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Methods: Older adults with bilateral medial knee OA (age 66 + 5.3 years; height

156 £ 4.9 cm; mass 60 = 5.1 kg; leg length 83.72 & 3.64 cm) were studied using com-
puterized gait analysis initially (Baseline) and 6 weeks after using LW insoles (Follow-up)
during barefoot walking and walking with LW insoles (7° of lateral inclination, with
medial arch support). The three-dimensional angles and internal moments at the lower
limb joints, as well as the ground reaction forces, were obtained using a motion analy-
sis system and two forceplates. Key features of all the variables were compared using
paired t tests for immediate effects (barefoot vs. LW) and for long-term effects (Baseline
vs. Follow-up). The symptomatic severity (WOMAC Index) was also evaluated (Baseline
vs. Follow-up).

Results: The KAM with LW insoles at Baseline was significantly reduced when com-
pared to the barefoot condition (p < 0.05), suggesting that the LW insoles were effective
in reducing unfavorable loadings at the knee immediately upon wearing the insoles.
After 6 weeks of wearing LW insoles (Follow-up), no significant changes were found in
most of the biomechanical variables, including KAM (p > 0.05), when compared to Base-
line with LW insoles. However, a specific gait adaptation with reduced knee loading was
revealed when walking without LW insoles, i.e., for the barefoot condition (p < 0.05).

Conclusions: After long-term use of LW insoles, the pain and physical function were
improved with decreased peak KAM. A specific gait adaptation with reduced KAM was
also found when walking without LW insoles. These results indicate a positive long-term
effect in persons with bilateral medial knee OA, both as an orthosis to assist walking, and
as a treatment intervention to facilitate gait adaptations in favor of reduced KAM.
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Background

Knee osteoarthritis (OA) is a degenerative joint disease commonly seen in the middle-aged
and older population. Patients with knee OA often suffer from pain, muscle weakness,
swelling, stiffness, limited range of motion, as well as joint deformity and malalignment [1,
2], which may lead to abnormal gait patterns and joint loadings [2—4], as well as reduced
quality of life [5]. Treatments such as analgesics and non-steroidal anti-inflammatory
drugs are effective in relieving pain and inflammation but do not normally address the
underlying biomechanical changes that are related to the causes and/or progression of
the disease. Laterally-wedged (LW) insoles aim to reduce the unfavorable loadings at the
knee by controlling the frontal alignment of the foot. However, previous studies on both
immediate and long-term effects of LW insoles have produced mixed outcome in terms of
the improvement in pain, physical function and quality of life [6—8]. Most of the previous
studies on the long-term effects were based on subjective evaluations, such as WOMAC
scores [6, 7, 9—11]. Quantitative biomechanical assessment of the long-term effects of LW
insoles on gait performance has been limited [12—14].

Among the limited studies on the long-term effects of LW insoles, most focused on the
assessment of the clinical outcome and static alignment [6, 7, 9-11], giving controversial
results. Laterally wedged insoles were shown to be associated with early improvements
in pain, stiffness and functional limitations [6, 7], as well as significant reductions in the
varus alignment based on radiographic findings [11]. However, no significant sympto-
matic and/or structural improvement was found in patients with medial knee OA after
wearing LW insoles long-term [9, 10]. It is noted that all the above-mentioned previ-
ous assessment studies were performed while wearing the insoles. It remains unclear
whether the long-term use of LW would have the potential to achieve a therapeutic
gait adaptation, such as gait with reduced harmful knee loadings. The presence of a gait
adaptation after prolonged use of the LW insoles can be assessed only with the insoles
removed, i.e., during barefoot walking.

Another factor that affects the effectiveness of LW insoles in reducing the unfavorable
loadings at the knee is the compensatory changes at the ankle, which could potentially
diminish the intended lateral shifting of the ground reaction force (GRF) vector when
wearing the LW insoles. Previous studies have proposed LW insoles with arch supports
or sub-talar strapping to reduce the attenuation effects of the ankle, but have produced
controversial results [14—17]. Some authors showed that LW insoles with arch supports
and sub-talar strapping helped reduce ankle eversion in young healthy subjects [8, 16,
17], while others reported otherwise [15]. Note that these results were immediate effects
and may be very different from those after prolonged use of LW insoles.

Among the loading components, the knee abductor moment (KAM), i.e., moment
provided by the knee abductors, has been shown to be associated with knee pain, sever-
ity of degenerated changes on the condyle and rate of its progression [18, 19], and is thus
a biomechanical index for evaluating the efficacy of clinical interventions [8, 16, 17]. An
increased KAM may lead to an increased compressive medial compartment load [20,
21], which is an important variable indicating the progress of medial knee OA. Apart
from the changes in joint mechanics at the knee, peak hip flexor and abductor moments
and ankle plantarflexor moments were also changed when compared to the control
group [22]. Therefore, evaluating the efficacy of LW during gait should include changes
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in the biomechanical indices at the hip and ankle, which may also be found in persons
with medial knee OA when a foot orthosis such as an LW is used [8, 15, 23].

The purpose of the current study was to investigate the immediate and long-term
effects of LW insoles on the lower limb joint biomechanics, the KAM in particular,
during gait in patients with bilateral medial knee OA. It was hypothesized that the LW
insoles would immediately alter the loadings, not only at the knee, but also at the other
joints during gait in persons with bilateral medial knee OA, and that long-term use of
the LW insoles would change the joint biomechanics even during barefoot walking.

Methods

Subjects

Ten female subjects with bilateral medial knee OA (age 66 =+ 5.3 years; height
156 £ 4.9 cm; mass 60 + 5.1 kg; leg length 83.72 + 3.64 c¢cm; hip—knee—ankle angle
187.9° + 2.5°) were recruited by an experienced physician (LFH) to participate in the cur-
rent study. An a priori power analysis based on pilot results using GPOWER [24] deter-
mined that seven subjects would yield a power of 0.8 at a significance level of 0.05. All
the subjects met the following inclusion criteria: (a) bilateral medial knee OA, (b) grade
2 or 3 in both knees according to the Kellgren/Lawrence (K/L) grading [25], and (c) abil-
ity to walk independently. A subject was excluded if she had (a) received treatment such
as foot orthoses, intra-joint injections or an operation in the past 6 months, (b) other
neuromusculoskeletal disorders, visual impairment or cognitive dysfunction that might
disturb gait. The symptomatic severity of the subjects was evaluated using the Western
Ontario and McMaster Universities Arthritis Index (WOMAC) [10], which comprises
pain, stiffness and physical function sub-scales based on a 5-point Likert scale. All sub-
jects gave informed written consent as approved by the Institutional Research Board.

Laterally-wedged insoles
The LW was made from ethylene vinyl acetate with a 7° lateral inclination (Figure 1b, c).
The insoles were individually fabricated, with the lateral wedge extending along the entire
length of the foot, and included the medial arch support. The arch support was located at
a place underneath the foot determined using individual footprints and the height of the
navicular tuberosity [8]. The original insoles in the personal walking shoes of each subject
were removed and replaced by the corresponding LW insoles.

In the following 6 weeks after the LW insoles had been fitted, the subjects wore the
LW insole whenever wearing shoes, for a period of 5-10 h each day [11]. The subjects

(a) (b) (c)

Figure 1 Experimental shoes and insoles used in the study. a The kung-fu shoes. b The laterally-wedged
insoles (anterior-medial view). € The laterally-wedged insoles (posterior-lateral view).
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received weekly telephone calls from the study investigators to determine whether there
were any problems with adherence to the protocol or with discomfort with the shoes.
Small adjustments to the shoes, such as a modification of the height and shape for the
arch support, during the first week were permitted [26]. During the 6-week trial, par-
ticipants were not discouraged from seeking additional treatments for OA, but were
requested to record such changes in a daily log, including physical therapy and medica-
tion use, as well as any changes in the symptoms and any adverse effects from the insoles
[27]. However, oral analgesia on the day of, or day before, a study visit was prohibited [6].

Experimental protocol

The subjects were evaluated using gait analysis, both immediately after (Baseline) and
6 weeks after wearing the LW insoles (Follow-up). Each gait evaluation included assess-
ment of the subjects under two conditions: barefoot condition and wearing kung-fu shoes
(Figure 1a) with subject-specific LW insoles (LW condition). The subject was asked to walk
at a self-selected pace on an 8-m walkway under barefoot and LW conditions in a ran-
dom order determined by a random number table. Infrared retroreflective markers were
attached on the anterior superior iliac spines, posterior superior iliac spines, greater tro-
chanters, mid-thighs, lateral and medial femoral epicondyles, tibial tuberosities, fibular
heads, lateral and medial malleoli, heels, navicular tuberosities and fifth metatarsal bases
[28]. In the LW condition, small holes were made in the kung-fu shoes to place markers
directly on the navicular tuberosities and fifth metatarsal bases. Several practice trials were
allowed so that the subject could walk comfortably with the markers and LW along the
walkway. During the experimental data collection, three-dimensional marker trajectories
and GRF were captured by a 6-camera motion analysis system (Vicon MX 13, Oxford
Group, UK) with a sampling rate of 120 Hz, and two forceplates (OR-6-7-1000, AMTI,
USA) with a sampling rate of 1,080 Hz. Six successful trials, defined as those trials dur-
ing which the subject did not step outside the forceplates, were collected for each test
condition.

Data analysis

For dynamic analysis, the pelvis-leg apparatus was modeled as a seven-link system.
Each link were 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, fol-
lowing the convention recommended by the International Society of Biomechanics [29].
A Cardanic rotation sequence (z—x—y) was used to describe the rotational movements of
each joint [30]. 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 [31]. All the calculated moments were
normalized to body weight and leg length. The center of pressure (COP) position was cal-
culated using forces and moments measured by the forceplates. The medial/lateral (M/L)
positions of the COP were described relative to the line of progression during a gait cycle,
a positive value being to the side of the contralateral limb [8]. The frontal GRF was also cal-
culated as the resultant force vector of the vertical and M/L component of the GRE, while
the corresponding lever arm available at the knee was calculated as the perpendicular
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distance between the frontal GRF and the knee joint center. Gait speed and the foot pro-
gression angle, defined as the angle between the direction of progression and the long axis
of the foot at midstance, were also obtained.

The peaks of the abductor moment at the knee during early and late stance phases
(first and second peaks at P1 and P2), and the corresponding joint angles and moments
at the hip, knee and ankle were extracted for subsequent statistical analysis. The magni-
tude of the frontal GRF and its lever arm available at the knee, and the M/L COP posi-
tions when the first and second peak KAM occurred, were also extracted.

Statistical analysis

All the variables obtained for statistical analysis were tested for normality using the Shap-
iro—Wilk test. A paired ¢ test was used to test the immediate effect of LW insoles (condi-
tion: barefoot vs. LW) on all the calculated biomechanical variables and to test the effect of
6-week use of LW insoles (evaluation time: Baseline vs. Follow-up) in terms of WOMAC
scores and all the calculated biomechanical variables. All statistical analyses were per-
formed using SPSS (version 19, Inc., Chicago, USA). All significance levels were set at
a = 0.05.

Results

The daily logs of the subjects revealed that none of them received any additional treat-
ment for their OA knees and that they wore the LW insole for at least 6.5 h per day dur-
ing the 6-week period. Significantly lower WOMAC scores were found after wearing the
LW insoles for 6 weeks (pain: Baseline = 6.17 4 2.76, Follow-up = 3.08 & 2.07, p = 0.004,
and physical function: Baseline = 20.47 + 8.64, Follow-up = 10.14 £ 6.65, p = 0.013)
while scores in joint stiffness remain unchanged (Baseline = 2.92 £ 1.68, Follow-
up = 2.67 £+ 1.61; p = 0.343).

Temporal—spatial parameters, namely stride duration, walking speed, step width and
step length, were not significantly different between barefoot and LW conditions, either
at Baseline or Follow-up (Table 1). The foot progression angles between barefoot and
LW conditions were not significantly different between Baseline and Follow-up. Com-
pared with Baseline, foot progression angles in the barefoot condition were significantly
decreased at Follow-up but those during the LW condition were not statistically changed
(Table 1).

The angles and moments at P1 and P2 at the hip for the barefoot and LW conditions
were not significantly different, neither at Baseline, nor at Follow-up (Table 2). When
compared to those at Baseline, in both the barefoot and LW conditions, the hip angles
and moments at P1 and P2 were not statistically changed at Follow-up (Table 2), while
during the barefoot condition the external rotation of the hip at heelstrike was signifi-
cantly lower at Follow-up compared with that at Baseline (Baseline = 10.33 &+ 5.11, Fol-
low-up = 3.29 £ 3.91, p = 0.017).

The angles and moments at P1 and P2 at the knee for the barefoot and LW conditions
were not significantly different, neither at Baseline, nor at Follow-up (Tables 3). The sec-
ond peaks of KAM during the LW conditions were significantly lower than those during
the barefoot conditions at Baseline (p < 0.05, Table 3; Figure 2), while the first and sec-
ond peaks of KAM between barefoot and LW conditions were not significantly different
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Table 1 Temporal-spatial parameters

Conditions Evaluation time p value
Baseline Follow-up Barefootvs.  Barefootvs.LW  Baseline vs.
Mean SD Mean SD LW at Baseline at Follow-up Follow-up
Walking time Barefoot 195 019 166 010 081 0.18 0.06
) Lw 198 027 185 031 046
Walking speed  Barefoot 077 010 090 011 091 041 0.08
(m/s) Lw 078 012 085 012 0.25
Step length Barefoot 6042 254 6179 337 080 0.28 046
(%eLL) Lw 6006 235 6923 1584 0.12
Step width Barefoot 10.53 333 1360 3.02 052 0.40 0.12
(LL) Lw 1183 347 1200 329 0.60
Foot progres-  Barefoot 544 177 361 197 067 0.20 0.04*
sionangle () |y 492 242 566 311 035

SD standard deviation, LW laterally-wedged, LL leg length.
* Significant difference Baseline versus Follow-up during barefoot condition.

at Follow-up (p > 0.05, Table 3; Figure 3). On the other hand, the flexion angle at the
knee at P1 and P2 in the barefoot condition was significantly increased at Follow-up
when compared to Baseline (p < 0.05, Table 3). The two peaks in the barefoot condition
were significantly decreased at Follow-up (p < 0.05, Table 3; Figure 4) but not statistically
changed in the LW condition when compared to those at Baseline (p > 0.05, Table 3;
Figure 5).

The angles and moments at P1 and P2 at the ankle for the barefoot and LW conditions
were not significantly different, neither at Baseline, nor at Follow-up (Table 4); When
compared to those at Baseline, in the barefoot conditions, the ankle dorsiflexion angles
at P1 was significantly increased at Follow-up (p < 0.05, Table 4). When compared to
those at Baseline, in the LW condition, the ankle eversion at P1 and invertor moments at
P2 were significantly increased at Follow-up (p < 0.05, Table 4).

The magnitudes of the frontal GRF at P1 and P2 between barefoot and LW condi-
tions were not significantly different at Baseline and at Follow-up (p > 0.05, Table 5). The
magnitudes of the frontal GRF at P1 and P2 in both the barefoot and LW conditions at
Follow-up were not statistically changed when compared to those at Baseline (p > 0.05,
Table 5). The lever arm lengths of the frontal GRF at P1 and P2 during the LW condition
were significantly lower than those during the barefoot condition at Baseline (p < 0.05,
Table 5). The lever arm lengths of the frontal GRF at P1 and P2 between barefoot and
LW conditions were not significantly different at Follow-up (p > 0.05, Table 5). The lever
arm lengths of the frontal GRF at P1 and P2 for the barefoot condition were significantly
decreased at Follow-up (p < 0.05, Table 5) but those in the LW condition were not statis-
tically changed when compared to the Baseline (p > 0.05, Table 5).

The COP positions at P1 and P2 in the LW condition were laterally shifted significantly
more than those in the barefoot condition, both at Baseline and at Follow-up (p < 0.05,
Table 6). However, the COP positions in the barefoot and LW conditions were not statis-
tically changed at Follow-up when compared to Baseline (p > 0.05, Table 6).
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Table 2 Joint angles and moments at the hip

Conditions Evaluation time p value

Baseline Follow-up Barefoot vs. Barefoot vs. LW Baseline vs.
Mean SD  Mean SD LW at Baseline at Follow-up  Follow-up

First peak KAM

Hip adduc- Barefoot 757 267 761 282 0.66 0.32 091
tion(+)/ 1w 701 154 591 288 046
abduction

(=) angle ()

Hip internal Barefoot —128 492 =211 271 0.39 048 0.75
rotation Lw 091 337 —104 235 046
(+)/exter-

nal rotation

(=) angle ()

Hip flexion Barefoot 9078 455 1356 443 0.66 0.28 0.35
(+)/exten- |y 1075 270 1075 427 091
sion (—)

angle (°)

Hip adductor  Barefoot 1144 114 1053 324 0.80 0.51 091
(+)/abduc- |y 1129 080 1155 173 060
tor (—)

moment

(%BW*LL)

Hip external ~ Barefoot 037 057 0.73 086 0.79 0.67 0.46
rotator (+)/ -y 029 042 054 063 075
internal

rotator (—)

moment

(%BW*LL)

Hip exten- Barefoot 163 1.06 054 202 048 0.54 0.1
sor(+)/ 1w 095 204 157 350 092
flexor (—)

moment

(9%BW*LL)

Second peak KAM

Hip adduc- Barefoot 552 230 463 240 0.19 0.10 0.60
tion(+)/ 1y 378 200 247 176 0.06
abduction

(=)angle ()

Hipinternal  Barefoot 381 507 198 279 0.52 0.25 0.35
rotation LW 539 297 378 237 046
(+)/exter-

nal rotation

(=) angle ()

Hip flexion Barefoot —5.08 1.70 002 6.07 0.17 0.10 0.09
(+)/exten- —286 332 —550 436 0.12
sion (—)

angle (°)

Hip adductor  Barefoot 1086 076 859 278 0.21 032 0.12
(+)/abduc- |y 1003 134 1000 186 075
tor (—)

moment

(9%BW*LL)

Hip external  Barefoot —152 070 —-094 1.6 0.95 0.33 0.25
rotator (+)/ |y —150 048 —153 083 092
internal

rotator (—)

moment

(%BW*LL)
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Table 2 continued

Conditions Evaluation time p value

Baseline Follow-up Barefoot vs. Barefoot vs. LW Baseline vs.
Mean SD Mean SD LW at Baseline at Follow-up  Follow-up

Hip exten- Barefoot —-197 179 =249 305 0.94 0.82 0.46
sor(+)/ —w —204 206 —199 427 092
flexor (=)
moment
(%BW*LL)

SD standard deviation, LW laterally-wedged, LL leg length, BW body weight.

Discussion

This study aimed to evaluate the immediate and long-term efficacy of the LW
insoles during gait in persons with bilateral medial knee OA during both LW and
barefoot conditions. The results showed that, after prolonged use of LW insoles,
a specific gait adaptation with reduced knee loading was found when not wearing
LW insoles. Significantly lower WOMAC scores were also found, both in pain and
physical function scores, suggesting that subjects with knee OA responded favora-
bly to LW insoles. These results agree with a previous one-year prospective con-
trolled trial by Barrios et al. [6]. The simultaneous improvement in both pain and
physical function may be explained in part by the fact that pain relief enhances
physical function [9].

The significantly reduced second peak KAM when wearing LW insoles compared
to the barefoot condition at Baseline suggests that the LW insoles were effective in
reducing unfavorable loadings at the knee immediately upon wearing LW insoles
(Figure 2; Table 3). The immediate effects observed in the current study were
mainly as a result of the lateral shift of the COP (Table 6), combined with a reduced
frontal plane GRF lever arm after wearing the LW insoles (Table 5). Reduced peak
KAM is helpful for pain relief [32] in persons with knee OA who have greater peak
KAM than normal controls [8, 33—35]. The current results were consistent with
previous studies in patients with knee OA [8] and healthy adults [8, 17], although
different from a study that reported no immediate efficacy on the reduction of
KAM [15]. These controversies may be related to multiple factors, including the
symmetry of the alignment of the knees in the patients studied. In the study by
Abdallah and Radwan [15], they compared the results between unilateral and bilat-
eral use of the LW insoles. They included patients with unilateral and bilateral knee
OA with underlying asymmetrical knee alignment that could not be removed, nei-
ther with unilateral, nor bilateral use of LW insoles. The difference in patient selec-
tion may in part explain the differences in the findings. In the current study the
asymmetrical issue was minimized as only patients with bilateral knee OA were
recruited. Therefore, the current findings were considered to be a plausible support
for the immediate efficacy of LW insoles. Nonetheless, the resolution of the con-
troversies of the immediate effects of LW may not be of great clinical significance
because the insoles are often prescribed for long-term use. Thus, the evaluation of
the long-term efficacy of LW insoles in gait improvement seems more important
for clinical applications.
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Table 3 Joint angles and moments at the knee

Conditions Evaluation time p value
Baseline Follow-up Barefootvs. Barefootvs. Baseline vs.
Mean SD Mean SD LWat. LW at Follow-up
Baseline Follow-up
First peak KAM
Knee adduction  Barefoot 0.72 170 =148 390 0.51 0.79 0.25
(+)/abduction |y 001 193 —092 342 025
(=) angle ()
Knee internal Barefoot 223 157 162 420 0.53 0.40 091
rotation (+)/ |y 285 177 379 447 075
external rota-
tion (=) angle
©)
Knee flexion (+)/ Barefoot 941 431 1658 4.90 037 0.19 0.03"
extension (=) |y 1191 490 1326 3.32 0.25
angle (°)
Knee abductor  Barefoot 514 071 369 155 0.15 0.35 003"
(+)/adductor |y 471 067 421 096 0.25
(—) moment
(%BW*LL)
Knee external Barefoot —070 033 —054 021 0.62 0.85 0.35
rotator (+)/ —060 033 —052 025 046
internal rotator
(=) moment
(%0BW*LL)
Knee exten- Barefoot 157 0.96 315 248 046 0.89 0.17
sor (H)/flexor |y 224191 297 184 025
(=) moment
(%BW*LL)
Second peak KAM
Knee adduction  Barefoot 1.22 149 —1.15 386 0.7 0.57 0.17
(+)/abduction |y 085 187 000 291 017
(=) angle ()
Knee internal Barefoot 3.64 253 348 398 0.78 032 0.60
rotation (+)/ |y 405 256 559 310 0.60
external rota-
tion (=) angle
©)
Knee flexion (+)/ Barefoot 753 289 1324 528 0.44 0.16 0.04
extension(=) |y 936 483 926 392 0.75
angle (°)
Knee abductor  Barefoot 516 071 326 1.76 0.04* 0.23 0.02"
(+)/adductor |y 453 067 404 060 0.25
(=) moment
(%BW*LL)
Knee external Barefoot —183 036 —125 063 031 0.28 0.12
rotator (+)/ —161 037 —154 015 075
internal rotator
(=) moment
(%BW*LL)
Knee exten- Barefoot —1.63 1.09 —054 194 0.94 0.21 046
sor(+)/flexor —167 089 —162 049 092
(=) moment
(9BW*LL)

SD standard deviation, LW laterally-wedged, LL leg length, BW body weight.

* Significant difference barefoot versus LW at Baseline.

* Significant difference Baseline versus Follow-up during barefoot condition.
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Knee abductor moment (KAM)
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Figure 2 Effect of LW on peak knee abductor moments (KAM) at Baseline. Ensemble-averaged patterns
of knee abductor moments during the barefoot condition (thick lines) and during the laterally-wedged
condition (LW, thin lines) at Baseline. Vertical lines indicate the instances in time when the first and second
peaks KAM occurred; %BW*LL: percentage of leg length multiplied by body weight; *significant LW effects
p < 0.05.

Knee abductor moment (KAM)

%BW*LL

= Barefoot at follow-up
—— LW at follow-up
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0 10 20 30 40 50 80 70 80 S0 100

% Stance Phase
Figure 3 Effect of LW on peak knee abductor moments (KAM) at Follow-up. Ensemble-averaged patterns
of knee abductor moments during the barefoot condition (thick lines) and during the laterally-wedged
condition (LW, thin lines) at Follow-up. Vertical lines indicate the instances in time when the first and second

peaks KAM occurred; %BW*LL: percentage of leg length multiplied by body weight.

After 6 weeks of wearing LW insoles, no significant changes were found in most of the
biomechanical parameters—including KAM—during the LW condition when compared
to Baseline, suggesting that the reduction of KAM with LW insoles found at Baseline was
maintained throughout this period. The trade-off for maintaining these positive long-
term effects was slightly increased eversion angles and invertor moments at the ankle.
Previous studies also found that the reduction of the harmful KAM immediately after

wearing LW insoles was accompanied with increased ankle invertor moments [15, 36],
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Figure 4 Long-term effect on peak knee abductor moments (KAM) during the barefoot condition.
Ensemble-averaged patterns of knee abductor moments at Baseline (thick lines) and at Follow-up (LW, thin
lines) during the barefoot condition. Vertical lines indicate the instances in time when the first and second
peaks KAM occurred; %BW*LL: percentage of leg length multiplied by body weight; *significant long-term
effects p < 0.05.

Knee abductor moment (KAM)
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Figure 5 Long-term effect on peak knee abductor moments (KAM) during the laterally-wedged condition.
Ensemble-averaged patterns of knee abductor moments at Baseline (thick lines) and at Follow-up (LW, thin
lines) during the laterally-wedged condition. Vertical lines indicate the instances in time when the first and
second peaks KAM occurred; %BW*LL: percentage of leg length multiplied by body weight.

and both these positive and harmful effects were maintained after a prolonged, continu-
ous use of LW insoles [12], These increased ankle invertor moments after prolonged use
of the LW orthoses suggest an increased demand on the relevant muscles, which may
lead to early fatigue and/or over-use injuries. Therefore, strengthening the ankle inver-
tor muscles and monitoring their condition may be necessary to reduce any potential
discomfort of the foot and any adverse effects if the LW insoles are used long-term for
persons with bilateral medial knee OA.
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Table 4 Joint angles and moments at the ankle

Page 12 of 16

Conditions

Evaluation time

p value

Baseline Follow-up

Mean SD Mean SD

Barefoot vs.
LW at Baseline

Barefoot vs.
LW at Follow-up

Baseline vs.
Follow-up

First peak KAM

Ankle inver-
sion(+)/
eversion (—)
angle ()

Ankle internal
rotation
(+)/external
rotation (—)
angle ()

Ankle
dorsiflexion
(+)/plantar-
flexion (=)
angle ()

Ankle ever-
tor (+)/
invertor(—)
moment
(%BW*LL)

Ankle external
rotator (+)/
internal
rotator (—)
moment
(%BW*LL)

Ankle plan-
tarflexor
(+)/dorsi-
flexor (=)
moment
(%BW*LL)

Barefoot
LW

Barefoot
LW

Barefoot
LW

Barefoot
LW

Barefoot
LW

Barefoot
LW

Second peak KAM

Ankle inver-
sion(+)/
eversion (—)
angle (°)

Ankle internal
rotation
(+)/external
rotation (—)
angle ()

Ankle
dorsiflexion
(+)/plantar-
flexion (=)
angle (°)

Ankle ever-
tor(+)/
invertor (—)
moment
(9%BW*LL)

Ankle external
rotator (++)/
internal
rotator (—)
moment
(%BW*LL)

Barefoot
LW

Barefoot
LW

Barefoot
LW

Barefoot
LW

Barefoot
LW

—147
—0.06

3.20
1.74

—4.19
—3.12

3.02
0.78

1.03
1.01

1.08
117

1.63
0.77

1.46
0.69

1.64
0.24

1.15
1.63

4.66
343

1.09
1.67

—-0.27
—0.39

0.28
0.19

—0.59
—0.55

048
0.28

—1.64
—145

0.82
0.81

0.64
0.72

4.82
4.01

1.74
1.98

449
454

1.83
2.09

—0.87
—0.80

3.21
2.21

—365
—244

3.37
1.14

3.15
2.94

0.87
1.40

357
3.28

1.60
1.36

6.41
6.06

2.22
2.04

8.59
7.52

1.64
1.65

—0.53
—0.60

047
0.37

—-093
—0.68

0.85
0.50

—4.23
—3.98

1.44
1.50

—3.22
—3.86

1.27
1.44

0.36

0.96

0.11

042

0.69

046

0.96

0.76

0.78

0.75

042

0.21

0.83

0.97

0.96

042

0.74

0.28

0.55

043

0.25
0.03"

0.25
0.60

0.03*
0.05

035
0.05

0.46
0.75

0.75
0.12

0.25
0.12

0.46
0.60

0.17
0.05

0.46
0.04"

0.17
0.60
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Table 4 continued

Conditions Evaluation time p value

Baseline Follow-up  Barefootvs.  Barefoot vs. Baseline vs.
Mean SD Mean SD LW at Baseline LW at Follow-up  Follow-up

Ankle plan- Barefoot 1223 159 1115 349 019 043 0.60
tarflexor 1y 1116 101 1251 226 035
(+)/dorsi-
flexor (=)
moment
(%BW*LL)

SD standard deviation, LW laterally-wedged, LL leg length, BW body weight.

* Significant difference Baseline versus Follow-up during barefoot condition.

T Significant difference Baseline versus Follow-up during LW condition.

Table 5 Frontal ground reaction force (GRF) and lever arm

Conditions Evaluation time p value
Baseline Follow-up Barefootvs.  Barefoot vs. Baseline vs.
Mean SD  Mean SD Ié‘;\gzrine Il;glztlv-up Follow-up
First peak KAM
Frontal GRF Barefoot 9386 639 9098 1142 0.18 0.79 091
(%BW) Lw 9794 286 8881 1576 0.25
Frontal lever  Barefoot 459 115 326 1.01 0.03* 0.61 002"
arm (L) vy 200 114 215 144 060
Second peak KAM
Frontal GRF Barefoot 98.78 340 9078 1259 1.00 0.93 0.25
(%BW) Lw 9878 171 9016 16.34 075
Frontal lever ~ Barefoot 417 128 309 144 0.03* 0.56 0.02"
arm (6LL) 267 129 278 151 092

SD standard deviation, LW laterally-wedged, LL leg length, BW body weight, GRF ground reaction force
* Significant difference barefoot versus LW at Baseline.

* Significant difference Baseline versus Follow-up during barefoot condition.

Table 6 Medial-lateral (M/L) center of pressure (COP) position

Conditions Evaluation time p value

Baseline Follow-up Barefoot Barefoot Baseline
Mean SD Mean SD % LV\_I at  vs.LWat s,
Baseline  Follow-up Follow-up

First peak KAM

M(+)/L(—) COP Barefoot 18 031 —184 052 000* 002" 091
position (%LL) Lw 293 044 —271 044 046

Second peak KAM

M(+)/L(—) COP Barefoot 145 053 —147 071 000 018 066
position (%LL) Lw 236 040 —210 080 046

SD standard deviation, LW laterally-wedged, LL leg length, COP center of pressure.
* Significant difference barefoot versus LW at Baseline.

T Significant difference barefoot versus LW at Follow-up.
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While the harmful KAM was not further reduced after 6 weeks of wearing the LW
insoles, a specific gait adaptation with reduced knee loading was revealed when walking
without LW insoles, i.e., barefoot (Figure 4; Table 3). This suggests that the LW insoles
also served as a device for developing a gait pattern that will reduce the KAM. In other
words, in the 6-week period the patient acquired a specific gait pattern to reduce the
KAM without having to rely on wearing the LW insoles. This was achieved by adopting
a strategy that involved reduced external rotation of the hip at heelstrike and increased
ankle eversion during stance, which led to significantly reduced lever arm lengths of the
frontal GRF available at the knee and thus a lesser KAM. A previous study has shown
that an increased foot progression angle, presumably as a result of increased external
hip rotation at heelstrike was the strategy used by the knee OA patients to reduce KAM
immediately upon wearing the LW insoles [8]. After prolonged use of the LW insoles,
the current patients reduced the external rotation angle of the hip at heelstrike with
slightly increased ankle eversion during stance, suggesting that they had changed from
the previously observed hip strategy to one that relies more on the ankle. This shift of
compensatory changes from the hip towards the ankle indicates a learning process for
a more localized strategy. This acquired localized strategy, however, may increase the
chances of potential discomfort of the foot and may have an adverse effect on the ankle.
To avoid early fatigue and possible over-use injuries when walking with the adapted gait
patterns after prolonged use of LW insoles, it is suggested that monitoring the foot con-
tact patterns and the condition of the ankle invertor muscles should be included in the
rehabilitation program in persons with bilateral medial knee OA. Meanwhile, previous
studies showed that patients with knee OA walked with reduced knee flexion [2, 37]
so the significantly increased knee flexion in the barefoot condition at Follow-up when
compared to Baseline indicated another improvement of gait patterns after long-term
use of LW insoles.

The durations of LW usage in previous studies on the long-term effects of LW insoles
ranged from 2 weeks to 2 years. The current findings showed that significant changes
in knee loading could be observed after 6 weeks of wearing LW insoles. Longer period
may be used but the effects of the insoles wearing out would then have to be taken
into account. The observed gait adaptation indicated for the first time in the literature
the learning effects of using LW insoles. Further study is needed to determine for how
long the acquired gait patterns could be maintained if the use of the LW insoles were
discontinued.

Since multiple ¢ tests were performed in the current study, the possibility of signifi-
cance level inflation and type 1 error should be noted. While methods such as Bonfer-
roni corrections could be used to deal with this issue, the likelihood of type II errors
is also increased so that truly important differences are deemed non-significant [38].
Therefore, instead of correcting the significance level, we described the tests of signifi-
cance performed, reported the p-values, and discussed the possible interpretations of
each result, following suggestions in the literature [38].

Conclusions
Immediate and long-term effects of LW insoles on the abductor moments at the knee and
the compensatory changes at the other joints in persons with bilateral medial knee OA
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during walking were studied. The learning effects on gait patterns from long-term wearing
of LW insoles were quantified for the first time in the literature using computerized gait
analysis techniques. After long-term LW insole use, the pain and physical function were
improved as a result of decreased peak KAM, indicating a positive long-term effect in per-
sons with bilateral medial knee OA. In addition to being an orthosis, the LW insoles also
serve as a treatment intervention that may alter gait patterns in favor of reduced KAM.
The adverse effects associated the increase of ankle eversion angles and invertor moments
suggest the necessity of strengthening the ankle invertor muscles and monitoring their
condition when the LW is used as a long-term intervention for persons with bilateral
medial knee OA.
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