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optimizing gait patterns and reducing fall risk among this population.

Methods: In this quasi-experimental study, twenty-four elderly women aged over 55
years voluntarily participated and were randomly assigned to either an experimental or a
control group. The experimental group engaged in a six-week training program consisting
of three sessions per week. Gait kinematic data were recorded using a three-dimensional
motion capture system at a sampling rate of 120 Hz. The smoothness index was calculated
based on the integral of angular jerk, whereas the gait profile score was determined as
the mean deviation of joint angles from a normative gait pattern. Data were analyzed
using two-way repeated measures ANOVA.

Results: The results demonstrated no significant main effects of group or time, nor a
significant group x time interaction, for the movement smoothness index (all p > 0.05).
In contrast, for the gait profile score, significant main effects of group (p = 0.041) and
time (p = 0.001), as well as a significant group x time interaction effect (p = 0.016), were
observed. These findings indicate that the six-week mind-body exercise intervention
significantly improved gait movement patterns and reduced gait deviations in elderly
women, whereas no significant changes were observed in movement smoothness.

Conclusion: Mind-body relaxation exercises appear to enhance gait patterns and reduce
fall risk in elderly women through mechanisms such as core muscle strengthening, pelvic
stability improvement, and better neuromuscular coordination. Nevertheless, the lack of
significant change in smoothness suggests that assessing the effects of these interventions
on fine motor control may require longer training periods and more sensitive
measurement tools.
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Introduction

Aging, even in the absence of chronic disease, is
accompanied by various biological changes that
contribute to the reduction of skeletal muscle mass,
strength, and function. This can lead to an overall
decrease in physiological resilience (the ability to
withstand and recover from stressors) and increased
vulnerability to catastrophic events (1). The global
population aged 80 years and over is projected to
triple, rising from 143 million in 2019 to 426 million
in 2050 (2). Gait disorder is a common syndrome in
old age that can lead to problems such as short step
length, increased variability in walking patterns, a high
risk of falling, and limitations in daily physical activity
among older adults (over 65 years). Approximately
29% of older adults experience at least one fall per
year, and nearly 10% of these falls result in serious
injuries such as hip fractures (3). Since gait
impairment itself, falling, or reduced physical activity
are among the most important causes of loss of
independence, decreased quality of life, and increased
mortality in the elderly (4), implementing preventive
measures against gait disorders in this vulnerable
group is essential.

Human movement, particularly in the form of
walking, is the result of a complex interaction between
the nervous, muscular, and skeletal system (5). A
detailed analysis of the qualitative characteristics of
gait can provide deep insight into the functional status
of these systems. One important metric in this context
is movement smoothness, which indicates the
uniformity,  continuity, and  efficiency  of
neuromuscular control during movement execution.
High smoothness reflects fluid, coordinated movement
without sudden changes in acceleration, whereas
reduced smoothness suggests the presence of
compensatory movements, fine tremors, and a decline
in neural control. From a biomechanical perspective,
the smoothness metric is typically measured by
analyzing jerk, which is the third derivative of
displacement with respect to time (6). A reduction in
jerk signifies more optimal and natural movement,
characterized by lower energy consumption and
reduced neuromuscular stress (7). In the context of gait
disorders in older adults, multifaceted biomechanical
and neuromuscular changes are revealed. With
advancing age, gait typically becomes less efficient,
characterized by decreased step length, increased
variability, slower speed, and reduced smoothness—
often measured by metrics such as harmonic ratios or
spectral analysis of acceleration signals. These
changes increase the risk of falling by impairing
postural stability and adaptive responses to
perturbations (8, 9). In this regard, mind-body
interventions, including Pilates, are proposed as
effective strategies for mitigating these issues.
Foundational studies have demonstrated that a 12-
week Pilates program significantly improved dynamic
balance, muscle strength, and reaction time in women
over 65 years of age, and led to a substantial reduction
in falls—from an average of 1.87 to 0.37 falls per
participant (10).

In general, among older adults, factors such as
muscular weakness, diminished proprioceptive input,
and limited joint range of motion cause the gait pattern
to deviate from its normal state, resulting in significant
alterations in the movement profile (9). The
combination of the two metrics of smoothness and gait
profile provides a comprehensive picture of motor
control quality and can serve as a scientific basis for
evaluating the effectiveness of exercise interventions
9).

Recent studies have reported that Pilates exercises
are suitable for all ages, body types, and physical
abilities due to the adaptable nature of their
movements (11). In this context, a 2022 randomized
controlled trial by Aibar-Almazén et al., demonstrated
that 12 weeks of Pilates training led to significant
improvements in gait speed (effect size = 0.87) and
handgrip strength in sedentary community-dwelling
older women (12). Aligned with this study, the results
of a comprehensive review and meta-analysis reported
small to moderate effects of Pilates on dynamic
balance and functional capacity, attributing the
benefits to improved neuromuscular coordination,
which can positively influence gait patterns (13).

Although the conducted studies generally support
the benefits of this type of exercise, numerous
inconsistencies and limitations persist in the research.
In this regard, one can point to a scarcity of
investigations that employ precise biomechanical
tools, such as motion capture systems, to quantify
changes in gait smoothness through metrics like
harmonic ratios. While simple mobility tests (e.g., the
6-minute walk test and the Timed Up and Go test) are
practical, they do not allow for a detailed analysis of
how specific gait patterns may increase the risk of
falling (14). In contrast, gait biomechanics analyzed
using 3D motion capture systems can precisely record
human movement and quantify fall risk by examining
foot kinematics and dynamic balance (15). Another
issue is that older women are at a higher risk for hip
fractures and are more likely to develop a fear of
falling after experiencing a fall (16). Therefore, to
prevent falls and improve the quality of life for the
elderly, particularly older women, advancing the
current understanding of the effects of aging on their
dynamic balance capabilities is crucial.

The present study addresses this knowledge gap by
investigating Pilates exercises, which are among the
most effective mind-body relaxation methods. By
strengthening core muscles, increasing flexibility, and
improving pelvic stability, these exercises can enhance
the gait pattern. Through improved motor control and
reduced compensatory movements, such exercises can
increase movement smoothness and shift the gait
profile closer to the natural pattern.

Therefore, given the importance of maintaining
mobility and preventing falls in the elderly population,
it is essential to evaluate the effectiveness of mind-
body relaxation exercises on movement quality using
precise biomechanical metrics. Accordingly, the
objective of the present study is to investigate the

Elderly Health Journal. 2026; 12(1): 8-16.


https://ehj.ssu.ac.ir/article-1-370-en.html

[ Downloaded from ehj.ssu.ac.ir on 2026-06-27 |

Mind-Body Relaxation Effects on Gait

effect of these exercises on two key metrics—

movement smoothness and gait profile—in elderly
women. This will be achieved through a
comprehensive analysis of kinematic data to provide a
detailed picture of changes in gait quality and
improvements in neuromuscular control resulting from
these exercises.

Method
Participants

In this study, 24 elderly women over the age of 55
voluntarily participated. The participants were
identified through announcements at daily senior
centers and women's sports clubs. After screening,
participants were deemed eligible if they met the
following inclusion criteria: age over 55 years, no
history of lower limb injury or surgery in the previous
six months, no severe balance or neurological disorders,
and a score of "poor" (less than 12) on the Functional
Movement Screen. Due to the limited accessibility of
eligible elderly participants who met the study criteria,
recruitment was restricted to 24 participants. However,
considering the repeated-measures design of the study,
an acceptable statistical power (0.80) and a moderate
expected effect size were taken into account to justify
the sample size adequacy. In addition, balanced group
allocation was used to improve the sensitivity and
stability of the statistical analyses. Following the
baseline assessment, participants were randomly
assigned into experimental and control groups (n = 12
per group) using computer-generated random allocation
software. In addition, the researcher responsible for
processing and analyzing the motion capture data was
blinded to group allocation in order to minimize
potential assessment bias.

Procedure

First, personal information and anthropometric
characteristics of the participants were recorded. The
study was conducted in Yazd, Iran. All baseline and
post-intervention assessments, including gait analysis
and kinematic data collection, were performed at the
Biomechanics Laboratory of Yazd University.

Participants in the control group were instructed to
maintain their usual daily activities throughout the study
period and to refrain from participating in any new
structured exercise programs or additional sports classes
during the intervention period.

Prior to data collection, all participants completed
two familiarization sessions with treadmill walking.
During these sessions, participants practiced walking
on the treadmill until they demonstrated a stable and
natural gait pattern without observable signs of
discomfort, hesitation, or gait alteration. Preferred
walking speed was determined by gradually adjusting
treadmill speed based on participant feedback until a
comfortable and natural walking pace was achieved.
The same preferred speed obtained during the pre-test
session was maintained during the post-test assessment
to ensure consistency of gait measurements.
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For kinematic data collection, a three-dimensional
motion capture system (OptiTrack V120 Duo, USA)
with an accuracy of less than 0.5 mm, as specified by
the manufacturer, and a sampling rate of 120 Hz was
used. Reflective markers were applied in clusters on
the pelvis, thigh, shank, and foot segments to minimize
errors due to skin movement artifact.

After assuming a standard anatomical standing
position, participants walked on the Hp Cosmos
Mercury treadmill (Germany) at their predetermined
preferred speed. Data collection was performed under
steady-state conditions for a minimum of 30 seconds
to capture at least 10 complete gait cycles. To ensure
data reliability and availability, the testing procedure
was repeated three times with a one-minute rest
interval between trials. (Figure 1)

Figure 1. A participant performing the walking task on
the treadmill

Intervention protocol

The experimental group participated in a six-week
mind-body exercise program (three sessions per week,
each lasting 60 minutes). Each session consisted of
three parts: a warm-up (10 minutes), main exercises
(40 minutes) including stretching, strengthening, and
trunk control exercises in supine, sitting, and standing
positions, and a cool-down (10 minutes) focusing on
breathing and muscle relaxation. The intensity of the
exercises was progressively increased from simple
mat-based movements to combined exercises using an
aerobic ball, resistance bands, and light weights.

The six-week intervention period was selected
primarily based on participant availability, adherence
considerations, and the feasibility of maintaining
regular attendance among older adults. Although
longer intervention durations have been reported in
previous studies, the present protocol was designed to
investigate the short-term effects of mind-body
exercise on gait-related motor control parameters.
Nevertheless, it should be acknowledged that a six-
week duration may be insufficient to induce larger
adaptations in sensitive movement control variables
such as gait smoothness. The control group maintained
their usual daily activities throughout the study period
and were instructed not to participate in any additional
structured exercise programs. After the six-week
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intervention period, the gait assessment was repeated
for both groups following the same protocol used
during the pre-test.

Results processing

Following data collection, initial processing was
performed in Motive software, and the final analysis
was conducted in MATLAB version 2021. The
kinematic data were processed using a Gaussian low-
pass filter with a cutoff frequency of 6 Hz to reduce
signal noise and reconstruct occasional missing marker
trajectories. After identifying the different gait phases
using the positions of the markers attached to the foot,
joint angles were calculated from the marker positions
using an inverse kinematics approach. For each
participant, a minimum of 10 complete gait cycles
were analyzed. To improve measurement consistency,
all data collection procedures, marker placements, and
motion capture assessments were conducted by the
same experienced examiner under identical laboratory
conditions. Therefore, formal intra-rater and inter-rater
reliability analyses (e.g., ICC) were not separately
calculated in the present study.

The movements of the pelvis and hips in the three
anatomical planes, along with the movements of the
knees and ankles in the sagittal plane, and foot
progression, constituted the 15 degrees of freedom that
were estimated from the kinematic information.
Subsequently, the values for the Smoothness Index and
the Gait Profile Score were calculated.

Calculation of smoothness and gait profile indices

Movement smoothness was quantified using the
Log Dimensionless Jerk (LDLJ) metric derived from
the center of mass (COM) trajectory during a single
gait cycle. The COM position signal was low-pass
filtered using a zero-lag fourth-order Butterworth filter
with a cut-off frequency of 10 Hz. COM velocity was
subsequently obtained by differentiating the filtered
position signal with respect to time, and jerk was
estimated from the second derivative of velocity.

Movement smoothness was calculated according to
the following equation

[ (tz—t1)3

T2 N

2 d2v(t)

Vpeakf ( dat2 ) at
t1

Equation 1

In this equation, v(t) represents the mediolateral
COM velocity, t,and t,denote the beginning and end
of the gait cycle, respectively, and v,,q,Corresponds to
the peak mediolateral COM velocity during the gait
cycle. Higher LDLJ values indicate greater movement
smoothness, whereas lower values reflect reduced
smoothness and increased movement intermittency.

To calculate the Gait Profile Score (GPS), the
deviation of the individual's walking pattern from a
normal pattern was estimated. This index is based on

calculating the mean Root Mean Square (RMS) error

between the subject's joint angles and reference values
(normal gait pattern) throughout the gait cycle.
Accordingly, for each joint degree of freedom, the Gait
Variable Score (GVS) was first computed, which
represents the extent of deviation of the joint angle
from normal values for that degree of freedom. The
GPS was then derived as the geometric mean of the
GVS values across all degrees of freedom.

In Equation 2, GVS; represents the Gait Variable
Score for the i-th angular variable, N denotes the
number of data points in a single gait
cycle, 6; qpiect (k) represents the subject's joint angle at
the k-th time point, and 6; .,y (k) is the joint angle
from the normal gait pattern at the k-th time point.
Subsequently, the GPS for the 15 kinematic degrees of
freedom was calculated according to Equation 3.

GVS; =
1 N 2
E Zkzl(gi, subject(k) - ei,norm(k))

Equation 2

Subsequently, the GPS for the 15 kinematic degrees
of freedom was calculated according to Equation 3.

— |L¥15 2
GPS = /Mzizlavsi

Equation 3
Statistical analysis

Data normality was assessed using the Shapiro—
Wilk test separately for each variable, group, and
measurement time point. Homogeneity of variances
between groups was evaluated using Levene’s test. In
addition, the assumption of sphericity for repeated
measures was examined using Mauchly’s test. Because
the study design included only two repeated
measurements (pre-test and post-test), the assumption
of sphericity was inherently satisfied; nevertheless,
Greenhouse—Geisser corrected values were also
inspected and yielded identical results.

Descriptive statistics are reported as mean =+
standard deviation. To evaluate the effects of the
intervention on movement smoothness and GPS, a
two-way mixed-design repeated measures ANOVA
was performed with time (pre-test vs. post-test) as the
within-subject factor and group (experimental vs.
control) as the between-subject factor. When
significant main or interaction effects were identified,
Bonferroni-adjusted pairwise comparisons were
conducted for post-hoc analyses. Effect sizes were
reported using partial eta squared (n?). Statistical
analyses were performed using SPSS software
(version 27), and the significance level was set at p <
0.05.

Ethical considerations

The study was conducted in accordance with the
Declaration of Helsinki and was approved by the
Ethics Committee of Yazd University
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(IR.YAZD.REC.1403.079). All participants provided
written informed consent for participation in the study,
data collection, and publication of their walking data
and images.

Results

Participant demographic and baseline
characteristics are presented in Table 1.

The results of the Shapiro—Wilk normality test
demonstrated that all variables were normally
distributed across groups and measurement time points
(@ll p > 0.05), supporting the use of parametric
statistical analyses. Furthermore, Mauchly’s test
indicated that the assumption of sphericity was
satisfied (W = 1.00). Levene’s test showed
homogeneity of variances for movement smoothness
at both pre-test and post-test assessments (p > 0.05).
For GPS, homogeneity of variances was confirmed at
pre-test (p = 0.835), whereas post-test values
demonstrated unequal variances between groups (p =
0.011). Given the balanced sample sizes across groups,
repeated-measures ANOVA is considered relatively
robust to moderate violations of homogeneity of
variance. Visual inspection of boxplots did not reveal
any substantial outliers. Changes in movement
smoothness and GPS across the experimental and
control groups are illustrated in Figures 2 and 3,
respectively. The results of the two-way mixed-design
repeated measures ANOVA for both variables are
presented in Table 2.

For movement smoothness, the mixed-design
ANOVA revealed no significant main effect of time (F
(1, 22) = 0.004, p = 0.952, n? = 0.000), indicating that
smoothness values did not significantly change from

pre-test to post-test across participants. Similarly, the
main effect of group was not significant (F (1, 22) =
0.001, p = 0.981, n* = 0.000), suggesting no overall
difference between the experimental and control
groups. In addition, the interaction effect between time
and group was not significant (F (1, 22) = 0.027, p =
0.871,1m2=0.001), indicating that the pattern of change
over time was comparable between groups.

As illustrated in Figure 2, movement smoothness
remained relatively stable across the intervention
period in both groups.

For GPS, the mixed-design ANOVA demonstrated
a significant main effect of time (F (1,22) = 13.318, p
=0.001, n*=0.377), indicating an overall reduction in
GPS values from pre-test to post-test. A significant
main effect of group was also observed (F (1, 22) =
4.724, p = 0.041, n* = 0.177), suggesting overall
differences between the experimental and control
groups. Importantly, the interaction effect between
time and group was significant (F (1, 22) = 6.798, p =
0.016, n?> = 0.236), indicating that the magnitude of
change over time differed between the two groups.
Bonferroni-adjusted pairwise comparisons revealed
that GPS values significantly decreased from pre-test
to post-test (Mean Difference = 2.462, p = 0.001, 95%
CI[1.063, 3.861]). In addition, the experimental group
demonstrated significantly lower overall GPS values
compared with the control group (Mean Difference =
=3.663, p = 0.041, 95% CI [-7.158, —0.168]). As
shown in Figure 3, participants in the experimental
group exhibited a marked reduction in GPS following
the six-week mind-body exercise intervention,
whereas the control group demonstrated minimal
change over time.

Table 1. Descriptive characteristics of participants (Mean + SD)

[ Downloaded from ehj.ssu.ac.ir on 2026-06-27 |

Characteristic Experimental group Control group
(Mean = SD) (Mean + SD)
Age (years) 62.5+4.7 65.7+4.6
Height (cm) 152.1 +£8.9 1549 +5.6
Body Mass (kg) 66.3 +14.6 65.6+11.0

Table 2. Results of the two-way mixed-design repeated measures ANOVA for movement smoothness and gait profile
score

Variable Effect Mean square F df p-value n?
Movement Group 0.001 0.001 1,22 0.981 0.000
Smoothness Time 0.002 0.004 1,22 0.952 0.000
Group x Time 0.011 0.027 1,22 0.871 0.001
. , Group 161.020 4.724 1,22 0.041 0.177
Gait Profile Score 1 - 72.719 13318 1,22 0.001 0.377
Group x Time 37.115 6.798 1,22 0.016 0.236
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Figure 2. Movement smoothness values across pre-test and post-test assessments in the experimental and control groups.
Bars represent mean values, error bars indicate standard deviation, and scatter points represent individual participant
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Figure 3. Gait Profile Score across pre-test and post-test assessments in the experimental and control groups. Bars
represent mean values, error bars indicate standard deviation, and scatter points represent individual participant data.

Discussion

The aim of this study was to investigate the effects of
six weeks of mind-body exercise on qualitative gait
indices, including movement smoothness and the GPS,
in elderly women. The findings of the present study
indicated that while these exercises did not have a
significant effect on the movement smoothness index,
they led to a significant reduction in the GPS. This
reduction signifies a qualitative improvement in the
walking pattern, bringing it closer to the normal pattern.

Data analysis revealed that the GPS in the
experimental group decreased significantly after the
intervention. This finding suggests that the exercises
shifted the movement pattern of the elderly women
toward a more normal and optimized gait pattern. To the
best of our knowledge, no study has directly
investigated the effect of exercise programs on the GPS
in an elderly population. Only one study with a similar
approach was conducted by Pao et al., on individuals

with Parkinson's disease. That study demonstrated that
integrated rehabilitation with auditory cues led to better
coordination between the hip, knee, and ankle joints, an
improved overall movement pattern, and ultimately, a
reduction in the GPS in these patients (17). In contrast,
previous research in the field of aging has primarily
focused on the impact of exercises such as Pilates on
indices like functional mobility, balance, and spatial gait
parameters, reporting improvements in these variables
following intervention (18, 19).

Several mechanisms may underlie the effectiveness
of Pilates exercises in improving function in older
adults. the most important among these are
enhancement of core muscle strength (20), increased
pelvic stability (21), improved range of motion and
flexibility, —and promotion of  neuromuscular
coordination. The core muscles are primarily
responsible for maintaining trunk stability and
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improving pelvis-trunk coordination. The age-related
weakening of these muscles can directly lead to
impaired functional balance and reduced mobility (22).
Pilates exercises, with their specific emphasis on
strengthening the core muscles (including the
abdominal, back, and pelvic muscles), increase the
strength and endurance of this musculature. This, in
turn, leads to better stability of the core region and
superior control of pelvic movements during the various
phases of gait. Such improved stability facilitates the
execution of a more efficient movement pattern with
less deviation from the norm.

In line with these findings, a study by Ferreira et al.,
on individuals with diabetic neuropathy demonstrated
that the GPS is highly correlated with pelvic kinematic
parameters, particularly pelvic rotation (23). Therefore,
it appears that improving pelvic stability and reducing
its excessive rotation through Pilates exercises is a key
mechanism in optimizing the walking pattern and,
consequently, reducing the GPS. Furthermore,
performing Pilates exercises through a full range of
motion, combined with stretching the muscles around
the pelvis, contributes to improving joint range of
motion (24) and achieving better kinematic alignment of
the limbs. There is also evidence suggesting that Pilates
can induce morphological changes in muscle fibers,
leading to tissue adaptations and ultimately increased
flexibility (25).

The integrative nature of Pilates exercises—
encompassing mental focus, precise motor control, and
mindful  breathing—can enhance neuromuscular
communication and increase proprioceptive acuity. By
inducing beneficial adaptations at the neuromuscular
level and facilitating cortical remapping, these exercises
contribute to improved sensorimotor system function
(26). This level of enhanced coordination enables more
precise control of joint angles and more optimal
movement synchronization throughout the gait cycle,
which is directly reflected in the reduction of the GPS.
Furthermore, the present finding of an improved GPS
aligns with studies demonstrating that other mind-body
exercises such as Tai Chi, yoga, and resistance training
can also reduce gait dysfunction and increase walking
stability, thereby lowering the risk of falls in the elderly
7).

Data analysis indicated that the Pilates training did
not have a significant effect on the movement
smoothness index. To the best of our knowledge, no
study has directly investigated the effect of exercise
training on this specific index in an elderly population.
In a related study, Antonelli et al., by comparing the
movement smoothness index between older adults and
younger individuals, found that the aging process alone
might have a lesser impact on gait smoothness,
suggesting that other factors such as cognitive
impairments play a more prominent role (28). This
finding could partially explain why the movement
smoothness index of our participants was not
substantially impaired at baseline and, consequently,
why the exercise intervention failed to induce a
noticeable change. On the other hand, the movement
smoothness index, calculated based on angular jerk, is

14

likely a metric with very high sensitivity to subtle
alterations in motor control. It seems that the current six-
week training period was insufficient to induce
measurable changes in such a sensitive parameter.
Furthermore, the controlled and slow-paced nature of
Pilates exercises might not have fully transferred to the
dynamic and automatic task of walking at a self-selected
speed. This finding underscores the necessity for
employing longer training durations or utilizing
alternative metrics to assess movement smoothness in
future studies.

Conclusion

The findings indicate that, although six weeks of
Pilates training did not significantly affect the
movement smoothness index derived from angular jerk,
it successfully improved the qualitative walking pattern
of elderly women. This improvement was demonstrated
by a significant reduction in the overall GPS. This
enhancement signifies a more efficient gait pattern that
more closely resembles the normal pattern. Specifically,
the observed improvement in the GPS can be primarily
attributed to the strengthening of core muscles,
increased pelvic stability, and enhanced neuromuscular
coordination, which are considered the primary
mechanisms through which Pilates exercises exert their
effects. Given that the Gait Profile Score is a sensitive
and comprehensive index of movement pattern
deviation, its reduction may translate to a decreased risk
of falls and an enhanced quality of life in the elderly
population.

Study limitations

This study has several limitations that should be
acknowledged. First, the relatively small sample size
and inclusion of only elderly women restrict the
generalizability of the findings. Second, the six-week
intervention period may not have been long enough to
induce measurable changes in movement smoothness.
Third, gait analysis was performed under controlled
treadmill conditions, which might differ from natural
walking. Furthermore, potential confounding factors
such as habitual physical activity and nutrition were not
controlled. Future studies with larger and more diverse
samples, longer intervention durations, and additional
kinetic or electromyographic assessments are
recommended to confirm and extend these findings.
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