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Abstract

To investigate the biomechanical strategy adopted by older adults with medial compartment knee osteoarthritis (OA) for successful
obstacle crossing with the trailing limb, and to discuss its implications for fall-prevention, 15 older adults with bilateral medial
compartment knee OA and 15 healthy controls were recruited to walk and cross obstacles of heights of 10%, 20%, and 30% of their leg
lengths. Kinematic and kinetic data were obtained using a three-dimensional (3D) motion analysis system and forceplates. The OA group
had higher trailing toe clearance than the controls. When the trailing toe was above the obstacle, the OA group showed greater swing hip
abduction, yet smaller stance hip adduction, knee flexion, and ankle eversion. They showed greater pelvic anterior tilt and toe-out angle.
They also exhibited greater peak knee abductor moments during early stance and at the instant when the swing toe was above the
obstacle, while a greater peak hip abductor moment was found during late stance. Smaller knee extensor, yet greater hip extensor
moments, were found in the OA group throughout the stance phase. In order to achieve higher toe clearance with knee OA, particular
joint kinematic and kinetic strategies have been adopted by the OA group. Weakness in the hip abductors and extensors in individuals
with OA may be risk factors for tripping owing to the greater demands on these muscle groups during obstacle crossing by these

individuals.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Falls are a leading cause of death in the elderly in the
USA (Hoyert et al., 2001); one of the most frequent causes
of which is tripping during obstacle negotiation (Blake
et al., 1988; Campbell et al., 1990; Overstall et al., 1977).
During obstacle crossing, the leading limb must first cross
the obstacle successfully, followed by the trailing limb.
When the trailing limb is crossing, neither the swing limb
nor the obstacle is within the subject’s visual field. Without
visual feedback about the relative positions of the swing
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limb and obstacle, control of the motion may become even
more difficult if the neuromusculoskeletal system is
affected either by injury or disease. In fact, knee
osteoarthritis (OA), a common joint disorder, has been
identified as a factor predisposing the elderly to falls
(Leveille et al., 2002; Robbins et al., 1989). Older people
with knee OA may have an increased risk of falling during
obstacle crossing with the trailing limb as the number of
risk factors increases (Tinetti et al., 1988).

Obstacle crossing during walking requires precise control
of the swing foot while maintaining body balance through
highly coordinated joint movements of both limbs. Since
before crossing the trailing foot is placed on the floor closer
to the obstacles than the leading foot (Chou and
Draganich, 1997), the trailing limb has a shorter time and


www.elsevier.com/locate/jbiomech
dx.doi.org/10.1016/j.jbiomech.2007.11.017
mailto:twlu@ntu.edu.tw

754 H.-L. Chen et al. | Journal of Biomechanics 41 (2008) 753761

distance for the preparation of a safe crossing with
sufficient clearance. Previous studies showed that toe
clearances of the trailing limb were smaller than those of
the leading limb in the healthy elderly (Lu et al., 2006;
McFadyen and Prince, 2002), suggesting that an increased
risk of tripping owing to toe—obstacle contact may occur
when the trailing limb is crossing. Apart from the joint
kinematics of the swing limb, well-controlled joint kine-
matics and kinetics of the stance limb are also important
for maintaining sufficient foot clearance during obstacle
crossing. Knowledge about the joint mechanics of the
trailing stance limb during leading limb crossing is well
established (Chou and Draganich, 1997; Draganich and
Kuo, 2004; McFadyen and Prince, 2002). However, studies
on both the trailing swing and leading stance limbs during
trailing limb crossing are limited (Chen and Lu, 2006).

The performance of patients with knee OA during
obstacle crossing has been studied only fairly recently (Lu
et al.,, 2007; Pandya et al., 2005, 2007). Under test
conditions, these patients had an increased chance of
tripping over obstacles, compared to their age-matched
controls (Pandya et al., 2005). Obstacle avoidance success
rates increased with pain relief, but remained less than
those of the healthy subjects (Pandya et al., 2007). Lu et al.
(2007) found that patients with bilateral medial compart-
ment knee OA adopted particular kinematic and kinetic
strategies to compensate for the compromised function of
the diseased knees and their surrounding muscles during
obstacle crossing with the leading limb. However, it
remains unknown whether different strategies would be
used when crossing with the trailing limb. To address this
issue, data collected from the same subject groups during
the previous study by Lu et al. (2007) were used in the
current study to investigate the biomechanical strategies
adopted by older adults with medial compartment knee
OA for successful obstacle crossing of the trailing limb.
Biomechanical differences between the crossing of the
leading and the trailing limbs are also discussed.

2. Materials and methods
2.1. Subjects

Fifteen patients with knee OA were recruited by an orthopedic surgeon
(T.M.W.). All subjects met the following inclusion criteria: (a) age 65 years
or older, (b) bilateral medial compartment knee OA, (c) both knees were
of grade 2 or higher according to the standards of Kellgren/Lawrence
(K/L) (Kellgren and Lawrence, 1957), (d) ability to cross the obstacle
without assistance, and (e) no excessive pain affecting their gait, with a
visual analog scale (VAS) score less than 6 (0 = no pain, 10 = worst
imaginable pain; Dalton et al., 1998). Subjects were not included if they
had other neuromusculoskeletal diseases which may affect gait and/or
cognitive function, such as rheumatoid arthritis, neuropathic arthropathy,
stroke, and fracture. If the subjects had had intra-articular corticosteroid
injection in the previous 2 months or had planned for a total knee
replacement in the following year, they were also excluded. Fifteen healthy
individuals without a history of OA were recruited by advertisement to
serve as age-matched and sex-matched control subjects. All subjects in the
study had normal or corrected-to-normal vision and were free of

neuromusculoskeletal pathology. Ethics approval was granted by the
Institutional Human Research Ethics Committee.

2.2. Gait analysis

In a gait laboratory, each subject walked at a self-selected pace on an
8-m walkway and crossed a height-adjustable obstacle (Chen et al., 2004;
Lu et al., 2007). The subjects were allowed to familiarize themselves with
the walkway before experimental data were recorded. Twenty-eight
markers were placed on the pelvis (ASISs and PSISs), as well as on each
thigh (greater trochanter, mid-thigh, medial and lateral epicondyles),
shank (head of fibula, tibial tuberosity, medial and lateral malleoli), and
foot (navicular tuberosity, fifth metatarsal base, big toe and heel), to define
the segmental coordinate systems. Kinematic data were measured using a
seven-camera motion analysis system (Vicon 512, Oxford Metrics Group,
UK) at a sampling rate of 120 Hz. Two forceplates (50.8 cm x 46.4 cm,
OR-6-7-1000, AMTI, USA) were placed adjacent to each other with the
short edges and on either side of the obstacle to measure the ground
reaction forces (GRF). Based on published heel-to-heel step length data
without forceplates present (Chen et al., 1991), this configuration was
not expected to impose a behavioral constraint on the crossing stride.
Test conditions included crossing obstacles of three different heights
(10%, 20%, and 30% of leg length) for each limb leading. The order of
obstacle height was randomly selected for each subject. For all conditions,
subjects were instructed to walk along the walkway and step over the
obstacle when necessary. The desired lead limb was elicited by changing
the starting position. Six successful trials, three for each leg as the leading
limb, for each condition were recorded.

2.3. Data analysis

For dynamic analysis, the pelvis—leg apparatus was modeled as a seven-
link system, each link (limb segment) embedded with an orthogonal
coordinate system with the positive x-axis directed anteriorly, the positive
y-axis superiorly, and the positive z-axis to the right. The pose of each
segment was determined in terms of its transformation matrix by
minimizing marker array deformation from its reference shape in a
least-squares sense (Veldpaus et al., 1988). A cardanic rotation sequence
(Z—X-Y) was used to describe the rotational movements of each joint
(Cole et al., 1993). With the measured GRF and kinematic data,
intersegmental forces and internal moments at the joints of the lower
limbs were calculated using inverse dynamics. Inertial properties for each
body segment, namely mass, center of mass, and moment of inertia were
obtained using Dempster’s coefficients (Dempster et al., 1959).

Angular motions of the pelvis and the joints of both limbs, as well as
joint moments of the leading limb were calculated and their values when
the trailing toe was above the obstacle were extracted, namely the crossing
angles of both limbs and pelvis and the crossing moments of the leading
stance limb. The leading toe-out angles at the same instance were also
obtained. Peak moments of the leading stance joints were calculated to
indicate the maximum muscular effort at the joints.

For all the calculated variables, a mixed analysis of variance (ANOVA)
with one between-subject factor (OA and control groups) and one within-
subject factor (obstacle height) was used. If a height effect was found, a
polynomial test was performed to determine the trend (linear or
quadratic). All significance levels were set at « = 0.05. SPSS version 11.0
(SPSS Inc., Chicago, IL, USA) was used for all statistical analyses.

3. Results

Demographic data of the subject groups are summa-
rized in Table 1. They were statistically the same except
that the OA group was slightly heavier than the control
group. Pain levels between limbs in the OA group were not
different.
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Table 1

Characteristics of patients with bilateral medial compartment knee osteoarthritis (OA) and matched control subjects

Variable Patients Control subjects Between-limb Between-group
comparisons (p-value) comparisons (p-value)
Sex (no. of females/no. of males) 7/8 7/8 -
Age, years (mean+S.D.) 70.8+4.9 72.0+6.0 — 0.51
Height, cm (mean+S.D.) 160.8+9.7 160+5.7 - 0.72
Leg length, cm (mean+S.D.) 82.84+5.6 79.84+5.1 - 0.13
Mass, kg (mean+S.D.) 65.949.5 584+10.4 - 0.04*
K/L grade
(3,3) 11 - - -
(3,2) 3 - - -
4, 3) 1 - - -
Pain, cm (0-10)
L (mean+S.D.) 3.044+1.09 - 0.85 -
R (mean+S.D.) 3.00+1.20 - -

L and R indicate left and right knees.
*Significant group effect using an independent -test (p<0.05)

;—/fgﬁsz(s.D‘) of the trailing toe clearances and crossing speeds for both groups when the trailing limb crossed obstacles of three different heights
Obstacle height 10% 20% 30% Efftects (p-value)
OA Normal OA Normal OA Normal
Toe clearance (mm) 154.19 (33.98) 119.44 (39.35) 162.62 (41.17) 127.24 (46.70) 164.44 (45.91) 131.85 (42.34)  pu= 0.48*
Crossing speed (m/s) 0.82 (0.14) 0.80 (0.15) 0.73 (0.15) 0.70 (0.12) 0.65 (0.14) 0.63 (0.11) ﬁi:OOO%ZOI*l
pc = 0.65

With increasing obstacle height, a downward arrow indicates a statistically significant linearly decreasing trend.

*Significant height (H) or group (G) effects (p <0.05).

Comparisons between the OA and normal groups did
not reveal any significant difference in the crossing speed
(Table 2). The trailing toe clearance in the OA group was
significantly higher than that in the healthy controls
(F(2,28) = 6.19, p =0.022; Table 2). When the trailing
toe was above the obstacle, greater hip abduction
(F(2,28) = 18.74, p<0.001) in the trailing swing limb was
found in the OA group (Table 3). Obstacle height effects
were found in the swing joint angles, except for the
transverse components at the hip and knee, as well as ankle
eversion in both groups (Table 3). For the leading stance
limb, smaller hip adduction (F(2,28) = 14.41, p = 0.001),
knee flexion (F(2,28) = 5.75, p = 0.024), and ankle eversion
(F(2,28) = 4.57, p =0.04) were found in the OA group
(Table 4). Joint angles of the leading stance limb were
also affected by obstacle height for the hip adduction

(F(2,28) = 74.41, p<0.001) and external rotation
(F(2,28) = 36.12, p<0.001), as well as knee flexion
(F(2,28) = 32.53, p<0.001) and knee abduction

(F(2,28) = 32.53, p<0.001) for both groups (Table 4).
Greater pelvic anterior tilt (F(2,28) =4.46, p =0.04)
and toe-out angles (F(2,28)=4.79, p=0.04) were
also found in the OA group (Table 5). When the obstacle
height increased, both groups linearly increased their
pelvic anterior tilt (F(2,28) = 63.81, p<0.001), swing-side

backward rotation (F(2,28) =32.92, p<0.001), and list
angles (F(2,28) = 64.22, p<0.001).

Peak and crossing moments of the ankle joint were
statistically the same for both groups. During early stance,
greater knee abductor moments were found in the OA
group (F(2,28) = 6.32, p = 0.02; Fig. 1). When the trailing
toe was above the obstacle, greater knee abductor crossing
moments were also found in the OA group (F(2,28) = 4.34,
p = 0.04). During late stance, greater peak hip abductor
moments were also found in the OA group (F(2,28) = 5.46,
p =0.03). Height effects were found in early peak
and crossing hip abductor moments (early stance:
F(2,28) = 35.74, p<0.001; crossing: F(2,28) = 22.26,
»<0.001), as well as in late peak knee abductor moments
(F(2,28) = 11.98, p = 0.002) for both groups.

Ankle moments in the sagittal plane were not signifi-
cantly different between groups. Greater hip extensor
moments (early stance: F(2,28) = 4.27, p = 0.04; crossing:
F(2,28) = 11.98, p =0.002; late stance: F(2,28) = 11.61,
p=0.002) and smaller knee extensor moments
(early stance: F(2,28) =22.57, p<0.001; crossing:
F(2,28) = 23.13, p<0.0001; late stance: F(2,28) = 19.51,
p<0.001) were found in the OA group (Fig. 2). Height
effects were found in the peak hip extensor moments
during early stance (F(2,28) = 35.74, p<0.001) and hip
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Table 3

Crossing angles of the joints of the trailing swing limb when the trailing toe was above the obstacle

Crossing angle ~ Group Obstacle height

Effects (height and

(deg) group) (p-value)
10% 20% 30%
Mean S.D. Mean S.D. Mean S.D.

Hip

Flex OA 25.47 3.58 29.34 6.31 32.48 8.68 pu<0.001*1
Normal 24.48 6.03 29.98 5.73 33.92 6.01 pc = 0.86

Add OA —2.47 3.95 —24 3.80 —4.31 3.83 pu<0.001*1
Normal 3.47 3.81 4.43 5.74 4.03 6.88 pG = 0.02*

IR OA 2.04 4.32 3.89 4.99 5.52 5.57 pu=0.18
Normal 2.85 4.94 2.43 5.62 2.39 6.40 pc =047

Knee

Flex OA 96.24 8.11 109.61 9.51 118.83 8.52 pu<0.001%1
Normal 95.95 8.77 112.51 8.96 124.6 7.63 pc =029

Abd OA 6.11 4.54 4.55 3.97 4.15 4.10 pu = 0.003* |
Normal 15.11 9.67 13.60 10.34 12.40 9.27 pc = 0.053

ER OA 15.10 6.76 15.26 7.97 16.13 9.22 pu = 0.19
Normal 21.50 6.67 22.72 8.84 23.37 10.49 pc =0.23

Ankle

Dorsi OA 1.91 8.29 4.84 7.18 7.78 6.96 pu<0.001%17
Normal 2.46 7.47 7.02 9.02 10.79 7.83 pc = 0.49

Eve OA —-0.2 4.57 0.13 4.92 0.09 5.64 pu=0.6
Normal 2.01 2.79 2.32 3.59 2.51 3.29 pc =0.13

IR OA —0.81 6.21 2.56 6.25 6.33 7.33 pu = 0.09
Normal 0.37 3.19 —0.82 5.67 0.43 4.23 pg=0.15

With increasing obstacle height, an upward arrow indicates a statistically significant linearly increasing trend, while a downward arrow indicates a
statistically significant linearly decreasing trend. Flex/Ext: flexion/extension angles, Abd/Add: abduction/adduction angles, IR/ER: internal/external

angles.
*Significant height (H) or group (G) effects (p <0.05).

crossing extensor moments (F(2,28) = 22.26, p<0.001),
as well as in peak knee moments during early and late
stance (early stance: F(2,28) = 7.73, p = 0.003; late stance:
F(2,28) = 15.84, p<0.001) and in the knee crossing
flexor moments (F(2,28) =49.52, p<0.001) for both
groups (Fig. 2).

4. Discussion

The current study aimed to investigate the biomechani-
cal strategies adopted by older adults with medial
compartment knee OA for successful obstacle crossing by
the trailing limb. The OA group successfully crossed the
obstacle with higher trailing toe clearance (Table 2). This
may be helpful for reducing the probability of the foot
hitting the obstacle and thus decreasing the risk of tripping,
when neither the swing limb nor the obstacle is within the
subject’s visual field. Particular kinematic and kinetic
changes in the pelvis—leg apparatus were needed for this
altered end-point control.

Apart from the increased anterior pelvic tilt, changes in
joint kinematics also contributed directly to the greater

trailing toe clearance in the OA group, namely decreased
knee flexion and hip adduction of the leading stance limb,
and increased hip abduction of the swing limb. These
changes were also found among other kinematic changes of
the joints in both groups (Tables 3 and 4) to ensure a
constant toe clearance when facing obstacles of increasing
height. This suggests that these changes were the primary
strategies that the OA subjects used when it was necessary
to increase the foot height during swing. These strategies
emerged possibly as a result of interactions between factors
such as volition, neurological control, musculoskeletal
conditions, and pain to meet the mechanical and safety
demands. When the swing toe was above the obstacle, the
swing hip was in an abducted position in the OA group,
while in an adducted position in the normal group. Since
the varus alignment of the OA knee may reduce the
distance between the swing toe and the stance limb,
abduction of the swing hip in the OA group seemed to be
helpful for reducing the probability of the swing toe hitting
the stance limb when the trailing limb was crossing.
Although swing ankle eversion was also a possible strategy
to increase the distance between the swing toe and the
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Table 4

Crossing angles of the joints of the leading stance limb when the trailing toe was above the obstacle

Crossing angle  Group Obstacle height Effects (height and

(deg) group) (p-value)

10% 20% 30%
Mean S.D. Mean S.D. Mean S.D.

Hip

Flex OA 10.71 4.20 10.02 4.40 10.08 4.87 pu=0.14
Normal 11.41 4.08 10.35 4.01 10.94 4.64 PG = 0.68

Add OA 5.14 2.39 2.78 3.41 —0.77 4.64 pr<0.001%
Normal 10.69 4.03 8.15 4.23 3.99 5.34 pG = 0.001*

ER OA 0.42 5.59 1.03 5.27 3.79 6.01 pr<0.001"1
Normal —0.61 4.24 0.74 3.75 3.21 3.98 PG =0.71

Knee

Flex OA 5.84 4.60 4.34 5.28 2.80 4.36 pu = <0.001*|
Normal 10.43 5.27 7.80 4.24 6.77 3.66 pG = 0.02*

Abd OA 0.74 2.54 0.75 2.64 0.57 2.68 pu = 0.02%]
Normal 2.61 3.23 1.99 2.84 1.57 2.98 pG =021

ER OA 0.37 1.59 0.17 1.87 —0.33 2.03 pu = 0.07
Normal —0.14 4.58 —1.04 4.64 —1.17 5.39 P = 0.51

Ankle

Dorsi OA 2.87 4.07 3.02 3.58 3.26 3.55 pu = 0.59
Normal 4.00 2.96 3.79 3.27 2.93 445 pc = 0.69

Eve OA 2.93 1.99 2.83 2.66 2.04 2.76 pu = 0.38
Normal 4.5 2.2 4.25 2.98 4.29 2.77 PG = 0.04*

IR OA 1.37 2.36 1.5 3.13 0.45 3.07 pu=0.19
Normal 0.14 242 0.82 2.84 0.59 3.14 pg =0.55

With increasing obstacle height, an upward arrow indicates a statistically significant linearly increasing trend, while a downward arrow indicates a
statistically significant linearly decreasing trend. Flex/Ext: flexion/extension angles, Abd/Add: abduction/adduction angles, IR/ER: internal/external
angles.

*Significant height (H) or group (G) effects (p <0.05).

Table 5
Pelvic and toe-out angles when the trailing toe was above the obstacle

Angle (deg) Group Obstacle height Effects (height and
group) (p-value)
10% 20% 30%
Mean S.D. Mean S.D. Mean S.D.
Pelvic
Anterior tilt OA 16.10 4.85 17.18 4.60 18.93 5.09 pu<0.001*17
Normal 11.70 3.88 13.47 4.50 15.49 4.21 PG = 0.04*
Swing-side OA 4.89 2.88 7.08 3.69 11.78 8.16 pu<0.001*17
backward Normal 5.82 2.52 7.84 3.01 12.92 6.61 pc=0.6
rotation
Swing-side list  OA 1.24 2.04 3.77 3.29 7.69 5.50 pu<0.001%1
Normal 0.05 1.84 2.92 2.82 6.94 4.22 pc =04
Toe-out
OA 9.93 6.57 11.50 5.71 11.57 6.01 pu = 0.43
Normal 7.07 3.88 5.59 3.49 7.46 3.54 pG = 0.04*

With increasing obstacle height, an upward arrow indicates a statistically significant linearly increasing trend, while a downward arrow indicates a
statistically significant linearly decreasing trend.
*Significant height (H) or group (G) effects (p <0.05).
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Fig. 1. Moment curves in the frontal plane of the (a) hip and (b) knee joints of the leading stance limb when crossing obstacles of 10% of leg length for the
OA (thick lines) and control (thin lines) groups during stance phase. The vertical lines indicate the instances when the trailing swing toe was above the
obstacle. Marker “E” in the graph indicates the peak moment during early stance, “C” the crossing moment, and “L”’ the peak moment during late stance.
Comparisons of these moments between groups are shown as bar charts in parts (c—e) for the hip and parts (f~h) for the knee, with corresponding standard
deviations as error bars. An asterisk indicates significant differences between groups (p <0.05). With increasing obstacle height, a right arrow above the
graph indicates a statistically significant linearly increasing trend, while a left arrow indicates a statistically significant linearly decreasing trend (black bar:

the OA group, gray bar: the control group).

stance limb, abduction of the swing hip was more effective
because the hip is much more proximal than the ankle.
Greater knee abductor moments were needed in the OA
group before and when the swing toe passed over the
obstacle, and returned to a normal level afterwards.
Greater knee abductor moments may be associated with
varus alignment of the diseased knee, which would shift the
line of action of the GRF medial to the knee joint center.
During late stance, the knee abductor moments in the OA
group were similar to those in the healthy controls, most
likely due to the increased toe-out angle. A greater toe-out
angle will result in orienting the GRF to pass closer to the
knee joint center, thus decreasing the second peak knee
abductor moment during late stance (Hurwitz et al., 2002).
Increased peak hip abductor moments during late stance

may be associated with the reduced peak knee abductor
moments. Strategies for reducing knee abductor moments
in the OA group may be helpful for reducing joint loading
and associated pain at the knee. Pain relief was reported to
decrease the risk of tripping over obstacles (Pandya et al.,
2007). Potential remedies may include knee bracing and
corrective footwear that were reported to be useful for
decreasing knee abductor moments during level walking
(Pollo et al., 2002; Toda and Tsukimura, 2004).

Changes in the knee abductor moments in the current
study were similar to those during leading limb crossing
(Lu et al., 2007), except that the knee abductor crossing
moment was greater than normal when the trailing toe was
above the obstacle. During leading limb crossing, increased
stance hip abduction and swing-side pelvic list were
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Fig. 2. Moment curves in the sagittal plane of the (a) hip and (b) knee joints of the leading stance limb when crossing obstacles of 10% of leg length for the
OA (thick lines) and control (thin lines) groups during stance phase. The vertical lines indicate the instances when the trailing swing toe was above the
obstacle. Marker “E” in the graph indicates the peak moment during early stance, “C” the crossing moment, and “L” the peak moment during late stance.
Comparisons of these moments between groups are shown as bar charts in parts (c—e) for the hip and parts (f-h) for the knee, with corresponding standard
deviations as error bars. An asterisk indicates significant differences between groups (p <0.05). With increasing obstacle height, a right arrow above the
graph indicates a statistically significant linearly increasing trend, while a left arrow indicates a statistically significant linearly decreasing trend (black bar:

the OA group, gray bar: the control group).

adopted in the OA group to shift the GRF line closer to the
stance knee center (Lu et al., 2007), resulting in normal
knee joint loads. However, this compensation was not
present when the trailing limb was crossing. This may be
due to the quite different postural, and thus mechanical,
demands between the two phases of obstacle crossing. The
swing limb is mainly ahead of the stance limb during
leading limb crossing with the COM moving away from the
stance limb, while the swing limb follows the stance limb
during trailing limb crossing with the COM moving
towards the supporting limb (Chen and Lu, 2006). Apart
from differences in mechanical demands, other factors such
as impaired proprioception, pain, and limitation of joint
motion could also have contributed to the observed
differences between leading versus trailing limb obstacle
crossing. However, since the subjects had bilateral OA with

similar severity and pain levels, the effects of these
associated impairments may be limited.

The OA group also exhibited different joint Kinetics in
the sagittal plane compared to the normal group. Smaller
knee extensor moments were used in the OA group
throughout the stance phase, which may be due to the
weakness of the quadriceps accompanying knee OA
(O’Reilly et al., 1998). When the trailing toe was above
the obstacle, greater knee flexor crossing moments (possi-
bly as a result of the weakened knee extensors) were
observed in the OA group, compared to knee extensor
crossing moments in the healthy control. In order to
compensate for the physical condition of the OA knee,
including muscle weakness and malalignment, the OA
group appeared to flex the stance knee less and tilted the
pelvis more anteriorly to control the stability of the stance
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knee. A more extended knee position also contributed to
the higher trailing toe clearance in the OA group. The OA
group also increased the hip extensor effort to ensure body
stability under the altered posture and to prevent the body
from experiencing too much forward progression owing to
the instability of the OA knee. The same strategies were
also found during leading limb crossing (Lu et al., 2007).
This is in contrast to the joint kinetics in the frontal
plane where a different kinetic strategy between the leading
and trailing limbs was needed. To help reinforce the
performance of the leading stance limb for successful
obstacle crossing, the use of a knee brace may be
considered because knee bracing has been shown to
increase the proprioception and stability of the OA knee
(Birmingham et al., 2001).

In the current study, the effects from selection bias were
reduced by adopting homogeneous subjects and matching
between groups, except for the slightly higher body weight
in the OA group, reflecting the fact that overweight is a risk
factor for knee OA (Felson et al., 1988). However, this
approach inevitably limits the generalization of the current
findings. For example, patients with excessive pain and/or
with different pain between the two limbs may have to
develop different strategies for successful crossing. For
patients with unilateral and/or lateral compartment knee
OA, the biomechanical strategies adopted may be different
too. Gender, severity of OA, and walking speed may also
be factors. Further study is needed to reveal the potential
differences between these groups and the effects of the
possible factors.

In conclusion, higher trailing toe clearance was adopted
by the OA group, which may be helpful for decreasing the
risk of tripping when neither the swing limb nor the
obstacle is within the subject’s visual field when the trailing
toe is crossing. In order to achieve this higher toe clearance,
particular joint kinematic and kinetic strategies have been
adopted in the OA group. Weakness in the hip abductors
and extensors in individuals with OA may be risk factors
for tripping owing to the greater demands on these muscle
groups during obstacle crossing by these individuals.
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