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Abstract

The objectives of this study were to assess the within-day and between-day reliability of several center of pressure (COP)-based measures
of postural sway and identify whether there were age-related differences in reliability. Thirty-two healthy individuals (16 younger and 16
older) participated. COP was recorded during quiet upright stance on 4 different days, and a variety of measures determined: mean velocity,
median power frequency, RMS distance, sway area, and two fractal measures derived from Hurst rescaled range analysis (Hg/s) and detrended
fluctuation analysis (DFA). Intraclass correlation coefficient (ICC) and standard error of measurement (SEM) were used to quantify reliability.
Mean velocity was the most reliable measure. DFA exponents had relatively better reliability than Hg,s exponents. In general, within-day
reliability was better than between-day. In comparison with younger participants, older participants exhibited better relative reliability (ICC)
for all COP measures and comparable absolute reliability (SEM) except for mean velocity and sway area. These results may be useful in
guiding the future selection and interpretation of COP-based measures.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Assessment of human postural (or balance) control is of
frequent interest to researchers and clinicians. Decrements in
balance control have been considered an important factor in
the probability of a fall [1,2], and falls are often a proximal
cause of injury and disability in the general population as well
as in contemporary industry [3.,4]. Performance of the balance
control system is commonly assessed in the laboratory by
quantifying sway during quiet upright stance. The most
commonly used measures of sway are various parameters
derived from temporal patterns of center of pressure (COP).
Traditional COP-based measures (e.g. ellipse area, mean COP
velocity, etc.) have demonstrated differences with age [5,6],
sensory conditions [7], and pathology [8,9], and have been
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related to risk of falls [1,2]. However, it has also been
suggested that these measures ignore the dynamic character-
istics of COP movement and do not represent more subtle
aspects of postural control [10]. To overcome these
limitations, some modern approaches have been described,
including Hurst rescaled range analysis (Hg/s) and detrended
fluctuation analysis (DFA), which are intended to reveal the
underlying fractal properties of the COP time series. Some of
these modern methods have been reported as being more
sensitive to factors thought to affect balance (e.g. fractal COP
measures are more sensitive to age-related changes [11]).
In general, selection of a sway measure for research or
clinical use should be motivated by several factors, including
the measure reliability. COP mean velocity, for example, has
been reported as the most reliable among traditional
measures [12—14], and within-day results appear to have
better reliability than between-day results [15]. Despite
these valuable studies, important questions remain regarding
the reliability of COP-based measures of postural control.
No study to our knowledge has investigated the reliability of
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the Hg,s exponent. Only one study assessed within-day
reliability of Hurst exponent derived from DFA method and
age-related differences [16]. Whether age-related differ-
ences in reliability are present for other COP measures
remains unknown. In the present study, we assessed within-
and between-day reliability of both traditional COP
measures and two more recent measures. Results from this
work were intended to facilitate better selection of COP-
based sway measures in future studies.

2. Methods
2.1. Participants

Thirty-two healthy individuals (16 younger and 16 older, gender
balanced in each group) from the University and local community
volunteered for the study (Table 1). The two age groups were
intended to represent individuals near the typical beginning and end
of working life. They had no self-reported injuries, illnesses,
musculoskeletal disorders, or occurrences of falls in the past year.
All completed an informed consent procedure approved by the
Virginia Tech Institutional Review Board.

2.2. Procedures

Each participant completed four test sessions (sessions 1-4) on
4 different days. All sessions were done in the same laboratory
environment, by the same experimenters with a minimum of 2 days
between sessions. Each session consisted of three successive trials
of quiet upright stance, with a rest period of approximately 1 min
between trials. During each trial, participants stood as still as
possible while barefoot, feet together, eyes closed, head facing
straight ahead, and arms at their sides. Trials were conducted in a
closed room to minimize any noise or other disturbances. Repeat-
ability of foot placement between trials was maintained by out-
lining the feet on poster board placed on top of the force platform.
Each trial lasted 75 s, with the initial 10 s and last 5 s removed to
avoid initial transients and anticipation effects, respectively. Triax-
ial ground reaction forces and moments were sampled at 100 Hz
using a force platform (AMTI OR6-7-1000, Watertown, MA,
USA), low-pass filtered (2nd order, zero-phase-lag, Butterworth,
5 Hz cut-off frequency), and transformed to obtain COP values
[17].

2.3. Data analysis
Dependent variables were COP-based sway measures derived
from the stabilograms (temporal patterns of COP). The following

traditional COP-based measures were determined according to the

Table 1
Participant characteristics (mean £ S.D.)

Age group  Gender Age Stature (cm)  Body mass
(kg)
Younger Male (N =8) 203+14 176.1+£46 747121
Female (N=8) 21.54+20 166.1+52 59.6+5.1
Older Male (N =8) 654+£37 1755+81 8894133
Female (N=8) 60.8+64 1602+75 662+158

recommendations of Prieto et al. [6]: (1) median power frequency;
(2) mean velocity; (3) RMS distance; and (4) sway area. In addition,
Hyss exponent [18] and DFA exponent [11] were calculated.
Median power frequency, mean velocity, Hg;s exponent, and
DFA exponent were determined in both the antero-posterior
(AP) and medial-lateral (ML) directions. Increases in the tradi-
tional COP-based measures are typically interpreted as an overall
deterioration of postural control [6,11,19]. Hy;s and DFA expo-
nents are measures of long-range dependence (persistence or anti-
persistence) in a time series [11,20,21]. Hg/s ranges from O to 1. Hg,
s > 0.5 represents persistence (the greater Hg,s the more persistent)
and Hgss < 0.5 represents anti-persistence (smaller Hg/s = more
anti-persistent), though this only applies to fractional Gaussian
noise (fGn). For fractional Brownian motion (fBm), Hg/s analysis
can only be applied to anti-persistent data series and Hg;s > 0.5
represents anti-persistence (smaller Hg,s = more anti-persistent)
[11,21]. DFA exponents vary between 0 and 2. If the signal behaves
as fGn, DFA exponents range from O to 1. If the signal behaves as
fBm, DFA exponents range from 1 to 2. When DFA < 0.5 or
1 < DFA < 1.5, the signal is anti-persistent (smaller DFA = more
anti-persistent). When 0.5 < DFA < 1 or 1.5 < DFA < 2, the sig-
nal is persistent (larger DFA = more persistent). Some diversity
exists regarding how these exponents are to be practically inter-
preted. However, Collins et al. [10] have suggested that greater
persistence of the COP series is correlated with increased muscle
activity and decline in postural stability. Greater anti-persistence
has been suggested to reflect a more tightly controlled postural
system [16].

Preliminary analysis of the data was focused on systematic
variations associated with day, trial, and age. Since the time of
the experiment in each day and the interval between sessions
were not tightly controlled, these two factors were considered as
potential covariates to minimize the variability associated with
them. Thus, an initial three-way MANCOVA with time of day
and session interval as covariates was performed to test the
effects of age, trial, and day on all dependent variables. A
significant main effect was followed up with univariate ANCO-
VAs for each COP measure.

Reliability of each COP-based measure was quantified using
ICC and SEM [22]. ICC was chosen to assess relative reliability
[23-25], and is determined as between-subject variance versus total
variance. ICC ranges from O (no reliability) to 1 (perfect relia-
bility), and was interpreted using the following criteria: 0.00-0.39
poor, 0.40-0.59 fair, 0.60-0.74 good and 0.75-1.00 excellent [26].
SEM was selected to test absolute reliability [23-25], and provides
an estimate of the precision of measurement [22]. It can help
distinguish low ICCs caused by large within-subjects variability
from low ICCs caused by a narrow measurement range [27]. A high
SEM indicates a high level of error and implies non-reproducibility
of tested values.

ICCs and SEMs were calculated using a statistical model reported
by Eliasziw et al. [28] with the day effect as random. This model
allows concurrent assessment of within- and between-day reliability.
Both within- and between-day reliability coefficients were derived
from multiple observations, which can effectively increase the
sample size available for estimating each coefficient and thereby
improve the precision of the results [28]. Significant interaction
effects of age x time of day and age x session interval were found
from the initial MANCOVA. Thus, these two factors (time of day and
session interval) were added into the ANOVA model of Eliasziw et al.
[28] as covariates to remove the variability associated with them. A
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Table 2
COP-based measures obtained from younger and older participants

Younger Older
Mean S.D. Mean S.D.

Median power frequency (ML) (Hz) 0.36 0.09 0.48 0.14
Median power frequency (AP) (Hz) 0.35 0.07 0.43 0.12

Mean velocity (ML) (mm/s) 11.4 4.7 18.0 9.9
Mean velocity (AP) (mm/s) 8.7 2.6 13.7 8.8
RMS distance (mm) 8.8 2.9 8.7 2.3
Sway area (mm?/s) 41.7 23.2 68.4 68.9
Hpgs exponent (ML) 0.92 0.03 0.90 0.03
Hg/s exponent (AP) 0.93 0.02 0.92 0.03
DFA exponent (ML) 1.36 0.10 1.25 0.10
DFA exponent (AP) 1.41 0.08 1.32 0.11

separate ANCOVA was performed for each age group. For each ICC
obtained, the 95% one-sided lower-limit confidence interval (CI) was
calculated to provide a range of values that is likely to cover the true
population value [28]. The level of significance was setat p = 0.05 for
all statistical tests.

3. Results

Descriptive summaries of the COP-based measures for
both age groups are presented in Table 2. Preliminary
MANCOVA results indicated significant effects of age
(p <0.0001) and day (p < 0.0001). There was no
significant trial effect (p = 0.41) or day X trial interaction
(p =0.81). Time of day and session interval as covariates
also had no significant effects (p =0.28 and p=0.12,
respectively). Subsequent univariate ANCOVAs indicated
significant age effects on all COP measures except for RMS
distance (p =0.97) and sway area (p =0.17). Significant
day effects were found for ML median power frequency, AP
median power frequency, AP Hg,s exponent, and AP DFA
exponent. No clear pattern was evident with respect to day
for any of the COP measures, except for median power
frequency. In both the AP and ML directions, median power
frequency was ~8% lower in days 2—4 versus day 1.

3.1. Reliability of COP-based sway measures

ICCs, the 95% one-sided lower-limit CIs, and SEMs of
younger and older participants are summarized in Tables 3
and 4 for within-day and between-day, respectively. Several
trends were evident. Mean velocity (AP and ML) was the
most reliable measure and had excellent ICC values. SEM
values for mean velocity were slightly lower in the AP than
the ML direction. Median power frequency (AP and ML)
showed a relatively wide range of ICC values, indicating
poor—excellent reliability. SEM values for median power
were comparable in the AP and ML directions. RMS
distance and sway area showed good-excellent ICC values.
ICC values for the fractal measures were fair to excellent.
DFA exponents (AP and ML) had higher ICC values
compared with Hg,s exponents. SEM values for fractal
measures were slightly lower in the AP than the ML
direction.

3.2. Within- and between-day reliability

In general, within-day reliability was superior to
between-day reliability for both age groups. All but one
of the COP-based measures showed higher ICC values for
within-day than between-day; the exception was median
power frequency (AP, older group), which had equal ICC
values for within-day and between-day. SEM values of
within-day were lower than or equal to those of between-day
for all COP-based measures.

3.3. Younger versus older participants

For all COP-based measures, higher ICCs were found in
the older group for both within-day and between-day
measures. Less consistent differences were found for SEMs.
The older group had higher SEM values for median power
frequency (ML and AP), mean velocity (ML and AP), and
sway area, but lower or equal SEM values for RMS distance,
Hg/s exponents (ML and AP), and DFA exponents (ML and
AP).

Table 3
Within-day reliability

Younger Older

ICC 95% one-sided SEM 1CC 95% one-sided SEM

lower limit CI lower limit CI

Median power frequency (ML) (Hz) 0.61 0.31 0.06 0.77 0.52 0.07
Median power frequency (AP) (Hz) 0.41 0.01 0.06 0.57 0.27 0.08
Mean velocity (ML) (mm/s) 0.91 0.81 14 0.95 0.90 2.3
Mean velocity (AP) (mm/s) 0.86 0.72 1.0 0.95 0.91 1.9
RMS distance (mm) 0.80 0.61 1.3 0.82 0.66 1.0
Sway area (mm?/s) 0.79 0.60 10.5 0.92 0.84 19.4
Hy/s exponent (ML) 0.65 0.30 0.02 0.70 0.44 0.02
Hpy,s exponent (AP) 0.48 0.12 0.01 0.76 0.53 0.01
DFA exponent (ML) 0.76 0.51 0.05 0.82 0.64 0.04
DFA exponent (AP) 0.70 0.44 0.04 0.85 0.71 0.04
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Table 4
Between-day reliability

Younger Older

ICC 95% one-sided SEM ICC 95% one-sided SEM

lower limit CI lower limit CI

Median power frequency (ML) (Hz) 0.55 0.40 0.06 0.56 0.39 0.09
Median power frequency (AP) (Hz) 0.34 0.20 0.06 0.57 0.42 0.08
Mean velocity (ML) (mm/s) 0.79 0.67 2.1 0.91 0.85 2.9
Mean velocity (AP) (mm/s) 0.77 0.65 1.2 0.92 0.87 24
RMS distance (mm) 0.71 0.57 1.6 0.80 0.70 1.0
Sway area (mm?/s) 0.72 0.59 12.2 0.90 0.83 22.1
Hpg/s exponent (ML) 0.46 0.29 0.02 0.61 0.45 0.02
Hg/s exponent (AP) 0.44 0.30 0.02 0.67 0.53 0.02
DFA (ML) 0.61 0.45 0.06 0.74 0.61 0.05
DFA (AP) 0.61 0.46 0.05 0.82 0.72 0.04

4. Discussion

The main objective of this study was to assess within- and
between-day test—retest reliability of several postural sway
measures and to investigate age-related differences in
reliability. Overall, the results indicate that COP-based
measures have quite diverse levels of reliability. Among the
measures obtained, mean velocity was the most reliable, in
accordance with previous studies [12—-14]. Using seven
healthy and older participants, Lafond et al. [12] reported
within-day ICC values (AP and ML) of 0.77 and 0.90 for
mean velocity, 0.02 and 0.24 for median power frequency,
0.52 and 0.61 for RMS distance, and an ICC = 0.47 for sway
area. In the present study, a similar participant group and the
same condition (eyes closed, hard surface, 60 s trial) were
used, with higher ICC values obtained for all these
measures. This discrepancy may be due to the different
statistical model used by this study in determining mean
square terms in ICC calculations. By using this model, both
within-day and between-day reliability coefficients are
derived from multiple observations [28]. It has been
suggested that increasing the number of repetitions can
decrease the weight of the error variance compared with the
true score [29], which leads to higher ICC values. Another
possible explanation is the larger number of participants
recruited in the current study.

Although a number of methods have been employed to
analyze fractal properties of COP data series
[10,11,16,18,30], few studies have reported the reliability
of these fractal measures. Amoud et al. [16] investigated
within-day reliability of Hurst exponents derived from DFA
for different trial durations (2.5 s, 5 s, and 10 s). ICC values
increased with trial duration. Mean ICC values (AP and ML)
in the 10 s trials were 0.48 and 0.52 among a younger group,
and 0.75 and 0.62 in an older group. DFA exponent was
derived similarly in the present study, and the corresponding
within-day ICC values (AP and ML) were 0.70 and 0.76 for
younger group, and 0.85 and 0.82 (AP and ML) for older
group. The higher ICC values found here can be attributed to
the substantially longer trial duration (60 s) employed, since
reliability is directly related to trial duration [12,16]. In

addition, Amoud et al. [16] had no constraints on foot
placement. Doyle et al. [31] assessed the within-day
reliability of the COP fractal dimension (D) in different
vision and surface conditions using 30 healthy young
participants. D measures the complexity of a signal and is a
local property. In principle, D is independent of Hyg,s and
DFA exponents, since the latter two are measures of global
characteristics [32]. However, for a COP time series, which
can be considered a fractal process [11,16,18,21], the local
properties are reflected in the global ones. Thus, D is related
to Hg,s and DFA exponents for COP series. Doyle et al. [31]
reported ICC values for D of 0.80 and 0.75 (AP and ML) for
the condition with eyes closed and a hard surface. Results for
within-day ICC of DFA exponents in the present study, from
younger participants and using the same testing conditions,
were 0.70 and 0.76 (AP and ML), comparable to the findings
of Doyle et al. ICCs for Hg,5 exponents in the current study
were lower than those for DFA exponents, and also lower
than values of D reported by Doyle et al. [31], though they
were comparable with the findings of Amoud et al. [16].

It is unclear why the different fractal measures exhibited
different levels of reliability. Differences in the algorithms
used to derive the measures may account for some of the
discrepancies. However, ICC should be interpreted with
caution. ICC is determined as the ratio of the variance
between subjects to the total variance [24]. In general, a high
ICC value indicates that most of the observed variance is
attributed to difference between subject measurements and
proportionately little variance is due to error related with
repeated measurement. However, the lower ICC values may
have resulted from either large inter-session variances or
small variance between subjects. With less between-subjects
variance, the same test-retest variation will represent
proportionately more of the total variance and lead to
lower ICC [33]. Here, the smaller variance of Hg/s exponent
among subjects (as indicated by the SDs in Table 2) may
have contributed to the lower ICC values.

Relatively few studies have reported between-day
reliability of COP-based measures. However, it is common
to assess the effect of an intervention on postural stability
over the course of several days in practice. Samson and
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Crowe [34] used CV to assess the reliability of mean velocity
across 3 days and reported mean CVs of 8.5% and 10.6% for
eyes closed and eyes open conditions, respectively.
Benvenuti et al. [15] used ICC to assess the short-term
reliability (4 h between trials) and long-term reliability
(1 week between sessions) of several COP-based measures
and found higher short-term ICC values. The present study
found that within-day reliability was better than between-
day reliability, consistent with the work of Benvenuti et al.
[15]. The lower between-day reliability may be attributed to
a change in postural control over days, as a significant
multivariate day effect was found. It has been suggested that
a long-term postural control adaptation can occur between
consecutive test days [35]. Such an adaptation can improve
balance maintenance by changing the postural strategy.
However, except for a decrease in median power frequency,
no other obvious trends were found over the repeated
experimental sessions. It is likely that as yet unidentified
random effects between days were responsible.

The other objective of this study was to identify age-
related differences in the reliability of COP-based measures.
Higher ICCs were found among healthy older participants.
This is consistent with the findings of Amoud et al. [16], who
reported higher ICCs for Hurst exponents among older
individuals, though significant differences were only
observed in the AP and resultant directions. The higher
ICC values may have resulted from a higher variation of
measures among the older participants (as indicated by the
SDs in Table 2). A number of age-related deficits (e.g.
decline in visual function, reduced muscle strength, etc.) are
possible causes of the decreased postural stability in the
elderly [36,37]. These deficits, however, are likely specific
for each individual, leading to a higher between-subject
variance in the older group.

One potential limitation should be noted here. Only
healthy participants were included. Since it has been
suggested that ICC should only be applied when a fixed
population of individuals can be well defined [23], the current
reliability results may not generalize to other populations,
such as older people with a history of falls, and patients with
disorders related to and/or affecting postural control.

In summary, the within-day and between-day reliability
of several COP measures has been determined, including
relatively new fractal-based measures, and age-related
differences in reliability were identified. Mean velocity
was the most reliable measure, consistent with earlier
reports. Among the two fractal-based measures studied,
DFA exponents were relatively more reliable than Hy/g
exponents. Within-day reliability was generally better than
between-day reliability. Older participants showed better
relative reliability (ICC) across all COP measures and
comparable absolute reliability (SEM) except for mean
velocity and sway area. These results can facilitate the
selection of reliable postural sway measures and protocols,
and the interpretation of COP-based results obtained from
studies of postural control.
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