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ABSTRACT

Fukusaki, C, Masani, K, Miyasaka, M, and Nakazawa, K. Acute

positive effects of exercise on center-of-pressure fluctuations

during quiet standing in middle-aged and elderly women.

J Strength Cond Res 30(1): 208–216, 2016—Acute effects

of exercise on postural stability have been studied with a focus

on fatigue. This study investigated the acute effects of

moderate-intensity exercise on center-of-pressure (COP) fluc-

tuation measures in middle-aged and elderly women. Thirty-five

healthy women volunteered: 18 women performed a moderate

aquatic exercise session for 80 minutes and 17 remained calm

in a sitting position for the same duration. Center-of-pressure

fluctuations during quiet standing were recorded for 60

seconds with eyes open and closed before and after the

exercise and sitting tasks. The time- and frequency-domain

measures of the COP time series were calculated. The

frequency-domain measures were also calculated for the

COP velocity time series. According to 2-way analysis of var-

iance and paired t-tests with a Bonferroni’s correction, mean

velocity of COP fluctuations, mean velocity of COP fluctuations

in the medial-lateral (ML) direction, and total power of the COP

velocity time series in the ML direction exhibited significant

reductions after 1 session of exercise. These results indicated

that a moderate-intensity aquatic exercise decreased COP

velocity, counteracting age-related and fatigue-inducing pos-

tural deterioration. Therefore, we concluded that a single ses-

sion of moderate-intensity aquatic exercise has acute positive

effects on postural stability in middle-aged and elderly women.

KEY WORDS posture, posturography, static balance, aging,

aquatic exercise

INTRODUCTION

L
oss of postural stability is one of the most com-
monly occurring age-related declines in physical
functioning (43). Along with muscle strength, pos-
tural balance is essential for the high-quality per-

formance of activities of daily living (ADLs) in older age
(11,17) and is strongly associated with a risk of falls. Impaired
postural balance has been known to cause increased inciden-
ces of falls (44). Furthermore, the World Health Organiza-
tion (51) has reported that falls lead to 20–30% of mild to
severe injuries and account for 40% of all injury deaths and
that falls are a frequent cause of admission into hospitals and
may result in postfall syndrome encompassing dependence,
loss of autonomy, confusion, immobilization, and depres-
sion, thus leading to further restrictions in ADLs.

One of the major interventions to improve postural
balance is regular exercise. For instance, exercising over
a period of several weeks, including walking (3), power train-
ing (42), aquatic exercise (46), or Tai Chi (49), has been
shown to enhance postural stability in elderly adults. Besides
the long-term effects of exercise on postural balance, the
acute effects of exercise have been investigated with a focus
on fatigue. Center-of-pressure (COP) fluctuations during
quiet standing increased because of localized muscle fatigue
(36,50) and strenuous general fatigue (39,40), which sug-
gested that postural stability deteriorated after a single ses-
sion of fatiguing exercise and raised concern regarding the
increased risks of falls afterwards (23,50).

However, our previous study (15) demonstrated that COP
fluctuations slowed down after a single session of moderate-
intensity exercise. In that study, middle-aged and elderly
women with lower extremity arthritis performed a moder-
ate-intensity aquatic exercise. We observed slowing down of
COP fluctuations after the exercise within the power spec-
trum distributions of the COP and COP velocity time series.
Although these changes in COP fluctuations contrasted with
those related to age (14,45), they were consistent with results
suggesting improvement in postural stability, similar, for
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instance, to the effects observed in treatments of Parkinson
disease (33). Thus, the results of our previous study (15)
indicated the acute positive effects of exercise on postural
balance.

We assumed that the acute positive effects of exercise we
observed mainly resulted from the nonsevere exercise
intensity and study population involved. The population in
our previous study (15) comprised middle-aged and elderly
women with lower extremity arthritis who had difficulty
with postural control and reduced sensitivity of joint position
sense (19,21). This relatively huge inability to control their
postural balance might have produced a detectable positive
change after a single exercise session. Difficulty with postural
control and reduced sensitivity of joint position sense have
also been noted in normal aging (29,34). Therefore, we
hypothesized that acute positive effects on postural stability
after a single session of moderate-intensity exercise would be
observed in healthy middle-aged and elderly adults who had
better postural stability than the patient population but who
had experienced a gradual deterioration of postural control
(4,12). This study aimed to test this hypothesis. Fitness con-
sultants and instructors are required to be careful about the
deterioration of postural balance and increased risks of falls
after exercise as mentioned above. If the study hypothesis is
proven to be correct, they will have another option to pro-
vide 1 session of exercise for improving postural stability in
middle-aged and elderly individuals.

METHODS

Experimental Approach to the Problem

To investigate the acute effects of exercise on postural
stability, a nonexercise group (i.e., the control group) of
similar age and physique to the exercise group (i.e., the
experimental group) was asked to perform seated rest for the
same duration as the exercise intervention. Postural stability
was evaluated by measuring COP fluctuations during quiet
standing, which was expected to be sensitive to changes in
postural stability (12) and had previously been used to dem-
onstrate fatigue effects of exercise on postural stability
(36,39,40,50). The change in COP measures induced by exer-
cise was compared with that induced by seated rest through
a 2-way analysis of variance (ANOVA) in addition to the
comparison between preintervention and postintervention
values. We adopted a single session of aquatic exercise as
the experimental intervention because it demonstrated the
potential to positively affect postural stability in our previous
study (15).

Subjects

Thirty-five middle-aged and elderly women volunteered to
participate in this study. As in our previous study (15), only
women were enrolled in the study. Individuals who had joint
and circulatory diseases and who were taking medications
were excluded from the study. Eighteen women participated
in an aquatic exercise session, and 17 performed a seated rest

session. The average age, height, and weight of the aquatic
exercise group were 60.1 6 5.2 years (range, 51–70 years),
155.6 6 6.4 cm, and 53.8 6 8.6 kg, respectively, and those of
the seated rest group were 62.4 6 7.0 years (range, 50–73
years), 156.6 6 5.0 cm, and 50.1 6 5.3 kg, respectively. This
study was designed and conducted in accordance with the
Helsinki Declaration and was approved by the Research
Ethics Committee of The University of Tokyo. Before par-
ticipation in the study, subjects’ written informed consent
was obtained pursuant to the law.

Procedures

In the aquatic exercise group, COP was measured before and
after the exercise session, which lasted for 80 minutes. The
seated rest group remained in a calm sitting position for
80 minutes and COP was measured before and after the
session. All postmeasurements were completed within
30 minutes after the aquatic exercise and seated rest sessions.

An 80-minute aquatic exercise session consisted of a 10-
minute warm-up, a 20-minute session of whole body
stretching and strength exercises, 20 minutes of fast walking,
a 5-minute break, 20 minutes of walking with arm move-
ments using kickboard and water noodle, and a 5-minute
cool down. The strength exercise was conducted using drag
forces of water and consisted of upper body exercise, such as
biceps curl, triceps curl, shoulder flexion and extension, and
shoulder abduction and adduction, and lower-body exercise,
such as knee flexion and extension, hip flexion and exten-
sion, and hip abduction and adduction. A 100-cm-deep pool
was used, and water temperature was around 318 C. During
the exercise session, heart rate (HR) was measured at 5-
second intervals using an HR monitor (Polar Vantage NV;
Polar Electro Oy, Kempele, Finland) to calculate mean HR
during exercise. Exercise intensity was calculated using the
percent age-predicted maximal HR (%HRmax), where the
maximal HR was estimated on the basis of the formula pub-
lished by Gellish et al. (16): HRmax = 206.9 2 (0.67 3 age).

For COP measurements, subjects stood barefoot in an
upright position on a force platform (Gravicorder GS3000;
ANIMA Corp., Tokyo, Japan) for 60 seconds. The measure-
ments were conducted twice: first with eyes open and
subsequently with eyes closed. During the measurements,
subjects were asked to stand as still as possible with their
arms at their sides and their feet together and to look straight
ahead at a point on a wall 3 m away for the eyes open
measurement. Subjects practiced this procedure at least 3
times in preliminary trials to get accustomed to it. Center-of-
pressure sway area (in square millimeters per second) and
mean velocity (in millimeters per second) on the 2 consec-
utive occasions of measurement were compared. Additional
measurements were performed when the percentage differ-
ence between the 2 consecutive values was greater than 5%.

Time-domain measures such as sway area, mean velocity,
and root mean square (RMS, in millimeters) were calculated
for the COP displacement sampled at a rate of 20 Hz. Root
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mean square was calculated as RMS of resultant distance,
which is the vector distance from the mean COP to each
pair of points in the anterior-posterior (AP) and medial-
lateral (ML) directions. In addition, mean velocity and RMS
were calculated for each COP time series in the AP and ML
directions.

Frequency-domain measures calculated for each COP
time series in the AP and ML directions included total
power (in square millimeters), mean power frequency (in
hertz), 50% power frequency (in hertz), and 95% power
frequency (in hertz). Fifty percent and ninety-five percent
power frequencies were defined as the frequencies below
which 50 and 95% of the total power was observed,
respectively. All of these time- and frequency-domain
measures were calculated according to the definition by
Prieto et al. (45).

The COP AP and ML time series were further differenti-
ated to derive the COP velocity time series for the AP and
ML directions, respectively. Similar to our previous study (15),
the same frequency-domain measures as the COP time series
were calculated for these COP velocity time series.

Statistical Analyses

The data are expressed as mean 6 SD. For each eye condi-
tion, a 2-way mixed factorial ANOVA (group 3 time;
group = between subjects, aquatic exercise and seated rest
groups; time = within subjects, preintervention and postin-
tervention) was performed to compare the effects of inter-
ventions (the aquatic exercise and seated rest sessions). In
addition, a paired t-test with a Bonferroni’s correction was
performed to compare preintervention and postintervention
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Figure 1. Exercise intensity and duration of the aquatic exercise session
(mean 6 SD). A 5-minute break was excluded from the total exercise
duration.
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TABLE 2. Frequency-domain measures of the COP time series.*

Eyes open Eyes closed

Aquatic exercise Seated rest Aquatic exercise Seated rest

Pre Post Pre Post Pre Post Pre Post

Total power—AP
(mm2)

13.1 6 12.1 10.7 6 8.2 8.06 6 3.07 7.10 6 2.76 14.0 6 9.6 16.5 6 13.7 12.8 6 7.6 11.3 6 6.1

Total power—ML
(mm2)

6.77 6 4.12 7.14 6 5.09 7.81 6 6.24 8.37 6 7.09 11.3 6 8.3 9.95 6 6.54 12.2 6 8.1 11.0 6 6.4†

Mean power
frequency—AP
(Hz)

0.195 6 0.076 0.207 6 0.058 0.180 6 0.047 0.220 6 0.104 0.299 6 0.085 0.269 6 0.076 0.251 6 0.063 0.265 6 0.073

Mean power
frequency—ML
(Hz)

0.265 6 0.095 0.240 6 0.107 0.259 6 0.070 0.272 6 0.098 0.325 6 0.111 0.294 6 0.112 0.308 6 0.103 0.335 6 0.069

50% power
frequency—AP
(Hz)

0.088 6 0.045 0.103 6 0.054 0.081 6 0.042 0.114 6 0.085 0.194 6 0.095 0.158 6 0.069 0.128 6 0.082 0.131 6 0.069z

50% power
frequency—ML
(Hz)

0.134 6 0.078 0.132 6 0.084 0.115 6 0.071 0.136 6 0.081 0.183 6 0.102 0.168 6 0.088 0.175 6 0.103 0.179 6 0.064

95% power
frequency—AP
(Hz)

0.712 6 0.253 0.756 6 0.189 0.681 6 0.170 0.746 6 0.256 0.915 6 0.224 0.853 6 0.204 0.842 6 0.174 0.907 6 0.259

95% power
frequency—ML
(Hz)

0.976 6 0.265 0.830 6 0.322§ 0.954 6 0.160 0.950 6 0.222 1.15 6 0.21 1.06 6 0.32 1.10 6 0.24 1.22 6 0.23k

*COP = center-of-pressure; AP = in the anterior-posterior direction; ML = in the medial-lateral direction; ANOVA = analysis of variance.
†Significant time effect analyzed for eye condition by ANOVA, p # 0.05.
zSignificant group effect analyzed for eye condition by ANOVA, p # 0.05.
§Significant difference between the preintervention and postintervention values by t-test with a Bonferroni’s correction, p # 0.05.
kSignificant interaction effect analyzed for eye condition by ANOVA, p # 0.05.
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TABLE 3. Frequency-domain measures of the COP velocity time series.*

Eyes open Eyes closed

Aquatic exercise Seated rest Aquatic exercise Seated rest

Pre Post Pre Post Pre Post Pre Post

Total power—AP (mm2) 47.9 6 21.9 47.7 6 24.8 35.1 6 17.0 37.4 6 20.5 109 6 63 95.0 6 44.8 87.4 6 52.9 88.7 6 59.4
Total power—ML (mm2) 47.7 6 33.8 35.3 6 17.0† 58.5 6 52.8 62.9 6 53.7z 108 6 70 79.0 6 43.4† 112 6 73 137 6 126z
Mean power
frequency—AP (Hz)

1.34 6 0.26 1.30 6 0.22 1.39 6 0.38 1.33 6 0.34 1.40 6 0.23 1.34 6 0.31 1.42 6 0.35 1.43 6 0.40

Mean power
frequency—ML (Hz)

1.31 6 0.21 1.29 6 0.20 1.36 6 0.25 1.34 6 0.23 1.38 6 0.15 1.33 6 0.16 1.47 6 0.22 1.47 6 0.23

50% power
frequency—AP (Hz)

1.00 6 0.21 0.98 6 0.18 1.04 6 0.36 0.96 6 0.33 1.04 6 0.17 1.05 6 0.26 1.05 6 0.37 1.10 6 0.41

50% power
frequency—ML (Hz)

1.10 6 0.18 1.11 6 0.23 1.13 6 0.24 1.09 6 0.20 1.22 6 0.15 1.20 6 0.21 1.25 6 0.18 1.28 6 0.20

95% power
frequency—AP (Hz)

3.62 6 0.72 3.53 6 0.67 3.73 6 0.62 3.58 6 0.73 3.70 6 0.68 3.51 6 0.77 3.89 6 0.79 3.74 6 0.85§

95% power
frequency—ML (Hz)

3.10 6 0.60 3.04 6 0.41 3.35 6 0.79 3.30 6 0.67 3.06 6 0.48 2.94 6 0.41 3.51 6 0.75 3.45 6 0.77k

*COP = center-of-pressure; AP = in the anterior-posterior direction; ML = in the medial-lateral direction; ANOVA = analysis of variance.
†Significant difference between the preintervention and postintervention values by t-test with a Bonferroni’s correction, p # 0.05.
zSignificant interaction effect analyzed for eye condition by ANOVA, p # 0.05.
§Significant time effect analyzed for eye condition by ANOVA, p # 0.05.
kSignificant group effect analyzed for eye condition by ANOVA, p # 0.05.
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values for each COP fluctuation measure. The data were
considered statistically significant if p # 0.05. All statistical
analyses were performed using IBM SPSS Statistics 19
(SPSS Japan Inc., an IBM Company, Tokyo, Japan).

RESULTS

Exercise Intensity in Aquatic Exercise Session

Figure 1 shows the exercise intensity (%HRmax) and duration
of the exercise session. Mean HR was 102.6 6 5.7 b$min21,
which corresponds to an exercise intensity of 61.4 6 2.9%
HRmax.

Time-Domain Measures of Center-of-Pressure Fluctuations

According to 2-way ANOVA, there were significant inter-
action effects in mean velocity with eyes open (p = 0.025)
and closed (p = 0.003) and mean velocity of the COP ML
time series (mean velocity in the ML direction) with eyes
open (p = 0.019) and closed (p = 0.004) (Table 1).
Bonferroni-corrected paired t-tests revealed significant differ-
ences between pre- and post-exercise values in mean veloc-
ity with eyes open (p = 0.049) and closed (p = 0.018) and
mean velocity in the ML direction with eyes open (p =
0.043) and closed (p = 0.009). There were no significant
differences between preseated and postseated rest values in
any parameter.

Frequency-Domain Measures of Center-of-Pressure

Time Series

There was a significant interaction effect in 95% power
frequency in the ML direction with eyes closed (p = 0.005)
(Table 2). A significant group effect was found in 50% power
frequency in the AP direction with eyes closed (p = 0.025),
and a significant time effect was found in total power in the
ML direction with eyes closed (p = 0.039). There was a sig-
nificant difference between pre- and post-exercise values in
95% power frequency in the ML direction with eyes open
(p = 0.024). No significant differences were found between
preseated and postseated rest values in any parameter.

Frequency-Domain Measures of Center-of-Pressure Velocity

Time Series

There were significant interaction effects in total power in
the ML direction with eyes open (p = 0.015) and closed (p =
0.004). A significant group effect was found in 95% power
frequency in the ML direction with eyes closed (p = 0.021),
and a significant time effect was found in 95% power fre-
quency in the AP direction with eyes closed (p = 0.014)
(Table 3). There were significant differences between pre-
and post-exercise values in total power in the ML direction
with eyes open (p = 0.046) and closed (p = 0.012). No sig-
nificant differences were found between preseated and post-
seated rest values in any parameter.

DISCUSSION

We hypothesized that a single session of moderate-
intensity exercise would positively affect postural stability

in middle-aged and elderly adults. There were significant
interaction effects and significant changes/decreases after
exercise in the mean velocity of COP fluctuations with
eyes open and closed, mean velocity of COP fluctuations in
the ML direction with eyes open and closed, and total
power of the COP velocity time series in the ML direction
with eyes open and closed. The total power of the COP
velocity time series reflects the mean velocity of COP
fluctuations because the total power of a time series is
related to its variance; a larger variance in a velocity time
series indicates high-frequency occurrence of faster veloc-
ity. Thus, the results of this study suggest that a single
session of moderate-intensity exercise slowed down
spontaneous COP fluctuations during quiet standing,
which is similar to our previous study with lower extremity
arthritis.

The mean velocity of the COP is a reliable (27) and sen-
sitive (32,45) measure of COP fluctuations. Many studies
have demonstrated an increase in the mean velocity of the
COP in normal aging (14,27,32,45) and after fatiguing exer-
cise (36,39,40,50). Thus, the change/slowing down observed
in this study is opposite to COP changes that are age related
and fatigue induced. Because aging and fatigue are known
generally to cause impaired balance, the present results likely
indicate that a single moderate-intensity aquatic exercise
session positively affects postural stability, thereby validating
our study hypothesis.

The slowing down of COP fluctuations after the aquatic
exercise session occurred predominantly in the ML direc-
tion. Prior research suggests that increased postural sway in
the ML direction is more strongly associated with balance
deficits accompanying aging (25) and falls (30) than is pos-
tural sway in the AP direction. Thus, the current results pro-
vide further support for the notion that a single exercise
session has positive effects on postural stability.

Postural stability during quiet standing depends on
effective regulation of the sensorimotor system while inte-
grating sensory information from the visual, vestibular, and
somatosensory systems (22). Among these processes, lower-
limb proprioception is suggested to be a major contributor to
balance control during quiet standing (13,31). Previous
research has found that even just 1 exercise session can
positively affect lower-limb proprioception; for example,
warm-up exercises improve an individual’s ability to sense
his or her knee joint position (1,2). Furthermore, a single
exercise session can increase nerve conduction velocity
(18,48), which is a component of the sensorimotor system.
Lower-limb proprioception sensitivity deteriorates with nor-
mal aging (24,47), and this deterioration has been implicated
in increased postural sway (29,34) and a history of falls (28).
Nerve conduction velocity also decreases with normal aging
(9,41), and this decrease contributes to a slowing of muscle
responses to postural perturbation, thereby increasing pos-
tural sway (20,38). Thus, a single exercise session can poten-
tially compensate—at least temporarily—for the age-related
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deterioration of postural control mechanisms, consequently
improving postural stability.

One of the factors contributing to the increase in pro-
prioceptive sensitivity (10,37) and nerve conduction velocity
(5,7) through a single exercise session is the increase in body
temperature. This suggests that the positive effects of a single
exercise session found in this study may not persist for long.
Future studies should investigate the duration of these effects
and the physiological mechanisms underlying the acute pos-
itive effects of exercise.

In this study, the mean intensity of the aquatic exercise
session was approximately 60%HRmax (i.e., moderate exer-
cise intensity). Therefore, the aquatic exercise session did
not cause fatigue that could lead to deterioration of postural
stability. Previous studies investigating the acute effects of
submaximal aerobic exercise on postural balance found that
COP fluctuations increased slightly after a 2-km walk on
the treadmill at an intensity equivalent to “4” on the Borg’s
Category Ratio 10 scale (8) and remained unchanged after
60 minutes on the ergocycle at 70% of the ventilatory
threshold (35), 30 minutes of treadmill walking and tread-
mill running of equal energy expenditure (at speeds of 1.9–
2.2 m$s21) (6), and 25 minutes on the treadmill (walking)
and ergocycle at approximately 55%HRmax (40). Our pres-
ent findings, slowing down of COP fluctuations after exer-
cise, were inconsistent with the results of these studies. A
possible explanation may be the difference in participants’
ages. Participants of this study were healthy middle-aged
and elderly adults, whereas participants of the studies by
Mello et al. (35), Derave et al. (6), and Nardone et al. (40)
were healthy young adults. Thus, submaximal aerobic exer-
cise neither positively nor negatively affected postural sta-
bility in the young adults studied. As we mentioned earlier,
the physiological mechanisms controlling postural stability
during quiet standing deteriorates with aging (9,24,41,47),
which a single session of moderate-intensity exercise may
affect positively. Therefore, middle-aged and elderly partic-
ipants may be able to benefit more from a single session of
exercise than might younger participants. The subjects of
the study by Donath et al. (8) were the same generation as
those in this study, but their study showed a slight increase
in COP fluctuations after exercise. Exercise intensity in the
study by Donath et al. (8) was designed to be equivalent to
a “4” on the Borg’s Category Ratio 10 scale, which was
measured to be about 75% of maximal oxygen uptake. It
is thought to be higher than that in this study and may be
one of the reasons for the different outcomes observed in
both studies.

The type of exercise can affect the acute effects of
exercise on postural stability. Although no significant
differences were found between pre- and post-exercise
values in the research by Derave et al. (6), they found
a larger increase in the mean velocity of COP fluctuations
after submaximal treadmill running than after treadmill
walking of equal energy expenditure and duration, as

ascertained by a significant interaction effect in the
ANOVA. They also found more excessive head movement
during running than while walking, which suggested that
the larger increase in COP fluctuations observed after run-
ning was possibly due to larger disturbances to the vestib-
ular and visual systems while running. Investigating the
effects of strenuous aerobic exercise, Lepers et al. (26)
noted that young participants displayed a larger postural
sway during platform oscillations after a strenuous 25-km
run than after exercising on the ergocycle at equivalent
intensity for a similar duration, suggesting less effective
use of vestibular inputs after running. The aquatic exercise
used in this study is performed in a unique environment of
water with a low-gravity load and turbulence. These con-
ditions could induce smaller vertical oscillations of the
head and subjects’ greater challenge to postural instability
during exercise compared with those on land, which may
be advantageous for improvement of postural control.
Thus, in addition to variations in exercise intensity, differ-
ences in the type of exercise performed possibly contrib-
uted to the different outcomes obtained between this study
and the submaximal treadmill walking study conducted
by Donath et al. (8) in which participants were healthy
seniors.

In conclusion, the results of this study demonstrate that
a single session of moderate-intensity aquatic exercise has
acute positive effects on postural stability in middle-aged and
elderly women, especially indicated by the slowing down of
COP fluctuations during quiet standing.

PRACTICAL APPLICATIONS

Loss of postural stability with normal aging is related to
impairments in ADLs (11,17) and is a well-known risk factor
for falls (43). Although they may be transient and not persist
for long, the acute positive effects of exercise on postural
stability attained in this study will contribute toward pre-
venting falls and consequent injuries, as well as further im-
pairments in ADLs. Thus, fitness consultants and instructors
have a new option when providing a single exercise session.
They will need to carefully select exercises of appropriate
intensity and type to obtain benefits from the acute exercise.
Fatigue caused by strenuous muscular or aerobic exercise
impairs postural stability (36,39,40,50). Research has shown
that exercises involving large head movement may also do
so (6,26). At this point, we recommend moderate-intensity
aquatic exercise, used in our present and previous studies
(15), as a viable option that fitness consultants/instructors
working with middle-aged and elderly adults consider when
designing exercise programs leveraging the acute positive
effects of exercise in enhancing postural stability.
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