeletal disorders
(Brattberg, 2004; Diepenmaat et al., 2006; McFarlane, 2007).
Throughout our lives, we inevitably encounter various stressful
situations, some of which can be avoided or mitigated, while
others are an inherent part of life. Nevertheless, learning to
regulate our emotional response becomes crucial for our
adaptation in the environment, health, and wellbeing.
Particularly, young individuals, including students, often confront
stressors without the appropriate self-regulation skills (Prins et al.,
2008; Sawatzky et al., 2012). Moreover, they are prone to adopting
sub-optimal musculoskeletal strategies, such as maintaining poor
sitting postures (Yang et al., 2020). These psychological and physical
aspects, in turn, can impact their learning process and performance
(Swiecki et al., 2019). Therefore, there is a need for methods that
empower students to enhance their stress management skills,

mitigating the potential long-term effects on both their
musculoskeletal health and learning outcomes.

However, the direct correction of postural or psychological
problems presents challenges. From a physical standpoint,
learning correct posture is problematic due to the numerous
degrees of freedom that need to be controlled, making it difficult
to self-learn good posture (Sheikhhoseini et al., 2018). Technology-
based solutions aimed at identifying and helping to correct poor
postures have been developed (Wong and Wong, 2008; Byeon et al.,
2020). However, the widespread availability of these approaches to
all students remains an important challenge. On the psychological
side, problems can arise even in earlier phases, with students often
avoiding asking for help (Abdollahi et al., 2017). Moreover, students
with mental health problems report lower engagement in campus
activities (Byrd and McKinney, 2012), and few students
experiencing stress-related mental health problems receive
treatment (Garlow et al., 2008).

Breathing techniques offer an accessible approach to address
both postural and psychological challenges (Gilbert, 2003; Busch
et al., 2012) acting as a mediator between the two spheres. Unlike
most physiological functions, breathing can be modulated
voluntarily and serves as an entry point for both physiological
and psychological regulation. Accordingly, clinical trials
implementing disciplines specifically focused on breathing, like
Tai Chi, Qi Gong, and Yoga, are exponentially increasing
(Tassani et al., 2019). Repetitive motor tasks and long-lasting
training can cause beneficial or disadvantageous postural
adaptation with long-term effects on the Postural Control System

FIGURE 1
In-ear sensor “Cosinuss One.” On the right are displayed the acceleration directions of the sensor.
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(De Blasiis et al., 2022). The main advantages of these breathing
practices are that they can be easily taught, are non-pharmacologic,
self-administered, come at no cost, and can be performed at anytime
and anywhere.

Scientific literature also suggests a clear relation between
breathing and posture. Breathing and postural control are
mechanically and neuromuscularly interdependent as the main

muscles used during respiration (diaphragm and intercostal
muscles) also contribute to postural control (Hodges and
Gandevia, 2000). Poor posture (as an inclined position) impedes
the proper function of the diaphragm resulting in increased activity
of the upper respiratory duct (Kim et al., 2017). The effect of
breathing on psychological stress is also increasingly studied
(Perciavalle et al., 2017; Hopper et al., 2019) and specific

TABLE 1 Complete list of variables analyzed for the stability analysis. Underlined items denote variables not used in the final analysis, after feature reduction.

Stability parameters

Time-domain: Center of Pressure (COP) stabilogram

Transversal COP displacement [mm] (mean and sd)

Longitudinal COP displacement [mm] (mean and sd)

Radius [mm] (mean and sd): COP distance from the barycenter

Maximum and minimum radius [mm]

Transversal and Longitudinal range [mm]

LFS1 [cm]: Length as a function of surface

Equivalent area [mm2]: Area marked out by the COP

Equivalent radius [mm]: Radius of the circle with an area equal to the Equivalent Area

Speed [mm] (mean and sd): COP displacement velocity

Inertial axes [mm] X: X-axis of the 95% confidence ellipse area

Inertial axes [mm] Y: Y-axis of the 95% confidence ellipse area

Regression angle [°]: Inclination of the X-axis of inertia with respect to the x-axis of the reference system

Variable mean area [mm2]

Variable sum area [mm2]

Time-domain: Sway density curve

Peak number: number of peaks of the sway density curve

Peak amplitudes [s] (mean and sd): amplitude of the peaks of the sway density curve

Peak times [s] (mean and sd): time between peaks of the sway density curve

Peak distance [mm] (mean and sd): distance between peaks of the sway density curve

Frequency-domain

Px spectrum maximum peak: Max peak of the COP frequency spectrum in the x direction

Px spectrum MaxPeak frequency [Hz]: Frequency of the max peak of the spectrum in the x direction

Py spectrum maximum peak: Max peak of the COP frequency spectrum in the y direction

Py spectrum MaxPeak frequency [Hz]: Frequency of the max peak of the spectrum in the y direction

D spectrum maximum peak: Max peak of the spectrum of the distance from the barycenter

D spectrum Max Peak frequency Hz: Frequency of the max peak of the spectrum of the distance from the barycentre

Px spectrum mean values: Mean amplitude of the spectrum in the x direction

Px spectrum mean values Freq: Mean frequency of the spectrum in the x direction

Py spectrum mean values: Mean amplitude of the spectrum in the y direction

Py spectrum mean values Freq: Mean frequency of the spectrum in the y direction

D spectrum mean values: Mean amplitude of the spectrum of the distance from the barycenter

D spectrum mean values Freq: Mean frequency of the spectrum of the distance from the barycenter
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breathing patterns have been found to lower physiological arousal
associated with emotional distress and measures of state anxiety
(Balban et al., 2023).

These findings suggest a tight link between psychological health,
breathing, and posture through self-regulation. However, the actual
triangular relation between posture, breathing, and stress is still
unclear. Understanding this relationship could shed more light on
the efficiency of breathing therapies for both aiding young adults in
controlling their mental distress and predicting/preventing the
development of several musculoskeletal disorders for the
population of any age. In this regard, instrumentation methods for
the quantitative evaluation of posture, breathing, and stress could be
useful to objectively demonstrate this triangular link. In particular, the
gold standard for three-dimensional analysis of posture is 3D
stereophotogrammetry, an optoelectronic system that allows for
the evaluation of the whole-body in standing (Chiari et al., 2002;
Rocchi et al., 2004) and while walking (Cappozzo et al., 2005) by using
infrared cameras and reflective skin markers placed on specific
landmarks. Moreover, 3D stereophotogrammetry is also used for
optoelectronic plethysmography to assess thoracic and abdominal
movements during breathing (Massaroni et al., 2017). For the analysis
of body oscillations, force plate, and stabilometry are used to analyze
postural stability parameters in open (De Blasiis et al., 2023) and
closed eyes (Fullin et al., 2022), considering their reliability and
variability too. Eventually, levels of psychological stress can be
evaluated by wearable sensors. Examples include an “in-ear sensor”
(Ellebrecht et al., 2022) which measures body temperature and heart
rate as well as stabilometric parameters, and a “galvanic skin response
(GRS) device” (Ellebrecht et al., 2022), which measures the
conductivity of human skin through the activity of sweat glands
stimulated by the sympathetic nervous system (SNS).

Currently, there seems to be an absence of studies considering
the three effects at the same time. Therefore, the present study

aims to test the relationship between breathing, postural stability,
and psychological health under the hypothesis that deep
abdominal breathing can reduce stress and increase stability in
university students. For this reason, a protocol allowing
simultaneous analysis of breathing, posture, and emotional
levels is presented, to verify the possibility of defining a
triangular link and to test the adequacy of different
measurement techniques.

2 Materials and methods

2.1 Recruitment

Twenty-three subjects were recruited for this study, 9 females
and 14 males, with ages ranging between 18 and 23 years old, 174 ±
9 cm height, 67.2 ± 9.5 kg weight, and 22.1 ± 2.3 kg/m2 of BMI.
Twenty-one subjects were within the normal BMI range (18.5–24.9)
while two subjects were slightly overweight. No obese or
underweight subjects were involved in the study. The inclusion
criteria for the study were that the subjects were university students
in the first to the third year of their undergraduate studies. Excluded
from the study were frequent smokers (those who smoke more than
3 times a week), those with prior musculoskeletal disorders, those
with reported cases of anxiety, and those who reported expert
knowledge of breathing techniques. All subjects gave informed
written consent before participating in the study.

2.2 Data collection

For all subjects, three sets of data collection were performed:
breathing, postural/stability, and emotional.

FIGURE 2
References systems of each body segment.
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2.2.1 Breathing and posture
Breathing and body postural/stability recordings were

performed at the Motion Capture Laboratory using
optoelectronic technology. Eight infrared cameras were used
(BTS Smart-DX 700, 1.5Mpixels 250 fps). Four were placed on
tripods close to the subject, with two in front of the subject and the

other two behind. The remaining four cameras were fixed to the
corners of the ceiling of the room. Two video cameras (BTS VIXTA
50HZ) were placed to record the frontal and the left side of subjects
during all data acquisition as a reference for reflective marker
positioning over subjects. Further, a force plate (BTS P-6000
50 Hz sampling) was used to acquire stability data. Synchronized
data acquisition was guaranteed using the software SMART
Capture, developed by BTS Bioengineering.

During posture and breathing analysis, a total of 105 reflective
markers were attached to the subjects’ skin of as two different
marker protocols were combined. Firstly, breathing data was
acquired using a validated protocol implemented by BTS in the
software Smart Analyzer that was used for the data analysis (Aliverti
and Pedotti, 2003; De Faria Júnior et al., 2013). The protocol consists
of eighty-nine reflective markers placed over the chest of subjects
and requires subjects to be bare chest. A minor modification to the
protocol allowed women to wear any kind of upper undergarment
during this study. Secondly, posture was measured using the Helen
Hayes protocol with medial markers (Davis et al., 1991). This
protocol makes use of 22 reflective markers. However, the
placement of some markers coincides in the two protocols.
Specifically, markers placed in the shoulders, C7 vertebrae,
sacrum, and left and right anterior superior iliac spine were
reused. Therefore, only sixteen additional markers were placed
on the legs.

Stability estimations were performed by measuring the
displacement of the center of pressure (COP) over the force
plate. Subjects wore a single 3D commercial accelerometer in-ear
sensor, called Cosinuss◦ One, Cosinuss GmbH, Munich, Germany
(Burgos et al., 2020). The three axes of the in-ear sensor are

TABLE 2 List of postural angles obtained and their acronyms. Underline
items denote variables not used in the final analysis, after feature reduction.

Body posture parameters and their acronyms

Postural angles Acronyms

Right Left

Spine Lateral Bending SPML

Rotation SPIE

Flex-Extension SPFE

Trunk Rotation SHROT

Obliquity SHOBLI

Tilt SHTILT

Pelvis Tilt PTILT

Rotation PROT

Obliquity POBLI

Hip Rotation RHPIE LHPIE

Flex-Extension RHPFE LHPFE

Ab-Adduction RHPAA LHPAA

Knee Rotation RKIE LKIE

Flex-Extension RKFE LKFE

Valgus-Varo RKAA LKAA

Ankle Rotation RFIE LFIE

Dorsi-Plantar Flex RAFE LAFE

Prone-supine RFAA LFAA

Foot Foot Progression RAIE LAIE

FIGURE 3
Compartmental 89-marker model of the chest wall in
Optoelectronic Plethysmography.

TABLE 3 Distribution of abdominal and pulmonary breathing of male and
female subjects and their percentage over the total number of acquisitions.

Sex Abdominal Pulmonary Total

Male 20 41% 29 59% 49

Female 8 25% 24 75% 32

Total 28 35% 53 65% 81

TABLE 4 p-values of theMANOVA analysis of Stability and Posture variables.

Factors Stability Posture

Spatio-
temporal

Frequency

State 0.596 0.489 0.042

Eyes 0.342 0.293 0.506

Breathing 0.027 0.030 0.322

State * Eyes 0.528 0.640 0.978

State * Breathing 0.819 0.451 0.662

Eyes * Breathing 0.984 0.615 0.901

State * Eyes *
Breathing

0.430 0.820 0.970
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identified in Figure 1. The three-axial accelerometric data were also
used as estimators of subject stability.

2.2.2 Emotional data
Emotional data were collected following two different

approaches. Firstly, psychometric data were used to acquire
baseline information and collect subjects’ feelings. Secondly,
physiological signals were collected throughout to measure
biometrics related to subjects’ emotional responses.

2.2.2.1 Psychometric data
During recruitment, applicants to the study were asked to

complete an online survey administered in the format of a
Google form. The survey included the State-Trait Anxiety
Inventory (STAI—link), Rosenberg Self-Esteem Scale (RSE), and
Five Facet Mindfulness Questionnaire. Subjects were also asked
some general questions about their knowledge of breathing
techniques and questions related to the exclusion criteria.

2.2.2.2 Physiological signals
The same in-ear device used for measuring postural stability

(Cosinuss◦ One, Cosinuss GmbH, Munich, Germany) also allowed
for the measurement of body temperature and heart rate which were
used as estimators of anxiety. Finally, galvanic skin response (GSR)
was measured with a device (Shimmer3, Shimmer Sensing, Dublin,
Ireland) placed on the arm with connected electrodes positioned
close to the palm on the internal side of the wrist.

2.3 Procedure

The experiment consisted of four conditions with each
recording having a duration of 3 minutes. 1) Standard quiet
standing with open eyes and 2) standard quiet standing with
closed eyes were the two first recordings. For these conditions,
subjects were asked to stand on the force plate in a normal stance
that they felt comfortable with and to avoid sudden movements.
After the standard condition, subjects were given instructions on
performing deep abdominal breathing. They were instructed to
breathe in slowly and deeply into the abdomen and to breathe
out in a relaxed manner. Subjects performed from six to ten deep
breaths with the lab technician while using proprioceptive input in
which subjects placed one hand on their chest and the other on their
abdomen. Subjects were asked to practice this breathing technique
for a few minutes and to perform some exercises to relax their joints

(circular motions, flex-extension, ab-adduction, and rotation of each
joint: neck, shoulders, hips, knees, and ankles) while maintaining
their deep breathing as described in the literature (Tassani et al.,
2019). At the end of the relaxation phase, 3) a recording with open
eyes and then 4) with closed eyes was taken in which subjects were
asked to be in a relaxed state while trying to perform deep breathing.
This is what was referred to as the relaxed state.

2.4 Data processing

2.4.1 Stability data
Displacement of the center of pressure (COP) was analyzed

using the software Sway (BTS Engineering, Milan, Italy). Analysis
time was normalized to 180 s and all parameters described in the
table below were computed (Table 1).

2.4.2 Body posture
Body posture analysis was performed using references identified

by the Helen Hayes protocol as shown in Figure 2. As a general
description, in the reference system of each body segment, X is the
longitudinal axis of the segment and points up, Y is the sagittal axis
of the segment and points forward, and Z is the transversal axis of
the body and points to the left of the subject. The only exception to
this definition is the reference system of the foot in which X points
backward and therefore Y points up.

These definitions are general for all joints in the body. All
measures are relative of the distal segment to the proximal one. In
the case of the pelvis and trunk, Rotation refers to when there is
rotation around the X-axis. Obliquity refers to when the rotation
is around the Y-axis. Tilt refers to when the rotation is around the
Z-axis. However, for these two segments, measures are defined
with respect to the posture reference system (X-axis—vertical
direction in the laboratory, Z-axis—axis passing through the two
markers in the heels, Y-axis—vectorial product of X and Z). The
complete list of body posture angles and their acronyms is
presented in Table 2.

2.4.3 Breathing
The volumetric geometrical model of the chest wall was run

through an OptoElectronic Plethysmography (OEP) protocol for
quiet breathing, implemented by BTS Engineering. The protocol
computes the chest’s tidal volume and the three thoracic
compartments (Pulmonary Rib Cage, Abdominal Rib Cage, and
Abdominal) (Figure 3).

TABLE 5 Confusionmatrix of breathing classification based on stability and posture variables. States of abdominal and pulmonary breathing were classified
starting from, respectively, stability information based on the analysis of the COP displacement, and postural data obtained using stereophotogrammetric
tools.

Predicted stability Predicted posture

Breathing Percentage
correct

Breathing Percentage
correct

Abdominal Pulmonary Abdominal Pulmonary

Observed Breathing Abdominal 14 6 70.0 17 3 85

Pulmonary 5 21 80.8 4 21 84

Overall Percentage 76.1 84.4
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2.5 Data analysis

Data analysis was performed in consecutive steps that were
repeated for each typology of data acquired to test possible relations
between abdominal breathing, posture, and emotions. Analyses were
performed using SPSS (version 23.0; IBM Corp., Armonk, NY,
United States).

Firstly, stability data were normalized by the height of subjects as
suggested in the literature (Chiari et al., 2002). Normalization was
not applied to postural parameters, which are angles and not affected
by subject height, nor to emotional data. Breathing data were not

normalized either since the analysis focussed on the percentages of
use of each thoracic compartment.

The use of each breathing compartment was computed as a
percentage of the sum of the three. The breathing technique of each
subject was defined as pulmonary if the pulmonary compartment
covered a percentage of breathing volume greater than that of the
abdominal compartment. Similarly, it was defined as abdominal if
the abdominal compartment covered a percentage of breathing
volume greater than the pulmonary compartment. The
abdominal rib cage compartment was never found to be the
compartment with a highest percentage.

TABLE 6 Significant multiple linear regressions. The list of stability and postural predictors is reported along with the B coefficients and the adjusted R2 of
each of the regressions. Each set of predictors was related to the used percentage of the three chest compartments: Pulmonary, Abdominal rib cage and
Abdomen. Regressions are shown separately for female and male subjects. For a complete description of the variables and their acronyms, refers to Tables
1, 2.

Pulmonary Abdominal rib cage Abdomen

Predictors B Adj R2 Predictors B Adj R2 Predictors B Adj R2

Female Stability - - - (Constant) 22.968 - - -

Peak amplitude (s) (m) −1.551 0.355

Trasversal COP
displacement(mm)(m)

0.088

Posture (Constant) 60.944 (Constant) 18.924 (Constant) 14.086

RHPIE −1.000 0.64 RKIE 0.509 0.865 RHPIE 1.546 0.772

RAIE 0.701 RFAA 0.598 RAIE −1.152

LKAA 1.117 SHTILT 0.160 LKAA −2.108

SHROT 0.129

Emotion - - - - - - - - -

Male Stability (Constant) 37.137 0.074 (Constant) −37.645 0.528 (Constant) 131.157 0.337

D spectrum, mean
values Freq

18.819 Peak number 0.222 Peak number −0.336

Peak amplitude (s) (m) 0.691 Peak amplitude (s) (m) −1.011

Inertial axises(mm)(asseY) 0.398 Trasversal COP
displacement (mm)(sd)

−0.845

Peak time (s) (sd) 26.986 Peak time (s) (sd) −48.202

Posture (Constant) 40.950 0.172 (Constant) 32.941 0.834 (Constant) 34.062 0.248

RPROT −0.438 LAFE 0.847 RHPAA 1.135

RAIE −0.088

RKIE 0.294

SPFE 0.177

RFAA −0.217

SPIE −0.440

LHPAA −0.913

RAFE 0.283

POBLI −0.674

Emotion - - - (Constant) 12.157 0.506 (Constant) 56.219 0.468

Score STAI 0.253 Score STAI −0.466
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Secondly, a correlation analysis was performed to reduce the
number of variables in the analysis. Every pair of variables
presenting an absolute value of the Pearson correlation
coefficient superior to 0.9 was identified as highly correlated and
therefore, one of the two variables was excluded from the analysis.

2.5.1 Multivariate analysis of variance
The experiment was originally designed to perform repeated

measurement tests among the four combinations of the within
factors, state (standard and relaxed) and eyes (open and closed)
and compare it with the between factor sex (male and female)
(Tassani et al., 2019). However, a preliminary multivariate
analysis of variance (MANOVA) for repeated measures showed
no effect of the within factors over the breathing percentages of the
pulmonary rib cage, abdominal rib cage, and abdominal
compartment (p-value >0.40) nor their interactions

(p-value >0.29). For this reason, in the presented analysis, results
of the within variables were pooled, and the capability of each
subject to breathe or not abdominally was analyzed as an
independent factor, breathing.

On the other hand, the between-factor sex was significant, with
females showing a higher percentage of pulmonary volume
(Estimated marginal means: female 50.24 ± 2.1, male 41.18 ±
1.9), with only 8 abdominal acquisitions over 35.

Therefore, a MANOVA was performed to analyze the
relationship between 3 factors and the three sets of dependent
variables: stability, posture, and emotional data. The four factors
under study were the state of the eyes (eyes: open or closed) posture
stance (stance: standard or relaxed) and breathing (abdominal or
pulmonary). Sex (male, female) where analyzed separately.

2.5.2 Classification
Binary logistic regression was applied to explore the possibility

of classification of the breathing style of each subject starting from
stability and postural data. Forward conditional feature
selection was used.

2.5.3 Multiple linear regression
Both MANOVA and classification analysis assumed that it was

possible to divide the breathing style into abdominal and
pulmonary. Multiple linear regression analysis was performed to
evaluate the possible continuous relationship between breathing,
postural, stability, and emotional data.

2.5.4 Continuous time evaluation: statistical
parametric mapping

Skin conductivity, temperature, heart rate, and acceleration of
the head in three dimensions, were time-variant and therefore a
time-continuous approach was proposed for their analysis.
Statistical Parametric Mapping (SPM) refers to hypotheses testing
of a spatially extended statistical procedure. SPM implements
random field theory (Brett et al., 2003) and allows for the
statistical identification of significant differences within time-
variant variables.

Two-sample (independent) t-tests, performed using the
MATLAB implementation “spm1d” (Pataky, 2012), were applied
to examine the effects of breathing over each of the mentioned
continual data.

3 Results

Abdominal breathing proved to be a difficult task for most
subjects involved in the study. No significant difference in the use of
breathing compartments was identified during the different phases
of analysis (p-value = 0.404), showing an inability of subjects to
breathe abdominally when instructed. Over a total of 81 valid
breathing acquisitions, only 28 showed a dominant abdominal
component (34%). Further, female subjects had greater difficulty
breathing abdominally when instructed than male subjects as only
8 abdominal-dominant acquisitions (25%) were recorded from
female subjects (Table 3).

Due to this disparity, male and female subject data were separated
for subsequent analyses. Moreover, given the low number of female

FIGURE 4
Statistical Parametric Mapping (SPM) of acceleration data. (A) X,
(B) Y and (C) Z SPM accelerations are shown. Red dotted line identifies
the significant level. When the SPM cross the red line a significant
cluster is identified.
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FIGURE 5
Regressions between emotional states and use of breathing compartments. Regression between State-Trait Anxiety Inventory (STAI) score and
Abdominal Rib Cage (A) and Abdominal Compartment (B) in males. Regression between the Rosemberg Self-Esteem score and Abdominal Rib Cage in
female, with (C) and without (D) the inclusion of a strong outlier.

TABLE 7 Significant multiple linear regressions. The list of stability and postural predictors is reported along with the B coefficients and the adjusted R2 of
each of the regressions. Each set of predictors was related to the three emotional scores: the State-Trait Anxiety Inventory (STAI), Rosenberg Self-Esteem
Scale (RSE), and Five Facet Mindfulness Questionnaire (5Facet). Regressions are shown separately for female andmale subjects. For a complete description
of the variables and their acronyms, refers to Tables 1, 2.

STAI RSE 5Facet

Predictors B Adj R2 Predictors B Adj R2 Predictors B Adj R2

Female Stability - - - - - - - - -

Posture (Constant) −1.372 0.723 (Constant) 57.062 0.978 - - -

SHTILT 1.247 SHTILT −0.486

RAIE 1.242

RHPIE −0.370

Male Stability (Constant) 163.207 0.727 - - - (Constant) 43.272 0.448

Regression angle:() 0.188 D spectrum, maximum peak 0.006

Peak time (s) (sd) −234.857

D spectrum, maximum peak 0.005

Posture (Constant) 31.246 0.840 (Constant) 26.545 0.832 (Constant) 41.078 0.353

RHPIE −0.385 RKFE 1.599 SHOBLI −3.872

LAIE −1.018 LAFE −1.484

RHPAA −1.317 RKAA −0.721
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subjects able to perform abdominal breathing, MANOVA and
classification analysis were only performed on data from males,
while regression analysis was performed on both sets of data.

Twenty subjects filled out the survey collecting emotional data.
Results showed the general emotional situation of subjects was
critical. Seven subjects showed high anxiety (STAI>44—Ercan
et al., 2015) of which, four also showed low levels of self-esteem
(RSE<25—Isomaa et al., 2013). STAI and RSE were found to be
negatively correlated (R2 = 0.47, p-value<0.001). MANOVA and
classification study were not performed with this data due to the
small sample size once male and female data were separated and
given the unbalanced distribution of breathing capabilities
in females.

Finally, 3 MANOVA analyses were performed: for stability,
divided between spatio-temporal and frequency parameters, and
posture variables. To maintain the family-wise error at 5%, p-values
were considered significant at a level of 0.017.

3.1 Breathing and stability

From the initial 37 stability parameters, 9 were found to be
highly correlated with at least one other parameter—therefore, they
were removed from the analysis. The remaining parameters in the
analysis are shown in Table 1. Eighty-one acquisitions were finally
valid for this analysis (46 for males and 35 for females).

MANOVA did not identify any factor or interaction related to
stability for spatio-temporal or frequency parameters (Table 4).
However, binary logistic regression was able to properly classify
76% of male acquisitions as belonging to abdominal or pulmonary
breathing groups using only three stability variables: Standard
deviation of the Transversal COP displacement, Peak number,
and Peak Amplitude. Subjects showing abdominal breathing
presented a reduced value of the three parameters therefore
suggesting higher stability. All of them are related to the time-
domain. The confusion matrix is shown in Table 5.

Multiple regression analysis showed a significant relation
between the use of abdominal rib cage and stability parameters
in women (adjR2 = 0.36). For males, each chest compartment
showed a relation with different stability parameters. In
particular an opposite trend was identified between abdominal
rib cage (adjR2 = 0.528) and abdominal percentages (adjR2 =
0.337). In males, an increased percentage of the abdomen was
related to increased stability. Detailed results are shown in Table 6.

SPM of in-ear acceleration data showed statistical differences
between subjects breathing abdominally or pulmonary in axes X and
Y (Figure 4). Acquisitions identified as related to abdominal
breathing showed reduced acceleration compared to those related
to pulmonary breathing.

3.2 Breathing and posture

From the initial list of 29 postural parameters, 3 were found to be
highly correlated with at least one other parameter—therefore, they
were removed from the analysis leaving 26 parameters in the analysis
(Table 2). In particular, both right and left hipflex-extensionwere found
to be highly correlated (r > 0.9) to pelvis tilt, and spine flex-extension
correlated to shoulder tilt. Seventy-three acquisitions were finally valid
for this analysis (45 for males and 28 for females).

MANOVA did not identify any factor or interaction related to
posture (Table 4). However, binary logistic regression was able to
properly classify 84% of male acquisitions as belonging to abdominal
or pulmonary breathing groups using only four postural variables:
RKIE, POBLI, RHPAA, SHTILT. The confusion matrix is shown
in Table 5.

Multiple regression analysis showed the relation between the use
of any chest compartment and the posture of both male and female
subjects. The compartment showing less relation to the posture was
the pulmonary one (adjR2 = 0.64 for females and 0.172 for males),
while the abdominal rib cage compartment showed high adj R2 for

FIGURE 6
Regressions between emotional states and stability/postural
parameters. Regression between State-Trait Anxiety Inventory (STAI)
score with Shoulder Tilt in females (A). Regression between the Five
Facet score and the shoulder obliquity (B) and with Max peak of
the spectrum of the distance from the barycenter (C) in males.
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both male (adjR2 = 0.834) and female (adjR2 = 0.865) subjects.
However, the two multiple regressions differ between sexes. In
female subjects, a strong relation between the use of abdominal
compartment and posture was also reported (adjR2 = 0.772).
Detailed results are shown in Table 6.

3.3 Breathing and emotion

The first part of the emotional evaluation was carried out using
surveys, therefore it was not possible to relate these results to all four
combinations of state and eyes used to acquire breathing patterns.
Hence, the analysis was carried out by relating the emotional evaluation
to breathing results from the condition of “standard open eyes.” This
forced a reduction in sample size to 20 acquisitions, only one for each
subject (11 males and 9 females). Female subjects did not report any
significant multiple regression with breathing compartments while
males reported significant regressions with both Abdominal rib cage
and Abdominal percentage (Table 6). STAI score was found to be
positively related to the use of the abdominal rib cage and negatively
related to the use of the abdominal compartment (Figure 5).

SPM of both the in-ear sensor and the GSR identified no
statistical difference related to the use of different breathing
compartments.

3.4 Stability and emotion

As for the connection to breathing, the linear relation between
stability and emotional scores was studied only for the results related
to the state of “standard—open eyes.” Twenty acquisitions (11 males
and 9 females) were available for this analysis. Women did not show
any significant relation between stability predictors and any of the
emotional scores used in this study. On the other side, males
presented stability relations to both STAI score (adjR2 = 0.727)

and 5 Facet score (adjR2 = 0.353). Results are summarized in Table 7.
The mono-dimensional regression between D spectrum and 5 Facet
score in males is presented in Figure 6.

3.5 Posture and emotion

As for the connection to breathing, the linear relation between
posture and emotional scores was studied only for the results related
to the state of “standard—open eyes.” Eighteen acquisitions
(11 males and 7 females) were available for this analysis.

Women showed significant correlations between postural
parameters and both STAI (adjR2 = 0.723) and RSE (adjR2 =
0.978) scores while men showed significant correlations between
postural parameters and all emotional ones (Table 7).

4 Discussions

The proposed protocol allowed for the simultaneous analysis of
breathing, postural stability, and emotional indicators. Although the
high number of reflective markers used for the analysis required a
lengthy preparation time (around 30 min), the protocol allowed us
to test the relations between breathing, postural stability, and
psychological health, observing significant results and initiating
the development of a relational map among the main sets of
variables in the study.

Subjects showed general difficulties in performing abdominal
breathing. The majority were not able to change their breathing
pattern when requested, confirming previously reported findings
(Tassani et al., 2019). A few minutes of training before acquisitions
were not sufficient for subjects to learn to perform abdominal
breathing intentionally. This result is consistent with the
literature. Studies assessing the effects of abdominal breathing on
a pathology found that deep breathing training phases vary from

FIGURE 7
Two different breathing patterns are presented. On the left, Abdominal and Pulmonary patterns are similar with a small prevalence of abdominal
breathing. On the right, the abdominal compartment is dominant over the whole breathing cycle. Both patterns were classified as Abdominal.
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3 weeks to 56 months in asthma (Santino et al., 2020). It is, therefore,
reasonable to consider that subjects unable to perform deep
breathing could not learn to do so during a brief session of a
few minutes.

In this study, some subjects were constantly breathing
abdominally or pulmonary and kept the same pattern for all four
acquisitions. They only changed the total volume inhaled. In other
cases, subjects were breathing abdominally at first but changed to
pulmonary when asked to perform deep abdominal breathing.
Subjects did not seem capable of controlling their breathing
pattern intentionally. Only one subject was able to start deep
abdominal breathing when requested. Furthermore, it must be
considered that the threshold defined for the definition of
abdominal breathing was arbitrary. In this study to define a
breathing pattern as abdominal, the abdominal compartment
must be used more than the pulmonary one. When a more
conservative threshold for deep breathing classification is applied,
in which the abdominal compartment is used for 60% of the
abdominal and pulmonary volumes together, the number of
acquisitions classified as abdominal would drop to only 5 (data
in the Supplementary Material). This forced the use of a less strict
threshold to classify rather different patterns as
abdominal (Figure 7).

Given the importance that literature attributes to the ability to
control breathing patterns for both physical (Hodges and Gandevia,
2000; Gilbert, 2003; Hodges et al., 2007) and emotional (Perciavalle
et al., 2017; Hopper et al., 2019; Balban et al., 2023) management,
this study presents a worrying scenario for young university
students. Worries were confirmed by the number of subjects
presenting high levels of anxiety in this study. The situation
might be even more critical for female subjects who showed less
capability of abdominal breathing (Table 3) and presented more
cases of high anxiety (4 females and 3 males).

The reasons for this disparity between male and female subjects are
not clear. The effect of sex on chest wall kinematics in literature is
controversial. In agreement with our results, some authors have
reported a relatively lower abdominal contribution to tidal volume
and smaller abdominal dimensional changes in females compared to
males during quiet breathing (Fugl Meyer, 1974; Gilbert et al., 1981;
Romei et al., 2010). Others did not find any sex-related differences in
thoraco-abdominal motion during quiet breathing in different postures
(Sharp et al., 1975; Verschakelen and Demedts, 1995). However, the
authors would like to stress the importance of not restricting the study
of causes of this difference to biological ones. Sociological causes such as
differences in gender beauty canons can lead to different perceptions of
abdominal breathing and should also be explored.

Differences in behavior between sexes are another result of this
study. In fact, while breathing was found to be related to both
physical and emotional variables, these relations were found to be
different between the two sexes. The analysis of individual indicators
and their meaning was not the aim of this study; however, specific
patterns can be identified and are for future research to
be confirmed.

Postural characteristics were shown to be strongly related to
breathing for both sexes (Table 6). The linear regression analysis
showed a strong linear relation of abdominal rib cage and abdomen
percentages to postural parameters. In males, postural parameters
correctly classified 84% of acquisitions as abdominal or pulmonary

(Table 5). This is an interesting result since posture parameters also
showed the highest link to emotional scores, especially STAI and
RSE, for both males and females (Table 7). These findings reinforce
results obtained in the relation between breathing and emotional
states and suggest the role of breathing as a mediator.

The results of the stability analysis presented weaker
relations, especially in females. In males, MANOVA showed
no significant results, however, the breathing factor was close
to significance for both spatio-temporal (p = 0.027) and
frequency (p = 0.03) parameters. In the regression analysis,
both abdominal rib cage and abdomen percentages were
related to stability parameters. Three out of four predictors
selected by the stepwise procedure were the same, but the
coefficients were inverted. This result suggests that, while an
increase in the use of the abdominal rib cage compartment was
related to the decrease in stability, the increased use of the
abdominal compartment increased stability. SPM results of
accelerometer data were found to be in the same direction. In
several moments along the 3-min acquisition, subjects classified
as using abdominal breathing showed a reduced acceleration of
the head, suggesting higher stability (Figure 4). This supports the
idea that a relaxed posture, decreasing co-contraction, can
increase subject stability (Tassani et al., 2019). In males,
stability was also found to be related to emotional states,
whereas an increase in STAI score was related to a decrease
in stability.

The main limitation of this study is in its aim of presenting a
holistic protocol for the study of a breathing-physical-emotional
relation. The physical sphere was analyzed in the form of stability
and posture, and the emotional sphere in terms of anxiety and
self-esteem, and for both measurement and analysis protocols
had to be defined. For this reason, statistical analyses were
presented as parts within a whole protocol. Results must be
considered with caution and confirmed by future studies
involving a bigger sample size. This limitation becomes clearer
in the relation between breathing and emotional scores in
females. In Figure 5 we can see how a single bivariate outlier
can change the relation between RSE score and Abdominal Rib
Cage percentage from not significant to R2 = 0.838. Nonetheless,
this study allows us to underline difficulties and criticisms that,
based on this research and presented literature, might be
common to many young university students.

In conclusion, this study shows how difficulties in performing
deep abdominal breathing can be related to elevated anxiety scores
and decreased stability, depicting a circular self-sustaining
relationship that can decrease quality of life, undermine learning,
produce muscular co-contraction and, in the long term, lead to the
development of musculoskeletal disorders. While holistic techniques
are more frequently appearing in literature to address these
problems, the presented protocol can be used to quantify the
effect of such techniques on subjects.
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