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Objective: The aim of this study was to evaluate the
relationship between knee pain and various indicators of
the combined performance of the lower extremity (including
gait parameters, functional performance such as timed up
and go, and functional reach test) and to determine whether
the classification of vertical ground reaction forces correlates
with gait parameters and functional performance.
Subjects and Methods: Simultaneous analysis of gait, time-
distance parameters and vertical ground reaction force.
Timed up and go, and functional reach test were examined in
130 elderly women. The vertical component of the ground
reaction force was grouped into 2 categories: M-shaped and
non-M-shaped.
Results: No significant association was found between knee
pain and timed up and go, functional reach test, or gait
parameters in elderly female participants. There were
significant differences between subjects with M- and non-
M-shaped vertical ground reaction forces with regard to
timed up and go, functional reach test and Japan Ortho-
paedic Association score. There were also significant
differences between the 2 groups (M shaped and non-M-
shaped) in gait parameters.
Conclusion: Evaluation of the vertical ground reaction force
to determine its shape may be a useful and simple tool in the
analysis of gait and functional performance.
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INTRODUCTION

Osteoarthritis of the knee is one of the most common diseases in
elderly females. There are several ways of testing locomotor
function of the lower extremity, including measures of muscle
strength, gait analysis and some types of knee evaluation scales
(1–3). However, there is limited evidence that these parameters

are highly correlated with the functional state of the knee. Gait
analysis is becoming recognized as an important clinical tool in
orthopaedics, in pre-surgery planning, post-surgery monitoring
and in a posterior evaluation of various corrective interventions
(4, 5). However, it is sometimes difficult for clinicians to analyse
the large amounts of data gathered in the assessment of gait time
and distance parameters (5).

Objective quantitative assessment of mobility and balance is
important for older people because problems with gait and
balance can result in a restriction of activity. The Timed Up and
Go (TUG) test correlates with gait speed, balance and movement
of the lower extremities (6). The Functional Reach (FR) test is a
simple measurement of standing balance that can predict falls in
elderly people (7, 8).

There have been several reports concerning gait analysis in
osteoarthritis of the knee (1, 9). The vertical ground reaction
force (VGRF) has been shown to be a reliable and repeatable
feature of gait (10–11). There have been numerous studies
regarding ground reaction forces during walking (12–14). Gait
speed significantly affects VGRF (12, 13, 16). The VGRF varies
continually from the instant of initial contact until the foot leaves
the supporting surface (17). Body mass, proportions, walking
style and balance all affect VGRF (17).

There have been only a few reports regarding the relationship
between VGRF and various gait parameters in elderly females
with osteoarthritic knees. Analyses that include a classification
of VGRF have also been limited. Thus, in this study, we focused
on the vertical ground force component, classified into 2 groups:
M-shaped, also known as a “dual-hump” shape (18) and non-M-
shaped. The purpose of this study was to evaluate the relation-
ship between knee pain and various indicators of the combined
performance of the leg, including gait parameters, functional
performance, TUG and FR and to determine whether the
classification of VGRF is correlated with gait parameters and
functional performance.

MATERIAL AND METHODS

Subjects

We defined the subjects with osteoarthritic knee as having knee pain and
less than 100 points of Japan Orthopaedic Association (JOA) score. We
have been performing annual medical checks of adults aged 65 years and
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over who live in the community in Kahoku of Kochi prefecture since
1994. We then examined the locomotor ability of the subjects.

The mean age of the 130 participants was 80 years (range 65–94
years), with a mean height of 143.0 cm. Knee pain while walking was
classified into 3 groups: no pain (45%), unilateral pain (28%) or bilateral
pain (26%).

Average maximum flexion for all subjects was 140.9� 13.4 degrees.
Average maximum extension was 5.2� 6.1 degrees. JOA scores
determined from the osteoarthritic knee evaluation form (Table I)
were used for the evaluation of knee function (19). JOA (0–100 points)
scores averaged 90.1� 12.9 points. The distance between the medial
chondyles was evaluated, and averaged 2.5� 1.4 fingers breadth.

Co-morbidities of the subjects included hypertension (31.6%), cardiac
arrhythmia (6.1%), coronary artery disease (3.2%) and diabetes mellitus
(5.7%). Eighteen subjects with the following conditions were excluded
from this study: knee disorders after total knee arthroplasty (5 patients),
high tibial osteotomy (2 patients), miscellaneous knee operations (2
patients), osteosynthesis (1 patient), multiple cerebral infarctions (7
patients) and Parkinson’s disease (1 patient).

Gait analysis

The interviewer asked to record the gait parameters of subjects who were
able to walk a distance of 10 metres. Subjects were allowed to wear their
usual clothes and use their preferred (normal) speed while walking a 7-
metre-long course. The first and last 2–3 metres on the walkway were not
considered for measurement.

A Gait Scan� 8000 (Nitta Co. Ltd, Osaka, Japan) of gait-pattern
measurement system consisting of a thin-film sensor walkway, a
computer for automatic recording of the data was used in this study.
This gait analysis device consists of a sensor seat (264� 52 cm), a
connector unit which fixes the sensor seat, and an interface board with a
personal computer and software for data analysis.

Gait parameters, temporal distance and time factors, and ground
reaction forces were measured simultaneously. Ground reaction force
data for both legs was collected at a self-selected walking speed. The
peak force was measured as the highest VGRF that occurred anytime
during the stance phase, while the lowest VGRF occurred during the
mid-stance phase.

Patients were classified into 2 groups based on the VGRF: M-shaped
and non-M-shaped (Fig. 1). We defined M-shaped as lowest/highest
� 100 (%) of less than 85. We assessed the shape of the VGRF for every
step and classified individuals based on the result that was obtained for
the greater number of steps. The mean gait variables measured in this
study were walking speed (metres/sec), stride length, step width (cm),
time of stride, time of single stance and time of double stance (sec). The
distance parameters of stride length and step width were normalized for
the height of the subject (15).

Functional performance

Timed up and go

To measure TUG, subjects were given oral instructions to stand up from

Table I. Japan Orthopaedic Association scores based on the
osteoarthritic knee evaluation form

Pain on walking (maximum 30 points) Score
No pain, walking unlimited 30
Pain, walking unlimited 25
Pain, walking distance of 0.5–1 km 20
Pain, walking less than 0.5 km 15
Pain, walking only indoors 10
Cannot walk 5
Cannot stand 0

Pain on ascending or descending stairs (maximum
25 points)

No pain 25
Pain, relieved by using handrails 20
Pain, with handrails, but no pain with each step 15
Pain, with each step, pain relieved by using

handrails
10

Pain, with each step even with handrail use 5
Cannot ascend or descend 0

Range of motion (maximum 35 points)
Kneeling 35
Sideways or cross-legged sitting 30
More than 110° 25
75°–109° 20
35°–74° 10
Less than 35° 0

Joint effusion (maximum 10 points)
No effusion 10
Occasional puncture required 5
Frequent puncture required 0

Maximum total points 100

Fig. 1. Calculation of M-wave shape of vertical ground reaction
force. M-shaped was defined as Y/X and Y/Z less than 0.85. All
others were defined as non-M-shaped.

Table II. Data (mean (SD)) for patients without pain, with unilateral and bilateral pain in elderly females

No pain (n = 59) Unilateral pain (n = 37) Bilateral pain (n = 34)

Body weight (kg) 45.2 (7.53) 47.2 (7.49) 52.2 (8.94)
Timed up and go (sec) 13.0 (3.0) 13.8 (4.51) 15.1 (7.28)
Functional reach (cm) 20.6 (7.2) 21.0 (7.07) 23.1 (6.89)
Stride length (cm) 63.2 (9.21) 61.1 (11.7) 61.7 (10.9)
Stride width (cm) 5.4 (2.20) 5.7 (2.14) 5.6 (1.92)
Time of stride (sec) 1.1 (0.117) 1.1 (0.179) 1.2 (0.167)
Time of single stance (sec) 0.58 (0.059) 0.59 (0.073) 0.60 (0.082)
Time of double stance (sec) 0.16 (0.037) 0.17 (0.052) 0.18 (0.069)
Gait speed (m/s) 0.6 (0.115) 0.56 (0.147) 0.54 (0.135)
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a chair, walk 3 metres as quickly and as safely as possible, cross a line
marked on the floor, turn around, walk back and sit down (6).

Functional reach. FR represents the maximal distance a subject can
reach forward beyond arm’s length while maintaining a fixed base of
support in the standing position (7, 20).

Statistics

Data were expressed as a mean and standard deviation (SD). Differences
between groups were evaluated using a Kruskal Wallis test for the
analysis of knee pain (Table II) and a Mann-Whitney U test for the
analysis of VGRF (Tables III and IV). Statistical significance was set atp
�0.05.

RESULTS

Occurrence of knee pain showed a significant association with
body weight; however, there was no significant difference
between patients with or without pain and TUG, FR, or any gait
parameters (Table II).

The shape of the VGRF was associated with certain measures
of functional performance, as well as the JOA score (Table III).
Patients exhibiting an M-shaped VGRF on the right and left
sides had shorter TUGs and longer FRs than patients with a non-
M-shaped VGRF. The total JOA score was greater for the M-
shaped group than for the non-M-shaped group. Within both
groups, the ground reaction forces were similar on left and right
sides.

Several gait parameters varied according to the shape of the
VGRF (Table IV). Stride length was longer for the M-shaped
VGFR group than for the non-M-shaped VGRF group. The
times of stride and single and double stance were shorter in the
M-shaped VGRF group than in the non-M-shaped group. The

walking speed of the M-shaped group was faster than that of the
non-M-shaped group. There was no significant difference
between the 2 groups in the step width on both sides.

DISCUSSION

Osteoarthritis of the knee is common in elderly females and it is
well-known that it is associated with gait disturbances. There
have been numerous reports regarding the relationship between
osteoarthritis and gait parameters. An evaluation of the relation-
ship between gait parameters and knee pain in elderly females
found no significant association between knee pain and gait
parameters or functional performance. Findings such as these
have suggested that numerous factors, such as the posture of the
trunk, lumbar lesions, the condition of other joints (such as the
hip and ankle) and mental status, all contribute to gait
parameters in elderly females. Therefore, it is important to
consider these factors in the analysis of people with knee pain.

An advantage of gait analysis as a diagnostic or research tool
is that many factors can be assessed at one time; however, proper
evaluation of the resulting data can be complex. Quantitative
data of time and distance parameters of gait analysis is difficult
to understand and interpret whether it is within normal or not.

One study showed no overall abnormality in the shape or
amplitude of the ground reaction force measured for the natural
gait of knee-pain subjects (21). The present study, which
involved the evaluation of one simple aspect of the VGRF
(classified as M-shaped and non-M-shaped), showed that the
shape of the ground reaction force was correlated with the pain

Table III. Participant characteristics given as mean (SD)

Height (cm) Weight (kg) JOA (point) TUG (sec) FR (cm)

Right side
M-shaped (n = 32) 143.8 (7.2) 46.1 (8.6) 95.2 (10.3) 11.6 (2.3) 22.5 (6.9)
Non-M-shaped (n = 47) 142.4 (5.2) 45.9 (7.4) 86.6 (13.5) 14.6 (4.5) 18.4 (8.2)

p = 0.187 p = 0.96 p = 0.0013 p � 0.0001 p = 0.026
Left side

M-shaped (n = 29) 143.1 (8.1) 45.8 (8.1) 96.9 (6.25) 11.35 (2.25) 22.9 (7.56)
Non-M-shaped (n = 50) 142.9 (4.7) 46.2 (7.8) 86.1 (14.1) 14.5 (4.44) 18.45 (7.74)

p = 0.41 p = 0.92 p = 0.0002 p � 0.0001 p = 0.026

JOA: Japan Orthopaedic Association; TUG: timed up and go; FR: functional reach

Table IV. Gait parameters (mean (SD)) for subjects with M-shape and non-M-shape of vertical ground reaction force

Stride
length
(cm)

Step
width
(cm)

Time of
stride (sec)

Time of single
stance (sec)

Time of
double stance
(sec)

Gait speed
(m/s)

Right side
M-shaped (n = 32) 70.1 (8.7) 5.5 (2.1) 1.03 (0.09) 0.5 (0.04) 0.1 (0.02) 0.7 (0.11)
Non-M-shaped (n = 47) 55.8 (89.9) 5.8 (2.3) 1.2 (0.15) 0.6 (0.07) 0.2 (0.047) 0.5 (0.1)

p � 0.0001 p = 0.712 p � 0.0001 p � 0.0001 p � 0.0001 p � 0.0001
Left side

M-shaped (n = 29) 70.6 (9.2) 5.5 (2.08) 1.0 (0.087) 0.54 (0.042) 0.1 (0.02) 0.69 (0.12)
Non-M-shaped (n = 50) 56.5 (9.9) 6.0 (2.47) 1.8 (0.15) 0.61 (0.075) 0.2 (0.046) 0.5 (0.11)

p � 0.0001 p = 0.146 p � 0.0001 p � 0.0001 p � 0.0001 p � 0.0001
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component of the JOA score. In another study, increased gait
speed was associated with shorter force periods and larger peak
forces (16).

In the present study we found that there were no differences
between the right and left legs with respect to gait parameters,
functional performance or the shape of the ground reaction
force. Consistent with our findings, another study showed no
significant differences between the right and left foot with
respect to ground reaction force during walking (22).

In our study we found that both gait parameters and functional
performance were significantly correlated with the shape of the
VGRF. Several previous studies have examined VGRFs in
normal subjects and patients with osteoarthritis; however, prior
to the present study, there was little known concerning the
relationship between the VGRF and gait parameters or
functional performance in elderly females with knee osteoar-
thritis. In one study it was found that the 2 peaks in the vertical
component measured for the affected side in knee-osteoarthritis
patients became less apparent, with significantly lower magni-
tudes than in normal subjects (18). In addition, patterns of
VGRFs were nearly identical during overground and treadmill
walking (23) and the general waveform and its characteristic
features did not seem to be affected by the sex of normal subjects
(18). In the present study, we could not find a correlation
between pain and the mechanism of the shape of VGRF. Further
study is needed to clarify the changing mechanism of VGRF in
osteoarthritic knee.

In the present study, we did not examine inter-rater reliability:
future study is needed to investigate this and the validity with
respect to M-shape and gait analysis.

In conclusion, our classification of VGRF is a simple and
useful tool for assessment of gait function. It was correlated with
many parameters of gait and functional performance, such as
TUG and functional reach. Our study indicated that a change in
the VGRF, from non-M-shaped to M-shaped, is crucial to the
improvement of gait parameters and gait performance. Further
studies are needed to seek methods for altering the shape of the
ground reaction force.
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