Changes in In vivo Knee Contact Forces through Gait Modification
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ABSTRACT: Knee osteoarthritis (OA) commonly occurs in the medial compartment of the knee and has been linked to overloading of
the medial articular cartilage. Gait modification represents a non-invasive treatment strategy for reducing medial compartment knee
force. The purpose of this study was to evaluate the effectiveness of a variety of gait modifications that were expected to alter medial
contact force. A single subject implanted with a force-measuring knee replacement walked using nine modified gait patterns, four of
which involved different hiking pole configurations. Medial and lateral contact force at 25, 50, and 75% of stance phase, and the
average value over all of stance phase (0–100%), were determined for each gait pattern. Changes in medial and lateral contact force
values relative to the subject’s normal gait pattern were determined by a Kruskal–Wallis test. Apart from early stance (25% of stance),
medial contact force was most effectively reduced by walking with long hiking poles and wide pole placement, which significantly
reduced medial and lateral contact force during stance phase by up to 34% (at 75% of stance) and 26% (at 50% of stance), respectively.
Although this study is based on data from a single subject, the results provide important insight into changes in medial and lateral
contact forces through gait modification. The results of this study suggest that an optimal configuration of bilateral hiking poles may
significantly reduce both medial and lateral compartment knee forces in individuals with medial knee osteoarthritis. ß 2012 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res
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Knee osteoarthritis (OA) affects a large segment of the
population1 and occurs frequently in the medial compartment of the knee.2 The development of medial
compartment knee OA has been attributed to overloading of the medial compartment articular cartilage.3 Therefore, treatment strategies (e.g., high tibial
osteotomy, gait modification) are often focused on
reducing medial compartment knee loads.
Gait modification represents a non-invasive method
for reducing medial knee compartment loads. Previous
studies have evaluated a variety of gait modifications
for their ability to reduce the external knee adduction
moment. Gait modifications that reduce this moment
include walking while pointing the toes outward,4,5
walking at a reduced speed,6,7 walking with increased
medial-lateral trunk sway,8–10 walking with medialized knees (i.e., medial thrust gait),11–13 and walking
with hiking poles.12 The external knee adduction moment is often used as a surrogate measure for medial
compartment force and has been shown to be highly
correlated with medial contact force.14 However, a
recent study showed that reductions in the external
knee adduction moment can be achieved without corresponding reductions in medial compartment force.12
Therefore, changes in external knee adduction moment may not accurately reflect changes in medial
compartment loading. Direct measurements of changes
in medial contact force are important for determining
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the effectiveness of gait modifications at reducing
medial compartment loading.
Assessment of gait modifications through direct
measurement of contact forces is difficult because in
vivo knee contact forces cannot be easily measured.
However, force-measuring knee implants allow for in
vivo measurement of knee contact forces15–17 and provide the ability to evaluate the effectiveness of different gait modifications at reducing medial contact force.
A previous study found that medial thrust gait and
walking with bilateral hiking poles reduced the in vivo
medial contact force peak in late stance significantly
in a subject implanted with a force-measuring tibial
prosthesis.11 A related study performed with the same
subject reported that increased knee flexion produced
by a crouched gait pattern may increase knee contact
force.12 Apart from these studies, in vivo data that
quantify how knee contact forces change in response
to gait modification remain scarce. Furthermore, other
gait patterns that could positively or negatively impact
medial contact force, such as walking so that the forefoot strikes the ground before the heel (forefoot strike
gait), walking in a bouncy fashion, or walking with
hiking poles in different configurations, have not been
investigated. Although not a typical gait modification
for reducing medial contact force, we expected forefoot
strike gait to reduce knee joint loading in early stance
by avoiding the high impact forces at heel strike in a
typical gait pattern where the heel strikes the ground
first. We also chose to investigate bouncy gait to investigate the effects of superior–inferior pelvis translation
on knee joint loading.
This study expands on previous studies by investigating how a broad spectrum of gait modifications
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Table 1. Descriptions of Each Gait Modification
Gait modification

Verbal instructions

Mild crouch
Moderate crouch
Medial thrust

Crouched position with a mild increase in knee flexion angle.
Crouched position with a moderate increase in knee flexion angle.
Internally rotated hip of the stance leg so that the knees were medialized during stance.
The subject was instructed not to increase knee flexion during stance.
Striking the ground with the forefoot rather than the heel at initial contact.
Increased superior–inferior translation of the pelvis during the gait cycle.
Walking with hiking poles. The subject was instructed to place the tip of the ipsilateral
pole on the ground opposite the contralateral heel at the instant of heel strike.
Hiking pole length was 10% shorter than the manufacturer’s recommendations. Hiking
poles were placed with the tip on the ground at approximately shoulder width on the
ipsilateral side.
Hiking pole length corresponded to the length recommended by the manufacturer, where
in a standing position the elbow is at a 908 angle when the pole is vertical with the tip on
the ground. Hiking poles were placed with the tip on the ground at approximately
shoulder width on the ipsilateral side.
Hiking pole length was 10% shorter than the manufacturer’s recommendations. Hiking
poles were placed at a wide width achieved by externally rotating the shoulder as far as
comfortable.
Hiking pole length corresponded to the length recommended by the manufacturer, where
in a standing position the elbow is at a 908 angle when the pole is vertical with the tip on
the ground. Hiking poles were placed at a wide width achieved by externally rotating
the shoulder as far as comfortable.

Forefoot strike
Bouncy
Walking pole conditions
Short hiking poles, normal
pole placement
Long hiking poles, normal
pole placement

Short hiking poles, wide
pole placement
Long hiking poles, wide
pole placement

(medial thrust, mild crouch, moderate crouch, forefoot
strike, and bouncy gait) and four hiking pole configurations change the magnitude of medial and lateral
contact forces in the knee. A single subject implanted
with a force-measuring knee replacement performed
each modified gait pattern. Direct measurement of
contact forces will provide insight into changes in knee
joint loading through gait modification, which is commonly accepted as a contributing factor to the development and progression of knee OA.3 By analyzing in
vivo measurements of knee contact force, this study
provides unique insight into the effectiveness of a
variety of gait modifications that could be adopted by
individuals suffering from medial compartment knee
OA. In addition, the results have implications for
designing successful non-invasive treatments for individuals with knee OA.

for all trials to allow for comparison of contact forces across
conditions at similar walking speeds. Descriptions of the gait
patterns are provided in Table 1 and Figure 1. For each gait
trial, internal knee contact force data were recorded from the
instrumented tibial prosthesis15 and external ground reaction data were recorded from three force plates (Bertec
Corporation, Columbus, OH).
The subject was given verbal instructions and allowed
time to learn each gait pattern. For medial thrust gait, the
subject was instructed to internally rotate the hip of the
stance leg so that the knee was medialized during stance.12
The subject was also instructed not to increase knee flexion
during stance as recommended by a previous study.12 For the
four hiking pole conditions, the subject used two Leki Makalu
Tour trekking poles (Leki Lenhart GmbH, Kirchheim/Teck,

METHODS
Experimental data were collected from a single subject
implanted with a cruciate-retaining force-measuring knee
replacement (male, right knee, 7 years post-implantation,
age: 88 years, mass: 64.8 kg).18 The subject’s custom knee
replacement was instrumented with four uniaxial force
transducers that measured compressive force at the four corners of the tibial tray.15 Institutional review board approval
and subject informed consent were obtained prior to testing.
Internal knee contact force15 and external ground reaction
data were collected simultaneously while the subject
performed a minimum of 5 trials of 10 different overground
gait patterns: normal, mild crouch, moderate crouch, medial
thrust, forefoot strike, bouncy, and four hiking pole conditions (combinations of short and long hiking poles with normal and wide pole placement). Walking speed was controlled
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Figure 1. Photos of hiking pole placement during the normal
(left) and wide (right) conditions.
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where FM and FL are the medial and lateral contact force,
respectively, C1 (0.9871), C2 (0.9683), C3 (0.0387), and C4
(0.0211) are the regression coefficients and the subscripts A,
M, P, and L represent the anterior, medial, posterior, and
lateral force transducers in the instrumented implant,
respectively.14
All medial and lateral contact force data were normalized
to the subject’s body weight and then time normalized to
100% of stance phase by identifying gait cycle events from
the vertical ground reaction force data. Medial and lateral
contact force at 25, 50, and 75% of stance phase, and the
average value over all of stance phase (0–100%), were determined for 10 stance phases (five trials with two stance
phases per trial) of each gait pattern. Contact forces at discrete values in stance phase were chosen for comparison to
previous studies that evaluated similar changes in contact
forces11,12 and changes in peak external knee adduction
moments.4–10,13 Changes in walking speed and medial and
lateral contact force for the modified gait patterns relative to
the subject’s normal gait pattern were determined using a
Kruskal–Wallis test. When significant (p < 0.05) differences
were found, pairwise comparisons using a Tukey’s Honestly
Significant Difference correction were performed to determine which conditions were significantly different from the
normal condition. All data analysis was completed using
MATLAB (The MathWorks, Inc., Natick, MA).

RESULTS

Figure 2. Average curves for medial knee contact force during
stance phase of gait from five trials of each gait modification. For
each gait modification, the average data (dashed line) and standard deviation (gray shaded area) are shown. The average curve
for normal gait (solid line) is also shown for comparison.

Germany) and was instructed to place the tip of the ipsilateral pole on the ground opposite the contralateral heel at the
instant of heel strike. The long pole length corresponded to
the length recommended by the manufacturer, where in a
standing position the elbow is at a 908 angle when the pole is
vertical with the tip on the ground. The short pole length
was 10% shorter. The normal pole placement involved placing the pole tip on the ground at approximately shoulder
width on the ipsilateral side, which is the most natural tip
placement width (Fig. 1, left image). The wide pole placement involved a lateralized tip placement on the ground,
achieved by externally rotating the shoulder as far as comfortable (Fig. 1, right image).
Medial and lateral contact forces were calculated from the
implant’s force transducer data using previously validated
regression equations (Equations 1 and 2) developed for the
subject’s implant.14 The regression equations are:
FM ¼ C1 FAM þ C2 FPM þ C3 FAL þ C4 FPL

1

FL ¼ ð1  C1 ÞFAM þ ð1  C2 ÞFPM þ ð1  C3 ÞFAL
þ ð1  C4 ÞFPL

2

Average walking speed for all conditions was
1.22  0.08 m/s and no statistically significant differences were found between walking speed during any
gait modification relative to the normal condition
(p ¼ 0.5). Relative to normal gait, hiking pole gaits
with wide pole placement were the only gait modifications to produce statistically significant changes in medial contact force (Fig. 2, Table 2). No hiking pole
configuration produced statistically significant changes
at 25% of stance phase relative to the normal condition
(p > 0.05), while only long hiking poles with wide pole
placement produced significant changes at all remaining time points (p < 0.001, 95% Confidence Intervals
(CI) at 50%: [5.9, 87.1], 75%: [22.6, 103.8], 0–100%:
[9.1, 90.3]). These reductions ranged from 18% over all
of stance phase (i.e., 0–100%) to 34% at 75% of stance
phase. In addition, short hiking poles with wide pole
placement produced a significant reduction of 21% at
75% of stance phase (p < 0.001, 95% CI [5.1, 86.3]).
Lateral contact force was significantly changed by
five of the nine modified gait patterns relative to normal gait (Fig. 3, Table 3). Mild crouch gait significantly reduced lateral contact force by 23% at 25% of
stance phase (p ¼ 0.08, 95% CI [1.0, 82.2]) and by 12%
over all of stance phase (p ¼ 0.003, 95% CI [1.0, 82.2]),
while moderate crouch and bouncy gait reduced lateral
contact force by 29% (p < 0.001, 95% CI [25.3, 108.9])
and 36% (p < 0.001, 95% CI [32.2, 113.4]), respectively, at 75% of stance phase. Statistically significant
reductions in lateral contact force achieved by the
various hiking pole configurations mirrored those
observed for medial contact force. Specifically, no hiking pole condition produced statistically significant
JOURNAL OF ORTHOPAEDIC RESEARCH 2012
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Table 2. Medial Knee Contact Force at 25, 50, and 75% of Stance Phase and the Average Value Over Stance Phase
(0–100%)
25%

Normal
Mild crouch
Moderate crouch
Medial thrust
Forefoot strike
Bouncy
Short, normal
Long, normal
Short, wide
Long, wide

50%

75%

0–100%

Avg (SD)

% Diff.

Avg (SD)

% Diff.

Avg (SD)

% Diff.

Avg (SD)

% Diff.

1.44 (0.07)
1.64 (0.15)
1.43 (0.18)
1.24 (0.16)
1.32 (0.13)
1.50 (0.14)
1.40 (0.15)
1.35 (0.14)
1.47 (0.13)
1.37 (0.11)

—
14
1
14
9
4
3
6
2
5

1.22 (0.27)
1.18 (0.15)
1.44 (0.16)
1.17 (0.15)
1.21 (0.15)
1.30 (0.20)
1.05 (0.09)
1.01 (0.12)
1.03 (0.06)
0.88 (0.08)

—
2
18
4
1
7
14
17
15
S28

1.35 (0.15)
1.27 (0.15)
1.42 (0.17)
1.34 (0.15)
1.29 (0.07)
1.23 (0.11)
1.16 (0.12)
1.11 (0.14)
1.06 (0.10)
0.89 (0.10)

—
6
5
1
4
9
14
18
S21
S34

1.06 (0.08)
1.10 (0.08)
1.20 (0.11)
1.02 (0.06)
1.07 (0.06)
1.09 (0.06)
0.98 (0.05)
0.92 (0.06)
0.97 (0.05)
0.87 (0.06)

—
4
13
4
1
3
8
13
8
S18

Average and standard deviation values (in BW) were calculated for 10 stance phases of each gait pattern. Percent difference values (%
Diff.) were calculated for each gait modification relative to the normal condition. Bold values indicate statistically significant differences
from the normal condition.

changes at 25% of stance phase (p > 0.05), while only
long hiking poles with wide pole placement produced
significant reductions at all remaining time points
(p < 0.001, 95% CI at 50%: [9.1, 90.4], 75%: [12.9,
94.1], 0–100%: [12.1, 93.3]). These reductions ranged
from 14% over all of stance phase (i.e., 0–100%) to 26%
at 50% of stance phase. In addition, short hiking poles
with wide pole placement produced a significant reduction of 19% at 75% of stance phase (p < 0.001, 95% CI
[4.0, 85.2]).

DISCUSSION
This study investigated changes in the magnitude of
in vivo knee contact force achieved through a variety
of gait modifications in a single subject with a forcemeasuring knee replacement. Two of the nine modified
gait patterns significantly reduced medial contact force
relative to normal gait (Fig. 2, Table 2), while lateral
contact force was significantly reduced by five of the
nine modified gait patterns (Fig. 3, Table 3). Walking
with long hiking poles and wide pole placement consistently reduced both medial and lateral contact force
over stance phase. This result suggests that walking
with long hiking poles and wide pole placement
reduces medial and lateral compartment knee loading
and may be a safe way for individuals with medial
knee OA to exercise.
Consistent with a previous study,11 walking with
hiking poles was the most effective gait modification
for reducing both medial and lateral contact force.
Hiking pole gait has been suggested to reduce knee
contact force by transferring some of the ground reaction force through the walking pole11,19 and by reducing the external knee adduction moment.12 Post-hoc
statistical testing showed that the vertical ground
reaction force was significantly reduced compared to
normal gait at 75% of stance phase for three hiking
pole conditions: Long hiking poles with normal and
wide pole placement and short hiking poles with wide
JOURNAL OF ORTHOPAEDIC RESEARCH 2012

pole placement. Thus, these findings suggest that hiking pole gait is effective in offloading the knee joint in
part by transferring a portion of the ground reaction
force through the arms instead of the legs. The
changes in contact forces during hiking pole gait may
have resulted from other factors, such as increased
arm swing or the position of the arms relative to the
body. Future studies should investigate if increased
arm swing or alternative arm positioning may contribute to changes in knee joint loading. By utilizing an
optimal hiking pole configuration (long hiking poles
and wide pole placement), the effectiveness of hiking
pole gait may be further enhanced.
Despite its general effectiveness, hiking pole gait
was ineffective at reducing medial or lateral contact
force in early stance, when contact forces are generally
the highest in magnitude (Figs. 2 and 3, Tables 2
and 3). This result is in contrast to a previous study
that reported significant reductions in medial contact
force in early stance during hiking pole gait.11 A possible explanation for this result is that the ipsilateral
hiking pole was placed on the ground slightly after,
rather than coincident with, contralateral heel strike.
To investigate this possibility, we performed a post-hoc
analysis. The motion of reflective markers placed on
the hiking poles during data collection as recorded
with an 8-camera motion capture system (Vicon,
Oxford Metrics Group, Oxford, UK) was used to determine the instant of pole strike with the ground. The
hiking poles struck the ground on average at 8, 10, 11,
and 7% of stance phase for short poles with normal
pole placement, long poles with normal pole placement, short poles with wide pole placement, and long
poles with wide pole placement, respectively. The
delay in pole strike relative to heel strike likely
reduced the effectiveness of the hiking poles in early
stance. This quantitative finding is consistent with
qualitative observations that the subject generally
planted the ipsilateral pole after contralateral heel

GAIT MODIFICATION CHANGES KNEE FORCES

Figure 3. Average curves for lateral knee contact force during
stance phase of gait from five trials of each gait modification. For
each gait modification, the average data (dashed line) and standard deviation (gray shaded area) are shown. The average curve
for normal gait (solid line) is also shown for comparison.

5

strike, possibly due to difficulty with trying to achieve
the specified normal or wide pole placement. With sufficient practice and instruction, the individual in this
study may be able to achieve contralateral pole strike
coincident with ipsilateral heel strike and, therefore,
may be able to reduce in vivo knee contact force during
early stance.
Both mild and moderate crouch gait patterns significantly reduced lateral contact force at times during
stance phase (Fig. 3, Table 3). However, both crouch
gait modifications also increased medial contact force
(Fig. 2, Table 2), although the increases were not
statistically significant. For mild crouch gait at 25% of
stance phase, knee contact force was transferred from
the lateral compartment to the medial compartment
and total contact force increased relative to normal
gait. A similar lateral-to-medial transfer was observed
for moderate crouch in late stance, though total contact force was reduced slightly. These results from this
single-patient study may have implications for patient
populations who exhibit crouch gait, who may transfer
knee joint loads from the lateral to the medial compartment. This transfer of contact force to the medial
compartment may increase the risk of developing
medial compartment knee OA. However, further investigation in a larger patient population is needed to understand fully the impact of crouch gait on knee joint
loading.
From a statistical perspective, no other gait modifications were found to be effective at reducing medial
or lateral contact force during stance phase (Figs. 2
and 3, Tables 2 and 3). Although the changes were not
statistically significant, several gait modifications
reduced medial or lateral contact force by greater than
10%, which may be clinically significant. Such reductions were observed for medial thrust gait, forefoot
strike gait, and hiking pole gaits with short and long
poles and normal pole placement at various time

Table 3. Lateral Knee Contact Force at 25, 50, and 75% of Stance Phase and the Average Value Over Stance Phase
(0–100%)
25%

Normal
Mild crouch
Moderate crouch
Medial thrust
Forefoot strike
Bouncy
Short, normal
Long, normal
Short, wide
Long, wide

50%

75%

0–100%

Avg (SD)

% Diff.

Avg (SD)

% Diff.

Avg (SD)

% Diff.

Avg (SD)

% Diff.

0.46 (0.08)
0.35 (0.04)
0.40 (0.11)
0.41 (0.06)
0.45 (0.07)
0.48 (0.08)
0.43 (0.05)
0.39 (0.07)
0.44 (0.06)
0.40 (0.07)

—
S23
11
11
1
4
7
14
3
13

0.60 (0.06)
0.51 (0.06)
0.54 (0.07)
0.55 (0.07)
0.66 (0.06)
0.69 (0.05)
0.52 (0.03)
0.52 (0.08)
0.50 (0.08)
0.44 (0.07)

—
15
11
8
9
14
14
13
17
S26

0.97 (0.11)
0.82 (0.08)
0.69 (0.07)
0.86 (0.05)
0.80 (0.06)
0.62 (0.11)
0.84 (0.05)
0.91 (0.12)
0.78 (0.07)
0.75 (0.12)

—
16
S29
12
17
S36
13
6
S19
S23

0.63 (0.04)
0.56 (0.04)
0.57 (0.08)
0.57 (0.03)
0.58 (0.02)
0.56 (0.04)
0.59 (0.02)
0.60 (0.05)
0.57 (0.04)
0.55 (0.03)

—
S12
9
10
8
11
7
6
9
S14

Average and standard deviation values (in BW) were calculated for 10 stance phases of each gait pattern. Percent difference values (%
Diff.) were calculated for each gait modification relative to the normal condition. Bold values indicate statistically significant differences
from the normal condition.
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points during stance (Figs. 2 and 3, Tables 2 and 3).
Medial thrust and forefoot strike gait achieved average
medial contact force reductions of 14 and 9%, respectively, at 25% of stance phase. Further investigation of
the medial thrust gait results revealed that during 5
of the 10 stance phases analyzed, medial contact force
at 25% of stance phase was reduced between 22 and
25% relative to normal gait. Similarly, for forefoot
strike gait, medial contact force at 25% of stance phase
was reduced between 12 and 21% during 5 of the 10
stance phases analyzed. Thus, with further practice to
reduce variability between trials, it is possible that
these two gait modifications could be clinically beneficial by reducing the critical first peak of medial contact
force. Unlike a previous study,11 medial thrust gait did
not reduce medial contact force in late stance. This
result is likely because the subject was instructed to
medialize his knees without increasing knee flexion
significantly, as recommended by a previous study,12
making knee medialization more difficult to achieve
consistently during late stance. Long-term training
and feedback have been shown to improve long-term
performance of medial thrust gait13 and, therefore,
may improve the effectiveness of medial thrust gait at
consistently reducing in vivo medial contact forces.
While this study provides important insight into
changes in medial and lateral contact force through
gait modification, the results are based upon data from
a single subject implanted with a cruciate-retaining total knee replacement. Therefore, the extent to which
these results can be generalized to other individuals
with healthy or implanted knees is unknown. Future
work will investigate gait modifications performed by
other subjects implanted with force-measuring knee
replacements to further understand how gait modification changes knee joint loading. In addition, while it is
commonly believed that excessive loading of the articular cartilage is a contributing factor to the development or progression of knee OA, other factors, such as
the location of the loading or the repetitive nature of
the loading may also contribute to the development or
progression of knee OA.3 Therefore, while the results
of this study examined the changes in the magnitude
of the loads on the knee though gait modification,
other factors may provide additional insight into the
impact of gait modifications in patients with knee OA.
Despite these limitations, this study’s analysis of
in vivo knee contact force data still provides unique
information about the effectiveness of various gait
modifications.
The purpose of this study was to understand
changes in in vivo knee joint contact forces produced
by gait modification. Walking with hiking poles was
found to be the most effective at reducing medial and
lateral contact force during stance phase. An optimal
hiking pole configuration (long poles and wide pole
placement) reduced medial contact force by 18% and
lateral contact force by 14% on average over stance
phase. However, walking with hiking poles was not
JOURNAL OF ORTHOPAEDIC RESEARCH 2012

effective at reducing the contact forces in early stance,
when contact forces are generally the highest in magnitude. Thus, strategies to improve the effectiveness of
hiking pole gait in early stance such as placing the
hiking pole on the ground slightly before heel strike,
may be needed to achieve reductions in contact forces
in early stance. The results of this study may have
implications for individuals with knee OA who may
consider using hiking poles during walking to reduce
the magnitude of knee joint loading and minimize further damage to the articular surfaces of the knee.
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