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Abstract: The aim of this study was to estimate the test-retest reliability of some commonly used center of
pressure measures in postural control investigations of sport injuries under the diverse stressful postural
conditions. Twelve patients with anterior cruciate ligament injury were evaluated on two separate sessions. The
center of pressure was recorded from force platform and the following measures were calculated (1) standard
deviation of amplitude (2) mean velocity (3) standard deviation of velocity (4) phase plane parameters and (5)
area (95% confidence ellipse). Relative and absolute reliability was assessed using intra-class correlation
coefficient and coefficient of variation, respectively. Mean velocity and total phase plane parameters were the
most reliable measures having high to very lugh correlation across all postural conditions. The mean and range
of intra-class correlation coefficient for mean velocity and total phase plane parameters were (.88 (range: 0.80
to 0.96) and 0.81 (range: 0.71 to 0.88), respectively. Interestingly, pattern of the coefficient of variation values
was, to a great extent, consistent with the intra-class correlation coefficients. Therefore, mean velocity and total
phase plane parameters may be sensitive center of pressure measures to differentiate balance between Anterior
Cruciate Ligament (ACL) injured patients and to evaluate the effect of a rehabilitation program in this
population.
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INTRODUCTION

The maintenance of an erect stance 1s an integral part
of several goal directed actions (Corbeil ef af., 2004). The
importance of this motor behavior is so that in sport
injuries especially Anterior Cruciate Ligament (ACL)
mjury, return to play decision s dependent on optimal
postural control (Henriksson ef al., 2001).

Impaired postural control has been reported after
ACL injury (Gauffin et al., 1990; Lysholm et al., 1998).
These studies have typically used force platform to
calculate the location of the resultant ground reaction
forces from the foot, termed the Center of Pressure (COP)
(Lafond et ai., 2004).

Like any other measures, postural control measures
are affected by measurement error thus establishing
the reliability of force platform measures 1s critical
(Corriveau et al, 2001, Lafond et af. 2004). Small
measurement error in repeated administration of a test
indicates good reliability (Batterhama and George, 2003).

Identifying the measurement error 1s a major concern
for chinicians when they use COP measures to differentiate
balance performance between individuals as well as to
detect changes in balance following an intervention
program which requires determining relative and absolute
reliability, respectively (Atkinson and Nevill, 1998;
Dombholdt, 2005). With regard to evaluative purposes, a

balance intervention 1s effective when the clinical
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Table 1: Summary of reliability sudies of different postural parameters

Authors Postural parameter Participant Sample size Outcome

Lafond et ad. (2004) COP mean velocity Healthy elderly 7 ICC =0.83, 0.94 for AP and ML direction
COP RMS (one group) T1CC = 0.58,0.58 for AP and M1 direction
COP range ICC =0.52, 0.62 for AP and ML direction
Power frequency 1CC = 0.44, 0.30 for AP and MI. direction
COP area ICC=041

Corriveau et af. (2000) COP-COM RMS Healthy elderly 7 1CC =0.79, 0.69 for AP and MI. direction

(one group)

Dayle et al. (2003) COP peak velocity Healthy young 20 ICC=0.05t0 0.29
COP range (one group) ICC=-0.28t00.72
COP area ICC=-0.01 to 0.95
Fractal dimension ICC=0.62100.90

Benvenuti et of. (1999) COG area Healthy and patient 36 CC=071
COG velocity elderly (one group) ICC=076
COP mean velocity CC=074

Corriveau et af. (2001) COP-COM RMS Healthy and patient 60 TICC = 0.89to 0.93 for AP direction

elderly (one group)

ICC = 0.74 to 0.79 for ML direction

difference of COP measures be greater than the
measurement error (Corriveau et al, 2000). So the
minimally metrically detectable change (MMDC) is used
to estimate this difference between two measurements
(Corriveau et a., 2000; Lafond et al., 2004).

Most of the stabilometric parameters selected for this
study have been used extensively in postural control
mvestigations  following ACL ijury/reconstruction
(Gauffin et al, 1990; Henriksson et al, 2001,
Lysholm et al., 1998). However, no evidence 1s available
supporting which parameter 1s the best indicative measure
of sway profile after a ligament injury. Thus, this test-
retest reliability study was conducted to find the best
measures having the most discriminative and evaluative
powers for detecting sway behavior of ACL injured
population. Tn addition, there have been few attempts to
establish the reliability of COP measures in healthy young
and elderly population (Doyle et al., 2005, Lafond ef al.,
2004, Santos et al., 2008) (Table 1) but reliability 1s not
mvariant across populations and different patient groups
(Dombholdt, 2005). Therefore, the objectives of this study
were to determine the test-retest reliability of some
commonly used COP measures in postural control studies
of sport injuries in ACL 1injured population and to provide
the estimate of the MMDC of these COP measures in
these patients.

MATERIALS AND METHODS

Patients: This study was conducted between Sep. 2007
and Mar. 2008. A total of 12 male patients were included
n the study. Inclusion criteria were as: (1) age between 18
and 36 years, (2) urlateral, non operated, non acute ACL
rupture with or without associated memscal mjury, (3)
uninjured contralateral limb, back or neck, (4) no history
of neurological disease or visual/vestibular disturbance
and (5) no pain more than grade two according to visual

Table 2: Mean and Standard deviation of patients’ characteristics

Characteristics MeantSD
Demographic data

Age (vear) 27.5+6.80
Height (cim) 178.146.50
Weight (kg) 88.0+12.4
Time since injury (year) 2.543.10
KOOS data®

Pain 67.0+15.7
Symptom 59.8+11.9
Activity of daity living 77.0416.7
Sport and recreation 35.8£23.9
Quality of life 27.1420.0

*Range of scores is from 0 to 100

analogue scale on the test session. Most patients of this
study have damaged following a recreational football
playing. The common age limit for this mjury may be
between 18-36 vyears. Also, this age hmit of patient
selection was used in a number of postural control studies
following ACT. tearing (Ageberg et al., 2004). All subjects
signed an informed consent before participating in the
study, which had been previously approved by the
university human research ethics committee. The knee
jury and ostecarthritis outcome score (KOOS) was used
as a measure of disability (Roos and Lohmander, 2003). It
includes five sub-scales with scoring range of 0-100.
Higher scores represent lesser knee problems. Descriptive
results for age, height, weight, time since imjury and
KOOS sub-scales are shown in Table 2.

Procedures: COP data were collected using a strain gauge
Bertec 9090-15 force platform and Bertec AM-6701
amplifier (Bertec Corporation, Columbus, Ohio, USA).
Postural sway was assessed m quiet stance with
controlled, varying levels of postural difficulty.
Participants were instructed to stand relaxed on the
central region of force platform, breath normally, let their
arms hang at their sides and looking forward. To change
the level of postural task difficulty in double limb stance,
two types of sensory feedbacks were mampulated: (1)
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visual feedback: eyes open and close and (2) foot
proprioceptive feedback: standing on rigid surface and
compliant surface with 6060 cm dimensions, 10 cm thick
medium-density foam. Combination of these factors made
three conditions in double limb stance with feet together
mcluding standing on the nigid surface with eyes opern,
standing on the rigid surface with eyes close and
standing on foam with eyes close. For single limb stance,
participants were nstructed to stand on affected and
healthy limb alternatively, on the rigid surface with eyes
open. COP data of three trials mn each condition were
collected in double and single limb stance with sampling
frequency of 200 and 500 Hz, respectively. Every trial took
30 sec in double himb stance and 20 sec in single himb
stance. The reason of choosing a higher sampling
frequency for single limb condition was to capture the
more variable dynamics of this condition and to provide
enough signal information for future analyses with non-
linear tools (Stam, 2005). To familiarize the subjects with
the task, 1 to 3 preliminary trials were performed in each
condition (Benvenuti ef al, 1999). Order of postural
conditions was randomized with five minutes rest between
each condition to avoid fatigue. For the test-retest study,
each subject was evaluated on two sessions in the same
environmental laboratory by the same experimenter, at the
same time of day, under the same postural conditions and
with a time interval of 48 h between two sessions.

Data analysis: The average of three trials of the COP
measures for each condition was used to determine the
reliability coefficient. All data were stored on a Pentium-
based PC and then exported to MATLAB for calculation
of COP measures. Anteroposterior (AP) and mediolateral
(ML) displacements of COP were measured along the
y-axis and x-axis, respectively. Residual analysis on COP
data showed a cut-off frequency of 8 Hz as the best
compromise to reject noise power, however to avoid
rejecting portions of signal power and to be in the safe
side, a cut-off frequency of 10 Hz was selected (Winter,
2005). Therefore, COP signals were filtered using a zero-
phase, sixth-order, Butterworth low-pass filter with a cut-
off frequency of 10 Hz (Santos ef af., 2008). The followimng
COP measures were calculated and used in this study: (1)
Standard Deviation (SD) of amplitude, (2) mean velocity,
(3) 5D of velocity, (4) phase plene parameters (Riley ef al.,
1995) and (5) area (95% confidence ellipse) (Suarez et al.,
2003). Phase plane parameters are the square root of
variances of velocity and displacement that were used to
quantify the phase plane information and changes in
stance stability (Riley et al., 1995).

Statistics: Tn this study, paired t-test on the differences
between two averaged scores obtained at testretest
sessions was used to determine the absence of systematic
bias. Alpha level was set at 0.05 for all statistical analyses.

Intra-Class Correlation Coefficient (ICC) is the most
common index used to report relative reliability
(Santos et al., 2008). Since the magmtude of the ICC 1s
highly dependent on data heterogeneity; a 95%
Confidence Interval (CI) was calculated and reported to
indicate precision of the estimates (Batterhama and
George, 2003). In this study, the 1CC,; was used to
express relative reliability of the measures (Shrout and
Fleiss, 1979). Range of reliability coefficients described by
Munro was used to report the degree of reliability: 0.00 to
0.25-little, if any correlation; 0.26 to 0.49-low correlation;
0.50 to 0.69, moderate correlation; 0.70 to 0.89, high
correlation and 0.90 to 1.00, very high correlation
(Mathur ef al., 2005).

Coefficient of Variation (CV) was used to express
absolute reliability and was calculated by dividing SD to
mean multiplied by 100 (Atkinson and Nevill, 1998).

The MMDC was defined as the 95% confidence
interval of standard error of measurement (+1.96 SEM)
(Corriveau et al., 2000). The SEM was calculated from root
mean square error term of ANOVA table (Weir, 2005).

RESULTS AND DISCUSSION

Table 3 shows descriptive statistic of postural
parameter scores (mean and standard deviation) for each
condition in each session.

Paired t-test demonstrated no significant difference
between the averaged scores of all parameters in test and
retest sessions (p>0.05) with the exception of area (95%
ellipse) for one condition; double limb stance on the rigid
surface with eyes open (p = 0.03).

The ICC (95% CI), CV (%) and MMDC are shown in
Table 4.

All parameters across most conditions of postural
difficulty had moderate to high correlation. Mean velocity
and total phase plane parameters were the most reliable
measures having high to very lugh correlation across all
postural conditions. The mean and range of ICC for mean
velocity and total phase plane parameters were 0.88
(range: 0.80 to 0.96) and 0.81 (range: 0.71 to 08R),
respectively. Area (95% ellipse) was the least reliable
parameter (mean: 0.55, range: 0.10to 0.75).

Pattern of the CV values was, to a great extent,
consistent with the ICCs so that mean velocity, total
phase plane and both SD of velocity and phase plane in
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Table 3: Descriptive data for COP measures

Ringle limb stance

Double limb stance (Healthy limb) (Affected limb)

Foarn surface Rigid surface Rigid surface Rigid surface Rigid surface

Eyes close Eyes close Eyes open Eyes open Eyes open
Postural
parameters Test Retest Test Retest Test Retest Test Retest Test Retest
ML
8D of velocity 3.86+0.74  3.94+0.88 2.43+049 238+0.3% 1.58+0.28 1.58+0.28 2.67+0.59  2.90+0.51 2.96+0.80  2.94+0.64
SD of amplitude  1.19+0.24  1.14+0.29 0.78+0.20 0.74+0.13 0.59£0.17 0.50+0.13 0.57+0.11  0.57+0.11 0.58£0.14 0.61+0.13
Phase plane 4.04£0.77 411091 2.56£0.51  2.50+£040 1.69+032 1.66+0.29 2.82+058  2.96+0.51 3.02+£0.80  3.01+0.64
AP
SD of velocity 3.66+0.66 3.43£097 2.09+0.50 2.07+0.63 1.44+0.35 1.35+0.23 2.88+0.68 2.70+0.78  2.75t0.77 2.85+0.52
SD of amplitude  1.34=0.40  1.24+0.31 0.68+0.19 0.68+0.18 0.50=0.15 0.45+0.10 0.73+0.16 0.75+0.21 0.74+0.25  0.78+0.24
Phase plane 3.91+0.70  3.66+0.99 2204052 2194065 1.52+0.38 1424025 2.98+0.67  2.81+0.77  2.85+0.80 2.97+0.56
Total
Mean velocity 3.90+0.74  3.80+0.84 2.31+0.54 2.28+044 1.54£0.25 1.49+0.20 3.05+0.72  3.11+0.66  3.19+0.81 3.10+£0.66
Phase plane 5.67+0.90  5.54+1.31  3.39+0.70  3.35+0.69  2.30£0.44  2.20+0.35  4.13+0.83  4.11+0.84  4.18+£1.00 4.26+0.75
Area (95% ellipse) 30.9£12.6  28.3414.5 9934529 0.38+4.24 6.41+£349  3.9241.67 8304+3.28  7.8744.14  8.92+4.98  9.5044.59

Values are shown in mean+SD, COP: Center of Pressure, SD: Standard Deviation, AP: Anteroposterior, ML: Mediolateral, Units of COP measures are as
follows: cm (SD of amplitude); cm sec™ (SD of velocity/mean velocity); cm? (Area). Phase plane is in an arbitrary unit

Table 4: Test-retest reliability analysis of COP measures

Single limb stance

Double limb stance (Healthy limb) (Affected limb)
Foam surface Rigid surface Rigid surface Rigid surface Rigid surface
Eves close Eyes close Eves open Eyes open Eyes open

Postural ICC ICC ICC ICC ICC

parameters (95%CI) ¢V MMDC  (95%CDH  CV MMDC (95%CT) CV _MMDC (95%CD  CV_ MMDC (95%CDH  CV  MMDC

ML

SD of velocity 0.88 20.7 0.55 0.61 182 0.51 0.69 177 0.27 0.72 193 051 093 243 033
(0.64 0.96) 0.070.87) (0.20 0.90) 031 0.91) (0.77 0.97)

SD of amplitude  0.73 22.7 0.20 0.52 21.8 0.20 0.50 278 0.18 0.71 19.8 0.10 0.30 226 0.10
(0.320.91) (-0.030.83) (-0.05 0.82) (024 0.90) (0.48 0.94)

Phase plane 0.88 20.6 0.55 0.65 181 0.51 0.69 182 0.27 0.72 18.7 051 092 237 039
(0.64 0.96) 0.16 0.88) (0.22 0.90) 031 0.91) (0.77 0.97)

AP

SD of velocity 0.46 224 1.16 0.84 271 043 0.67 211 0.27 0.83 26.2 1.74 059 231 0.82
(-0.10 0.80) (0.530.92) (0.22 0.59) (0.540.94) (0.04 0.95)

SD of amplitude  0.45 277 051 0.66 274 020 0.61 265 014 0.72 253 020 034 321 018
(-0.11 0.80) (0.150.89) (0.12 0.86) (027 0.91) (0.55 0.95)

Phase plane 0.49 224 1.18 0.84 265 043 0.66 213 033 0.83 24.8 0.55 061 232 0.82
(-0.06 0.81) 0.530.95) (0.21 0.88) (0.540.94) (0.08 0.87)

Total

Mean velocity 0.89 204 0.47 0.87 213 033 0.80 149 0.18 0.88 223 043 096 233 0.20
(0.68 0.96) (0.620.96) (0.48 0.94) (0.660.96) (0.86 0.98)

Phase plane 0.71 19.7 1.20 0.88 206 043 0.33 174 0.27 0.88 202 055 079 212 0.80
(0.25 0.90) (0.650.96) (0.52 0.94) 0.640.96) (0.43 0.93)

Area 0.65 45.7 15.74 0.74 493 4.86 0.10 499 498 0.53 46.0 5.08 0.75 51.7 4.68

(95% ellipse) (0.17 0.88) (032 0.61) (-0.27 0.55) (-0.04 0.84) (0.35 0.93)

ICCs greater than 0.70 are in bold, ICC: Intraclass Correlation Coefficient; CT: Confidence Interval; CV: Coefficient of Variation; MMDC: Minimal Metrically Detectable

Change

ML direction had the lowest values across most
conditions (CV range = 14.9 to 24.3%) and area (95%
ellipse) had the highest values (CV range = 45.7 to 51.7%).

The main purpose of this study was to determine the
test-retest reliability of COP measures with a level of
standardization that would be generalized to most clinical
settings. Therefore, partially standardized approach was

used (Dombholdt, 2005) so that, the experimenter, time,
environment and conditions were the same for both
sessions but the order of conditions was random between
sessions.

Although, there have been several clinical studies
that have used COP measwres to evaluate postural
stability in patients with ACTL deficiency (Bonfim et al.,
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2003; Gauffin et al, 1990, Henriksson et al., 2001;
Lysholm et al., 1998), to date no methodological research
has been conducted to determine test-retest reliability of
these COP measures in this population. In addition, the
inappropriate use of healthy subjects to establish the
reliability of clinical measures has the potential to inflate
reliability estimates because healthy participants may be
easler to measure than patients (Dombholdt, 2005).
Addressing this knowledge void encowraged us to
conduct our research in a group of patients with ACT,
myury.

Participants were tested under the diverse stressful
postural conditions. These postural conditions are
commonly used by researchers to evaluate balance under
positions of mstability and/or decreased availability of
sensory mputs (Doyle er al., 2005). The rationale for
choosing of the presented COP measures among
nmumerous measures was their common use in research
which allows the comparison of results across different
studies. Also, some parameters like mmimum, maximum
and peak-to-peak amplitude are not suggested to be used
because they use one or two data points among the entire
data pomnts recorded in a trial which can cause great
variance between subjects and trials (Palmien ef al., 2002).

Tn a reliability study, the possibility of any systematic
bias must be detected. Systematic bias is a non-random
change in the values between two trials whereby all
participants perform comnsistently better in one trial
resulting from learning or fatigue effects (Batterhama and
George, 2003). In this investigation, the absence of
systematic bias demonstrated that the protocol was less
likely caused fatigue or learming effects between sessions
(Santos et al., 2008).

Present results showed that all parameters across
most conditions of postural difficulty had moderate to
high correlation. Mean velocity and total phase plane
parameters were the most reliable measures having high
to very high correlation across all postural conditions.
This acceptable correlation decreases the risk of type 2
error or, in other words, increases the power of mean
velocity and total phase plane parameters to discriminate
the balance performance between groups. Consistent with
these results, Riley et al. (1995) concluded that both
phase plane and velocity parameters were highly
discriminating COP measures between the healthy and
bilateral vestibular hypofunction groups. Lafond ez al.
(2004) concluded that COP mean velocity is the most
discriminating parameter which can be used to assess the
age-related changes of postural control.

Present results showed low to moderate correlation
for some COP measures in some conditions. Increase in
the number of trials needed to be averaged 1 each testing

session as well as the trial duration may obtain acceptable
reliability for these COP measures (Carpenter et al., 2000,
Lafond et al., 2004). However, we need to have enough
time and cost required for the mumber and length of trials
necessary for desired reliability. Furthermore, if
measurements are taken in a clinical setting, patients may
not be able to tolerate these repeated measurements over
long durations because of fatigue (Santos et al., 2008).

An interesting result of the current study was that
consistent with relative reliability; absolute reliability was
higher for mean velocity and total phase plane parameters
relative to other measures in most experimental
conditions, that 1s the measurement error was small on
repeated measurements (Atkinson and Nevill, 1998).
Therefore, the authors suggest these reliable measures for
both discrimination between healthy and ACL imjured
population (between subject design) and detection of
balance training effects in these patients (within subject
design). In agreement with this suggestion, Ageberg ef al.
(2003) concluded that average speed of postural sway is
sengitive in detecting the effects of exercise in healthy
subjects.

This study also estimated the MMDC of these COP
measures. MMDC values represent the lower limit of the
clinically significant amount of difference that can be
resolved to monitor the patient’s balance improvement
after a clinical intervention (Lafond et al., 2004).

Reliability 1s a population-specific measurement
property. Most reliability designs have targeted young
healthy and/or elderly patient individuals as the study
populations and necessarily have not compared the
reliability results of between-group individuals (Table 1).
Thus, because there have been several studies to
investigate the reliability of COP measures in healthy
participants, we did not recruit a control group in our
study but it is suggested that a healthy, aged match
control group be mncluded in the future study to have a
comparison between reliability results of healthy and ACT.
injured populations.

This study acknowledged by small sample size as
one of the limitations of the present study. However, to
investigate if the results can be generalized to a larger
sample of patients with ACL injured patients, we
compared the distribution and ability of different COP
parameters to discriminate three levels of postural
difficulty between 12 patients participated in the present
study and a larger group including 27 patients
participated in another study, methodologically similar to
this study conducted by our research group. The analysis
revealed no significant differences of mean and variances
of parameters between the groups, indicating the
homogeneity of two groups and hence increasing the
generalizability of the results to a larger sample.
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CONCLUSION

Present results showed acceptable reliability of mean
velocity and total phase plane parameters in all conditions
of postural difficulty among some classic COP measures.
However, further studies are needed to investigate the
parameters used m the present study both in injured and
non injured subjects.
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