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The knee adduction moment (KAM) is a surrogate measure for medial compartment knee loading and is
related to the progression of knee osteoarthritis. Toe-in and toe-out gait modifications typically reduce
the first and second KAM peaks, respectively. We investigated whether assigning a subject-specific foot
progression angle (FPA) modification reduces the peak KAM by more than assigning the same modifica-
tion to everyone. To explore the effects of motor learning on muscle coordination and kinetics, we also
evaluated the peak knee flexion moment and quadriceps-hamstring co-contraction during normal walk-
ing, when subjects first learned their subject-specific FPA, and following 20 min of training. Using vibro-
tactile feedback, we trained 20 healthy adults to toe-in and toe-out by 5� and 10� relative to their natural
FPA, then identified the subject-specific FPA as the angle where each subject maximally reduced their lar-
ger KAM peak. When walking at their subject-specific FPA, 18 subjects significantly reduced their larger
KAM peak; 8 by toeing-in and 10 by toeing-out. On average, subjects reduced their larger KAM peak by
18.6 ± 16.2% when walking at their subject-specific FPA, which was more than the reductions achieved
when all subjects toed-in by 10� (10.0 ± 17.1%, p = .013) or toed-out by 10� (11.0 ± 18.3%, p = .002).
Quadriceps-hamstring co-contraction and the peak knee flexion moment increased when subjects first
learned their subject-specific FPA, but only co-contraction returned to baseline levels following training.
These findings demonstrate that subject-specific gait modifications reduce the peak KAM more than uni-
formly assigned modifications and have the potential to slow the progression of medial compartment
knee osteoarthritis.

Published by Elsevier Ltd.
1. Introduction

Knee osteoarthritis affects roughly 10% of people over the age of
60 (Quintana et al., 2008). Over 90% of individuals with early stage
knee osteoarthritis have symptoms isolated to the medial com-
partment (Hernborg and Nilsson, 1977). The external knee adduc-
tion moment (KAM) is correlated with the proportion of load
transmitted through the medial compartment during the stance
phase of gait (Kutzner et al., 2013) and is related to the presence
(Hurwitz et al., 2002), severity (Sharma et al., 1998), and progres-
sion (Miyazaki et al., 2002) of medial compartment knee
osteoarthritis. As a result, reducing the KAM is often the target of
conservative interventions.

Several gait modifications such as increasing trunk sway, med-
ial knee thrust, and changing the foot progression angle (FPA) have
been shown to reduce the KAM (Fregly et al., 2007; Guo et al.,
2007; Mündermann et al., 2008; Richards et al., 2017; Shull
et al., 2013a). Many studies assign the same intervention to all sub-
jects, yet not all subjects reduce their peak KAM, and some even
increase it (Erhart et al., 2010; Hinman et al., 2012; Hunt and
Takacs, 2014). Due to subject-to-subject variability in the effective-
ness of different gait modifications, it has been suggested that the
subject-specific selection of these modifications may enhance their
effectiveness (Favre et al., 2016; Gerbrands et al., 2014, 2017; Shull
et al., 2015; van den Noort et al., 2015).

FPA modification is amenable to a personalized approach.
During the stance phase of walking, the KAM has two peaks, and
nt peak
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in general, toeing-in reduces the first peak while toeing-out
reduces the second peak. These modifications reduce the moment
arm of the KAM by lateralizing the center-of-pressure during early
and late stance, respectively (Guo et al., 2007; Lin et al., 2001; Shull
et al., 2013a). Both toeing-in and toeing-out have been shown to
reduce medial knee pain following 10 weeks of adoption (Hunt
and Takacs, 2014; Shull et al., 2013b). Most people exhibit a larger
first KAM peak during walking (Mündermann et al., 2005; Simic
et al., 2013) and could likely reduce this peak by toeing-in; how-
ever, between 18% and 35% of people exhibit a larger second peak
(Jenkyn et al., 2008; Ogaya et al., 2015) and would likely benefit
more from toeing-out. Therefore, compared to assigning all sub-
jects a toe-in or toe-out modification (Hunt and Takacs, 2014;
Shull et al., 2013b), the effectiveness of FPA modification on allevi-
ating medial compartment osteoarthritis symptoms could likely be
improved by assigning subject-specific modifications aimed at
reducing each subject’s larger KAM peak.

The external knee flexion moment (KFM) and knee flexor/
extensor muscle activity also affect medial compartment loading
(DeMers et al., 2014; Walter et al., 2010; Winby et al., 2009). The
peak KFM is related to increased quadriceps activity, which
increases knee loads (Tsai et al., 2013), and is moderately corre-
lated with the rate of medial cartilage thickness loss (Chehab
et al., 2014). Regression models that use both the KAM and KFM
to predict medial contact force are more strongly correlated to
medial contact force (r2 = 0.85–0.93) than those that use the
KAM alone (r2 = 0.63–0.68) (Manal et al., 2015; Walter et al.,
2010). Quadriceps-hamstring co-contraction also increases knee
loads (Tsai et al., 2012), is related to the rate of cartilage volume
loss (Hodges et al., 2016), but is not captured by either the KAM
or KFM. Both the KFM and co-contraction can increase while
adapting to new movement patterns (Bernshteĭn, 1967; Gribble
et al., 2003; Voloshina et al., 2013). Although the KFM has been
shown to increase when initially altering the FPA (Jenkyn et al.,
2008; Simic et al., 2013), the effect of changing FPA on
quadriceps-hamstring co-contraction is unknown. It is therefore
important to discern which changes in the KFM and co-
contraction are due to the learning of a novel task and which can
be attributed to the gait modification itself.

The purpose of our study was to investigate if the selection of a
subject-specific FPA enhances an individual’s ability to reduce their
peak KAM. We hypothesized that subjects would achieve a greater
reduction in their larger KAM peak by adopting a subject-specific
FPA than if all subjects were assigned a uniform toe-in or toe-out
gait. We also assessed the effect of training on the KFM and
quadriceps-hamstring co-contraction and hypothesized that these
measures would increase when subjects initially learn their new
subject-specific FPA but return to baseline levels after a 20-min
training period.
2. Methods

2.1. Participants

Twenty healthy adults (26 ± 5 y.o.) participated after giving
informed consent to a Stanford University Institutional Review
Board approved protocol. Individuals were excluded if they were
currently experiencing lower extremity pain or if they had any
lower extremity surgery or injury during the past year.
2.2. Data collection

Subjects performed 7 different trials during a single data collec-
tion session: a static calibration trial, a baseline walking trial, 4 FPA
evaluation trials, and a 20 min training trial.
Please cite this article in press as: Uhlrich, S.D., et al. Subject-specific toe-in or
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Nineteen retroreflective markers were placed bilaterally on the
2nd and 5th metatarsal heads, calcanei, malleoli, femoral epi-
condyles, anterior and posterior superior iliac spines, and the C7
vertebrae. Fourteen additional markers were used to aid in limb
tracking. Marker data were collected with an optical motion cap-
ture system at 80 Hz (Motion Analysis Corporation, Santa Rosa,
CA, USA). Ground reaction forces from a split-belt treadmill (Bertec
Corporation, Columbus, OH, USA) and electromyograms (Delysis
Inc., Boston, MA, USA) from the vastus lateralis and biceps femoris
were collected at 1600 Hz. Force and marker data were streamed
into MATLAB R2015b (MathWorks Corporation, Natick, MA, USA)
for real-time estimation of FPA. FPA was calculated as the average
angle between the line connecting the markers on the calcaneus
and second metatarsal head and the forward direction of the tread-
mill (Rutherford et al., 2008) during 15–40% of stance phase.

Subjects first performed a static calibration trial, which we used
to estimate joint center locations, joint axes of rotation, and track-
ing marker reference locations. The knee joint center and axis of
rotation were estimated as the mid-point between the medial
and lateral femoral epicondyle markers and the line connecting
the markers, respectively. The ankle joint center was defined as
the mid-point between the medial and lateral malleoli markers.
After choosing a comfortable walking speed (mean ± SD; 1.15 ±
0.10 m/s), subjects practiced treadmill walking for 5 min, then per-
formed a 2-min baseline walking trial. The final 20 steps of this
trial were used to determine their baseline FPA, the larger of their
two KAM peaks, and to estimate baseline kinematics, kinetics, and
muscle activity (see Section 2.3).

To determine their subject-specific FPA, subjects performed
four 2-min FPA evaluation trials targeting each of 5� and 10� of
toe-in and toe-out relative to their baseline FPA. Two C2 vibrotac-
tile motors (Engineering Acoustics, Inc., Casselberry, FL, USA)
affixed to the medial and lateral aspects of the proximal tibia pro-
vided vibrotactile feedback following an unsuccessful step when
the FPA was not within 2� of each trial’s target angle. A single limb
was chosen randomly for feedback and kinematic, kinetic, and
electromyographic analysis. The final 20 successful steps of each
evaluation trial were used for analysis (see Section 2.3). The
subject-specific FPA was selected as the 5� or 10� change in FPA
that reduced each subject’s larger baseline KAM peak by the great-
est amount. One subject (subject 10) found 10� toe-into be exces-
sively uncomfortable, so their subject-specific FPA was selected as
5� toe-in, which also reduced their larger KAM peak. If there was
not a significant difference in magnitude between the KAM peaks
at baseline, the peak that was maximally reduced from a change
in FPA, without an increase in the other peak, was analyzed. We
defined the evaluation trial corresponding to the subject-specific
FPA as the subject-specific FPA evaluation trial.

Following the evaluation trials, subjects trained at their subject-
specific FPA with feedback for 20 min, taking breaks every 5 min.
Feedback was given for unsuccessful steps, and the final 20 suc-
cessful steps of the training were analyzed.

2.3. Data processing

Motion and force data were low-pass filtered at 15 Hz using a
4th order, zero-phase Butterworth filter. Knee moments were cal-
culated as the moment of the ground reaction force about the knee
joint center (Shull et al., 2011). Knee moments are reported in the
tibial reference frame with the mediolateral (y) axis parallel to the
knee rotation axis, the anterior-posterior (x) axis perpendicular to
the y-axis and the line connecting the knee and ankle joint centers,
and a mutually perpendicular z-axis. To report positive values for
both the early and late stance KFM peaks, the absolute value of
the moment was identified as the KFMabs. The first and second
KAM and KFMabs peaks were identified as the maxima during
toe-out gait modifications reduce the larger knee adduction moment peak
.1016/j.jbiomech.2017.11.003
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0–50% and 51–100% of the stance phase. To identify each subject’s
larger KAM peak at baseline, the percent difference in KAM peaks
was calculated for each step by subtracting the second peak from
the first peak, then dividing by the larger of the peaks. Unless
otherwise noted, reported changes in the KFMabs are from the same
half of stance phase as each subject’s larger KAM peak. Peak knee
moments, percent difference in KAM peaks, and FPA were averaged
over 20 steps.

To further assess the efficacy of the FPA modifications, we used
a linear regression of the form

Medial Contact Force � c1 � KAMþ c2 � KFMabs þ c3 ð1Þ

to estimate the first and second medial contact force peaks from the
KAM and KFMabs peaks. For a single subject with an instrumented
knee implant, Walter et al. (2010) reported c1, c2, c3 values of
0.38, 0.13, and 0.50. Manal et al. (2015) reported coefficients of
0.34, 0.13, and 0.83 for a study of ten subjects following ACL recon-
struction, where medial contact force was estimated from an
electromyogram-driven model. We estimate medial contact force
with an average of the aforementioned coefficients: 0.36, 0.13,
and 0.67.

Electromyography was used to estimate the magnitude of mus-
cle activity and co-contraction during 4 phases of the gait cycle:
load acceptance (0–10% gait cycle), midstance (10–30%), terminal
stance (30–50%), and terminal swing (88–100%) (Perry, 1992).
Electromyograms were bandpass filtered (30–500 Hz), rectified,
and passed through a critically damped, lowpass filter (20 Hz).
Each muscle’s signal was averaged over 20 steps, then normalized
to the muscle’s maximum average signal during the baseline trial.
We computed the average activation during the aforementioned
phases of the gait cycle to assess changes in muscle activity
between trials (Fridlund and Cacioppo, 1986). We also computed
the quadriceps-hamstring co-contraction index as the average
value of the overlapping envelope created by the vastus lateralis
and biceps femoris signals during the gait phases (Damiano et al.,
2000).

To further study the mechanism by which FPA modifications
affect the KAM, we evaluated the frontal plane ground reaction
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Fig. 1. The reduction in the peak knee adduction moment (KAM) for each subject from
shown for each subject represent the FPA that yielded the greatest and least reduction
represented with black markers, while non-significant changes are shown as gray marke
their first and second KAM peaks at baseline (Table 1) with subject 1 having the largest
shown for subjects 1–17 and the reduction in the second peak for subjects 18–20. Fiftee
reduce this peak, 8 by toeing-in and 7 by toeing-out. Subjects 18–20 reduced their secon
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force magnitude and KAM moment arm (Shull et al., 2013a). To
further investigate changes in the KAMmoment arm, we evaluated
the mediolateral distance between right and left centers-of-
pressure and knee joint centers during consecutive steps (Shull
et al., 2013a). Because modifying the FPA can change the mediolat-
eral positions of the heel and forefoot without changing step width,
we calculated step width as the distance between the right and left
centers-of-pressure (Donelan et al., 2001) at 50% stance. All mea-
surements were averaged over 20 steps.
2.4. Statistics

One-sample t-tests were used to assess if the baseline percent
difference between the KAM peaks, the percent reductions in peak
knee moments, and percent reductions in medial contact forces
were different than zero. Paired t-tests were used to compare peak
knee moments, medial contact forces, co-contraction, muscle
activity, and secondary kinematic measures between different tri-
als. Prior to analysis, the normality of the data was assessed with a
Shapiro-Wilk test. For comparisons involving non-normally dis-
tributed data, a Wilcoxon signed rank test was used instead of a
t-test. All tests were conducted using SPSS v21.0 (IBM Corp, Chi-
cago, IL, USA). Significance was set at p < .05. All values are
reported as mean ± standard deviation.
3. Results

During the baseline trial, 17 of 20 subjects had a significantly
larger first KAM peak than second peak. Fifteen of these subjects
significantly reduced their first KAM peak by changing their FPA
(Fig. 1). Of these, 8 maximally reduced their first KAM peak by
toeing-in and 7 by toeing-out. One subject (subject 18) did not
have a significant difference between the magnitudes of their first
and second KAM peaks (Table 1). For this subject, the second KAM
peak was reduced the most; this was achieved by toeing-out by
10�. The remaining 2 subjects who walked with a larger second
KAM peak significantly reduced it by toeing-out. As a group, 18
bject

1st KAM
 Peak

2nd KAM 
Peak

10 11 12 13 14 15 16 17 18 19 20

a select two of the four foot progression angle (FPA) modifications; the two FPAs
in that subject’s peak KAM. Significant (p < .05) changes relative to baseline are

rs. Subjects are ordered from left to right based on the percent difference between
first KAM peak relative to their second peak. The reduction in the first KAM peak is
n of 17 subjects with a larger first KAM peak at baseline were able to significantly
d KAM peak the most by toeing-out. It is important to note that 7 of the 20 subjects
een assigned to them.

toe-out gait modifications reduce the larger knee adduction moment peak
.1016/j.jbiomech.2017.11.003
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Table 1
Reductions in the peak knee adduction moment (KAM), knee flexion moment (KFMabs), and estimated medical contact force when all subjects walked at their subject-specific FPA.
When walking at this FPA, 18 of 20 subjects significantly reduced their KAM peak and 13 significantly reduced their estimated medial contact force compared to baseline. For
subjects 18–20, all reported values are for the second peak of each parameter. (bold: p < .05).

Subject Baseline difference
in KAM peaks (%)

Subject-specific FPA
(deg)

Reduction in peak KAM (%) Reduction in peak KFMabs (%) Reduction in estimated
medial contact force (%)

Toe-in Toe-out

1 60.0 ± 5.4 5 6.0 ± 8.2 10.3 ± 11.9 5.4 ± 6.4
2 52.5 ± 6.4 5 5.6 ± 7.4 �5.8 ± 7.1 1.1 ± 4.3
3 50.7 ± 13.6 10 31.2 ± 6.6 �15.6 ± 10.8 6.7 ± 3.8
4 45.5 ± 7.0 10 15.8 ± 6.5 �12.4 ± 16.9 8.0 ± 5.0
5 39.9 ± 6.1 5 42.0 ± 6.9 �37.8 ± 13.3 11.0 ± 3.2
6 39.2 ± 14.3 10 14.3 ± 16.1 �23.1 ± 20.2 �1.0 ± 6.0
7 39.1 ± 4.8 5 �5.6 ± 9.8 22.1 ± 14.7 0.5 ± 6.5
8 37.7 ± 5.4 5 8.6 ± 8.9 �26.4 ± 18.4 1.1 ± 4.6
9 36.1 ± 8.9 5 8.8 ± 9.7 �12.5 ± 9.8 0.4 ± 6.0
10 35.1 ± 9.7 5 24.4 ± 9.7 �16.3 ± 15.3 6.6 ± 5.0
11 34.4 ± 7.2 10 60.9 ± 7.4 �19.3 ± 9.9 13.7 ± 2.3
12 31.1 ± 6.2 10 6.3 ± 8.1 �3.2 ± 8.5 2.0 ± 4.4
13 29.2 ± 6.9 5 7.5 ± 6.9 �11.4 ± 20.8 2.6 ± 5.2
14 27.5 ± 6.6 10 18.0 ± 5.4 2.9 ± 12.2 10.5 ± 3.6
15 21.7 ± 5.5 10 32.4 ± 10.5 �85.3 ± 54.8 12.2 ± 8.3
16 17.2 ± 9.2 10 10.2 ± 10.7 19.8 ± 8.8 9.0 ± 4.6
17 17.0 ± 6.4 5 2.7 ± 6.0 �17.6 ± 21.5 �0.3 ± 4.7
18 �0.8 ± 9.3 10 39.2 ± 4.5 10.7 ± 13.1 23.9 ± 3.9
19 �14.6 ± 7.8 10 26.6 ± 7.9 �20.9 ± 14.5 11.1 ± 5.5
20 �26.6 ± 6.6 10 19.3 ± 6.8 �6.5 ± 20.8 10.4 ± 4.7
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are significant using a Benjamini-Hochberg procedure with false discovery rate of
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subjects reduced their larger KAM peak by walking at their subject-
specific FPA, 8 by toeing-in and 10 by toeing-out (Table 1).

On average, when walking at their subject-specific FPA, subjects
reduced their larger KAM peak by 18.6 ± 16.2% compared to base-
line, which was greater than the reductions observed when every-
one toed-in by 5� (7.7 ± 14.1%, p < .001), toed-in by 10� (10.0 ±
17.1%, p = .013), toed-out by 5� (8.7 ± 11.9%, p < .001), or toed-out
by 10� (11.0 ± 18.3%, p = .002) (Fig. 2). This result is significant
using a Benjamini-Hochberg procedure with a false discovery rate
of 0.05 (Benjamini and Hochberg, 1995).
Please cite this article in press as: Uhlrich, S.D., et al. Subject-specific toe-in or
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During the subject-specific FPA evaluation trial, the peak KFMabs

increased by 12.4 ± 23.1% (p = .023) compared to baseline. After 20
min of training, the peak KFMabs remained 24.0 ± 25.5% greater
than baseline (p < .001). Despite the increase in the KFMabs, 13 of
the 20 subjects reduced their estimated medial contact force when
walking at their subject-specific FPA compared to baseline
(Table 1), with an average reduction among all subjects of 6.7 ±
6.3%. This reduction was significantly greater than the reductions
observed when all subjects toed-in by 5� (1.4 ± 5.1%, p < .001),
toed-in by 10� (1.8 ± 7.0%, p = .013), toed-out by 5� (2.6 ± 5.8%, p
= .003), or toed-out by 10� (1.6 ± 8.9%, p < .001) (Fig. 2).

Quadriceps-hamstring co-contraction was greater than baseline
during the FPA evaluation trial for loading response (p = .009), mid-
stance (p = .025), terminal stance (p < .001), and terminal swing (p
= .006) phases of gait. Co-contraction was no longer significantly
different from baseline during any of the phases after 20 min of
training (Fig. 3c). Compared to baseline, vastus lateralis activity
significantly increased during the subject-specific FPA evaluation
trial for all 4 phases of gait; this activity remained elevated after
20 min of training for all phases except terminal swing (Fig. 3a).
In contrast, during the subject-specific FPA evaluation trial, biceps
femoris activity was significantly greater than baseline during the
loading response, midstance, and terminal stance phases but
returned to baseline levels after 20 min of training (Fig. 3b).

On average, the first KAM peak was reduced when subjects
toed-in by 10� (p = .012) and trended towards being reduced (p =
.061) when subjects toed-out by 10� (Table 2). The frontal plane
ground reaction force magnitude at the time of the first KAM peak
trended towards being larger than baseline for 10� toe-in gait (p =
.057) and was not greater than baseline for 10� toe-out gait (p =
.526). The KAM moment arm (Fig. 4a) at the time of the first
KAM peak was smaller than baseline for 10� toe-in gait (p < .001)
and trended towards being smaller for 10� toe-out gait (p = .071).
The mediolateral distance between centers-of-pressure (Fig. 4c)
at the time of the first KAM peak was greater than baseline for both
10� toe-in (p = .042) and 10� toe-out (p < .001) gaits; however, the
mechanism for this increase was different for each gait. For 10�
toe-in gait, the lateral shift in center-of-pressure during early
stance was caused by lateralization of the heel when toeing-in,
toe-out gait modifications reduce the larger knee adduction moment peak
.1016/j.jbiomech.2017.11.003
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Table 2
Changes in the foot progression angle (FPA), step width, knee adduction moment (KAM) peaks, and knee flexion moment (KFMabs) peaks during the baseline, 10� toe-in, and 10�
toe-out trials. The FPA is reported as an absolute measure with respect to the forward direction. This is unlike the relative FPAs which we report elsewhere. Knee moments are
normalized and reported as percent body-weight (BW) times height (ht). P-values compare baseline with toe-in or toe-out gait.

Baseline 10� Toe-in 10� Toe-out

p-value p-value

FPA (deg, absolute) 2.6 ± 3.7 �7.3 ± 3.6 <.001 12.4 ± 3.7 <.001
Step Width at 50% Stance (cm) 19.3 ± 3.0 19.1 ± 3.1 .690 25.1 ± 5.3 <.001

KAM First Peak
(%BW*ht) 2.86 ± 0.92 2.59 ± 1.00 2.74 ± 1.12
Reduction (%) 10.5 ± 16.8 .012 7.4 ± 16.6 .061

KAM Second Peak
(%BW*ht) 2.04 ± 0.88 2.00 ± 0.85 1.51 ± 0.73
Reduction (%) 1.1 ± 14.5 .737 27.6 ± 17.0 <.001

KFMabs First Peak
(%BW*ht) 3.12 ± 1.08 3.36 ± 1.30 3.54 ± 1.12
Reduction (%) �10.9 ± 29.2 .112 �18.7 ± 28.6 .009

KFMabs Second Peak
(%BW*ht) 1.90 ± 0.63 1.73 ± 0.77 1.84 ± 0.70
Reduction (%) 6.0 ± 32.3 .417 1.5 ± 26.0 .797
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but not increasing step width. For toe-out gait, the lateral shift in
center-of-pressure during early stance occurred due to an increase
in step width (Fig. 4c, d, Table 2).
4. Discussion

The purpose of our study was to test whether assigning a
subject-specific FPA reduces the peak KAM by more than a
uniformly assigned FPA. In support of this hypothesis, we found
that subjects reduced their larger KAM peak by more when walk-
ing at their subject-specific FPA than when all subjects toed-in or
toed-out by 5� or 10�. We also hypothesized that the peak KFMabs

and quadriceps-hamstring co-contraction would increase initially,
but return to baseline levels following 20 min of training. This
hypothesis was only partially confirmed as the peak KFMabs and
quadriceps-hamstring co-contraction increased when initially
learning the subject-specific FPA, but only co-contraction returned
to baseline levels after training.
Please cite this article in press as: Uhlrich, S.D., et al. Subject-specific toe-in or
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Our results demonstrate the importance of assessing the kinet-
ics of every subject at both baseline and when walking with a
range of different gait modifications before selecting a new gait
pattern. Toeing-out typically reduces the second KAM peak by
more than toeing-in reduces the first peak (Simic et al., 2013);
however, in our study, only 3 of 20 subjects walked with even
peaks or a larger second peak at baseline, suggesting that the effec-
tiveness of toe-out gait may only target the larger KAM peak for as
few as 15% of the population (Table 1). Similarly, although toeing-
in typically reduces the first KAM peak (Shull et al., 2013a), 7 of the
17 subjects in our study who had a larger first KAM peak maxi-
mally reduced this peak by toeing-out, not toeing-in (Fig. 1). Poten-
tially of greatest importance, 35% (7 out of 20) of our subjects
would have experienced an increase in their peak KAM had the
wrong FPA modification been chosen.

On average, our subjects trended towards reducing their first
KAM peak when toeing-out by 10� (Table 2). This finding is consis-
tent with previously reported reductions in the first KAM peak
when subjects toed-out by 7� (Hunt and Takacs, 2014), but is
toe-out gait modifications reduce the larger knee adduction moment peak
.1016/j.jbiomech.2017.11.003
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inconsistent with increases observed when subjects toed-out by
10–16� (Favre et al., 2016; Simic et al., 2013). These differences
may be due to secondary kinematic changes that have been shown
to impact the KAM peaks (Favre et al., 2016; van den Noort et al.,
2015). For example, our subjects walked with a 5.9 cm greater step
width while toeing-out by 10� compared to baseline, and increas-
ing step width can reduce the KAM (Favre et al., 2016; Fregly et al.,
2008) by lateralizing the center-of-pressure during the entire
stance phase (Fig. 4). Simic et al. (2013) reported a 2 cm increase
in step width when subjects toed-out by 16.3�; however, in this
study, step width was defined as the mediolateral distance
between ankle joint centers, which can be affected by FPA. Their
reported increase in step width would likely be greater using our
midfoot-oriented definition of step width, which reduces the effect
that foot rotation has on step width estimations (Fig. 4d). The
increase in step width that accompanied toe-out gait precludes
us from comparing the direct effects of altering FPA on the KAM,
but it nevertheless appears to be an advantageous secondary kine-
matic change.

Quadriceps-hamstring co-contraction and the peak KFMabs

increased when subjects initially learned their new gait. Co-
contraction subsequently decreased after 20 min of training
(Fig. 3c), which corresponds with observations made when learn-
ing upper extremity reaching tasks (Gribble et al., 2003). Unlike
co-contraction, the peak KFMabs remained elevated following 20
Please cite this article in press as: Uhlrich, S.D., et al. Subject-specific toe-in or
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min of training. The increase in the peak KFMabs aligns with previ-
ously reported increases of 9–21% after FPA modification (Hunt
and Takacs, 2014; Simic et al., 2013). Estimating medial contact
force is a valuable way to differentiate between the opposing
effects of gait modifications on the KAM and KFMabs peaks.
Although 18 of 20 subjects reduced their larger KAM peak at their
subject-specific FPA, 5 of these subjects did not reduce their esti-
mated medial contact force because of a simultaneous increase
in their peak KFMabs. Our regression-based estimation of medial
contact force is less accurate than direct measurement, but it
may provide a more holistic evaluation of changes in medial com-
partment loading that result from gait modifications that reduce
the KAM but increase the KFM than assessing the KAM alone.

There were several limitations to our study. First, our cohort
was composed of healthy individuals. Nevertheless, our subjects
reduced their first KAM peak by 10.5% when toeing-in by 10�,
which is similar to the 7–20% reductions in osteoarthritic cohorts
who toed-in by relative angles of 5–14� (Shull et al., 2013a,
2013b; Simic et al., 2013). Similarly, our subjects reduced their sec-
ond KAM peak by 27.6% when toeing out by 10�, which aligns with
the 10–36% reductions in osteoarthritic cohorts who toed-in by 7–
16� (Hunt and Takacs, 2014; Simic et al., 2013). Future studies are
necessary to discern whether individuals with knee osteoarthritis
will achieve similar KAM reductions by adopting a subject-
specific FPA as healthy individuals and how these modifications
toe-out gait modifications reduce the larger knee adduction moment peak
.1016/j.jbiomech.2017.11.003
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affect other lower body joints after long term adoption. Addition-
ally, we only report changes in muscle co-contraction and the
KFMabs after training during a single laboratory visit. Different
learning effects may be apparent in osteoarthritic individuals over
the course of longer term gait retraining protocols. Finally, we
estimated medial contact force from knee moments using
previously published regressions based on contact force measure-
ments in a single subject with an instrumented knee implant
(Walter et al., 2010) and simulation-based estimates from ten
ACL-reconstructed subjects (Manal et al., 2015). Due to the small
sample size and differences in subject population fromwhich these
regressions were computed, caution should be exercised when
interpreting our regression-based medial contact force estimates.
A future study reporting a similar regression relating knee
moments to simulated contact force in a large cohort of osteoar-
thritic patients would enhance the usefulness of this simple model
for assessing gait modification efficacy.

Our study demonstrates the importance of selecting subject-
specific gait modifications rather than assigning a uniform modifi-
cation to everyone. We found that individualizing each subject’s
FPA modification based on their baseline kinetics and kinetic
response to different FPAs yielded greater KAM reductions than
had a uniform modification been assigned to the entire cohort.
Individualized gait retraining is a promising avenue for reducing
loads in the medial compartment of the knee and potentially slow-
ing the progression of medial compartment knee osteoarthritis.
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