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ABSTRACT

This study aimed to determine the effect of a structured aquatic balance—
strength training program on anteroposterior and mediolateral center of pressure
(COP) velocity and displacement in postmenopausal women with osteoporosis.

In this randomized quasi-experimental study, 24 postmenopausal women
with osteoporosis were randomly allocated to either an experimental or control group.
The experimental group completed a 12-week aquatic balance-strength training
program. Postural control was assessed using a Kistler force plate (Model 9260AA6)
by calculating COP mean velocity and displacement amplitude in the anteroposterior
and mediolateral directions during four standing tasks: (1) bipedal stance with eyes
open, (2) bipedal stance with eyes closed, (3) semi-tandem stance with eyes open, and
(4) semi-tandem stance with eyes closed. Data were analyzed using paired t-tests and
analysis of covariance (ANCOVA) in SPSS (version 21), with the significance level
set at 0.05.

After adjustment for baseline values using ANCOVA, the experimental
group demonstrated significant improvements in COP mean velocity and
displacement amplitude in both directions compared with the control group (p < 0.05).
Pre- to post-test change scores further confirmed that these improvements occurred
exclusively in the training group, whereas no significant changes were observed in
the control group. Improvements were particularly pronounced in the anteroposterior
direction and under more challenging stance conditions, such as reduced base of
support or eyes-closed tasks.

Aquatic balance—strength training significantly enhances postural control
in postmenopausal women with osteoporosis by improving anteroposterior and
mediolateral COP measures. Longitudinal studies with extended follow-up periods
are needed to determine the persistence of these adaptations.
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1. Introduction

Osteoporosis is a prevalent skeletal disorder among older adults, characterized by low bone mass and
microarchitectural deterioration of bone tissue (1,2). In postmenopausal women, it is frequently
accompanied by reductions in muscle strength and sensorimotor function, which collectively increase the
risk of falls and fractures (3—6). Impaired postural control is a major contributor to this elevated risk, and
center of pressure (COP)-derived metrics are widely used as sensitive indicators of static balance
performance (7-11). Among these variables, mean COP velocity (MV-COP) is considered particularly
responsive because it reflects the overall magnitude of sway and the intensity of neuromuscular control
activity, whereas COP displacement amplitude (DA-COP) provides complementary information regarding
the spatial extent of instability along the anteroposterior (AP) and mediolateral (ML) axes (12-15).
Although several land-based randomized trials have demonstrated improvements in postural outcomes
following balance, strength, or combined interventions in women with osteoporosis, the available evidence
is limited by heterogeneity in exercise protocols, inconsistent selection of COP variables, and insufficient
directional analysis. In addition, certain land-based balance tasks may impose mechanical and postural
control demands that challenge individuals with compromised skeletal integrity, particularly under reduced
base-of-support conditions (16,17). Aquatic exercise offers a potentially advantageous alternative due to
buoyancy-mediated unloading, multidirectional viscous resistance, and continuous low-amplitude
perturbations that may safely stimulate multisensory integration processes (18-22). To date, only one study
(Aveiro et al.) has evaluated aquatic training in this population; however, it did not assess COP responses
separately in the AP and ML directions under systematically graded stance conditions (23). Consequently,
empirical evidence regarding the directional characteristics of COP adaptations following structured
aquatic balance-strength training remains limited.

Accordingly, the present study aimed to examine the effects of a 12-week structured aquatic balance—
strength training program, incorporating principles of the Otago Exercise Program and ROPE
methodology, on MV-COP and DA-COP in the AP and ML directions during progressively challenging
static stance tasks in postmenopausal women with osteoporosis.

2. Methods

This semi-experimental pre—post controlled study included 24 postmenopausal women aged 50-65 years
with osteoporosis (T-score < —2.5 at the femoral neck and L1-L4). The sample size was determined a priori
using G*Power (o= 0.05, power = 0.80, effect size = 0.35). Eligible participants were identified from DXA
records in eastern Tehran and selected using computer-generated random numbers. After orthopedic
screening, participants were randomly assigned, via concealed sealed envelopes prepared by an
independent researcher, to either an aquatic training group or a non-exercising control group.

Inclusion criteria were female sex, age 50-65 years, more than five years postmenopause, and independent
ambulation. Exclusion criteria included cardiovascular, pulmonary, neuromuscular, oncologic, or severe
arthritic disease; major visual, vestibular, or sensory deficits; limb-length discrepancy; use of internal
orthoses; regular exercise within the previous six months; substantial fear of water; and use of medications
or dietary regimens affecting bone metabolism. The screening physician, force-plate operator, and data
analysts were blinded to group allocation. Static balance was assessed using a Kistler 9260AA6 force plate
during four 60-second quiet-stance tasks: two-legged stance with eyes open (TLEO) and closed (TLEC),
and semi-tandem stance with eyes open (STEQO) and closed (STEC), each performed three times. Foot
position was self-selected in TLEO and TLEC; in STEO and STEC, the dominant foot was positioned
posteriorly in a standardized semi-tandem configuration (13,14,24,25). Data were sampled at 100 Hz, low-
pass filtered (fourth-order Butterworth, 10 Hz), and the first 10 seconds of each trial were discarded (26—
28).

MV-COP (AP and ML) was calculated as sway path length divided by trial duration. DA-COP was defined
as the maximal excursion around the mean COP in each axis. For each condition, the mean of the three
trials was used for analysis. The intervention consisted of 12 weeks of aquatic balance—strength training
(three sessions per week, 50—75 minutes per session), adapted from the Otago and ROPE programs, and
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performed in chest-deep water (29,30). Data were analyzed using SPSS version 21 with paired t-tests and
analysis of covariance (ANCOVA), with baseline values entered as covariates (p < 0.05).

3. Results

Table 1 summarizes the descriptive statistics and change scores for balance parameters at the pre- and post-
test assessments. Negative values indicate improvement, as reduced center-of-pressure sway reflects
enhanced postural stability. In addition, analysis of covariance (ANCOVA) results controlling for baseline
values are presented to enable a more rigorous comparison between groups. Within-group analyses showed
that the aquatic training group demonstrated significant improvements across a wide range of COP-based
indices, whereas the control group exhibited minimal changes or slight deterioration. In the training group,
MV-COP decreased significantly (p < 0.05) in the AP direction across all four tasks (TLEO, TLEC, STEO,
STEC) and in the ML direction during TLEO, TLEC, and STEC. The only non-significant MV-COP
change was observed in the ML direction during STEO. DA-COP also decreased significantly during
STEC in both AP and ML directions, and during STEO and TLEC in the AP direction. Changes in TLEO
(AP and ML) and in STEO and TLEC (ML) were not statistically significant. In contrast, the control group
showed no significant pre—post improvements. The only significant change was an increase in MV-COP
in the AP direction during STEC (p = 0.017), indicating reduced stability under the most challenging
condition. All other COP variables remained statistically unchanged (p > 0.05).

Between-group ANCOVA, controlling for baseline values, demonstrated significant intervention effects
across nearly all COP outcomes. The only exception was DA-COP in the AP direction during the TLEO
test, which did not reach statistical significance. For all other stance conditions, directions, and variables,
post-test values were significantly better in the aquatic training group than in the control group (p < 0.05).
The pattern of adjusted means confirmed that these improvements were attributable to the aquatic training
program rather than to baseline differences or spontaneous variation.

4. Discussion

This study demonstrated that a 12-week aquatic balance-strength training program, based on Otago and
ROPE principles, produced meaningful improvements in COP-based postural stability in postmenopausal
women with osteoporosis. The most pronounced effects were observed in MV-COP, particularly under
challenging stance conditions and along the AP axis. These findings support prior evidence suggesting that
velocity-related COP measures are more sensitive to early neuromuscular adaptations than spatial sway
metrics (31,32). From a neuromechanical perspective, these findings are consistent with current theoretical
frameworks. MV-COP reflects rapid sensorimotor processing, reduced response latency, and enhanced
anticipatory and reactive postural adjustments—mechanisms that tend to adapt relatively quickly with
training (32). In contrast, DA-COP is more closely associated with structural muscle capacity and the
ability to generate larger stabilizing torques, which typically require longer intervention periods to improve
(13,33). The aquatic environment, characterized by buoyancy-induced unloading and viscous resistance,
may further promote frequent, small corrective actions rather than large-amplitude excursions, thereby
reinforcing improvements in MV-COP (34,35).

Task-specific patterns highlighted the influence of base of support and dominant balance strategy. The
greatest improvements were observed in semi-tandem conditions, particularly STEC, where reduced
stability and removal of visual input increase reliance on ankle-dominant control in the sagittal plane. In
contrast, two-legged stance tasks elicited smaller changes, likely due to greater involvement of trunk and
pelvic strategies and reduced lateral mechanical stimulation in the aquatic environment (36-38). The
stronger adaptations in the AP compared with the ML direction are consistent with the primary role of
ankle mechanisms in rapid postural regulation (39). Methodologically, the combined assessment of MV -
COP and DA-COP across AP and ML directions, together with assessor blinding and direction-specific
ANCOVA, strengthens the validity of the findings. Clinically, the results suggest that structured aquatic
training may enhance the speed of postural corrections, reduce AP sway under reduced base-of-support
conditions, and help mitigate age-related decline in postural control in women with osteoporosis.
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Table 1. Pre- to post-test variations in COP-based balance indices and ANCOVA outcomes for group comparisons

- - o Group Pre-test Post-test Mean Within-  Between-
- § :§ 3 T”é (Mean + SD) (Mean + SD)  difference group group
& ; -g g g p-value p-value
S o) >
ML* DA™ Exp™™*  1.803+0.624  1.675+0.484 -0.128 0.074 0.001
Cul™™*  1.814+£0.556  1.908 £0.721 0.936 0.507
5 MV Exp 0.760+0.263  0.636 £0.237 -0.124 0.001 p<0.001
5) Ctrl 0.798 £0.230  0.855+0.246 0.056 0.076
§ AP™ DA Exp 2.488+0.537 2.472+0.478 -0.016 0.856 0.089
g H Ctrl 2.563+0.554 2.778 £0.508 0.215 0.131
g MV Exp 0.870+0.201  0.697 £0.160 -0.173 0.003 p<0.001
Z;o Ctrl 1.009+0.283  1.070 £0.247 0.611 0.112
4 ML DA Exp 1.834+0.356 1.783+0.239 -0.051 0.394 p<0.001
g Ctrl 1.933+0.580 2.151+£0.349 0.217 0.052
=3 MV Exp 0.734+0231 0.659+0.127  -0.135 0.003 p<0.001
= Ctrl 0.880+0.291  0.933+0.253 0.052 0.054
2 AP DA Exp 2.924+0.796 2.514+0.477 -0.409 0.011 p<0.001
oy Ctrl 2707 +0.530 2.833+0.454 0.126 0.110
MV Exp 1.288+0.244 1.094+0.244 -0.194 0.001 p<0.001
Ctrl 1.235+0.209 1.349+0.340 0.114 0.073
ML DA Exp 3.082+0.396 2.910+0.487 -0.172 0.056 p<0.001
Ctrl 3.243+0.590 3.315+0.533 0.072 0.249
g MV Exp 1.659+0.178 1.616+0.200 -0.043 0.091 p<0.001
& Ctrl 1776 +0.150  1.841+0.222 0.065 0.109
° § AP DA Exp 2.137+0.595 1.816+0.187 -0.321 0.042 p<0.001
% = Ctrl 2395+0.670  2.536+0.360 0.141 0.307
@ MV Exp 1.307 +0.121 1.180 +0.134 -0.126 0.007 0.001
£ Ctrl  1.251+0.132 1.273£0.141 0.022 0.318
g ML DA Exp 3.260+0.627 2.980+0.794 -0.280 0.048 p<0.001
L Ctrl 3.428+0.577 3.571+0.551 0.143 0.138
5 313 MV Exp 2.079+0.444 1.700 +£0.402 -0.379 0.001 p<0.001
” = Ctrl  2.200+0.355 2.416=+0.364 0.215 0.060
2 AP DA Exp 2377+0435 1915+0.318 -0.462 0.003 0.002
@ Ctrl  2.474+0.551  2.841+0.947 0.367 0.103
MV Exp 1.681+0.246 1.444+0.161 -0.237 0.004 p<0.001
Ctrl  1.733+£0.210 1.914+0.240 0.181 0.017

*ML: Medial-Lateral

“DA: Distance Amplitude of COP
Exp: Experimental group

ko

**AP: Anterior-Posterior

“**MV: Mean Velocity of COP
******Ctrl: Control groups
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2. Two-legged stand with eyes closed
3. Semi-tandem stand with eyes open
4. Semi-tandem stand with eyes closed
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