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Abstract
External knee adduction moment can be reduced using footwear interventions, but the exact
changes in in vivo medial joint loading remain unknown. An instrumented knee replacement was
used to assess changes in in vivo medial joint loading in a single patient walking with a variable-
stiffness intervention shoe. We hypothesized that during walking with a load modifying variable-
stiffness shoe intervention: (1) the first peak knee adduction moment will be reduced compared to
a subject's personal shoes; (2) the first peak in vivo medial contact force will be reduced compared
to personal shoes; and (3) the reduction in knee adduction moment will be correlated with the
reduction in medial contact force. The instrumentation included a motion capture system, force
plate, and the instrumented knee prosthesis. The intervention shoe reduced the first peak knee
adduction moment (13.3%, p=0.011) and medial compartment joint contact force (22%; p=0.008)
compared to the personal shoe. The change in first peak knee adduction moment was significantly
correlated with the change in first peak medial contact force (R2=0.67, p=0.007). Thus, for a
single subject with a total knee prosthesis the variable-stiffness shoe reduces loading on the
affected compartment of the joint. The reductions in the external knee adduction moment are
indicative of reductions in in vivo medial compressive force with this intervention.
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Introduction
Osteoarthritis (OA) of the knee afflicts more than 30% of the American population over the
age of 651,2 with involvement of the medial compartment ten times more frequent than the
lateral compartment.3,4 The increased incidence of medial knee OA is due in part to the high
percentage of loading transmitted across the medial aspect of the knee during both static and
dynamic loading, ∼60-80% of the total transmitted load.5-8
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To reduce pain, improve function, and slow the rate of disease progression, surgical and
mechanical interventions for OA often attempt to reduce medial compartment loading.
Surgery such as high tibial osteotomy corrects malalignment of the knee and transfers
loading from the affected medial compartment to the unaffected lateral compartment to
relieve symptoms and slow the rate of cartilage breakdown.9,10 While direct force
measurements in the medial compartment after surgery are impossible under normal
circumstances, reductions in the adduction moment, a surrogate external measure for medial
compartment loading, have been reported to range from ∼19%11 to 30%7 following high
tibial osteotomy. Clinical studies reported that the adduction moment during walking is
associated with the presence,12 severity,13.14 rate of progression,15 and treatment outcome7

of medial compartment OA. Therefore, the external adduction moment has been used to
assess the outcomes of OA treatments.

Non-invasive load-altering interventions offer an attractive alternative to surgery to reduce
knee joint loading. Such interventions include laterally-wedged inserts and specially-
designed variable-stiffness shoes with a greater lateral sole stiffness compared to the medial
sole. Both lateral wedging and variable-stiffness shoes reduce the external adduction
moment in healthy individuals16-18 and OA subjects.19-23 However, inducing gait changes
to reduce the adduction moment could produce other changes (e.g., adaptive muscle co-
contraction) that may increase the medial compartment load. CChanges in in vivo loading
remain unknown.

A recent study investigated changes in in vivo medial joint loading with two modified gait
patterns, medial thrust gait and walking pole gait,24 and found the largest reductions in
medial contact force during mid and late stance for both, with little reduction at the first
peak during early stance. Changes in adduction moment were not investigated.24 In a
previous study,25 adduction moment was related to the in vivo medial compartment joint
force, but a correlation was not established between peak medial compartment contact force
and peak adduction moment, often used to measure the effectiveness of interventions.

A recently developed instrumented total knee replacement with the ability to measure in vivo
joint contact forces26 offers the opportunity to address the question of whether the variable-
stiffness shoe that has been reported to reduce the adduction moment19,23 does in fact
reduce the medial contact force of the knee. Our purpose was to examine whether inducing
changes in adduction moment during walking with a variable-stiffness intervention shoe
reduces medial compartment load. We hypothesized that during walking (1) the first peak
external knee adduction moment will be reduced with the use of variable-stiffness
intervention shoes compared to a subject's personal walking shoes, (2) the first peak in vivo
medial compartment joint contact force will be reduced with the use of variable-stiffness
intervention shoes compared to a subject's personal walking shoes, and (3) the reduction in
knee adduction moment will be correlated with the reduction in medial compartment joint
contact force.

Methods
A custom-designed instrumented knee prosthesis26 was implanted in the right knee of an 81-
year-old male (170 cm, 64.5 kg) using a midvastus approach 1.5 years prior to testing, and
the patient was well functioning at the time of testing. In vivo tibial forces were measured
after informed consent was obtained. The femur was cut at 6° anatomic valgus and 3°
external rotation with the posterior condyles as references using intramedullary alignment. A
standard cruciate-retaining Sigma PFC femoral component (Depuy, Warsaw, IN) was
cemented in place. The tibial cut was made at 0° anatomic valgus without any posterior
slope using intramedullary alignment. The tibial canal was reamed using custom
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instrumentation developed for the stem and keel. The instrumented tibial prosthesis was
cemented. A 10-mm polyethylene insert (Sigma PLI) was used. Postoperative deep venous
thrombosis prophylaxis and rehabilitation were the same as for routine primary knee
arthroplasty. Intraoperative passive flexion showed reasonable balance between the medial
and lateral soft tissues, defined as <10% difference between the medial and lateral forces
over the range of from 0 to 90° of flexion. On postoperative full-length standing AP
radiographs, femoral component alignment was in 6° valgus to the anatomic femoral shaft
axis, defined as a line joining the mid-point of two transverse lines at the upper and lower
region of the middle third of the femur; tibial tray alignment was 90.1° relative to the
anatomic tibial shaft, defined by a line drawn from the mid-point of the tibial plateau to the
center of the talus.

The instrumented prosthesis consisted of a titanium alloy tray instrumented with four
uniaxial load cells, a microtransmitter, and an antenna.26 The uniaxial load cells were
located 20.4 mm medial and lateral, and 9.8 mm anterior and posterior, of the center of the
tibial tray, respectively (Fig. 1). The instrumented knee transmitted tibial force data from the
four sensors at 70 Hz. Custom PC-based software was developed to read, display, and store
data. Medial compartment contact loading was calculated as the sum of the medial anterior
and medial posterior compressive loads.27 Similar calculations were performed for the
lateral compartment. Total compressive contact force was calculated as the sum of the
medial and lateral compressive loads (the sum of all four load cells). Loads were normalized
to body weight (BW) for analyses.

Gait analysis was performed simultaneously with tibial force measurements. The subject
performed 3 walking trials at each of 3 speeds in random order: self-selected slow (1.00 ±
0.07 m/s), normal (1.23 ± 0.08 m/s), and fast (1.38 ± 0.06 m/s), and in 2 shoe conditions, his
own personal walking shoes and variable-stiffness intervention shoes. The variable-stiffness
shoe was a normally-appearing athletic shoe (Fig. 2) with a sole made of compression
molded ethylene vinyl acetate that has been custom-designed so that the lateral sole (Asker
C durometer 55 ± 2) is 1.3-1.5 times stiffer than the medial sole (Asker C durometer 70-76 ±
2). The personal shoe had a sole of injection-molded EVA ethylene vinyl acetate (New
Balance, Men's model 625).

Reflective markers were placed on the leg along the anterior superior iliac spine, greater
trochanter, lateral tibial plateau, lateral malleolus, lateral aspect of the calcaneus, and lateral
head of the fifth metatarsal. An 8-camera optoelectronic system for 3D motion analysis
(Qualisys Medical AB; Gothenburg, Sweden) was used to collect marker data for 5 secs for
each trial. Ground reaction force data were collected using a multi-component force plate
placed in the center of the walkway (Bertec Corporation; Columbus, OH). Kinematic and
force data were collected at a frequency of 120 Hz. The kinematic, ground reaction force,
and tibial force data were resampled at a common frequency during postprocessing. To
calculate external moments at each joint center, each limb segment (foot, shank, thigh) was
idealized to be a rigid body. Inertial properties of the segments were taken from the
literature.28 The positions of the joint centers at the hip, knee, and ankle were located
relative to the positions of the skin markers at the greater trochanter, the lateral joint line of
the knee, and the lateral malleolus, respectively. The flexion-extension axis was assumed to
remain perpendicular to the plane of progression; the abduction-adduction and internal-
external rotation axes of the hip, knee, and ankle moved with the thigh, shank, and foot
segments, respectively.7 The external knee adduction moment for each trial was calculated
from marker, force plate, and inertial segment data using an inverse dynamics approach,29

and normalized to bodyweight and height (Bw*Ht).
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The 1st and 2nd peak external knee adduction moments, medial contact forces, and total
contact forces were calculated as the maximum moments or forces during the 1st or 2nd half
of stance phase, respectively. No clear peaks existed for lateral force data; therefore, average
lateral contact force over the stance phase was investigated. Average medial and total
contact forces over stance phase (i.e., the mean value from 0 to 100% stance phase) were
also examined.

For hypotheses 1 and 2, to account for the source of variability of the speeds, analysis of
covariance (ANCOVA) was used to compare the knee adduction moment and contact forces
between shoe conditions, using walking speed as a covariate (α=0.05). Changes in stride
length,7 toe-out,30 and average vertical ground reaction force were also analyzed using
ANCOVA with speed as a covariate to investigate if changes in medial contact force
between shoe conditions could be attributed to these sources. For hypothesis 3, linear
regression analysis (α=0.05) was used to detect a relationship between change in first peak
knee adduction moment and change in first peak medial contact force with the variable-
stiffness intervention shoes versus the personal shoes. All statistical tests were performed in
SPSS version 17.0 (SPSS Inc.; Chicago, IL).

Results
The variable-stiffness intervention shoes produced significant reductions in the knee
adduction moment at the 1st peak compared to the personal shoes, with a reduction of 13.3%
over all speeds (p=0.011; Table 1). A significant reduction was also found in the 2nd peak
knee adduction moment with a reduction of 22% (p=0.032), and a significant mean
reduction over all of stance phase of 22% (p=0.002; Table 1). Medial contact force was
significantly reduced (Fig. 3a) with the intervention shoe by 12.3% (p=0.008) at the 1st peak,
10.9% (p=0.006) at the 2nd peak, and 18.9% over all of stance phase (p=0.001; Table 1). No
differences were found in the mean lateral contact force over all of the stance phase when
using the intervention shoe compared to the personal shoe (-3.5% reduction, p=0.318; Fig.
3b). Total joint contact force was significantly reduced (Fig. 3c) at the 1st peak (-10.7%,
p=0.002), 2nd peak (-7.7%, p=0.033), and over all of the stance phase (-13.6%, p<0.001;
Table 1). Stride length (p=0.949), toe-out (p=0.369), and average vertical ground reaction
force (p=0.469; Table 2) were not significantly different between shoe conditions.

The change in 1st peak knee adduction moment with the variable-stiffness intervention shoe
versus the personal shoe was significantly correlated with the change in 1st peak medial
compartment contact force (R2=0.67, p=0.007). Increasing reduction in the knee adduction
moment with the use of the variable-stiffness shoe was well-correlated with increasing
reduction in the medial compartment contact force (Fig. 4).

Discussion
Previous research showed that load-modifying interventions such as variable-stiffness shoes
can reduce the external knee adduction moment.17,19,23 However, in vivo changes in joint
loading remained unknown. Thus, we examined whether variable-stiffness shoes reduced
the adduction moment during walking, and if a decrease in adduction moment during
walking induced a corresponding decrease in the medial compartment contact force. Our
results demonstrated that for a single subject with a total knee prosthesis a variable-stiffness
shoe reduces both the external knee adduction moment and the in vivo medial compartment
joint contact force during level walking. The reductions in knee adduction moment (13% at
the 1st peak to 22% at the 2nd peak and on average over all of the stance phase) are
consistent with, or slightly higher than, those found in larger cohorts of healthy subjects16,17

and OA patients19-21 using lateral wedging and variable-stiffness shoes. The reductions seen
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in medial contact force, ranging from ∼12% at the 1st peak to 11% at the 2nd peak and
nearly 19% over all of the stance phase, indicate that the reduction in the adduction moment
with the variable-stiffness shoe does correspond to a reduction in medial contact force. The
magnitude of the reductions in both adduction moment and medial contact force are
consistent with levels that are reported to slow the rate of disease progression15 and may
help to reduce symptoms in patients with medial compartment knee OA.

The reductions in medial contact force seen with the variable-stiffness shoe are on a similar
order as the reductions seen using the same subject with two other gait modifications. Fregly
et al.24 investigated reductions in medial contact force with two modified gait patterns,
medial thrust gait and walking pole gait. The authors found reductions in medial contact
force between 7% and 28% with medial thrust gait, and reductions throughout stance
between 15% and 45% with walking pole gait. However, these reductions occurred mainly
during mid and late stance, with little reduction in the 1st peak during early stance.24 We
observed a significant force reduction during early stance, as well as throughout the entire
stance phase.

The reduction in medial contact force with the variable-stiffness shoe in this patient was
achieved without an increase in total joint contact force. Any attempt to induce changes in
patterns of ambulation, such as with lateral wedging or gait modifications, could result in
adaptive patterns of muscle co-contraction. Muscle co-contraction would increase the total
force on the joint. Thus, the reduction in total joint contact force suggests the reduction in
the adduction moment with the variable stiffness shoe was achieved without additional
muscle co-contraction. In addition, the variable-stiffness shoe did not appear to shift loading
from the medial to lateral compartment to achieve the reduction in medial joint loading.
Rather, it may be that the spatial positioning of the leg is altered with the variable-stiffness
shoe, that the acceleration of the upper body is changed resulting in a change in the moment
arm of the ground reaction force vector, or that muscle co-contraction is reduced. The fact
that the lateral compartment joint loading did not increase demonstrates that the shoe did not
induce harmful loading that may be detrimental to the lateral compartment. This differs from
the non-invasive gait modifications tested by Fregly et al.,24 for which increases in lateral
joint loading were seen in the same patient tested in the present study. The changes that
occur in medial, lateral, and total joint loading with laterally-wedged insoles remain
unknown.

The reductions in medial contact force were also achieved without increases in toe-out
angle, reductions in stride length, or reductions in ground reaction force. These results again
suggest that for this subject the reduction in medial joint loading was due to the dynamic
effect of the variable-stiffness sole shoe on changing the moment arm of the ground reaction
force, as the knee adduction moment is generated by the combination of the ground reaction
force passing medially to the center of the knee joint, and the perpendicular distance of this
force from the joint center.29 Without a reduction in ground reaction force, the moment arm
must be reduced.

Our results suggest that for this subject with an instrumented knee, changes in the 1st peak
knee adduction moment are a good indication of changes in the peak medial contact force
during walking with a variable-stiffness footwear intervention. A strong correlation existed
between the change in 1st peak knee adduction moment with the variable-stiffness shoe and
change in 1st peak medial compartment joint contact force, with nearly 70% of the change in
medial contact force accounted for by the change in knee adduction moment. Due to the
difficulty of invasive in vivo joint measurements, our study suggests that for this patient
changes in knee adduction moment with a variable-stiffness footwear intervention provided
a reliable measure of the change in medial joint force.
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The primary limitation of this study is the use of a single subject with a total knee
replacement, as the gait of a patient with an implanted knee may differ from that of a subject
with a natural knee. However, the gait of the subject appeared normal, and the subject's
walking speeds were within the range for normal subjects.31,32 The patterns of the ground
reaction force and knee flexion/extension curves were also similar to those of normal
subjects.32,33 Thus, it is unlikely that the gait pattern of this subject differs greatly from that
of normal individuals. With only one subject, however, the applicability of our results to the
general OA population is unknown, and the scope of inference can only be extended to this
subject. Further investigation will be needed to draw conclusions about the effectiveness of
this intervention in reducing the medial contact force in the general population.

In summary, we directly demonstrated that a variable-stiffness shoe with an increased lateral
sole stiffness reduces the in vivo medial compartment contact force and the external knee
adduction moment in a single subject with a force-sensing instrumented total knee
prosthesis. Furthermore, the reduction in 1st peak knee adduction moment is indicative of
the reduction in the medial compressive force with the intervention shoe. The variable-
stiffness intervention shoe reduced loading on the affected compartment of the joint, and
therefore might slow the rate of progression of cartilage breakdown and serve as a
therapeutic intervention to delay the need for invasive surgery for medial compartment knee
osteoarthritis.
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Figure 1.
The four load cells were located 20.4 mm medial and lateral, and 9.8 mm anterior and
posterior, of the center of the instrumented prosthesis, respectively.
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Figure 2.
Variable-stiffness shoe with greater lateral sole stiffness (1.3-1.5×) versus medial sole
stiffness.
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Figure 3.
Mean ± standard error curves (solid ± dashed lines) for (a) medial, (b) lateral, and (c) total
knee contact force during stance phase from 9 trials of walking in personal shoes (grey) and
variable-stiffness intervention shoes (black).
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Figure 4.
Correlation between change in 1st peak medial compartment contact force and change in 1st

peak knee adduction moment with the variable-stiffness shoes versus the subject's personal
shoes (R2=0.67, p=0.007).
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Table 1

Mean and standard deviation of the 1st peak, 2nd peak, and average stance phase knee adduction moment,
medial contact force, and total contact force from 9 trials of walking at 3 speeds (3 slow, 3 normal, 3 fast) with
personal shoes and variable-stiffness intervention shoes.

Personal
Mean (SD)

Variable-Stiffness
Mean (SD) P-value

1st Peak

Knee Adduction Moment (Bw*Ht) 1.53 (0.13) 1.32 (0.16) 0.011

Medial Contact Force (BW) 1.69 (0.14) 1.48 (0.18) 0.008

Total Contact Force (BW) 2.39 (0.12) 2.13 (0.18) 0.002

2nd Peak

Knee Adduction Moment (Bw*Ht) 1.14 (0.13) 0.89 (0.32) 0.032

Medial Contact Force (BW) 1.67 (0.08) 1.49 (0.15) 0.006

Total Contact Force (BW) 2.63 (0.14) 2.43 (0.21) 0.033

Average

Knee Adduction Moment (Bw*Ht) 0.66 (0.08) 0.52 (0.14) 0.002

Medial Contact Force (BW) 1.27 (0.16) 1.03 (0.06) 0.001

Total Contact Force (BW) 2.00 (0.15) 1.73 (0.10) <0.001
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Table 2

Mean and standard deviation of stride length, toe-out angle, and vertical ground reaction force from 9 trials of
walking at 3 speeds (3 slow, 3 normal, 3 fast) with personal shoes and variable-stiffness intervention shoes.

Personal Mean (SD) Variable-Stiffness Mean (SD) P-value

Stride Length (m) 1.47 (0.08) 1.45 (0.12) 0.949

Toe Out (°) 19.3 (2.0) 20.0 (2.1) 0.369

Vertical Ground Reaction Force (N) 536.2 (71.0) 515.4 (5.7) 0.369
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