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Abstract: Studies on gait symmetry in healthy population have mainly been focused on small range
of age categories, neglecting Teenagers (13–18 years old) and Middle-Aged persons (51–60 years old).
Moreover, age-related effects on gait symmetry were found only when the symmetry evaluation
was based on whole-body acceleration than on spatiotemporal parameters of the gait cycle. Here,
we provide a more comprehensive analysis of this issue, using a Symmetry Index (SI) based on
whole-body acceleration recorded on individuals aged 6 to 84 years old. Participants wore a single
inertial sensor placed on the lower back and walked for 10 m at comfortable, slow and fast speeds.
The SI was computed using the coefficient of correlation of whole-body acceleration measured at
right and left gait cycles. Young Adults (19–35 years old) and Adults (36–50 years old) showed
stable SI over the three speed conditions, while Children (6–12 years old), Teenagers (13–18 years
old), Middle-Aged persons and Elderly (61–70 and 71–84 years old) exhibited lower SI values when
walking at fast speed. Overall, this study confirms that whole-body gait symmetry is lower in
Children and in Elderly persons over 60 years of age, showing, for the first time, that asymmetries
appear also during teenage period and in Middle-Aged persons (51–60 years old).

Keywords: aging; wearable sensor; symmetry index; speed; anterior-posterior acceleration;
spatiotemporal parameters; locomotion

1. Introduction

The forward progression of the body during human locomotion is accomplished by
the alternating cyclic movements of arms, legs and trunk. The level of symmetry between
the cyclic movements performed on the right and left body sides can impact on walking
quality. For example, gait cycle asymmetries could perturb the stability of the center of
mass during body weight transfer from one lower limb to the other and/or during the
swing phase [1–3].

Bilateral gait symmetry has been found to be a sensitive parameter in identifying
the reduced level of walking quality and stability in several pathological gaits, such as in
the case of lower limb amputation [4–6], in children with cerebral palsy [7,8], in patients
with chronic stroke [9,10], in Parkinson’s disease [11] and in osteoarthritis [12]. Only a
few studies focused on changes in gait symmetry in healthy individuals, as typical human
walking is basically considered symmetrical [13]. However, some physiological factors,
such as limb dominance [14] or muscle strength [15], may determine bilateral asymmetries
also in healthy population.

The physical changes that occur throughout life may be responsible for physiological
gait asymmetries in healthy individuals. This may occur during the development period
and in the elderly, when motor control and musculoskeletal efficiency decline. Studies that
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evaluated gait symmetry at different ages in healthy individuals found conflicting results,
with some papers reporting no age-related effects on gait symmetry [11,15–18], and other
studies showing the presence of these effects [19–24]. A major difference between the two
sets of studies was the procedure to compute gait symmetry: in the first set of studies gait
symmetry assessment was based on bilateral differences concerning measurements of local
parameters, such as spatiotemporal or joint measures associated with gait cycle, while the
second set of studies obtained gait symmetry from changes in the whole-body acceleration
during right and left walking steps.

Gait symmetry can be evaluated by several computation methods and using a number
of kinematic and kinetic parameters [13]. Computing gait symmetry from local gait cycle
parameters implies a limited view of the global picture within which the control and the
coordination of human locomotion is implemented. In fact, as the final goal of walking is to
move the whole body efficiently from one position to another, a quantitative description of
the kinematics and/or the dynamics of whole-body movement during locomotion should
be the most appropriate approach to integrate the local elements of the gait cycle and to
provide a measure of walking effectiveness.

The suitability of the whole-body gait symmetry to more effectively represent the
functional goal of walking could be the reason why the authors adopting this method
have found a better discrimination across ages than the researchers who have used local
parameters to compute gait symmetry. However, the age-related effects on the whole-
body gait symmetry were obtained by comparing a limited age range, such as elderly
people above the age of 65 years old compared with a group of young adults (20–30 years
old) [19–22] or restricting the analysis to development period [23,24].

In the current study, we assessed bilateral gait symmetry based on whole-body acceler-
ation, in healthy individuals with an age ranging from 6 to 84 years old. This large extension
of age categories, tested in the same protocol, overcomes the limitation in covering a short
span of ages by the current literature, and allows to explore more accurately the idea that
whole-body gait symmetry can distinguish age-related gait in the healthy population.

In particular, we aimed to provide novel information on some age categories, such
as Teenagers (13–18 years old) and Middle-aged persons (51–60 years old), neglected in
most gait symmetry studies. The development of gait is typically considered complete at
the age of 12–13 years old [16,24–26], but the maturation process, including improvements
in gait symmetry, could continue during teenage years. On the other hand, the detriment
in walking efficiency associated with the elderly has been studied mostly in individuals
above 65 years of age, thus there is a lack of information on the Middle-Age [27]. In this
case, the reduction in gait symmetry expected above 65 years old, could be already present
in individuals with ages ranging from 50 to 60 years old.

To better verify the sensitivity of the whole-body gait symmetry index in capturing
gait asymmetries across a wide age range, the participants performed walking trials at
different speeds, having a comfortable gait as a reference. As the increase in speed is
considered a factor capable of amplifying the functional gait differences across the age
groups [28], we expected these differences to widen during fast walking.

2. Methods
2.1. Ethical Statement

This study was conducted in accordance with the Declaration of Helsinki Ethical
Principles and Good Clinical Practices and was approved by the local ethics committee of
Catania University Hospital “Policlinico Vittorio Emanuele-San Marco” (n◦ 209/2019/PO).
Participation was voluntary and all participants or the legal guardians of minors, read and
signed an informed written consent before starting the study.

2.2. Participants

In this cross-sectional study we collected and analyzed data from a population of
137 healthy individuals, divided by age into seven groups: 19 Children (6–12 years old;
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9 males), 20 Teenagers (13–18 years old; 10 males), 20 Young Adults (19–35 years old;
10 males), 20 Adults (36–50 years old; 10 males), 20 Middle-Aged persons (51–60 years old;
10 males), 20 Senior persons (61–70 years old; 10 males) and 18 Elderly people (71–84 years
old; 9 males). Table 1 reports detailed anthropometric data for each group expressed as aver-
age and relative standard deviation. The exclusion criteria were as follows: neurological or
orthopedic disturbances, cognitive disorders or any other disorder that could affect balance
or mobility. Functional physical assessments were performed by a physiatrist (M.C.).

Table 1. Detailed anthropometric data of all participants.

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

Children 6–12 9.3 ±1.9 37.5 ± 12.3 140.8 ± 11.4

Teenagers 13–18 15.5 ±1.7 62.3 ± 10.1 167.5 ± 9.9

Young Adults 19–35 27.6 ± 4.6 67.3 ± 13.1 169 ± 10.6

Adults 36–50 44.8 ± 4.2 68.1 ± 10.7 166.2 ± 8.9

Middle-Aged persons 51–60 56.1 ± 2.8 70 ± 12.67 167.3 ± 9.1

Senior persons 61–70 65.3 ± 3.1 76.5 ± 13.3 164.8 ± 8

Elderly persons 71–84 78.2 ± 3.3 69 ± 11.1 160.3 ± 10.7

2.3. Experimental Procedure

Prior to the recording, the participants were given standardized instructions and
explanations about the experimental protocol so that equipment and rules were the same
for everyone. In addition to the instructions, all participants were allowed one or two trial
attempts before the data were recorded. All participants performed the gait evaluation
with bare feet and with loose and comfortable clothes so that they could move freely. The
walking area consisted of a 10 m long by 3 m wide corridor. The path was identified with a
line marked with colored adhesive tape at the beginning and at the end of the 10 m. The
participants walked along the corridor for three times under each of the three experimental
conditions: self-selected comfortable speed (Comfortable), high speed (Fast) and low speed
(Slow). We balanced the order of presentation of speed conditions across the participants.
This protocol took approximately 20–25 min to complete, with an inter-trial rest interval of
1 min.

2.4. Data Collection and Processing

A commercial wearable inertial sensor (BTS G-WALK®, BTS Bioengineering, Italy)
with dimensions of 70 × 40 × 18 mm, properly applied on the skin at the level of the S1 ver-
tebra, was used during walking. The sensor consisted of a triaxial accelerometer 16 bit/axes
(sensor range, ±2 g), a triaxial magnetometer 13 bit (±1200 µT), and a triaxial gyroscope
16 bit/axes (sensor range, ±2000◦/s). The signals were sampled with a frequency of 100 Hz
and transmitted via Bluetooth to a laptop computer for acquisition and processing, using a
dedicated software package (BTS® G- Studio, BTS Bioengineering, Italy). Reliability and
concurrent validation of this type of inertial sensor, including the BTS G-WALK® [29] were
tested for a large number of walking spatiotemporal parameters, showing that accuracy
and robustness were within the limits of agreement [29,30].

For each participant, we collected at least 5 gait cycles per trial, ensuring an adequate
quantification of gait performance. The individual mean walking speed for the entire path
was computed for each participant, for the three speed conditions.

To estimate the Symmetry Index (SI), we started from the raw acceleration signals
captured by the three-axial inertial wearable sensor. After applying a low pass filter
(10 Hz cut-off, 2 pass, 4th order Butterworth), the raw acceleration signals were processed
as follows:

1. The accelerations due to the sensor movements were separated from the gravity components;
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2. The three acceleration axes were rotated from the sensor’s fixed reference frame to the
earth reference frame by a trigonometric algorithm [31];

3. From the coordinate system based on the earth reference frame, the anterior-posterior
(AP) acceleration was extracted;

4. The individual gait cycles were separated and the single AP accelerations were nor-
malized over the time of each gait cycle;

5. The mean normalized AP accelerations for the left and right cycles were computed
(see examples in Figure 1).

Sensors 2022, 22, x FOR PEER REVIEW 4 of 15 
 

 

1. The accelerations due to the sensor movements were separated from the gravity com-

ponents; 

2. The three acceleration axes were rotated from the sensor’s fixed reference frame to the 

earth reference frame by a trigonometric algorithm [31]; 

3. From the coordinate system based on the earth reference frame, the anterior-posterior 

(AP) acceleration was extracted; 

4. The individual gait cycles were separated and the single AP accelerations were nor-

malized over the time of each gait cycle; 

5. The mean normalized AP accelerations for the left and right cycles were computed 

(see examples in Figure 1). 

From the mean normalized AP signals, the SI was calculated as follows: 

1. Pearson’s Correlation Coefficient (r) between left and right waveforms of the mean 

normalized AP acceleration signals was computed; 

2. The SI was calculated remapping the values of r, ranging from -1 to +1, between 0 and 

100 with the following formula: SI = (r + 1) x 100/2. 

The more the value of SI approaches 100, the more the walking is symmetric (Figure 1). 

 

Figure 1. Representative examples of AP accelerations measured in a 9 years old child (A–C), a 

young adult 30 years old (D–F) and an elderly person 81 years old (G–I). Each plot includes the 

value of the correlation coefficient (r) between left and right gait cycles and the value of the associ-

ated gait Symmetry Index (SI). 

Figure 1. Representative examples of AP accelerations measured in a 9 years old child (A–C), a young
adult 30 years old (D–F) and an elderly person 81 years old (G–I). Each plot includes the value of
the correlation coefficient (r) between left and right gait cycles and the value of the associated gait
Symmetry Index (SI).

From the mean normalized AP signals, the SI was calculated as follows:

1. Pearson’s Correlation Coefficient (r) between left and right waveforms of the mean
normalized AP acceleration signals was computed;

2. The SI was calculated remapping the values of r, ranging from −1 to +1, between 0
and 100 with the following formula: SI = (r + 1) × 100/2.

The more the value of SI approaches 100, the more the walking is symmetric (Figure 1).
To evaluate the necessity to normalize the measured data, the SI and the individual

speed were first correlated with the weight and the height of the participants. The two
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anthropometric measures showed significant correlations with the individual speed, but not
with the SI. Thus, the individual speed was normalized based on the multiple-regression
method as described in Mangano et al. [32]. Briefly, a linear regression model was used
to compute the best fit to determine the individual speed, given weight and height. The
normalized data were obtained by dividing each original individual speed by the predicted
individual speed resulting from the regression model.

2.5. Statistical Analysis

The presence of a normal distribution of the data was checked using the Shapiro–Wilk
test, while Levene’s test for equality of group variances was used to validate the use of
parametric statistics.

The changes in SI and in individual speed were analyzed by performing a two-way
Analysis of Variance (ANOVA) with Age group as an independent factor and Speed
condition as a factor with repeated measures. The interaction between the factors was
also estimated. A one-way ANOVA with repeated measures was used to compare each
group across the speed conditions, while a one-way ANOVA for independent measures
was performed to compare the groups over each speed condition. When necessary, paired
comparisons between groups or speed conditions were performed by a post hoc analysis
with Bonferroni correction. For repeated measures, the critical value of F was adjusted
applying the Greenhouse-Geisser correction, which produces a more conservative p-value.

A linear discriminant analysis was conducted for each speed condition to estimate the
contribution of the SI and the individual speed in separating the age groups.

For statistical significance, the level α was established at 0.05.
We used SPSS version 27 (SPSS, Inc., Chicago, IL, USA, IBM, Somers, NY, USA) for

statistical analysis, while signal processing was implemented using Matlab version R2022a
(Mathworks Inc, Natick, MA, USA).

3. Results
3.1. Symmetry Index Analysis

Representative examples of changes in AP body acceleration during left and right
gait cycles, in a child, a young adult and in an elderly person, are shown in Figure 1. The
plots include Pearson’s correlation coefficients (r) and the SI values. The main pattern in SI
changes was a lower SI value during the Fast speed condition, with respect to the other
two speed conditions, for the child and the elderly person, while the young adult showed
similar values of SI over the three speed conditions.

The quantitative analysis showed an overall reduction of the SI values in the Children,
Teenagers, Middle-Aged, Senior and Elderly persons (Figure 2A,B), particularly for the
Fast speed walking, with respect to the other speed conditions. The average group values
of the SI ranged from 97.6 to 92.9, with the highest value observed in the Teenager group
during the Comfortable speed walk and the lowest value observed in the Elderly persons
during the Fast speed condition.

The result of the two-way ANOVA test revealed that changes in SI produced a main
effect of the Age group (F6,130 = 6.383, p < 0.001) and the Speed condition (F1.9,247.3 = 12.492,
p < 0.001) factors, with a significant interaction between the two factors (F11.4,247.3 = 2.300,
p = 0.01). Panel A in Figure 2 and Table 2 summarize the post hoc pairwise comparisons
across the age groups associated with the omnibus ANOVA outcome. The horizontal lines
in Figure 2A illustrate the pairwise comparisons of one group (orange circles) vs. another
group (green circles). Thus, the group of Children and the group of Young Adults showed
significant differences in SI with respect to Elderly persons (p < 0.05), while the single pair
comparisons of Teenagers vs. Middle-Aged persons, Senior persons and Elderly persons
showed stronger statistical differences (p < 0.01). Numerical data are reported in detail in
Table 2.
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Figure 2. Changes in gait Symmetry Index (SI) across the age groups and speed conditions. In
panels (A–C), the values of SI are showed as lines (A) and bars (B,C) to better capture the changes
and the statistical differences across the age groups and speed conditions. Horizontal lines in
panels (A,D) compare one group (orange circles) vs. another group (green circles). In panel (D) the
Comfortable and Fast speed conditions were extracted from panel (A), to report the one-way ANOVA
test results for each of the two conditions. The Slow condition is not presented as no statistically
significant differences were observed in the age groups. * p < 0.05; ** p < 0.01; § p = 0.068.
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Table 2. Post Hoc Pairwise Comparisons for the Age group factor associated with the two-way
ANOVA test.

Age Groups Children Teenagers Young
Adults Adults Middle-Aged

Persons
Senior

Persons

Children

Teenagers 1

Young Adults 1 1

Adults 1 0.341 1

Middle-Aged
persons 0.732 0.004 0.613 1

Senior persons 0.143 <0.001 0.11 0.949 1

Elderly persons 0.023 <0.001 0.02 0.223 1 1
The p values were adjusted for multiple comparisons using the Bonferroni correction. Statistically significant
values are reported in bold.

The post hoc pairwise comparisons for the Speed condition factor (Figure 2C) show
that the SI was significantly reduced for the Fast speed condition compared with both
Comfortable (p < 0.001) and Slow (p = 0.011) conditions.

The one-way ANOVA test, with repeated measures, conducted within each group, to
compare the speed conditions, is graphically depicted in the panels A and B of Figure 2.
These two panels represent the same data illustrated as lines in panel A and as bars in panel
B. This representation was necessary to better distinguish the overall statistical differences
among speed conditions (indicated by the asterisks in the lower part of panel A) by the
pairwise comparison between each of speed conditions (indicated by the asterisks in panel
B). The numerical data regarding the omnibus one-way ANOVA for speed conditions and
the associated pairwise comparisons are reported in Table 3.

Table 3. One-way ANOVA test with repeated measures for the speed conditions and post Hoc
Pairwise Comparisons between each of the speed conditions.

Age Groups F p Comfortable/Fast Comfortable/Slow Fast/Slow

Children 5.29 0.013 0.01 0.031 1

Teenagers 3.758 0.042 0.039 0.227 0.87

Young Adults 0.71 0.469

Adults 0.99 0.37

Middle-Aged
persons 3.966 0.034 0.448 0.4 0.068

Senior persons 6.15 0.007 0.037 1 0.034

Elderly persons 5.525 0.01 0.05 1 0.04
The F values were adjusted applying the Greenhouse-Geisser correction for repeated measures. The p values were
adjusted for multiple comparisons using the Bonferroni correction. Statistically significant values are reported
in bold.

Significant differences in SI values, for the speed conditions occurred for all the groups
except for Young Adults and Adults (see asterisks at the lower part of panel A of Figure 2
and the two most left columns of data in Table 3). From these data it can be deduced that
the interaction between Age group and Speed condition factors, revealed by the two-way
ANOVA, mainly depends on the SI reduction in the Fast speed walking with respect to
the other two speed conditions. This occurred, in particular, for the two groups including
individuals under the age of 18 years old and for the last three groups with individuals
above the age of 50 years old (see the divergence of the red line from the other lines in
correspondence with these groups in Figure 2A).

The pairwise comparisons between each of the speed conditions, within each group,
are illustrated in Figure 2B and in the three most right columns in Table 3. Most of the
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significant SI differences there were between the Fast speed and Comfortable speed in
Children, Teenagers, Senior and Elderly persons and between Fast speed and Slow speed
in Senior and Elderly persons.

The contribution of each isolated Speed condition in discriminating the different age
groups was evaluated by a single one-way ANOVA test (Figure 2D). This analysis was
conducted on the data shown in Figure 2A, however, for a better identification of the
pairwise comparisons, the line plots were duplicated in Figure 2D, except for the Slow
speed that exhibited no statistically significant changes.

Significant differences across the age groups were showed during Comfortable (F6,130 = 4.105,
p < 0.001) and Fast (F6,130 = 6.894, p < 0.001) speed conditions. The horizontal lines
in Figure 2D and Table 4 summarize the post hoc pairwise comparisons for the two
speed conditions showing statistically significant results. The differences between groups,
revealed by the omnibus two-way ANOVA test, appeared to be focused on the SI values
measured during the Fast speed condition. In fact, the distribution of the significant
differences observed in the Fast speed condition approximately reflects the pattern observed
in the post hoc analysis of the omnibus two-way ANOVA test (Figure 2A), with Senior and
Elderly persons showing values of the SI lower than in the groups of Children, Teenagers,
Young Adults and Adults. On the contrary, in the Comfortable speed condition, only
the Teenagers showed significant SI changes with respect to Middle-Aged, Senior and
Elderly persons.

Table 4. Post Hoc Pairwise Comparisons, associated with the one-way ANOVA test, between groups
for Comfortable and Fast speed conditions.

Comfortable
Speed Children Teenagers Young

Adults Adults Middle-Aged
Persons

Senior
Persons

Children

Teenagers 1

Young Adults 1 0.995

Adults 1 0.598 1

Middle-Aged
persons 0.08 0.005 1 1

Senior persons 0.332 0.03 1 1 1

Elderly persons 0.131 0.01 1 1 1 1

Fast speed

Children

Teenagers 1

Young Adults 1 1

Adults 1 1 1

Middle-Aged
persons 1 0.118 0.058 0.543

Senior persons 0.115 0.006 0.003 0.041 1

Elderly persons 0.047 0.002 0.001 0.016 1 1
The p values were adjusted for multiple comparisons using the Bonferroni correction. Statistically significant
values are reported in bold.

3.2. Individual Speed Analysis

The average values of individual speed are shown as un-normalized data in Table 5
and as normalized data in Figure 3. As expected, the values of individual speed changed
significantly for the Speed condition factor (F1.6,205.8 = 1062.53, p < 0.001), with a main effect
for the Age group factor (F6,130 = 2.733, p = 0.016) and an interaction between the two factors
(F9.5,205.8 = 3.756, p < 0.001) as well. The pairwise comparison across the Age groups showed
that the overall ANOVA differences were focused between the Children and the Elderly
persons (horizontal line in Figure 3A), while each group exhibited significant differences
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across the speed conditions (asterisks in the lower part of Figure 3A; p < 0.001) and between
each pair of speed conditions (Figure 3B; p < 0.001). The one-way ANOVA test carried out
across the groups for separated speed conditions (Figure 3C) revealed that only the Fast
speed walking exhibited statistically significant differences, mostly focused between the
Elderly persons and each of the other groups, except for Teenagers and Senior persons
(horizontal lines in Figure 3C).

Table 5. Un-normalized average of individual speed (m/s).

Slow Comfortable Fast

Children 0.72 ± 0.16 1.06 ± 0.16 1.47 ± 0.19

Teenagers 0.91 ± 0.13 1.24 ± 0.15 1.59 ± 0.29

Young Adults 0.90 ± 0.14 1.22 ± 0.13 1.62 ± 1.16

Adults 0.78 ± 0.17 1.15 ± 0.15 1.61 ± 0.16

Middle-Aged persons 0.87 ± 0.16 1.26 ± 0.18 1.63 ± 0.20

Senior persons 0.81 ± 0.16 1.13 ± 0.14 1.49 ± 0.18

Elderly persons 0.83 ± 0.22 1.10 ± 0.16 1.35 ± 0.19
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3.3. Discriminant Analysis

Considering that both the SI and the individual speed showed significant differences
across the age groups, we performed a discriminant analysis to quantify the contribution
of the two variables in predicting the age changes across the groups. For the Comfortable
speed condition, a first discriminant function accounted for 80.2% of group variability,
while a second discriminant function accounted for the remaining 19.8%. However, only
the first function was statistically significant (Wilks’ Lambda, 0.767; p < 0.001) and the
structure matrix revealed that factor loading of the SI (r = 0.867) was higher than the factor
loading of the individual speed (r = 0.445). The two discriminant functions were both
significant when the discriminant analysis was applied to the Fast speed condition, with
the first function having 84.6% of the total variance (Wilks’ Lambda, 0.611; p < 0.001) and
the second function having 15.4% (Wilks’ Lambda, 0.917; p = 0.043). The SI exhibited a
higher factor loading than the individual speed for the first function (r = 0.745 and r = 0.598,
respectively), while, for the second function, the factor loading of the individual speed
was higher than the factor loading of the SI (r = 0.801 and r = −0.667, respectively). No
significant discriminant functions were detected for the Slow speed condition.

4. Discussion

The gait symmetry index based on bilateral whole-body acceleration was lower in
Children, Teenagers, Middle-Aged, Senior and Elderly persons than in Young Adults and
Adults, during Fast speed condition. Young Adults and Adults maintained a comparable
level of whole-body symmetry across the three speed conditions, showing a better ability in
gait adaptation with respect to the younger and older participants. It is noteworthy that for
the first time, changes in gait symmetry have been identified in Teenagers and in Middle-
Aged persons with respect to Young Adults and Adults, suggesting that physiological
asymmetries in healthy population can also concern these age categories. Overall, these
results indicate that the SI discriminates across the various age groups thanks to the
interaction between age and speed factors and provides accurate information on the
physiological asymmetries present in healthy individuals.

4.1. Local Spatiotemporal Parameters vs. Whole-Body Gait Symmetry Assessments

Local spatiotemporal parameters versus whole-body acceleration symmetry evalua-
tion could explain the different results obtained in the current study with respect to other
works where no association was found between gait symmetry and age. In fact, when gait
symmetry measures were associated with step length or time, stride length or time, stance
or swing time [16–18], lower limb joint excursions [11] and muscle strength [15], no signifi-
cant differences were found across ages, when participants walked at their self-selected
speed [11,15,17] or over different speed conditions [16,18]. This dissociation between gait
symmetry based on local gait parameters and age may depend on the difficulties of these
parameters to capture the complete walking adaptive processes occurring during aging.

It is generally assumed that the adaptations associated with locomotion follow a motor
control model where a high level of neuronal elaboration plans the movement trajectory
to carry out a purposeful task and a lower neuronal level encodes the rotation of single
joint and the muscle forces necessary to execute the plan [33]. A clear example of how this
model is implemented is provided by the experimental data reported by Valle et al. [34,35].
These authors, studying locomotion in the cat, identified neurons in the cerebellum whose
neuronal discharge was associated with the global kinematics of different walking patterns,
suggesting that this activity serves as a basis for the dynamics and the kinematics of
individual segments of the lower limbs. In humans, such a process has been extensively
studied for reaching and grasping movements where the activity of each muscle and the
rotation of single joints, are encoded from a global representation of the trajectory along
which the hand moves to reach a position and grasp an object [36,37]. A homologous model
can be applied to human locomotion, with trunk and lower limb segments acting to ensure
the correct body transfer from one position to another. To accomplish this process, cortical
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areas, basal ganglia and cerebellum, produce a continuous update of the internal model
of body scheme to modulate the motor output from the spinal central pattern generator
networks in relation to voluntary intention, and predictive and anticipatory control of
locomotion [38]. By this process, the dynamic stability of locomotion is monitored during
normal walking and in cases of adaptation to voluntary or contingent requirements [39,40].

Based on the study of Morris et al. [41], gait symmetry showed no association with
central cognitive activity in older adults. However, again, the symmetry considered by
these authors regarded local characteristics of the gait cycle. To the best of our knowledge,
no other studies have focused on a direct relationship between gait symmetry and the
activity of central neuronal structures.

The movement of the body’s center of mass is a suitable feature for an internal repre-
sentation of the whole-body behavior during walking, as the body center of mass motion
results from the combination of the complex neurophysiological and peripheral mechanical
processes underlying walking [39,42,43]. The position of the body center of mass approxi-
mates the position of the second sacral vertebra [44,45], thus, the changes in acceleration
recorded by a single inertial sensor applied on the sacral location would parallelly follow
the changes in acceleration of the body’s center of mass [31].

Two points reported in the current study suggest that a gait symmetry based on whole-
body acceleration may be an indicator for central gait adaptation associated with age. First,
most of the differences across age groups occurred during the fast speed walking that can
be considered a contingent stress assessment for walking adaptation [28,46]. Thus, the
similar SI values reported over the three speed conditions for the Young Adults and Adults
indicate a good gait adaptation for these individuals whose gait can be assumed stable.
Conversely, the Children, Teenagers, Middle-Aged, Senior and Elderly persons, showed
a reduced SI when walking at the fast speed, suggesting difficulties in gait adaptations
associated with physical maturation and physical involution, respectively. Second, the
discriminant analysis revealed that the SI discriminates across the groups better than gait
speed, which is deemed a spatiotemporal parameter sensitive to aging and a useful general
characteristic of locomotor control mechanisms [28,46].

4.2. Whole-Body Symmetry Assessments and Aging

The idea that the SI based on trunk acceleration may be a candidate to represent
age-related changes in walking efficiency, has been supported by several studies [19–24].
However, in these studies, limited age segments were examined and trunk acceleration
was the basis to make a step-by-step assessment within a single stride [47]. Instead, in the
current study, the SI evaluated the bilateral trunk acceleration similarity for each entire gait
stride, capturing better the level of coordination of the two alternating limbs during each
stride. Our study was designed to evaluate the symmetry index across a large age range in
the same experimental protocol and, for the first time, we found that the gait maturation
process is still ongoing from children to teenagers and that, although a significant decrease
in symmetry occurred over 60 years old, the involution process may start from middle age
(51–60 years old).

The typical development period is characterized by continuous physical changes
that require constant updating of the body’s internal model to accomplish the associated
adaptive processes. In toddlers, at the transition from supported to autonomous walking,
gait stability improves with walking practice over a 6-month period [23,48]. Gait matu-
ration continues in the years following the achievement of independent walking, with a
complete gait maturation between the ages of 12–13 years old [16,24–26]. Regarding the
gait symmetry measured in children, Leban et al. [24] evaluating whole-body symmetry
based on trunk acceleration, observed that an improved gait symmetry occurred in chil-
dren aged 12–13 years old with respect to those of 8–9 years old, while Lythgo et al. [16]
found that symmetry measures based on several local spatiotemporal parameters were
unaffected by age or speed when children (5–13 years old) were compared to young adults
(18–27 years old).
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In the present study, both Children and Teenagers showed some difficulties in adapting
gait, as the SI decreased when walking at the Fast speed condition. This result indicates that
the physiological walking development process may not have been completed by 13 years
of age, but it may be still in progress over the range 13–18 years old.

As the physiological changes associated with the period of physical maturation accom-
pany improvements of gait symmetry and quality of walking, the natural physical changes
in the Elderly persons produce more difficulties in adapting to the Fast speed condition. In
the majority of studies, the modifications in walking associated with old age were reported
in individuals over 65 years old, without reporting information on middle-aged adults [27].
The data on the SI reported in this paper confirm a lower gait symmetry in individuals
above 60 years old with respect to the other age groups. However, a decrease in the SI
was also observed in the Middle-Aged persons, (51–60 years old) during the Fast speed
walking, although to a lesser extent than in Senior and Elderly persons.

Considering that the participants enrolled in the current study were clinically healthy
people, the asymmetries observed can be considered part of the physiological transition
toward the end of maturation, in the case of Teenagers, while, in adults over 50 years
old, the observed asymmetries would reflect physiological deterioration processes that, in
healthy persons, can be compensated to guarantee an acceptable quality of walking.

Overall, the gait symmetry quantified by whole-body bilateral acceleration can be a
tool to better discriminate physiological changes in walking across a person’s life span.
A lower gait symmetry in Teenagers and Middle-Aged persons, which had not emerged
until now, supports the importance of quantifying gait symmetry based on measures that
assess the whole movement of the body during walking. Further research will be needed
to explore the causes and the implications for which teenagers still yield gait asymmetries
and older adults start having challenges in gait symmetry before 60 years old.

5. Practical Implications

The knowledge that healthy people show gait asymmetries, even if of minor entity,
should be taken in account to distinguish between physiological variations and gait disor-
ders, aiding clinical decision making. The same criteria can be adopted for the selection of
control groups in gait analysis laboratories. The results of our study suggest that across
the age categories to be considered for a differential analysis, Teenagers and Middle-Aged
persons should be included.

As highlighted in the current and other studies [16,21], a critical issue in obtaining
consistent differences between healthy and pathological people is to verify the walking
performance over three or more speed conditions. In fact, changes in gait speed cause
dramatic modifications in kinematics, kinetics and muscle activation patterns [28,46].

It is noteworthy to underline the role that the use of inertial sensors is increasingly
playing in quantifying age-related walking parameters, including gait symmetry [13], both
in healthy population [19,26,32] and in patients with gait affections [4,5,49]. Our results
confirm that the inexpensive and flexible use of a single inertial sensor is also appropriate
to quantify gait symmetry during aging, allowing a whole-body symmetry quantification
by a simple computational procedure.

Recently, advanced classification procedures, such as machine learning-based algo-
rithms, have relied on data captured by inertial sensors to differentiate clinical scores and to
monitor a precision rehabilitation intervention [50] or to differentiate patients from healthy
controls for determining the severity of gait disturbances [51]. In this last study, the gait
symmetry was one of the relevant measures processed by the machine learning algorithms
to determine a reliable severity score of gait disorders.

6. Conclusions

Aging can produce gait asymmetry in healthy individuals. The results of this study
support the possibility that a bilateral symmetry index, based on whole-body acceleration,
may capture the age-related changes when walking adaptations are required to face chal-
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lenging conditions. In fact, the values of SI are similar across different speed conditions
in Young Adults and Adults, which are the age categories representing a reference for the
best stability across ages. Conversely, the Children, Teenagers, Middle-Aged, Senior and
Elderly persons showed a decrease in SI during the fast speed walking. Particular attention
in future studies and in clinical practice is required for the result concerning Teenagers and
Middle-Aged individuals, as the physiological variations reported in this study have not
been sufficiently emphasized so far.

Author Contributions: Conceptualization, A.C., M.S.V. and M.C.; Data curation, A.C. and M.S.V.;
Formal analysis, A.C. and M.S.V.; Investigation, A.C., M.S.V., G.R.A.M. and M.C.; Methodology, A.C.,
M.S.V. and M.C.; Writing—original draft, A.C. and M.S.V.; Writing—review & editing, A.C., M.S.V.,
G.R.A.M. and M.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the ethics committee of Catania University Hospital “Policlinico Vittorio
Emanuele-San Marco” (n◦ 209/2019/PO, approved on 22 January 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the volunteers for their participation in this study. Further-
more, we wish to thank the Scientific Bureau of the University of Catania for language support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. König, I.N.; Ravi, D.K.; Orter, S.; Hosseini Nasab, S.H.; Taylor, W.R.; Singh, N.B. Does variability of footfall kinematics correlate

with dynamic stability of the centre of mass during walking? PLoS ONE 2019, 14, e0217460. [CrossRef]
2. Lencioni, T.; Carpinella, I.; Rabuffetti, M.; Cattaneo, D.; Ferrarin, M. Measures of dynamic balance during level walking in healthy

adult subjects: Relationship with age, anthropometry and spatio-temporal gait parameters. Proc. Inst. Mech. Eng. H 2020, 234,
131–140. [CrossRef] [PubMed]

3. Darter, B.J.; Labrecque, B.A.; Perera, R.A. Dynamic stability during split-belt walking and the relationship with step length
symmetry. Gait Posture 2018, 62, 86–91. [CrossRef] [PubMed]

4. Valle, M.S.; Casabona, A.; Sapienza, I.; Laudani, L.; Vagnini, A.; Lanza, S.; Cioni, M. Use of a Single Wearable Sensor to Evaluate
the Effects of Gait and Pelvis Asymmetries on the Components of the Timed Up and Go Test, in Persons with Unilateral Lower
Limb Amputation. Sensors 2021, 22, 95. [CrossRef] [PubMed]

5. Simonetti, E.; Bergamini, E.; Vannozzi, G.; Bascou, J.; Pillet, H. Estimation of 3D Body Center of Mass Acceleration and
Instantaneous Velocity from a Wearable Inertial Sensor Network in Transfemoral Amputee Gait: A Case Study. Sensors 2021,
21, 3129. [CrossRef]

6. Tura, A.; Raggi, M.; Rocchi, L.; Cutti, A.G.; Chiari, L. Gait symmetry and regularity in transfemoral amputees assessed by trunk
accelerations. J. Neuroeng. Rehabil. 2010, 7, 4. [CrossRef]

7. Chen, X.; Liao, S.; Cao, S.; Wu, D.; Zhang, X. An Acceleration-Based Gait Assessment Method for Children with Cerebral Palsy.
Sensors 2017, 17, 1002. [CrossRef]

8. Iosa, M.; Morelli, D.; Marro, T.; Paolucci, S.; Fusco, A. Ability and stability of running and walking in children with cerebral palsy.
Neuropediatrics 2013, 44, 147–154. [CrossRef]

9. Hodt-Billington, C.; Helbostad, J.L.; Moe-Nilssen, R. Should trunk movement or footfall parameters quantify gait asymmetry in
chronic stroke patients? Gait Posture 2008, 27, 552–558. [CrossRef]

10. Buckley, C.; Micó-Amigo, M.E.; Dunne-Willows, M.; Godfrey, A.; Hickey, A.; Lord, S.; Rochester, L.; Del Din, S.; Moore, S.A. Gait
Asymmetry Post-Stroke: Determining Valid and Reliable Methods Using a Single Accelerometer Located on the Trunk. Sensors
2019, 20, 37. [CrossRef]

11. Park, K.; Roemmich, R.T.; Elrod, J.M.; Hass, C.J.; Hsiao-Wecksler, E.T. Effects of aging and Parkinson’s disease on joint coupling,
symmetry, complexity and variability of lower limb movements during gait. Clin. Biomech. 2016, 33, 92–97. [CrossRef] [PubMed]

12. Emmerzaal, J.; Corten, K.; van der Straaten, R.; De Baets, L.; Van Rossom, S.; Timmermans, A.; Jonkers, I.; Vanwanseele, B.
Movement Quality Parameters during Gait Assessed by a Single Accelerometer in Subjects with Osteoarthritis and Following
Total Joint Arthroplasty. Sensors 2022, 22, 2955. [CrossRef] [PubMed]

13. Viteckova, S.; Kutilek, P.; Svoboda, Z.; Krupicka, R.; Kauler, J.; Szabo, Z. Gait symmetry measures: A review of current and
prospective methods. Biomed. Signal Process. Control 2018, 42, 89–100. [CrossRef]

http://doi.org/10.1371/journal.pone.0217460
http://doi.org/10.1177/0954411919889237
http://www.ncbi.nlm.nih.gov/pubmed/31736408
http://doi.org/10.1016/j.gaitpost.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29533870
http://doi.org/10.3390/s22010095
http://www.ncbi.nlm.nih.gov/pubmed/35009638
http://doi.org/10.3390/s21093129
http://doi.org/10.1186/1743-0003-7-4
http://doi.org/10.3390/s17051002
http://doi.org/10.1055/s-0033-1336016
http://doi.org/10.1016/j.gaitpost.2007.07.015
http://doi.org/10.3390/s20010037
http://doi.org/10.1016/j.clinbiomech.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/26963709
http://doi.org/10.3390/s22082955
http://www.ncbi.nlm.nih.gov/pubmed/35458937
http://doi.org/10.1016/j.bspc.2018.01.013


Sensors 2022, 22, 5001 14 of 15

14. Sadeghi, H.; Allard, P.; Prince, F.; Labelle, H. Symmetry and limb dominance in able-bodied gait: A review. Gait Posture 2000,
12, 34–45. [CrossRef]

15. Gamwell, H.E.; Wait, S.O.; Royster, J.T.; Ritch, B.L.; Powell, S.C.; Skinner, J.W. Aging and Gait Function: Examination of Multiple
Factors that Influence Gait Variability. Gerontol. Geriatr. Med. 2022, 8, 23337214221080304. [CrossRef]

16. Lythgo, N.; Wilson, C.; Galea, M. Basic gait and symmetry measures for primary school-aged children and young adults. II:
Walking at slow, free and fast speed. Gait Posture 2011, 33, 29–35. [CrossRef] [PubMed]

17. Patterson, K.K.; Nadkarni, N.K.; Black, S.E.; McIlroy, W.E. Gait symmetry and velocity differ in their relationship to age. Gait
Posture 2012, 35, 590–594. [CrossRef]

18. Gimmon, Y.; Rashad, H.; Kurz, I.; Plotnik, M.; Riemer, R.; Debi, R.; Shapiro, A.; Melzer, I. Gait Coordination Deteriorates in
Independent Old-Old Adults. J. Aging Phys. Act. 2018, 26, 382–389. [CrossRef]

19. Kobsar, D.; Olson, C.; Paranjape, R.; Hadjistavropoulos, T.; Barden, J.M. Evaluation of age-related differences in the stride-to-stride
fluctuations, regularity and symmetry of gait using a waist-mounted tri-axial accelerometer. Gait Posture 2014, 39, 553–557.
[CrossRef]

20. Kobayashi, H.; Kakihana, W.; Kimura, T. Combined effects of age and gender on gait symmetry and regularity assessed by
autocorrelation of trunk acceleration. J. Neuroeng. Rehabil. 2014, 11, 109. [CrossRef]

21. Lowry, K.A.; Lokenvitz, N.; Smiley-Oyen, A.L. Age- and speed-related differences in harmonic ratios during walking. Gait Posture
2012, 35, 272–276. [CrossRef] [PubMed]

22. Lowry, K.A.; Vanswearingen, J.M.; Perera, S.; Studenski, S.A.; Brach, J.S. Walking smoothness is associated with self-reported
function after accounting for gait speed. J. Gerontol. A Biol. Sci. Med. Sci. 2013, 68, 1286–1290. [CrossRef] [PubMed]

23. Bisi, M.C.; Riva, F.; Stagni, R. Measures of gait stability: Performance on adults and toddlers at the beginning of independent
walking. J. Neuroeng. Rehabil. 2014, 11, 131. [CrossRef]

24. Leban, B.; Cimolin, V.; Porta, M.; Arippa, F.; Pilloni, G.; Galli, M.; Pau, M. Age-Related Changes in Smoothness of Gait of Healthy
Children and Early Adolescents. J. Mot. Behav. 2020, 52, 694–702. [CrossRef]

25. Thevenon, A.; Gabrielli, F.; Lepvrier, J.; Faupin, A.; Allart, E.; Tiffreau, V.; Wieczorek, V. Collection of normative data for spatial
and temporal gait parameters in a sample of French children aged between 6 and 12. Ann. Phys. Rehabil. Med. 2015, 58, 139–144.
[CrossRef] [PubMed]

26. Voss, S.; Joyce, J.; Biskis, A.; Parulekar, M.; Armijo, N.; Zampieri, C.; Tracy, R.; Palmer, A.S.; Fefferman, M.; Ouyang, B.; et al.
Normative database of spatiotemporal gait parameters using inertial sensors in typically developing children and young adults.
Gait Posture 2020, 80, 206–213. [CrossRef]

27. Herssens, N.; Verbecque, E.; Hallemans, A.; Vereeck, L.; Van Rompaey, V.; Saeys, W. Do spatiotemporal parameters and gait
variability differ across the lifespan of healthy adults? A systematic review. Gait Posture 2018, 64, 181–190. [CrossRef]

28. Lord, S.; Galna, B.; Rochester, L. Moving forward on gait measurement: Toward a more refined approach. Mov. Disord. 2013, 28,
1534–1543. [CrossRef]

29. De Ridder, R.; Lebleu, J.; Willems, T.; De Blaiser, C.; Detrembleur, C.; Roosen, P. Concurrent Validity of a Commercial Wireless
Trunk Triaxial Accelerometer System for Gait Analysis. J. Sport Rehabil. 2019, 28, jsr.2018-0295. [CrossRef]

30. Zhou, L.; Tunca, C.; Fischer, E.; Brahms, C.M.; Ersoy, C.; Granacher, U.; Arnrich, B. Validation of an IMU Gait Analysis Algorithm
for Gait Monitoring in Daily Life Situations. Ann. Int. Conf. IEEE Eng. Med. Biol. Soc. 2020, 2020, 4229–4232. [CrossRef]

31. Moe-Nilssen, R. A new method for evaluating motor control in gait under real-life environmental conditions. Part 1: The
instrument. Clin. Biomech. 1998, 13, 320–327. [CrossRef]

32. Mangano, G.R.A.; Valle, M.S.; Casabona, A.; Vagnini, A.; Cioni, M. Age-Related Changes in Mobility Evaluated by the Timed Up
and Go Test Instrumented through a Single Sensor. Sensors 2020, 20, 719. [CrossRef] [PubMed]

33. Latash, M.L. Understanding and Synergy: A Single Concept at Different Levels of Analysis? Front. Syst. Neurosci. 2021, 15,
735406. [CrossRef] [PubMed]

34. Valle, M.S.; Eian, J.; Bosco, G.; Poppele, R.E. The organization of cortical activity in the anterior lobe of the cat cerebellum during
hindlimb stepping. Exp. Brain Res. 2012, 216, 349–365. [CrossRef]

35. Valle, M.S.; Bosco, G.; Poppele, R.E. Cerebellar compartments for the processing of kinematic and kinetic information related to
hindlimb stepping. Exp. Brain Res. 2017, 235, 3437–3448. [CrossRef]

36. Aimola, E.; Valle, M.S.; Casabona, A. Effects of predictability of load magnitude on the response of the Flexor Digitorum
Superficialis to a sudden fingers extension. PLoS ONE 2014, 9, e109067. [CrossRef]

37. Dehghani, S.; Bahrami, F. How does the CNS control arm reaching movements? Introducing a hierarchical nonlinear predictive
control organization based on the idea of muscle synergies. PLoS ONE 2020, 15, e0228726. [CrossRef]

38. Takakusaki, K. Neurophysiology of gait: From the spinal cord to the frontal lobe. Mov. Disord. 2013, 28, 1483–1491. [CrossRef]
39. Patla, A.E. Strategies for dynamic stability during adaptive human locomotion. IEEE Eng. Med. Biol. Mag. 2003, 22, 48–52.

[CrossRef]
40. Laudani, L.; Rum, L.; Valle, M.S.; Macaluso, A.; Vannozzi, G.; Casabona, A. Age differences in anticipatory and executory

mechanisms of gait initiation following unexpected balance perturbations. Eur. J. Appl. Physiol. 2021, 121, 465–478. [CrossRef]
41. Morris, R.; Lord, S.; Bunce, J.; Burn, D.; Rochester, L. Gait and cognition: Mapping the global and discrete relationships in ageing

and neurodegenerative disease. Neurosci. Biobehav. Rev. 2016, 64, 326–345. [CrossRef] [PubMed]

http://doi.org/10.1016/S0966-6362(00)00070-9
http://doi.org/10.1177/23337214221080304
http://doi.org/10.1016/j.gaitpost.2010.09.017
http://www.ncbi.nlm.nih.gov/pubmed/20971013
http://doi.org/10.1016/j.gaitpost.2011.11.030
http://doi.org/10.1123/japa.2017-0120
http://doi.org/10.1016/j.gaitpost.2013.09.008
http://doi.org/10.1186/1743-0003-11-109
http://doi.org/10.1016/j.gaitpost.2011.09.019
http://www.ncbi.nlm.nih.gov/pubmed/22041097
http://doi.org/10.1093/gerona/glt034
http://www.ncbi.nlm.nih.gov/pubmed/23689828
http://doi.org/10.1186/1743-0003-11-131
http://doi.org/10.1080/00222895.2019.1680949
http://doi.org/10.1016/j.rehab.2015.04.001
http://www.ncbi.nlm.nih.gov/pubmed/25952820
http://doi.org/10.1016/j.gaitpost.2020.05.010
http://doi.org/10.1016/j.gaitpost.2018.06.012
http://doi.org/10.1002/mds.25545
http://doi.org/10.1123/jsr.2018-0295
http://doi.org/10.1109/EMBC44109.2020.9176827
http://doi.org/10.1016/S0268-0033(98)00089-8
http://doi.org/10.3390/s20030719
http://www.ncbi.nlm.nih.gov/pubmed/32012930
http://doi.org/10.3389/fnsys.2021.735406
http://www.ncbi.nlm.nih.gov/pubmed/34867220
http://doi.org/10.1007/s00221-011-2938-y
http://doi.org/10.1007/s00221-017-5067-4
http://doi.org/10.1371/journal.pone.0109067
http://doi.org/10.1371/journal.pone.0228726
http://doi.org/10.1002/mds.25669
http://doi.org/10.1109/MEMB.2003.1195695
http://doi.org/10.1007/s00421-020-04531-1
http://doi.org/10.1016/j.neubiorev.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/26915926


Sensors 2022, 22, 5001 15 of 15

42. Crowe, A.; Schiereck, P.; de Boer, R.W.; Keessen, W. Characterization of human gait by means of body center of mass oscillations
derived from ground reaction forces. IEEE Trans. Biomed. Eng. 1995, 42, 293–303. [CrossRef] [PubMed]

43. Detrembleur, C.; van den Hecke, A.; Dierick, F. Motion of the body centre of gravity as a summary indicator of the mechanics of
human pathological gait. Gait Posture 2000, 12, 243–250. [CrossRef]

44. Jeong, B.; Ko, C.Y.; Chang, Y.; Ryu, J.; Kim, G. Comparison of segmental analysis and sacral marker methods for determining the
center of mass during level and slope walking. Gait Posture 2018, 62, 333–341. [CrossRef]

45. Yang, F.; Pai, Y.C. Can sacral marker approximate center of mass during gait and slip-fall recovery among community-dwelling
older adults? J. Biomech. 2014, 47, 3807–3812. [CrossRef]

46. Studenski, S.; Perera, S.; Patel, K.; Rosano, C.; Faulkner, K.; Inzitari, M.; Brach, J.; Chandler, J.; Cawthon, P.; Connor, E.B.; et al.
Gait speed and survival in older adults. JAMA 2011, 305, 50–58. [CrossRef]

47. Bellanca, J.L.; Lowry, K.A.; Vanswearingen, J.M.; Brach, J.S.; Redfern, M.S. Harmonic ratios: A quantification of step to step
symmetry. J. Biomech. 2013, 46, 828–831. [CrossRef]

48. De Bartolo, D.; Zandvoort, C.S.; Goudriaan, M.; Kerkman, J.N.; Iosa, M.; Dominici, N. The Role of Walking Experience in the
Emergence of Gait Harmony in Typically Developing Toddlers. Brain Sci. 2022, 12, 155. [CrossRef]

49. Belluscio, V.; Bergamini, E.; Tramontano, M.; Formisano, R.; Buzzi, M.G.; Vannozzi, G. Does Curved Walking Sharpen the
Assessment of Gait Disorders? An Instrumented Approach Based on Wearable Inertial Sensors. Sensors 2020, 20, 5244. [CrossRef]

50. Adans-Dester, C.; Hankov, N.; O’Brien, A.; Vergara-Diaz, G.; Black-Schaffer, R.; Zafonte, R.; Dy, J.; Lee, S.I.; Bonato, P. Enabling
precision rehabilitation interventions using wearable sensors and machine learning to track motor recovery. NPJ Digit. Med.
2020, 3, 121. [CrossRef]

51. Zhang, Y.; Wang, H.; Yao, Y.; Liu, J.; Sun, X.; Gu, D. Walking stability in patients with benign paroxysmal positional vertigo: An
objective assessment using wearable accelerometers and machine learning. J. Neuroeng. Rehabil. 2021, 18, 56. [CrossRef] [PubMed]

http://doi.org/10.1109/10.364516
http://www.ncbi.nlm.nih.gov/pubmed/7698785
http://doi.org/10.1016/S0966-6362(00)00081-3
http://doi.org/10.1016/j.gaitpost.2018.03.048
http://doi.org/10.1016/j.jbiomech.2014.10.027
http://doi.org/10.1001/jama.2010.1923
http://doi.org/10.1016/j.jbiomech.2012.12.008
http://doi.org/10.3390/brainsci12020155
http://doi.org/10.3390/s20185244
http://doi.org/10.1038/s41746-020-00328-w
http://doi.org/10.1186/s12984-021-00854-y
http://www.ncbi.nlm.nih.gov/pubmed/33789693

	Introduction 
	Methods 
	Ethical Statement 
	Participants 
	Experimental Procedure 
	Data Collection and Processing 
	Statistical Analysis 

	Results 
	Symmetry Index Analysis 
	Individual Speed Analysis 
	Discriminant Analysis 

	Discussion 
	Local Spatiotemporal Parameters vs. Whole-Body Gait Symmetry Assessments 
	Whole-Body Symmetry Assessments and Aging 

	Practical Implications 
	Conclusions 
	References

