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Purpose: The aim of the present study was to elucidate the reliability and validity of measurement
of ground reaction force (GRF) parameters during a sit-to-stand (STS) movement as a method of
assessing lower limb muscle function in middle-aged and older women with knee pain. Methods: We
recruited 61 women with mild to moderate knee pain and 61 healthy controls, aged 50-86 years. Five
GRF parameters were measured: peak reaction force, two rate of force development parameters,
and two time-related parameters. These parameters were compared on the basis of the presence or
absence of knee pain. Intraclass correlation coefficients (ICC) and errors of measurement values
were calculated. Partial correlation analysis adjusted for age was used to investigate the association
between GRF parameters and knee extension strength, muscle power, and five physical function tests.
Results: Significant differences were observed between groups in the following GRF parameters:
peak reaction force and the two parameters of force development rate (Cohen’s d = 0.68-1.44). In
participants with knee pain, the abovementioned three parameters had a good reproducibility (ICC
= 0.88-0.93). The two parameters of force development rate were significantly correlated with knee
extension torque and power (partial-r = 0.50-0.57) and five physical function tests (partial-|r| =
0.40-0.59) adjusted for age. Conclusion: These results suggested that GRF parameters in the STS
movement have sufficient reliability and validity as a method of assessment of lower limb muscle
function in middle-aged and older women with mild to moderate knee pain.
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1. Introduction

Approximately 60%—70% of middle-aged and older
Japanese women suffer from degenerative arthritis of
knees, and approximately 30%—-40% experience knee
pain (Muraki et al., 2009). The onset and progression
of knee osteoarthritis are closely related to decreased
muscle function in the lower limbs, primarily in muscle
strength and power around the knee joint, accompanied
by limited mobility (Fransen and McConnell, 2008). A
highly reliable and valid method is required to detect

decreased lower limb muscle function at an early stage of

the disease and to understand the effects of any preventive
and remedial measures that may be implemented.

Recent reports (Lindemann et al., 2003; Tsuji et al.,
2011; 2015; Yamada and Demura, 2010) have shown
vertical ground reaction force (GRF) parameters in a sit-
to-stand (STS) movement to be useful for evaluating lower
limb muscle function with good test—retest reliability and
criterion-related validity in middle-aged and older adults.
The benefits of this method are as follows: assessment of
the force output during daily activities, direct measurement
of the force output in “kilogram—force (kgf)” using the

force platform, ability to measure a person who is able
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to perform only a few STS movements, and relative ease
of transporting the measurement instrument (simple force
platform) (Tsuji et al., 2015).

Knee extension strength and power play important
roles in performing an STS movement (Bassey et al.,
1992; Schenkman et al., 1996), thereby affecting knee
pain. The tests have both advantages, such as accurately
reflecting decreased lower limb muscle function
induced by knee pain, and disadvantages, such as low
reproducibility and poor validity. Although several
previous reports examined the potential impact of knee
pain during isometric muscle strength testing (Mizner et
al., 2005; Riddle and Stratford, 2011; Stevens et al., 2003),
those results were not in accord with each other. In one
study, the authors found that the knee pain had a small but
statistically significant influence on lower limb muscle
activation (Stevens et al., 2003), whereas no influence was
found in the other two studies (Mizner et al., 2005; Riddle
and Stratford, 2011). Therefore, the present study aimed
to investigate whether measurement of GRF parameters
during an STS movement can be applied as a method of
assessing lower limb muscle function for middle-aged
and older women with knee pain. To achieve this aim,
cases were compared for the presence or absence of knee
pain to confirm whether decreased lower limb muscle
function accompanying knee pain was reflected in GRF
parameters during the STS movement. Furthermore,
reproducibility of measurement values and errors were
estimated, and criterion-related validity was clarified
for knee extension strength, muscle power, and physical

function tests.
2. Materials and Methods
2.1. Participants

In the present study, the power analysis with settings at
o =0.05 and 1-f = 0.80 showed that total 46 participants
was the required sample size to detect a moderate to strong
significant correlation (1] > 0.40). We performed the
power analysis using G*Power 3.1.3 (University of Kiel,
Kiel, Germany). Baseline data were recorded for subjects
who participated in exercise programs designed to relieve
knee pain and improve knee function at our University.
A flowchart showing the progress of participants from

recruitment and selection to test completion is shown in

Figure 1. Participants were recruited via advertisements
published in local information magazines with responses
conducted over the telephone. The inclusion criterion was
postmenopausal women with knee pain. Exclusion criteria
are shown in Figure 1. Sixty-one women (age: 50—86 years)
underwent all parameter measurements and were assigned
to the knee pain group. For 32 of the participants, GRF
parameters were measured twice with a 2-min interval
to assess reproducibility because measurements could
not be conducted twice in all participants due to schedule
constraints. There were no significant differences in any
variables between 32 women for assessing reproducibility
and the other 29 women. The control group consisted of
61 age and body mass index-matched women without
knee pain who participated in other exercise programs
held at the University or health care center.

This study was conducted with the approval of the
ethics committee of the University of Tsukuba. All
participants received both oral and written explanations
of this study and their written consent was obtained.

2.2. Measurement variables

2.2.1. GRF parameters and degree of knee pain
in the STS movement

We measured GRF parameters in the STS movement
with maximum exertion using the force plate (TKK5809,
Takei Scientific Instruments Co., Ltd., Niigata, Japan) and
calculated five GRF parameters (Figure 2) as in previous
studies (Tsuji et al., 2011; 2015): the peak reaction force
per body weight (F/w, kgf'kg™), maximal rate of force
development (RFD; A10 ms) per body weight (RFD1/w,
kgf/s'kg™) defined as the steepest gradient of the force—
time curve over a given 10-ms time period, RFD9/w (kgt/
s'’kg™) with a sample duration of 90 ms, time span of the
developing force (T1, ms), and chair-rise time (T2, ms).

The degree of knee pain was investigated during the
first STS movement using a 100-mm visual analogue
scale (VAS) on the more affected knee. Thirty-two
women repeated the test after a 2-min rest period to assess

reproducibility.

2.2.2. Knee extension peak torque and average
power

A Biodex System 3 isokinetic dynamometer (Biodex
Medical Systems Inc., Shirley, NY, USA) was used to test
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n =152

Responding to advertisement in a local paper:

Excluded by criteria: n = 35
* Have no knee pain (n = 2)
» Not be permitted to attend by an orthopedic surgeon
Have a pacemaker
Have acute disease
Have severe diabetes
Have rheumatic disease
* Need a cane to walk (n = 1)
+ Patient undergoing active treatment of knee pain (n = 5)
« Engaging in regular resistance training
3 or more days per week (n=11)
« Unable to attend the study orientation
or class regularly (n = 16)

Eligible for criteria:
n =117

!+ Not selected in random selection (n = 46)
!+ Withdrew (n = 3)

e Rheumatic disease (n = 1)

1+ Admitted to the hospital (n = 1)

| » Have a broken bone (n = 1)

| * Have (a) missing value(s) (n = 4)

i‘— at University or Health Center

Participating in exercise programs

(without knee pain):
n =116

Completed the test:
n =61

Age- and BMI-matched control:
n =61

Knee pain group

Figure 1. The flow of participants through the study.

knee extension isometric (0°/s) and isokinetic (60°/s) peak
torques and isokinetic (60°/s) average power in both legs.
Participant positioning and protocol measurement for
the knee extension trials have been previously described
(Symons et al., 2005; Tsuji et al., 2015). Torque and power
data from each leg were totaled and normalized per

kilogram of body weight (Nm/kg and W/kg, respectively).

2.2.3. Physical function tests

Similar to a previous study (Tsunoda et al., 2013), we
assessed the following five physical function tests that
play critical roles in muscle exertion around the knee
joint area or upper limb: grip strength, 5-m habitual walk,
timed “up and go” (TUG), standing time from a long

sitting position, and choice reaction time.

2.2.4. Other variables

To estimate the degree of knee pain of participants,
we used the Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) (Bellamy et al., 1988)
pain subscale and evaluated the strongest pain in the more

affected knee experienced by participants within a few

Control group

days using the 100-mm VAS in the knee pain group.

2.3. Statistical analyses

A Student’s ¢-test was performed to compare the means
of GRF parameters between groups and was calculated as
per Cohen’s d effect sizes (Cohen, 1988). The intraclass
correlation coefficient [ICC (1,1)] was calculated to
quantify the reproducibility of GRF parameters, and a
one-way analysis of variance was conducted to examine
the difference between paired values. ICC values >0.70
were classified as good (Currier, 1990). To estimate
measurement error, we calculated the standard error of
measurement (SEM) (Haley and Fragala-Pinkham, 2006)
and minimal detectable change (MDC) (Faber et al,
20006) using the following formulae:
SEM = SD,A\2
MDC = 1.96 x SD,
(SD,: standard deviation of difference between paired
measures)

Partial correlation analyses (adjusted for age) were
conducted to examine relationships between GRF

parameters and knee extension peak torque, average
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Figure 2. Ground reaction force parameters. F: peak reaction force; RFD1: the maximal rate of
force development (A10 ms); RFD9: the maximal rate of force development (A90 ms); T1: time

span of the developing force; T2: chair-rise time.

power, and physical function tests values. Spearman's
p was calculated to examine relationship between GRF
parameters and pain scales. All analyses were conducted
using IBM SPSS Statistics 17.0 (IBM Corp., NY, USA).

The level of significance was set at P < 0.05.

3. Results

Table 1 shows the descriptive data for all participants
and the results of the comparison of GRF parameters

between groups. We observed significant differences and

middle/large effects in all GRF parameters, except in T1.
The degree of knee pain felt by participants during the
STS movement testing tended to be milder compared with
that felt in the days before. Twenty-nine women (47.5%)
felt no pain during the STS movement testing.

Table 2 shows ICC, SEM, and MDC values of each GRF
parameter in the knee pain group. All GRF parameters
(except T1) demonstrated good reproducibility (ICC >
0.70).

Partial correlation coefficients (adjusted for age)

between GRF parameters and knee extension peak torque,
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Table 1. Characteristics, ground reaction force parameters, knee extension variables,
and physical function tests' results of the participants by group and the results of group

comparison
Knee pain Control
n=61 n=061
Mean (SD) Mean (SD) P d
Characteristics
Age (year) 66.8 (6.9) 66.8 (6.9)  1.000 <0.01
Height (cm) 153.2 (5.2) 152.0 (4.9) 0.180 0.24
Body weight (kg) 56.1 (8.8) 55.6 (7.4) 0.740  0.06
body mass index (kg/m?) 24.1 (3.5) 241 (3.1) 0970 0.0l
Affected side bilateral; n (%) 22 (36.1%) -
WOMAC pain (point) 32 (2.6) -
100-mm VAS* 30.2 (25.3) -
Ground reaction force parameters and knee pain during STS test
Fiw (kgf‘kg’l) 1.30 (0.10) 1.37 (0.09) <0.001 0.68
RFD1/w (kefls kg 10.88 (2.28) 15.12 (3.50) <0.001 1.44
RFD9/w (kgf/s kg 9.08 (1.67) 10.57 (1.55) <0.001 0.93
T1 (ms) 317 (83) 302 (77) 0.320 0.18
T2 (ms) 908 (192) 814 (128) 0.002  0.58
100-mm VAS*" during STS test 9.7 (13.4) -
Knee extension peak torque and average power
Isometric peak torque (Nm/kg) 2.98 (0.73) -
Isokinetic peak torque (Nm/kg) 2.23 (0.70) -
Isokinetic average power (Wikg) 1.21 (0.43) -
Physical function tests
Grip strength (kg) 24.1 (3.9) -
5-m habitual walk (s) 3.8 (0.6) -
Timed "up and go" (s) 5.9 (0.8) -
ST-LSP (s) 3.1 (1.0) -
Choice reaction time (ms) 984 (104) -

a: scored according to more affected knees.

Note. SD: standard deviation, STS: sit-to-stand movement, WOMAC: The Western Ontario and McMaster
Universities Osteoarthritis Index, VAS: visual analogue scale, F: peak reaction force, RFD1: maximal rate
of force development (A10 ms), RFD9: maximal rate of force development (A90 ms), T1: time span of the
developing force, T2: chair-rise time, w: body weight, ST-LSP: standing time from a long sitting position.

average power, and physical function tests are listed in
Table 3. Among the knee pain group participants, all GRF
parameters except for T1 had significant correlations with
knee extension torque and power variables. Moderate
significant partial correlations with TUG, standing
time from a long sitting position, and choice reaction
time results were evaluated for all GRF parameters. We
observed weak correlations between all GRF parameters

and all pain scales (Table 3).

4. Discussion

The mean WOMAC pain score for the knee pain group
in this study was 3.2 (worst: 20), and the mean 100-mm
VAS was 30.2 (worst: 100). Patients with extreme pain

were not included because subjects participated in the

exercise class of their volition, and only those subjects
who were given permission for safe research participation
by an orthopedic surgeon were included.

We found that participants with knee pain exhibited
lower scores for variables evaluated in force units. This
suggests that participants were not stepping down firmly
and quickly while performing the STS movement. This
may be due to decreased knee extension strength and
an inability to exert full force while standing. Because
maximum knee extension torque and average power were
not measured in the control group, the groups could not
be directly compared. However, a previous study (Hassan
et al., 2001) reported that patients with knee osteoarthritis
have 35% lower isometric knee extension strength
compared with those of healthy subjects. Furthermore,

electrical stimulation of muscles leads to a mean ratio
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Table 2. Within-run reproducibility and measurement error of each parameter in the knee

pain group (n = 32)

Ist trial 2nd trial Withinfrl}r} Measurement
reproducibility error

Variable Mean (SD) Mean (SD) P? ICC(1,1) SEM MDC

Fiw (kgf-kg") 1.31 (0.08) 1.30 (0.09) 0.087 0.93 0.02  0.06
RFD1/w (kgf/s'kg") 11.18 (1.77) 1111 (1.78) 0.595 0.92 052 145
RFD9/w (kgf/s-kg") 9.27 (1.29) 9.23 (1.28) 0.760 0.88 045 1.23
T1 (ms) 318 (75) 306 (58) 0.308 0.46 49 137
T2 (ms) 898 (154) 891 (149) 0.681 0.81 66 184

a: P for 1-way ANOVA.

Note. SD: standard deviation, ICC: intra-class correlation, SEM: standard error of measurement, MDC:
minimal detectable change, F: peak reaction force, RFD1: maximal rate of force development (A10 ms),
RFD9: maximal rate of force development (A90 ms), T1: time span of the developing force, T2: chair-rise

time, w: body weight.

Table 3. Partial correlation® (partial-r) and correlation (p) coefficients between ground reaction force parameters, and peak
torque and average power, physical function tests results, and pain scalses in the knee pain group (n = 61)

Variable F/w RFD1/w RFD9/w T1 T2

Knee extension torque and power pratial-r P pratial-r P pratial-r P pratial-r P pratial-r P

Isometric (0 deg/s) peak torque 0.58  <0.001 0.57  <0.001 0.55  <0.001 -0.28 0.032 -0.44 0.001
Isokinetic (60 deg/s) peak torque 049  <0.001 0.54  <0.001 0.52  <0.001 -0.23 0.075 -045  <0.001
Isokinetic (60 deg/s) average power 0.45  <0.001 0.52  <0.001 0.50  <0.001 -0.17 0.205 -0.41 0.001
Physical function tests pratial-» P pratial-» P pratial-r P pratial-r P pratial-» P

Grip strength 0.46  <0.001 0.40 0.002 0.40 0.002 -0.38 0.003 -0.36 0.005
5-m habitual walk -0.34 0.010 -0.47  <0.001 -0.46  <0.001 0.31 0.018 0.36 0.005
Timed "up and go" -0.45  <0.001 -0.59  <0.001 -0.59  <0.001 0.56  <0.001 0.63  <0.001
Standing time from a long sitting position -0.47  <0.001 -0.56  <0.001 -0.56  <0.001 049  <0.001 0.59  <0.001
Choice reaction time -0.53  <0.001 -0.47  <0.001 -0.48  <0.001 046  <0.001 0.43 0.001
Pain scales P P p P p P P P p P

WOMAC pain 0.25 0.051 0.32 0.011 0.29 0.022 0.24 0.059 0.26 0.044
100-mm VAS (within a few days) 0.29 0.023 0.29 0.022 0.30 0.018 0.20 0.119 0.24 0.065
100-mm VAS (during STS movement) 0.29 0.024 0.34 0.007 0.33 0.009 0.27 0.034 0.28 0.029

a: adjusted for age.

Note. F: peak reaction force, RFD1: maximal rate of force development (A10 ms), RFD9: maximal rate of force development (A90 ms), T1:
time span of the developing force, T2: chair-rise time, w: body weight, WOMAC: The Western Ontario and McMaster Universities
Osteoarthritis Index, VAS: visual analogue scale, STS: sit-to-stand.

of maximum voluntary muscle strength to maximum
estimated physiological muscle strength of 87.4% in
healthy subjects compared with 66.0% in patients
with knee osteoarthritis. Therefore, patients with knee
osteoarthritis are likely not exerting their full muscle
strength (Hassan et al., 2001).

The present study showed that GRF parameters
measured in force units exhibited an overall high ICC,
excellent

confirming reproducibility. Furthermore,

Consensus-based Standards for the Selection of Health
(Mokkink et al., 2010)

recommends showing error indices, such as SEM and

Measurement Instruments

MDC. One reason for maintaining evaluation index
quality is that the minimally important difference (change)
used to indicate clinical significance is greater than
MDC (Terwee et al., 2007). Therefore, when differences
observed in the present study were considered to be

minimally important differences, each value in force unit
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was greater than MDC. These measurement differences
may not be due to measurement error. Accordingly, this
evaluation method sufficiently reflects decreased lower
limb function accompanying knee pain.

We observed a moderately significant correlation
between the two RFD variables with knee extension
torque, average power, and all physical function tests. This
suggests that even when participants have knee pain, GRF
parameters in an STS movement can maintain criterion-
related validity for these parameters. A previous study
involving healthy older participants (Tsuji et al., 2011)
indicated significant age-adjusted partial correlations
between RFD9/w, TUG, standing time from a long sitting
position, and choice reaction time. The present study
also indicated a similar correlation. Riddle and Stratford
(2011) found that although significant correlations were
observed between the isometric knee extension strength,
5-times standing time, and 20- and 400-m walking test
scores, there was no correlation with pain intensity.
Therefore, when subjects experience pain during muscle
strength measurement, correlations with physical function
are not affected, thereby maintaining the validity of the
evaluation method.

In the present study, the two RFD variables that had
good reproducibility and validity are suitable measures in
clinical settings for people with knee pain. These findings
are consistent with a previous study with community-
dwelling healthy older adults (Tsuji et al., 2011; 2015).
They reported that RFD9/w showed high reproducibility
and significance with knee strength and power, physical
functions, history of falls, and mobility limitation and
concluded that it is the most important GRF parameter
for evaluating lower extremity function. On the contrary,
time-related parameters (T1 and T2) had relatively
low reliability and validity, especially T1 showed poor
reproducibility, no significant difference between groups
and weak relationships with knee extension torque and
power in the present study. Poor reproducibility of T1
might be caused by the instability of appearance timing
of peak reaction force. Duffell and colleagues (2013)
evaluated weight distribution during STS movement
in patients with early knee osteoarthritis, and found an
imbalance between GRF from affected and unaffected
sides in the standing phase (i.e., from seat off to standing
position). Because peak reaction force is recorded in that

phase with unsteady force output, we can neither obtain

stable value nor observed criterion-related validity in T1.

The main limitations of this study are as follows:
the study had low generalizability due to the small
sample size although a sample size greater than 100 is
recommended (Mokkink et al., 2010); and correlation
analysis was conducted without performing multivariate
analyses, such as multiple regression. Furthermore,
maximum knee extension torque and average power and
physical function tests were not measured in the control
group. Therefore, we could not figure out how different
the sizes of differences in GRF parameters and in those
measurements between groups were. We also could not
compare the degree of relationship of GRF parameters
with those measurements between groups. Lastly, there is
still room for discussion about the impact of knee pain on
measurement values and on validity of this measurement
method by the results from the present cross-sectional
analyses. Further studies with longitudinal follow-up and
investigating associations of change in GRF parameters
with onset of knee pain and deterioration of lower limb
muscle function are needed to clarify the validity in more
detail.

In conclusion, the measurement of GRF parameters
during STS movement can be used as a method for
evaluating lower limb muscle function in middle-aged and
older women with mild to moderate knee pain. Applying
this method in future intervention or longitudinal
studies will be a novel option of clinical performance
tests in the field of physical rehabilitation to estimate its
therapeutic effect or in preventive nursing care to screen

for sarcopenia, dynapenia, and limited mobility.
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