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Effects of Motor Control Exercises in Aquatic and 
Land-based Environments on Vertical Ground 
Reaction Force in Women With Chronic Nonspecific 
Low Back Pain: A Randomized Clinical Trial

Background: Impaired motor control in individuals with nonspecific chronic low back pain 
(NSCLBP) may alter gait mechanics and contribute to altered spinal loading. 

Objectives: This study aimed to investigate the effects of motor control exercises (MCE) 
performed in aquatic and land-based environments on vertical ground reaction force (vGRF) 
parameters and psychological variables in women with NSCLBP.

Methods: In this randomized clinical trial, 60 women with NSCLBP were recruited through 
convenience sampling in 2022 at Bu-Ali Sina University, Hamadan, Iran, and randomly allocated 
to the experimental group (n=30) and control group (n=30). The experimental group participated 
in an 8-week MCE program performed in aquatic and land-based environments, whereas 
the control group received no intervention. Pain intensity, disability, and kinesiophobia were 
assessed as clinical and psychological outcomes, while vGRF parameters during walking were 
evaluated as biomechanical outcomes. Data were analyzed using repeated-measures analysis of 
variance (ANOVA).

Results: Compared with the control group, the MCE group demonstrated significantly greater 
improvements in pain intensity, disability, and kinesiophobia (all P<0.001). Significant between-
group differences were also observed in vGRF parameters following the intervention (all 
P<0.001). 

Conclusion: An 8-week MCE program performed in aquatic and land-based environments 
improved pain, disability, and kinesiophobia and altered vGRF parameters during walking 
in women with NSCLBP. These findings suggest that MCE may have beneficial clinical and 
biomechanical effects in this population.
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Introduction

ow back pain (LBP) is commonly defined 
as pain, muscle tension, or stiffness local-
ized between the lower costal margin and 
the inferior gluteal folds, with or without 
referred pain into the legs [1]. LBP affects 

approximately 49–90% of individuals during their life-
time [2]. Nonspecific chronic low back pain (NSCLBP) 
is one of the most prevalent musculoskeletal conditions 
worldwide, accounting for approximately 85% of LBP 
cases [2]. 

Previous studies have shown that individuals with LBP 
may exhibit impaired motor control and altered move-
ment patterns, which can compromise walking capacity, 
an essential component of daily living [3]. Alterations 
in gait mechanics in individuals with LBP may reflect 
compensatory strategies aimed at reducing mechanical 
loading and protecting painful or sensitive tissues [3]. 
These compensatory strategies may involve changes in 
spatiotemporal parameters, interjoint and intersegmental 
coordination, and kinetic variables, including ground re-
action forces and joint moments, as well as alterations in 
muscle activation patterns [3]. Such kinematic, kinetic, 
and neuromuscular adaptations may influence lower-
limb function and the characteristics of vertical ground 
reaction force (vGRF) during walking, potentially limit-
ing excessive hip and spinal motion and attenuating in-
creased forces and joint moments [4]. In a gait analysis 
study, individuals with LBP demonstrated significant re-
ductions in several vGRF parameters during self-select-
ed walking speed, with the exception of the first force 
peak, compared with asymptomatic individuals [5]. 

Trunk muscles play a crucial role in controlling whole-
body mechanics and ground reaction forces during walk-
ing [6]. Impaired coordination of the trunk stabilizing 
musculature has been reported in individuals with chron-
ic LBP [7]. For example, delayed or reduced activation 
of the multifidus and transversus abdominis, along with 
altered activation of other trunk muscles, has been iden-
tified as a characteristic neuromuscular adaptation in 
individuals with LBP [8]. The multifidus and transver-
sus abdominis, in particular, contribute substantially to 
lumbopelvic stability, and impaired function of these 
muscles may be associated with reduced spinal stability, 
altered postural control, and changes in plantar pressure 
distribution and shock attenuation during gait [9, 10]. 
Ghamkhar et al. (2015) reported altered activation of the 
lumbar erector spinae in individuals with LBP compared 
with healthy controls [11]. Similarly, van der Hulst et al. 
(2010) observed increased rectus abdominis activity dur-

ing both phases of gait in individuals with chronic LBP. 
These altered trunk muscle activation patterns may con-
tribute to changes in gait mechanics and ground reaction 
force characteristics [12]. Pakzad et al. (2016) reported 
positive associations between trunk muscle activity, ki-
nesiophobia, and pain catastrophizing during walking. 
Specifically, greater pain catastrophizing was associated 
with increased erector spinae and rectus abdominis ac-
tivity and reduced activation of the transversus abdomi-
nis and multifidus [13]. Collectively, these findings sug-
gest that appropriate coordination and activation of trunk 
musculature may be important for maintaining efficient 
trunk control and optimal gait mechanics [14]. 

Clinical practice guidelines for the management of 
NSCLBP recommend exercise therapy as the first-line 
intervention. Among the available exercise approaches, 
motor control exercise (MCE) has been extensively in-
vestigated [15, 16]. MCE is based on principles of motor 
learning and aims to improve the control of intersegmen-
tal spinal movement and coordination between the spine 
and pelvis [17]. One of the principal strategies used in 
MCE is the activation and retraining of the deep trunk 
musculature, particularly the transversus abdominis and 
multifidus, with the aim of restoring appropriate muscle 
control and coordination. During MCE, therapists seek 
to facilitate appropriate patterns of trunk muscle recruit-
ment while integrating these patterns with other func-
tional systems, including respiration and pelvic floor 
muscle control.

Given the pain and functional limitations frequently 
experienced by individuals with LBP, aquatic exercise 
may represent an alternative or complementary rehabili-
tation approach [18]. The physical properties of water, 
including buoyancy, reduced gravitational loading, vis-
cosity, and hydrostatic pressure, can decrease mechani-
cal loading on the musculoskeletal system during exer-
cise compared to land-based exercise. Aquatic exercise 
may also facilitate movement and potentially improve 
range of motion, muscular strength and endurance, and 
pain-related outcomes [18]. Furnari et al. (2014) report-
ed that aquatic exercise may be beneficial for individuals 
with chronic LBP and impaired postural balance, with 
improvements in balance and selected gait-related vari-
ables [19].

Despite the established clinical benefits of MCE for in-
dividuals with NSCLBP and documented alterations in 
gait mechanics and vGRF associated with LBP, evidence 
regarding the effects of MCE performed in aquatic and 
land-based environments on gait biomechanics remains 
limited. To our knowledge, no clinical trial has directly 
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investigated whether an MCE-based rehabilitation pro-
gram incorporating aquatic and land-based exercises can 
modify gait-related vGRF parameters in women with 
NSCLBP. Therefore, this study aimed to determine the 
effects of an 8-week MCE program performed in aquatic 
and land-based environments on gait-related vGRF pa-
rameters in women with NSCLBP.

Methods

Study design and participants

This randomized controlled clinical trial used a two-
group, pre-test–post-test design and was conducted at 
the Rehabilitation Laboratory of  Bu-Ali Sina Univer-
sity, Hamadan, Iran. This study was approved by the 
Research Ethics Committee of Bu-Ali Sina University 
and was registered with the Iranian Registry of Clinical 
Trials (IRCT). 

All participants provided written informed consent 
before participation. The study population comprised 
women aged 30–50 years with NSCLBP. The partici-
pants were initially examined by an orthopedic special-
ist and were referred to the research team after meeting 
the clinical criteria for NSCLBP and demonstrating at 
least two impairments on standardized lumbar motor 
control tests. A researcher subsequently screened par-
ticipants according to the predefined eligibility criteria. 
The required sample size was estimated using G*Power 
software, version 3.1.9.2 based on an F-test within the 
repeated-measures analysis of variance framework, as-
suming two groups and two measurement occasions, 
with an alpha level of 0.05, a statistical power of 0.80, 
and the anticipated effect size derived from previous re-
search. The estimated sample size was 54 participants. 
Considering a potential dropout rate of 10%, the target 
sample size was increased to 60 participants, with 30 
participants allocated to each group (Figure 1).

The inclusion criteria included a history of LBP last-
ing more than 12 weeks, age between 30 and 50 years, 
pain intensity of at least 3/10 on the visual analog scale 
(VAS), at least two impairments on the lumbar motor 
control tests described by Luomajoki et al. [20], and no 
history of spinal surgery or hip joint replacement. The 
exclusion criteria were pain in other body regions; severe 
upper- or lower-extremity deformities; use of analgesic 
medication during the previous 6 months; participation 
in physiotherapy during the previous year; regular par-
ticipation in structured exercise; sciatic or radicular pain; 
spondylolysis; neuromuscular, neurological, or respira-
tory disorders; muscle spasm; and vertebral fractures. 

The study was designed and reported in accordance with 
the consolidated standards of reporting trials (CON-
SORT) 2010 statement.

Randomization and blinding

Participants were randomly allocated using Random 
Allocation Software version 1.0, with block sizes of 4 
and 6. Centralized allocation concealment was achieved 
through sequentially numbered, sealed envelopes, which 
were opened in consecutive order by a researcher not in-
volved in outcome data collection. As a result, 30 partici-
pants were assigned to receive a combined aquatic and 
land-based MCE intervention, while the remaining 30 
constituted the no-intervention control group. Assessors 
of outcomes were blinded to allocation, and participants 
were requested not to communicate their group to the 
assessors.

Laboratory assessments

Pain intensity, disability, kinesiophobia, and vGRF pa-
rameters were assessed at baseline and immediately after 
the intervention. Demographic characteristics, including 
age, height, weight, and body mass index (BMI), were 
recorded at baseline. Height, weight, and BMI were 
measured with participants wearing minimal clothing 
and standing upright using a digital stadiometer and 
scale (BMS370; InBody, USA).

Pain intensity

Pain intensity was assessed using a 10-cm VAS, rang-
ing from 0 (no pain) to 10 (worst imaginable pain). The 
VAS is a widely used measure for the quantitative as-
sessment of pain intensity and has demonstrated good re-
liability, with an intraclass correlation coefficient (ICC) 
of 0.91 [21].

Kinesiophobia

Kinesiophobia was assessed using the 11-item tampa 
scale for kinesiophobia. The questionnaire assessed fear 
of movement and reinjury, including beliefs related to in-
jury and activity avoidance. Each item is rated on a four-
point Likert scale ranging from 1 (strongly disagree) to 4 
(strongly agree), yielding a total score ranging from 11 to 
44 [22]. Higher scores indicate greater fear of movement 
or reinjury. The validity and reliability of the question-
naire have been established in previous research [23]. 
In the present study, internal consistency was assessed 
using Cronbach’s α, which yielded a coefficient of 0.86.
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Disability

The severity of disability attributable to LBP was quan-
tified using the Oswestry disability index (ODI) [24]. This 
instrument consists of 10 distinct domains measuring pain 
intensity and functional limitations in activities of daily 
living, including personal care, lifting, walking, sitting, 
standing, sleeping, social life, and travel. Each item is 
rated on a 0-5 scale, with higher aggregate scores denot-
ing more severe disability. The total score is converted to 
a percentage, with higher percentages indicating greater 
functional disability. The ODI has demonstrated good re-
liability in individuals with LBP (ICC=0.84) [25].

VGRF parameters

The FDM-S Plantar Pressures device manufactured 
by Zebris Germany was used to evaluate the vGRF 
(ICC=0.91) [26]. This device has a platform with dimen-
sions of 54×34 cm and 2560 active sensors with high 
sensitivity. We evaluated vGRF parameters based on the 
study by Ahmad et al. (1996) [27]. After identifying pa-
tients’ dominant leg, we assessed vGRF parameters. The 
walking test was carried out in such a way that the device 
was located in the center of a ten-meter-long corridor, 
and the subject walked the path five times at their normal 
walking speed. Of the five performances, the mean scores 

of three correct attempts were recorded for analysis. The 
condition of performing a correct step effort included the 
full impact of the foot on the middle part of the device. 
Data were extracted during the support phase of walking. 
The walking support phase was defined as heel contact 
with the ground until toe-off. The vGRF parameters were 
defined as follows: 

FzHC: peak vGRF during heel contact phase (peak 
force 1). FzMS: peak vGRF during mid-stance phase 
(peak force 2). FzPO: peak vGRF during push-off phase 
(peak force 3).

The recorded data were smoothed with a 4th-order But-
terworth low-pass filter without phase difference with a 
cutoff frequency of 20 Hz.

MCE intervention

Participants in the experimental group completed an 
8-week MCE program, consisting of four weeks of 
aquatic-based exercises followed by four weeks of land-
based exercises, with three sessions per week. Each ses-
sion lasted 45 min. The intervention was conducted at the 
Rehabilitation Center and swimming pool of Bu-Ali Sina 
University. The same MCE exercises were performed in 
both aquatic and land-based environments, with the exer-

Figure 1. TheCONSORT flow diagram of the randomized controlled trial

 

    

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The Consolidated Standards of Reporting Trials (CONSORT) Flow Diagram of the 
Randomized Controlled Trial 

 

Statistical Analysis 

 

Statistical analyses were conducted using SPSS (version 26.0; IBM Corp., Armonk, NY, USA). 
Continuous data were checked for normality using the Shapiro–Wilk test, and descriptive results are 
expressed as means and standard deviations. To examine the impact of the intervention on outcome 
measures, repeated-measures analysis of variance (ANOVA) was implemented, featuring time as the 
within-subjects factor and group as the between-subjects factor. The interaction effect (time × group) was 
analyzed to establish whether the longitudinal trajectories differed between the experimental and control 
cohorts. Effect sizes were determined using partial eta squared (ηp2), with statistical significance set at P 
< 0.05.  

 

Results 

Enrollment Assessed for eligibility (n= 150) 

Excluded (n = 90) 
Not meeting inclusion criteria (n = 48) 
Refused to participate (n = 24) 
Other reasons (n = 18) 

Randomized (n = 60) 

Analysed (n = 30) 

Excluded from analysis (did not return for 
follow up treatment) (n = 0) 

Allocated to intervention (n = 30) 
Received allocated intervention (n = 30) 

 

  Analysed (n = 30) 

Excluded from analysis (give reasons) (n = 0 
Outlier data) 

Allocated to control (n = 30) 
Did not receive allocated intervention (n = 30) 

Allocation 

Analysis 
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cise setting being the primary difference between the two 
conditions.

The intervention consisted of two main stages. During 
the first stage, participants were instructed to selectively 
activate the deep spinal stabilizing muscles, particularly 
the transversus abdominis and multifidus. Diaphragmat-
ic breathing and pelvic floor muscle activation were pro-
gressively incorporated into the exercises. Participants 
were also instructed on appropriate breathing patterns 
during the exercise [28, 29]. Progression to the subse-
quent stage occurred when participants were able to 
maintain an isolated contraction for 10 s across 10 repeti-
tions [30]. During the second stage, activation of the deep 
and superficial trunk musculature was integrated into 
dynamic and functional movements. Exercises progres-
sively incorporated combined movements of the trunk 
and extremities, with continued emphasis on appropriate 
activation of the deep and superficial spinal musculature. 
The training load was progressively increased according 
to the participants’ ability to perform the exercises cor-
rectly, to improve intermuscular coordination, postural 
alignment, and lumbopelvic stability [29].

During the intervention, the therapist provided feed-
back to facilitate appropriate movement patterns and 
muscle activation. As the participants demonstrated im-
proved motor control and proficiency in performing the 
exercises, the amount of external feedback was progres-
sively reduced.

Statistical analysis

Statistical analyses were conducted using SPSS soft-
ware, version 26.0; (IBM Corp., Armonk, NY, USA). 
Continuous data were checked for normality using the 
Shapiro–Wilk test, and descriptive results are expressed as 
means and standard deviations. To examine the impact of 
the intervention on outcome measures, repeated-measures 
analysis of variance (ANOVA) was implemented, featur-
ing time as the within-subjects factor and group as the be-

tween-subjects factor. The interaction effect (time×group) 
was analyzed to establish whether the longitudinal tra-
jectories differed between the experimental and control 
cohorts. Effect sizes were determined using partial eta 
squared (ηp

2), with statistical significance set at P<0.05. 

Results

Table 1 summarizes the demographic characteristics of 
the groups. No differences were observed between the 
groups in age, height, weight, and BMI. Therefore, the 
data distribution was normal (P>0.05).

Pain

Repeated-measures analysis of variance showed a 
significant main effect of time on pain, with a large ef-
fect size (F=90.429, ηp

2=0.609, P<0.001), indicating a 
significant change in pain over time. The main effect 
of group was also significant, with a large effect size 
(F=13.857, ηp

2=0.193, P<0.001), indicating an overall 
difference in pain between the two groups. In addition, 
the time×group interaction was significant and associ-
ated with a large effect size (F=208.282, ηp

2=0.782, 
P<0.001), indicating different patterns of change in pain 
over time between the groups (Tables 2 and 3). Pairwise 
comparisons showed a significant between-group differ-
ence in pain at post-test (P<0.001). Descriptively, pain 
decreased by 51% in the experimental group compared 
to a 12% reduction in the control group (Table 4). 

Disability

Repeated-measures analysis of variance showed a sig-
nificant main effect of time on disability, with a large ef-
fect size (F=9.425, ηp

2=0.140, P=0.003), indicating a sig-
nificant change in disability over time. The main effect 
of group was also significant, with a moderate effect size 
(F=8.982, ηp

2=0.134, P=0.004), indicating an overall dif-
ference in disability between the two groups. Furthermore, 
the time×group interaction was significant and associated 
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Table 1. Demographic characteristics of participants at baseline

Variables Experimental Group (n=30) Control Group (n=30) P*

Age (y) 42.00±3.56 42.00±6.41 0.110

Height (cm) 164.51±4.96 163.82±5.66 0.267

Weight (kg) 64.08±5.04 65.49±5.69 0.658

BMI (kg/m2) 23.69±1.80 24.42±2.10 0.508

BMI: Body mass index.�
*P values (P), based Shapiro-Wilk.



112

August 2026. Volume 13. Number 3

Table 2. Results of repeated measures analysis of variance (ANOVA) test

Variablea Source Mean Square F Value Eta Squared (η²) P

Pain

Time 60.208 90.429 0.609 0.001*

Group 63.075 13.857 0.193 0.001*

Time×group 138.675 208.282 0.782 0.001*

Disability

Time 546.133 9.425 0.140 0.003*

Group 842.700 8.982 0.134 0.004*

Time×group 6992.133 120.671 0.675 0.001*

Kinesiophobia

Time 842.700 158.040 0.732 0.001*

Group 2253.333 128.450 0.689 0.001*

Time×group 1216.033 228.055 0.797 0.001*

*Significant difference.�

Table 3. Results of repeated measures ANOVA test

Variables Source Mean Square F Value Eta Squared (η²) P

FzHC

Time 2048.580 62.517 0.519 0.001*

Group 1186.817 15.843 0.215 0.001*

Time×group 5557.601 169.519 0.745 0.001*

FzMS

Time 2410.106 33.140 0.364 0.001*

Group 3395.277 28.043 0.326 0.001*

Time×group 5866.218 80.663 0.582 0.001*

FzPO

Time 2528.904 81.632 0.585 0.001*

Group 14220.606 42.659 0.424 0.001*

Time×group 880.640 28.427 0.329 0.001*

�
Abbreviations: FzHC: Peak vGRF during heel contact; FzMS: Peak vGRF during mid-stance; FzPO: Peak vGRF during push-off. 
*Significant difference.

with a large effect size (F=120.671, ηp
2=0.675, P<0.001), 

indicating different patterns of change in disability over 
time between the groups (Table 2). Pairwise comparisons 
showed a significant between-group difference in dis-
ability at post-test (P<0.001). Descriptively, disability de-
creased by 38% in the experimental group compared with 
a 26% reduction in the control group (Table 4). 

Kinesiophobia

Repeated-measures analysis of variance showed a sig-
nificant main effect of time on kinesiophobia, with a 
large effect size (F=158.040, ηp

2=0.732, P<0.001), indi-

cating a significant change in kinesiophobia over time. 
The main effect of group was also significant, with a 
large effect size (F=128.450, ηp

2=0.689, P<0.001), in-
dicating an overall difference in kinesiophobia between 
the two groups. In addition, the time×group interaction 
was significant and associated with a large effect size 
(F=228.055, ηp

2=0.797, P<0.001), indicating different 
patterns of change in kinesiophobia over time between 
the groups (Table 2). Pairwise comparisons showed a 
significant between-group difference in kinesiopho-
bia at post-test (P<0.001). Kinesiophobia decreased by 
33.92% in the experimental group compared to a 2.88% 
reduction in the control group (Table 4).

Souri F, et al. Aquatic and Land-Based Motor Control Exercises for Chronic Low Back Pain. J. Res Orthop Sci. 2026; 13(3):107-118.
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Ground reaction force

Repeated-measures analysis of variance (ANOVA) 
showed a significant main effect of time on the first peak 
vGRF, with a large effect size (F=62.517, ηp

2=0.519, 
P<0.001), indicating a significant change over time. The 
main effect of group was also significant, with a large 
effect size (F=15.843, ηp

2=0.215, P<0.001). In addi-
tion, the time×group interaction was significant and as-
sociated with a large effect size (F=169.519, ηp

2=0.745, 
P<0.001), indicating different patterns of change be-
tween the groups over time (Table 3). Pairwise compari-
sons showed a significant between-group difference in 
the first peak vGRF at post-test (P<0.001). The first peak 
vGRF increased by 5.28% in the experimental group and 
decreased by 20.16% in the control group (Table 4).

For the second peak vGRF, the main effect of time was 
significant, with a large effect size (F=33.140, ηp

2=0.364, 
P<0.001). The main effect of group was also significant, 
with a large effect size (F=28.043, ηp

2=0.326, P<0.001). 
Moreover, the time×group interaction was signifi-
cant and associated with a large effect size (F=80.663, 
ηp

2=0.582, P<0.001), indicating different patterns of 
change between the groups over time (Table 3). Pairwise 
comparisons showed a significant between-group differ-

ence in the second peak vGRF at post-test (P<0.001). 
The second peak vGRF decreased by 4.78% in the ex-
perimental group, whereas it increased by 22.58% in the 
control group (Table 4).

For the third peak vGRF, the main effect of time was 
significant, with a large effect size (F=81.632, ηp

2=0.585, 
P<0.001). The main effect of group was also significant, 
with a large effect size (F=42.659, ηp

2=0.424, P<0.001). 
The time×group interaction was significant and as-
sociated with a large effect size (F=28.427, ηp

2=0.329, 
P<0.001), indicating different patterns of change be-
tween the groups over time (Table 3). Pairwise com-
parisons showed a significant between-group difference 
in the third peak vGRF at post-test (P<0.001). Descrip-
tively, the third peak vGRF increased by 13.61% in the 
experimental group and by 4.14% in the control group 
(Table 4).

Discussion

This clinical trial investigated the effects of eight 
weeks of MCE performed in aquatic and land-based 
environments on vGRF during walking in women with 
NSCLBP. The findings showed that, compared with the 
control condition, MCE was associated with significant 
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Table 4. Descriptive statistics

Variables Group
Mean±SD 95% CI (Post-test)

Δ (%)
Pre Post Lower Upper

Pain
Experimental 6.86±1.47 3.30±1.05 2.75 3.84 -51

Control 6.16±1.96 6.90±1.80 6.35 7.44 12

Disability
Experimental 50.76±10.23 31.23±6.31 28.73 33.72 - 38

Control 40.80±10.27 51.80±7.29 49.30 54.29 26

Kinesiophobia
Experimental 34.40±1.24 22.73±3.75 21.32 24.14 -33.92

Control 36.70±3.77 37.76±3.97 36.35 39.18 2.88

FzHC
Experimental 101.15±8.22 106.50±6.95 104.38 108.62 5.28

Control 108.48±8.97 86.60±4.33 84.48 88.72 -20.16

FzMS
Experimental 104.98±5.65 99.96±11.45 96.38 103.54 - 4.78

Control 101.63±12.80 124.58±7.77 121.00 128.16 22.58

FzPO
Experimental 107.27±15.03 121.87±15.38 117.04 126.70 13.61

Control 90.91±12.36 94.68±10.63 89.85 99.51 4.14

�
Abbreviations: FzHC: Peak vGRF during heel contact; FzMS: Peak vGRF during mid-stance; FzPO: Peak vGRF during push-
off; CI: Confidence interval. 
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improvements in pain, disability, and kinesiophobia, to-
gether with significant changes in the vGRF parameters 
during walking. Specifically, the intervention increased 
the first and third peaks of vGRF and decreased the 
second peak in the experimental group. These findings 
suggest that MCEs may influence not only clinical out-
comes but also functional and biomechanical aspects of 
gait in women with NSCLBP.

The reduction in pain observed in the present study 
may be related to improvements in neuromuscular con-
trol and trunk stabilization. Previous electromyographic 
studies have reported altered activation of the multifidus 
and impaired recruitment of trunk musculature in indi-
viduals with NSCLBP. Such alterations may compro-
mise spinal stability and movement control and contrib-
ute to persistent symptoms. Accordingly, restoration of 
the coordinated function of the deep trunk musculature is 
an important component of rehabilitation in individuals 
with chronic LBP [31]. 

In the present study, MCEs emphasized selective and 
coordinated activation of the transversus abdominis and 
multifidus muscles [9]. These muscles play important 
roles in lumbopelvic stabilization, proprioceptive con-
trol, and regulation of spinal movement. Persistent pain 
may contribute to a maladaptive cycle involving reduced 
physical activity, impaired trunk muscle function, altered 
proprioception, and reduced neuromuscular coordination. 
These changes may subsequently affect spinal move-
ment control and contribute to symptom persistence [20]. 
MCEs may help interrupt this cycle by improving the ac-
tivation and coordination of trunk stabilizing muscles and 
enhancing sensorimotor control. Improvements in deep 
trunk muscle function may, in turn, contribute to greater 
lumbopelvic stability and more efficient mechanical load-
ing during functional activities [32]. The reduction in pain 
may also have contributed to the observed improvements 
in disability and kinesiophobia, as pain intensity is an 
important factor associated with activity limitation and 
fear of movement in individuals with chronic LBP [33]. 
The clinical findings of the present study are consistent 
with previous research. Studies by Streicher et al. (2014) 
and Luomajoki et al. (2010) have reported beneficial ef-
fects of MCEs on pain and disability in individuals with 
NSCLBP, potentially through improvements in proprio-
ception, neuromuscular coordination, and trunk muscle 
function [20, 34]. Similarly, Patricio et al. (2020) sug-
gested that MCE may improve functional performance by 
addressing maladaptive movement patterns and reducing 
mechanically provoked symptoms [16]. The present find-
ings extend this evidence by demonstrating concurrent 
changes in the objective biomechanical measures of gait.

Changes in vGRF

A major finding of the present study was the significant 
modification of vGRF parameters following the eight-
week intervention. The experimental group demonstrat-
ed an increase in the first and third peaks of vGRF and a 
reduction in the second peak. These changes may reflect 
a modification of the loading strategy during stance and 
a reduction in compensatory gait strategies associated 
with chronic pain.

Individuals with chronic LBP may adopt protective 
movement strategies because of persistent pain, reduced 
confidence in movement, and fear of symptom exacerba-
tion. Such strategies may alter muscle activation, trunk 
stabilization, and the distribution of mechanical loads 
during walking [35]. Consequently, patients may modify 
their weight-transfer strategy to avoid potentially painful 
loading conditions [36]. Therefore, the changes in vGRF 
observed after the intervention may reflect a shift toward 
a more efficient and less protective gait strategy.

Specifically, the increase in the first FzHC following 
MCE may indicate improved weight acceptance capacity 
during the initial foot-contact phase of gait. Individuals 
with chronic LBP may reduce loading during this phase 
because of pain or fear of movement in an attempt to avoid 
increasing mechanical stress on spinal structures. Although 
this adaptation may serve as a protective mechanism in the 
short term, it may contribute to alterations in the normal 
gait pattern over the long term [37]. Therefore, the in-
crease in FzHC observed in the present study may indicate 
reduced pain-related avoidance behavior and an improved 
ability to transfer body weight more naturally during the 
initial stance phase. Similarly, da Fonseca et al. (2009) re-
ported that a Pilates-based intervention in individuals with 
chronic LBP increased the first and third peaks of vGRF 
while reducing the second peak [38]. These findings are 
consistent with those of the present study.

Regarding the second FzMS, the findings showed a 
significant reduction following eight weeks of interven-
tion in the experimental group. Because individuals with 
chronic LBP may reduce the first peak vGRF (FzHC) 
to decrease pain associated with ground reaction forces 
during walking [37], a greater proportion of body weight 
support may consequently be transferred to the mid-
stance phase. This may have contributed to an increase 
in the second peak vGRF in individuals with chronic 
LBP. Following the therapeutic exercise intervention, 
the increase in the first and third peaks of vGRF may 
have reduced the loading demand during mid-stance, re-
sulting in a reduction in the second peak vGRF.

Souri F, et al. Aquatic and Land-Based Motor Control Exercises for Chronic Low Back Pain. J. Res Orthop Sci. 2026; 13(3):107-118.
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However, the increase in the third FzPO following MCE 
may indicate improved function during the terminal 
stance phase and an enhanced capacity to generate pro-
pulsive force during walking. Chronic pain and associ-
ated movement limitations may reduce active lower-limb 
participation and impair the efficiency of the terminal 
push-off phase. Improvements in neuromuscular control, 
increased trunk stability, and reduced pain following the 
intervention may have allowed participants to adopt a 
more efficient movement pattern during terminal stance.

One potential mechanism underlying these changes 
may be improved central motor control following exer-
cise. These exercises emphasize coordinated activation 
of the deep trunk muscles, improved co-contraction of 
the core musculature, and retraining of appropriate move-
ment patterns, which may enhance lumbopelvic stability 
and improve the ability to control the body in response 
to external forces. Improved trunk control may facilitate 
force transmission across different segments of the ki-
netic chain and enhance the capacity of the neuromus-
cular system to regulate externally applied forces during 
walking [29]. Mohammadi et al. (2016) demonstrated 
that MCE can modify movement-control strategies in in-
dividuals with nonspecific LBP and movement-control 
impairment. In that study, improvements in biomechani-
cal parameters following the intervention were attributed 
to enhanced activation of the deep trunk muscles and re-
training of motor coordination [28]. Similarly, Ekstrom 
et al. (2007) reported that MCEs increased the activity 
and endurance of trunk-stabilizing muscles, including 
the multifidus, rectus abdominis, and internal oblique 
muscles. Improved function of these muscles may con-
tribute to greater trunk stability, reduced compensatory 
movements, and more efficient force transmission along 
the kinetic chain [6]. The consistency of these findings 
with those of the present study suggests that interven-
tions aimed at improving motor control may enhance the 
distribution of mechanical forces during walking by im-
proving trunk muscle function and reducing pain-related 
compensatory movement patterns. 

Strengths, limitations, and future directions

A major strength of this study was the simultaneous as-
sessment of clinical and biomechanical outcomes follow-
ing MCEs in women with NSCLBP. In addition to com-
monly used clinical measures such as pain, disability, and 
kinesiophobia, this study assessed vGRF during walking, 
providing an objective biomechanical perspective on 
functional changes associated with the intervention.

Several limitations should be considered when interpret-
ing these findings. First, walking speed could not be pre-
cisely controlled because of technical and practical con-
straints. Because walking speed can substantially influence 
vGRF parameters, future studies should standardize walk-
ing speed or include it as a covariate in the statistical analy-
sis. Second, biomechanical assessment was limited to walk-
ing. Although walking is an important functional activity, 
more demanding tasks such as stair negotiation, running, 
turning, or sport-specific movements may provide addition-
al information about the functional effects of MCE. Third, 
the sample consisted exclusively of women with NSCLBP, 
which limits the generalizability of the findings to men 
and other populations. Fourth, only the short-term effects 
of the intervention were assessed. Long-term follow-up 
studies are therefore needed to determine whether the ob-
served clinical and biomechanical changes are maintained 
after completion of the intervention. Finally, future studies 
incorporating electromyography, three-dimensional mo-
tion analysis, and additional kinetic variables could provide 
greater insight into the neuromuscular and biomechanical 
mechanisms underlying the observed changes in vGRF.

Conclusion

Eight weeks of MCE resulted in significant improvements 
in pain, disability, and kinesiophobia and was accompanied 
by significant changes in the vGRF parameters during walk-
ing in women with NSCLBP. The increase in the first and 
third peaks, together with the reduction in the second peak 
of vGRF in the experimental group, suggests a redistribu-
tion of vertical loading across the stance phase. These find-
ings may reflect improved movement control and reduced 
pain-related protective gait strategies. MCEs may therefore 
represent a useful rehabilitation approach for address-
ing both clinical symptoms and functional biomechanical 
outcomes in women with NSCLBP. Further studies using 
direct measures of muscle activation, kinematics, and long-
term follow-up are warranted to clarify the mechanisms and 
durability of these effects.
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